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Abstract: We established the stereoselective synthesis of (E)}-3-methoxycarbonyl-2,4,6-trienal compound A and discovered that the
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a !ypica.. PLA, inhibitor. As the l“hibltv!'y mechanism of PLA, by A, the irreversible formation of dihydropyridine derivative resultin,
rom the reaction of A with lvcine reciduecin PLLA_ wac nronosed ha on the model reactions. Furthermore. A was found to selectivel
irom tne reaction o A wilh 1ysine resigue PLA,was proposed pased on the mogdel reactions. Hurthermore, A was ound (o s¢ieclvel

olipase A,(PLA,) from bovine pancreas than manoalide which is

modify Lys56 which is included in the interfacial recognition site of this enzyme by the MALDI-TOF-MS peptide mapping analyses.
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Introduction

Phospholipase A, (PLA,) specifically catalyzes the hydrolysis of the ester linkage at the sn-2 position of

the important membrane constituents, glycerophospholipids.' Normally, unsaturated fatty acids represented by
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prostaglandins, leukotrienes and thromboxanes through biosynthetic pathways known as the “arachidonic acid
cascade”.? The excess production of the eicosanoids mediates inflammatory responses such as psoriasis, gout,
arthritis, and bee stings. For this reason, the compounds which inhibit the hydrolytic ability of PLA, have the

possibility of being potent anti-inflammatory agents. *
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inhibit PLA 4 Among these
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ids isolated from marine
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sponges, are well-characterized and the inhibitory mechanism of manoalide toward PLA,s isolated mainly from
cobra venom and bee venom have been reported.” * Our group has independently studied to elucidate the
inhibitory mechanism of bovine pancreatic PLA, by manoalide, > '° since a great deal of information involving
the three-dimensional structure and kinetic properties of this enzyme are available. '’

In our program on the syntheses of new PLA, inhibitors and elucidation of their inhibitory mechanisms,
we recently discovered that (E)-3-methoxycarbonyl-2,4,6-trienal A showed more powerful inhibitory activity
than manoalide toward bovine pancreatic PLA, and that its (Z)-isomer B'? showed no activity. Our study has
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Elucidation of the essential functional groups in A for inactivation of bovine pancreatic PLA,. (3)
Characterization of the amino acid residue selectively modified by A and the elucidation of the irreversible
reaction mechanism between the amino acid residue and A. In this paper, we disclose the inhibitory mechanisms
of PLA, by (E)-3-methoxycarbonyl-2, 4, 6-trienal compounds in detail,'’
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Stereoselective synthesis of compound A.

It was necessary to establish an efficient method for the synthesis of compound A , and the method should
be applicable to the syntheses of other derivatives in the structure / activity relationship (SAR) study. After
several unsuccessful attempts using ionic reactions, the stereoselective synthesis of A was finally achieved by
hydrometalation on acetylene as the key step (Fig. 2). Thus, an one-carbon elongation of 1'* (n-butyllithium,
para-formaldehyde) gave ethynyl alcohol 2 in quantitative yield. As the key step, ethynyl alcohol 2 was treated
with excess iso-butylmagnesium chloride and a catalytic amount of titanocene dichloride (0.1 equivalent) in ether
to produce a vinylmagnesium intermediate, and the solvent was then replaced by tetrahydrofuran and
eacted with carbon dioxide to give the desired (E)-hvdroxylmethyl carboxyvlic acid 3 in 73%
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achieved by treatmment of 3 with 1,1,3,3-tetramethylguanidine and methyl iodide in benzene'® to give the
corresponding ester, which was oxidized with manganese dioxide to afford A in 71% yieid for two steps.

The (Z)-stereoisomer B'? was also stereoselectively synthesized by our own method as follows. The o-
lithio derivative of sulfone 4 was alkylated with 2-silyl-3-chloromethylfuran 5§ derived from 3-furanmethanol to
produce 6 in 86% yicld. Then, silylfuran 6 was irradiated with a halogen lamp under an oxygen atmosphere in
the presence of tetraphenylporphine to furnish y-hydroxybutenolide 7 in 91% yield.'” The stereoselective
synthesis of the (Z)-stereoisomer B was successfully realized from 7 retaining its Z stereochemistry by treatment
of 7 with methyl iodide (12 equivalents) in the presence of diazabicycloundecene (3 equivalents) in

vield. The ratio of Z to E sterecisomer was 98 to 2 by NMR analysis 18 Thus
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dimethylformamide in 82 %

highly stereoselective syntheses of both (E)- and (Z)-methoxycarbonyltrienal compounds were achieved.
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Inhibitory activities of compound A and its derivatives toward bovine pancreatic PLA,.

functional groups in molecule A inhibiting bovine pancreatic PLA, were examined by SAR study The various
derivatives C-I in Fig. 3 were synthesized as followes. Compound E was prepared by the above
hydromagnesiation method, and the compounds C, D, and H were obtained by photoisomerization of the



1660 K. Tanaka et al. / Tetrahedron 55 (1999) 1657-1686

corresponding (Z)-stereoisomers, which were yielded by the procedure utilized for the compound B. Compound
AAAAAAAA 1 . iran e zan sirae ounthasion - =
G was synthesized from 4 and 3-chloromethyl-5-trimethylsilyifuran. Compound I was synthesized by th

Wittig reaction of cis-dihydrocyclocitral with a new reagent, 3-(2-trimethylsilylfuryl)triphenylphosphonium
methylide followed by photosensitized oxygenation, esterification, and isomerization (see experimental section).
Then, the inhibitory activities of these synthesized compounds were tested. Bovine pancreatic PLA, was reacted
with the derivatives A-I at appropriate time intervals, and residual PLA, activity toward anionic mixed micelles
of 1,2-dilauroyl-sn-glycero-3-phosphocholine with cholic acid was measured.”
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after 90-minutes incubation.

Fig. 4 Inhibition of bovine pancreatic PLA, by A and its derivatives.
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Bovine pancreatic PL.A; was incubated with the derivatives A-I in 50 mM Tris/HCI buffer at

40 °C and pH 8.0. At appropriate time intervals, PLA; activity toward anionic mixed micelles
of 1,2- dllauroyl -sn- glycero-3 phosphocholme with cholic acid was measured by ghe pH-statt
method at 25 °C, pH 7.0, and ionic strength 0.2 in the presence of i0 mM CaCl,.™
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resulis are s ig. 4 and summarized in Fig. 3. All (E)-3 -methoxycarbonyl-2, 4, 6-trienal
el

compounds A, C, D, and E showed powerful inhibitory activities toward PLA,.'* On the contrary, no
significant inactivation of PL.A, was observed by the following derivatives, (Z)-stereoisomer B, the derivative F
lacking a methoxycarbonyl group, the derivative G in which two carbonyl groups of A were exchanged, and the
derivatives H and I lacking the C4 or C6 double bond. It is clear that the (E)-3-methoxycarbonyl-2,4,6-trienal
system in a molecule A is essential for the inactivation of bovine pancreatic PLA,. Because the aldehyde group
of A is essentially required for the PLA, inactivation as well as in the case of manoalide, it was predictable that
the irreversible reaction of A with lysine residues would cause the inactivation of PLA,.”** Based on this

0 identifv the amino acid residues irreversiblv modified by the

to identify the amino acid residues irreversibly modified

accmmnn(m it would be of

derivatives A, C, D, and E.
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Elucidation of the reaction mechanisms between the (E)-3-methoxycarbonyl-2, 4, 6-trienal
compounds and the amino acid residue of PLA,.

Bovine pancreatic PLA, was reacted with the derivatives A, C, D, and E for 90 minutes under the same
conditions as those of assay, and the reaction derivatives were called the modified PLA,,, PLA,., PLA,,, and
PLA,,, respectively. The composition changes in the amino acid residues in these modified PLA,,s were
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residues (Leu, Ala, Ile, Arg, etc.) of these modified PLA,,s were lost. Thus, it was elucidated that the

derivatives A, C, D, and E irreversibly modified only the lysine residues of bovine PLA, and inactivated its
hydrolytic ability toward anionic micelles of glycerophospholipids by 90-100%. Furthermore, it was found that
the derivatives F-I, which showed no significant inhibitory activities toward bovine PLA,, did not modify any
amino acid residues of PLA,. The phenomenon was the same as in the case of manoalide, which also
irreversibly reacted with only the lysine residues of bovine PLA, to inactivate the enzyme.” Our interest was then
directed toward investigating how the (E)-3-methoxycarbonyl-2, 4, 6-trienal compounds reacted with the lysine
residues of PLA, and what irreversible products would be formed by the reaction. We used a primary amine as a
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Reaction of A with n-propylamine in 1, 4-dioxane quantitatively yielded i, 2-dihydropyridine derivative
DHPa within five minutes at room temperature (Fig. 5). The corresponding dihydropyridine derivatives
(DHPc-DHPE) were also obtained from the reaction of the derivatives C, D, and E with n-propylamine,
respectively.?® The reaction must proceed via 6n-electrocyclization of the intermediary azatriene J as shown in
Fig. 5.?''* On the other hand, the (Z)-stereoisomer B and the derivatives F, G, H and I, which showed no
significant inhibitory activities toward bovine PLA,, gave only the corresponding Schiff bases, SCFs and
S CFr.1, within 60 minutes at room temperature. Obviously, the (E)-3-methoxycarbonyl-2, 4, 6-trienal system in

he derivatives A. C. D. and E was essential for the smooth 6x-electron electrocvclization of the intermediarv 1-
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azatriene. These required functional groups for rapid cyclization to give the 1, 2-dihydropyridine derivatives are
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that the derivatives A, C, D, and E irreversibly reacted with the lysine residues of bovine PLA, to give the 1, 2-



1662 K. Tanaka et al. / Tetrahedron 55 (1999) 16571686
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Recently, Okamura and coworkers reported that the reaction of 13-fert-butyl-13-cis retinal with n-
butylamine for 1 hour at room temperature gave 1,2-dihydropyridine instead of the expected Schiff base. They
examined how the steric, electronic, and conformational factors effected the disrotatory 6r-electron
electrocyclization through the structure-reactivity studies.”'”> Our present results are the first observation that
both the C3 methoxycarbonyl group and the C6 double bond in (E)-3-methoxycarbonyl-1-aza-2, 4, 6-triene
significantly contribute to the acceleration of the aza-6n-electrocyclization reaction.

¢ model studies were also supported by Matrix Assisted Laser Desorption Tonization Time of Flie h
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(MALDI-TOF) mass spectra of the irreversibly modified PLA, by the derivatives A, C, and E. MALDI-TOF-
MS has come to be extensively utilized for analysis of proteins and peptides because of its easier operation,
capability of providing more accurate information on molecular weights, and wider mass range compared with
other techniques of mass spectrometry. In the MALDI-TOF-MS spectra of the samples prepared by treatment of
PLA, with the derivatives A, C, and E, new ion peaks were found to appear along with the ion peak
corresponding to intact PLA,. For example, the mass spectrum of the PLA, prepared by the reaction with C for
60 minutes at 40 °C (Fig. 6) showed three peaks, one of which was a molecular weight ion at MH"=13,960
(theoretical MH*=13,959) that corresponded to the modified PLA, by one molecule of C to form a
dihydropyridine derivative. The other two peaks appeared at MH*=14,138 (theoretical MH* = 14,135)

-‘

: +_ +

corresponding to the modified PLA, by two molecules of C and at MH*=13,782 (theoretical MH*=13,783) for
e ok sanilanley tha tanco cmanten chatmrad tha 1am nanlo hinh Anerracmanda, a a

the unreacted PLA,. Similarly, the mass spectra showed the ion peaks which corresponded to the modified PLA,

by A and E to form dihydropyridine derivatives. Thus, the results of the model reactions between n-propylamine

and the derivatives A, C, D, and E strongly supported the inactivation mechanism of PLA, by these trienal

compounds.
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Identification of the lysine residues irreversibly modified by the (E)-3-methoxycarbonyi-2, 4,
6-trienal compounds.

modified PLA, by the derivative E were subjected to enzyme digestion after S
dithiothreitol treatment and subsequent protection of the resulting -SH groups with 4-vinylpyridine treatment.*
The structures of the fragments were then anaiyzed using the MALDI-TOF-MS peptide mapping method. Lysyl
endopeptidase (Lys-C) selectively cleaves the C-terminal bond of lysine residues, and Asp-N selectively cleaves
the N-terminal bond of aspartic acid residues.

The amino acid sequence of bovine pancreatic PILA, is shown in Fig. 7, and the MALDI-TOF-MS Lys-C
digest maps of both intact PLA, and the modified PLA, by the derivative E are shown in Fig. 8. The digestion of
intact PLA, by Lys-C gave the peptide fragments K1 to K10 as shown in Fig. 7. When the Lys-C digest map of

modified PLA, by the derivative E is compared with that of intact PLA,, four new fragments O, P, Q, and R are
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K5’ in Fig. 7. The appearance of the fragment K5’ evidently indicated that Lys56 was modified
by the derivative E based on the following analysis. When a peptide has a continuous sequence of lysine
residues such as X-Lys-Lys-Y, Lys-C generally cleaves the peptide bond between the two neighboring Lys
groups preferentially to the bond between Lys and Y. Because bovine pancreatic PLA, contains lysine residues
at positions 56 and 57, the peptide bond between Lys56 and Lys57 is generally cleaved by Lys-C to give the
peptide fragments K4 and K5. However, when Lys56 was irreversibly modified by derivative E, the peptide
bond between Lys56 and Lys57 was not cleaved, but the C-terminal bonds of Lys57 and Lys62 were cleaved to
give the fragment K5’. Thus, the modification of Lys56 was apparently elucidated.

The fragment P corresponds to the peptide fragment which contains the Lys56 irreversibly modified by the

(7S
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peptide fragment K4 plus Lys57 pius the dihydropyridine derivative would be found at MH'=786.8 (Fig.7).
However, the molecular weight of the observed fragment P (MH*=770.7) is 16 mass units lower than that of the
theoretical fragment. The fragment Q originates from the modification of Lys116 by the derivative E. When
Lys116 was modified by the derivative E, the peptide bond between K8 and K9 would not be cleaved, and the
new peptide fragment consisting of K8 plus K9 plus the dihydropyridine derivative would be found at
MH*=1195.9. The molecular weight of the observed fragment Q (MH*=1179.8) is also 16 mass units lower
than the theoretical value. The fragment R originatcs from the modification of Lys113 by the derivative E.

Similar ] when Lys113 was modified by the derivative E, the new nenhde fraoment K7 plus K8 Pb s the

SN AR oy UL QLI By P ARBRR IR IS A LV (331
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The CID MS/MS (Collision Induced Dissociation Mass Spectrometry-Mass Spectrometry) technique also
elucidated the structures of both the fragments Q and R. Thus, the CID MS/MS analysis of these fragments
detected the ion peak at MH'=110 which was due to the characteristic histidine immonium ion, and therefore,
both of the fragments Q and R include a histidine residue. Bovine pancreatic PLA, contains only two histidine
residues, one of which is at position 115, and it is included in the peptide fragment K8 (Fig. 7). This strongly
supports the belief that each fragment Q and R must be derived from the peptide fragment K8 plus K9 plus the
dihydropyridine derivative of E, and K7 plus K8 plus the dihydropyridine derivative, respectively. Thus, the

Uil ydl
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MALDI-TOF mass spectra of digests by Lys-C.

Fig. 9 MALDI-TOF mass spectra of digests by Asp-N.
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Lys56, Lys113, and Lys116, respectively. However, the fragments P-R, which would contain the irreversibly

modified lysine residues by the derivative E, showed 16 mass unit lower molecular weights than those of the
theoretical fragments.

Subsequently, intact and modified PL.A,s were digested by Asp-N. The digestion of intact PLA, by Asp-N
gave the peptide fragments D1 to D10 (Fig. 7). In the digest map of modified PLA,, the new fragments S and T
are observed by comparison with that of intact PLA, (Fig. 9). The fragment S corresponds to the peptide
fragment D5 plus the dihydropyridine derivative of E, which was generated from the modification of Lys56.
However, the molecular weight of the observed fragment S at MH*'*=1611.9 is 16 mass units lower than that of
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the theoretical fragment (MH'=1628.2). The fragment T corresponds the peptide fragment D9 plus the
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the molecular weight of the fragment T at MH'=2750.4 is 16 mass units lower than the theoretical value
(MH*=2766.3). Thus, all of the fragments P-T showed 16 mass unit lower molecular weights than those of the
expected peptide fragments, which were generated from the irreversible modification of Lys56, Lys113, and
Lys116 by the derivative E to form dihydropyridine derivatives. It is possible that 1, 2-dihydropyridine
derivative would decompose into an unidentified substance, whose molecular weight would be 16 mass units
lower than that of the dihydropyridine derivative.”
The above considerations concerning the results obtained from the digest maps are MoOC
rsi 1v mndlfv the lv \I\CHO
1

residues in the fragments P-T. To prove this assumption, the following experiment was f’J

based on the assumption that the derivative E would irrever
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C-8 methyl group of the derivative E, and was prepared from 2-diethoxyphosphoxy-i- W E
methoxycarbonyl-5, 5, 8a-trimethyloctahydronaphthalene™ by the mtroduction of an ethyl

group followed by the same procedure as the case of the compound D (see experimental section). The PLA,
modified by the derivative E* was digested by both Lys-C and Asp-N. The molecular weight of the derivative
E’ is 14 mass units different from that of the derivative E, and this difference would be clearly detectable as the
fragments P’-T" which would also have 14 mass unit larger molecular weights than those of the fragments P-T,
if the above assumption is appropriate. The Lys-C digest map of the PLA, modified by E’ showed the new

fragments P’ ﬂ’ and R’ (Fﬂy S spe

LiGe LIS [+ 131V 30 \ N Oy AR ReRAL

new fragments (Fig. 9, spectrum f). They also have 14 larger mass units than the fragments S and I‘ in the digest
map of PLA, modified by E. Thus, it was proved that the fragments P-T included the irreversibly modified
lysine residues by the derivative E or E’, and the modifications of Lys56, Lys113, and Lys116 were then
concluded.

On the hydrolytic mechanism of glycerophospholipids by PLA,, the presence of the interfacial recognition
site for micellar phospholipids in addition to the catalytic site, which consists of His48 and Asp99, has been

accepted based on the fact that micellar phospholipids are hydrolyzed ten thousand times faster than uni-
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Conclusions

The obtained results of the inhibitory mechanism of bovine pancreatic PLA, by compound A are
summarized in the following three points. (1) The methoxycarbonyl group at the 3 position and the conjugated
trienal system in molecule A were essential for the inactivation of bovine pancreatic PLA,, and little effect of the

hydrophobic part of A on the inhibitory activity was observed. (2) The model studies suggested that the (E)-3-

nath~ oxXvyca rl\ xr] 2 A4 A trianal cormnmindec A Y D and B srravarcihly raantad with hucina racidizag nf havina
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bases and inactivated this enzyme. This conclusion obtained from the model studies was strongiy supported by
the MALDI-TOF mass spectra of the PLA,s irreversibly modified by A, C, D, and E. (3) Based on the MALDI-
TOF-MS peptide mapping analyses, the derivative E was found to irreversibly and selectively react with Lys56,
Lys113, and Lys116 out of eleven lysine residues in bovine PLA,. The irreversible 1, 2-dihydropyridine
derivative would eliminate the positive charge at Lys36 in the interfacial recognition site of this enzyme and
would disturb the interfacial bindings between the anionic micelles of glycerophospholipids and PLA,, which
sulted in the decrease in the enzymic activity.

Now, we have presently known the three aldehyde terpenoxds scalaradial, manoalide, and (E)-3-
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reacts with lysine residues to inactivate ?LAQ, and the production of the pyrrole derivative has been proposed by
Cimino and coworkers based on the model reaction with methylamine.® In the case of manoalide, our group has
found that the irreversible modification of Lys56 in the interfacial recognition site of bovine PLA, by manoalide
is responsible for the inactivation of this enzyme.” However, a clear answer about how the irreversible reaction
proceeded between manoalide and the lysine residues of PLA,, was not obtained. Although the real reaction
mechanism has not been known, our model studies on the reactions between manoalide analogs and mono- and
diamines strongly suggested that manoalide reacted with the two close lysine residues to give the polymerized
yl-2, 4, 6-trienal compound A, the

mMNO) > ) 4
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Thus, it would be concluded that the formation of the irreversible product by the reaction with the lysine

residue in interfacial recognition site of PLA, is essential for sufficient inactivation of PLA, by unsaturated
aldehyde terpenoids such as manoalide, scalaradial, and the (E)-3-methoxycarbonyl-2, 4, 6-trienal compounds.
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Ministry of Education, Science and Culture of Japan.

All commercially available reagents were used without further purification. All solvents were used after
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distiliation. Tetrahydrofuran and diethylether were refiuxed over and distilied from sodium. Dichioromethane
and diisopropyiamine were refiuxed over and distilied from CaH,. Dimethyiformamide (DMF) and dimethyl
sulfoxide (DMSO) were distilled from CaH, under reduced pressure. Methanol and ethanol were refluxed over
and distilled from magnesium. Preparative separation was usually performed by column chromatography on
silica gel (FUJI silysia LTD, BW-200 and BW-300). 'H NMR and *C NMR spectra were recorded on a JEOL
a-400 spectrometer and chemical shifts were represented as §-values relative to the internal standard TMS. IR
spectra were recorded on a Hitachi 270-30 spectrometer. High resolution mass spectra (HRMS) were measured

on a JEOL JMS-HX110A / 110A Tandem Mass Spectrometer.

(E)-5-(2,6,6-Trimethylcyclohex-1-enyl)pent-4-en-2-yn-1-0l (2). To aTHF (35 mL) solution of 1
(2.0 g, 11.5 mmol) was added dropwise n-butyllithium (1.6 M solution in hexane, 7.89 mL, 12.6 mmol) at -55
°C over 20 min. The reaction mixture was stirred at -55 °C for 30 min and paraformaldehyde (1.73 g, 57.5

mmol) was added at this temperature. After the mixture was warmed to room temperature and stirred for an

additional 1 h, saturated aqueous NH,Cl solution was added, and the resulting mixture was extracted with ether.

The organic layers were combined, washed with saturated NaHCO, solution, brine, dried over MgSQO,, filtered
and concentrated in vacuo to give the crude products. Column chromatography on silica gel (from 2 % to 9 %
ether in hexane) gave alcohol 2 (2.34 g, 100 %): IR (KBr disk, cm™) 3284 (br), 2212, 1462, 1362, 1170, 1132,
628; '"H NMR (400 MHz, CDCl,) & 1.01 (s, 6H), 1.43-1.46 (m, 2H), 1.56-1.69 (m, 2H), 1.71 (s, 3H), 2.00 (t,
2H, J = 6.0 Hz), 4.42 (m, 2H), 5.48 (dt, 1H, J = 16.4, 2.0 Hz), 6.60 (d, 1H, J = 16.4 Hz); "*C NMR (100
MHz, CDCl,) & 19.03, 21.51, 28.70, 33.03, 33.97, 39.46, 51.69, 85.30, 87.07, 111.20, 131.63, 136.84,
141.67; FAB HRMS m/z calcd. for C, ,H,,0 (M") 204.1514, found 204.1519.

v v2-1(2 & G-trime
. 4-nyQroxy- l\-,u,v frime

solution of isabutylmagnesxum chloride in ether (20 mL, 17.6 mmol) prepared from isobutyl chloride (3 mL,

AN N

28.5 mmou, magnesmm tummgs (ILI mg, 4Y.Y mmm), and ether \115' rm,) was added titanocene dichloride {615

"

%

mg, 0.33 mmol) at 0 °C. The reaction mixture was stirred at 0 °C for 20 min and a ether (10 mL) solution of 2
(450 mg, 2.2 mmol) was added dropwise at the same temperature over 10 min. The mixture was warmed to
room temperature and stirred for an additional 6 h. The bulk of ether was removed in vacuo, and THF (12 mL)
was added. After stirring at O °C for 12 h under an atmosphere of carbon dioxide, 2 N HCl solution was added,
and the resulting mixture was extracted with ethyl acetate. The organic layers were combined, washed with 2 N
HCl solution, brine, dried over MgSQ,, filtered and concentrated in vacuo to give the crude products. Column

chromatography on silica gel (from 17 % to 50 % ethyl acetate in hexane) gave acid 3 (401 mg, 73 %): IR (KBr
Aicl ~mhY 2200 (hey 7026 1604 1627 1412 1364 124D 1N49- ' MR (A MH7z CTYIYA 1 0) (¢ AHN
UISR, Uikl ] JIUU UL )y, &£70YU, 1UJTT, 1VUJL, 1710, 1JUT, 1LUL, LUTO, 15 IVIVIEN (TUV UVRI ALy Sl iy J U LoV A (D, Ull),
1.45-1.48 (m, 2H), 1.58-1.64 (m, 2H), 1.73 (s, 3H), 2.01 (t, 2H, J= 6.0 Hz), 4.54 (d, 2H, J= 6.0 Hz), 6.09

(d, iH, J = 16.3 Hz), 6.22 (d, 1H, J = 16.6 Hz), 6.93 (1, iH, J=6.0 H )' BC NMR (100 MHz, LULI)

19.14, 21.68, 28.81, 32.89, 34.01, 39.39, 60,27. 124.72, 130.42, 130.63, 135.12,, 137.45, 141.67, 172.0
FAB HRMS mv/z calcd. for C;H,,0; (M*) 250.1569 found 250.1581.

Methyl (E,E)-4-hydroxy-2-[(2,6,6-trimethylcyclohex-1-enyl)vinyl]but-2-enoate. To a solution
of 3 (100 mg, 0.40 mmol) in benzene (3 mL) was added N,N,N’,N’-tetramethylguanidine (0.1 mL, 0.8 mmol)
at room temperature. The reaction mixture was stirred for 1 h and methyl iodide (0.25 mL, 4.0 mmol) was added
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at tha on A Fro tmo o perature for 12 LI, Cy :
at the same u:unyctauuc After stirring at room chupm ure for 12 h, the reaction mixture was fiitered and
3

concentraied in vacuo o give the crude products which were purified by column chromatography on silica gel
(2 % ethyl acetate in hexane) to afford the corresponding methyl ester (70 mg, 71 %): IR (neat, cm™) 1628, 1362.
1062, 800, 744, 668; '"H NMR (400 MHz, CDClL,) § 1.02 (s, 6H), 1.45-1.48 (m, 2H), 1.59-1.73 (m, 2H),
1.73 (s, 3H), 2.01 (t, 2H, J = 6.4 Hz), 3.78 (s, 3H), 4.50 (d, 2H, J = 6.0 Hz), 6.08 (d, 1H, J = 16.4 Hz),
6.22 (d, 1H, J = 16.4 Hz), 6.77 (t, 1H, J = 6.0 Hz); ’C NMR (100 MHz, CDCL,) 5 19.13, 21.63, 28.81,
32.88, 34.01, 39.38, 51.98, 60.09, 125.03, 130.24, 131.33, 134.66, 137.49, 139.49, 167.55.

Methyl (E, E)-d-0x0-2-[(2,6,

2112 = 595 SR REAAECRANY S L

| - (A). 1
of the methyl ester obtained above (65 mg, 0.246 mmol) in dichloromethane (5 mL) was added manganese

smwida 1T A AN nt e s s ST S e e S . R oy PP .

~ - e | P - < . o
dioxide (1.4 g) at rooin temperature, and the mixture was stirred for 6 min. The reaction mixture was filiered and
pos

-
™
)
>
3

concentrated in vacuo to afford A (64 00 %), whose spectral data were in good agreement with those
reported'”; IR (neat, cm™) 1738, 1730, 1678, 1582, 1442, 1246, 1142; '"H NMR (400 MHz, CDCl,) 8 1.07 (s,
6H), 1.47-1.50 (m, 2H), 1.60-1.66 (m, 2H), 1.79 (s, 3H), 2.07 (t, 2H, J = 6.4 Hz), 3.87 (s, 3H), 6.63 (d,
1H, J=7.2 Hz), 6.64 (s, 2H), 10.05 (d, 1H, J = 7.2 Hz); °C NMR (100 MHz, CDCl,) 5 18.93, 21.85, 28.87,
33.31, 34.11, 39.49, 52.74, 123.31, 131.20, 134.43, 137.27, 141.81, 146.76, 167.17, 191.48.

.

3-[2,2-(2,6,6-Trimethylcyclohex-1-enyl)-p-toluenesulfonylethyl]-2-trimethylsilylfuran (6)."
To a THF (30 mL) solution of cyclocitry! sulfone 4 (1.39 g, 4.76 mmol) was added dropwise n-butyllithium
70

h

o
f y e
. . o, Tha PRIV xr o o
ution in hexane, 3.57 mL, 5.71 mmol) at -78 °C. The reaction mixture was stirred at -78 °C for 20

min and a THF (2.0 mL) solution of 2-silyl-3-chloromethylfuran 5' (1.17 g, 6.19 mmol) was added to this
solution at the same temperature. After the mixture was gradually warmed to room temperature and stirred for an
additional 12 h, H,0 was added, and the resulting mixture was extracted with ether. The organic layers were
combined, washed with H,O, brine, dried over MgSQO,, filtered and concentrated in vacuo to give the crude
products. Column chromatography on silica gel (1 % ethyl acetate in hexane) gave furan derivative 6 (2.03 g,
96 %): IR (nujol, cm™) 1598, 1468, 1314, 1304, 1252, 1144, 1088, 842;'H NMR (400 MHz, CDCL,) & 0.14
(s, 9H), 0.44 (s, 3H), 1.06 (s, 3H), 1.34-1.39 (m, 2H), 1.49-1.53 (m, 2H), 2.01-2.23 (m, 2H), 2.11 (s, 3H),
2.44 (s, 3H), 3.16 (dd, IH, J= 8.4, 14.9 Hz), 3.35 (dd, 1H, J=5.7, 14.9 Hz), 3.87 (dd, 1H, J = 8.4, 5.7
7

Hz), 5.68 (d, |H, J=1.5 Hz), 7.31(d, 2H, J=8.3 Hz), 7.35(d, 1H, J=1.5 Hz), 7.73 (d, 2H, J=8.3 Hz);
13 -

C NMR (100 MHz, CDCl,) 6 -1.31, 18.97, 21.55, 23.28, 26.67, 27.14, 29.30, 34.62, 35.78, 39.57, 68.42,
11i.i2, i28.38, 129.62, 130.04, 131.39, 138.00, 138.98, 143.94, i46.10, 155.46.

4-Hydroxy-2-[2,2-(2,6,6-trimethylcyclohex-1-enyl)-p-toluenesulfonylethyl]butenolide (7)."
To a solution of 6 (2.0 g, 4.50 mmol) in dichloromethane (30 mL) was added a catalytic amount of
tetraphenylporphine (TPP), and the solution was cooled at -78 °C. The mixture was irradiated with a halogen
lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere, and the reaction was monitored by TLC. After
the starting material was consumed, the reaction mixture was flushed with argon. The solvent was removed in

racuo and the crude products were purified by column chromatography on silica gel (from 2 % to 50 % ethyl
acetate in hexane) to give y-hydroxybutenolide 7 (1.64 g, 91 %) as a mixture of stereoisomers: IR (nujol, cm™);

~ i s R o 153 RIRAT3 T

3440, 1766, 1752, 1598, 1460, 1300, 1142; 'H NMR (400 MHz, CDCl,) § 0.75 (s, 1/2x3H), 0.90 (s, 1/2x
3H), 0.92 (s, 1/2x3H), 0.96 (s, 1/2x3H), 1.35-1.55 (m, 4H), 1.97-2.11 (m, 2H), 2.02 (s, 1/2x3H), 2.05 (s,
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12x1H, J = 6.8 Hz), 5.98 (brd, 1/2x1H, J = 6. in) 6.88 (s, 12x 1H), 6.97 (s, 1/2x1H), 7.31 (d, 2H, J =
8.1 Hz), 7.66-7.70 (m, 2H); *C NMR (100 MHz, CDCL,) 5 18.83, 18.88, 21.60, 23.14, 23.17, 27.49, 27.74,

28.18, 28.22, 28.35, 28.63, 34.61, 34.68, 36.23, 36.32, 39.59, 39.61, 64.26, 65.24, 96.61, 96.84, 128.44,
128.72, 129.58, 130.67, 130.72, 134.00, 134.08, 137.52, 138.28, 138.33, 144.53, 144.69, 146.43, 146.56,
170.70, 170.88.

Methyl (Z,E)-4-0x0-2-[(2,6,6-trimethylcyclohex-1-enyl)vinyllbut-2-enoate (B).'> To a
of 7 (1.46 g, 3.72 mmol) in DMF (20 mL) was added dm'mhmvn]mmd ecene (1.7 mL, 11.2 mmol) at 0 °C. The

SRS LRIV YLV BnuRA i

reaction mixture was stirred at 0 °C for 6 h and methyl iodide (2.8 mlL., 44.7 mmol) was added at the same
temperature. After the mixiure was stirred at room temperature for 1 h, saturated aqueous NH,Cl solution was
added, and the resuiting mixture was extracted with ether. The organic layers were combined, washed with
saturated NaHCO, solution, brine, dried over MgSO,, filtered and concentrated in vacuo to give the crude
products. Column chromatography on silica gel (4 % ethyl acetate in hexane) gave B (798 mg, 82 %, E: Z= 2 :
98), whose spectral data were in good agreement with those reported'*: IR (neat, cm™) 1772, 1736, 1680, 1582,
1442, 1246, 1142;'H NMR (400 MHz, CDCL,) & 1.05 (s, 6H), 1.46-1.49 (m, 2H), 1.59-1.65 (m, 2H), 1.76
(s, 3H), 2.06 (t, 2H, J= 6.2 Hz), 3.94 (d, 3H, J= 0.7 Hz), 6.07 (d, 1H, J= 7.6 Hz), 6.22 (d, 1H, J= 16.3
Hz), 6.69 (d, 1H, J= 16.3 Hz), 9.76 (dd, 1H, J = 0.7, 7.6 Hz); "*C NMF
28.84, 33.44, 3422, 39.54, 52.59, 127.64, 128.15, 135.13
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3-[2,2-(2-Methyl-1-propenyl)-p-toluenesulfonylethyl]-2-trimethylsilylfuran. To a THF (70 mL)
solution of prenyl suifone (3.25 g, 14.5 mmol) was added dropwise n-butyllithium (1.6 M solution in hexane,
9.95 mL, 15.9 mmol) at -78 °C. The reaction mixture was stirred at -78 °C for 30 min and a THF (10 mL)
solution of chloride § (3.0 g, 15.9 mmol) was added at the same temperature. After the mixture was gradually
warmed to room temperature and stirred for an additional 12 h, H,O was added, and the resulting mixture was
extracted with ether. The organic layers were combined, washed with brine, dried over MgSO,, filtered and
concentrated in vacuo to give the crude products. Column chromatography on silica gel (1 % ethyl acetate in

hexane) gave the corresponding furan derivative (4.15 g, 76 %): IR (neat, cm™); 1598, 1446, 1300, 1288, 1246,
1132, 1088, 844; 'H NMR (400 MHz, CDCL)) § 0.25 (s, 9H), 1.06(d, 3H, J= 1.

L) J.UUU’ UTTTT, AL 1NAVELN M AYAVS A"ulb \41./\41 YV Ve dwns \Q, Illl, ia v -~ in P L.\ {d, 11, 1.0
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Hz), 2.44 (s, 3H), 2.76 (dd, 1H, J = 14.2, 11.2 Hz), 3.38 (dd, 1H, J= 14.2, 2.9 Hz), 3.81 (ddd, 1H, J =
1i.2, i0.3, 2.9 Hz), 5.01 (dd, iH, 7 = i0.3, 1.5 Hz), 6.14 (d, iH, /= 1.7 Hz), 7.32 (d, 2H, J = 8.1 Hz),

7.46 (d, 1H, J= 1.7 Hz), 7.73 (d, 2H, J= 8.1 Hz); '*C NMR(IOO MHz, CDCl,) 5-1.09, 17.86, 21.58, 24.26.
25.75, 65.89, 111.10, 116.97, 129.13, 129.38, 130.36, 134.86, 142.12, 144.38, 146.08, 155.77; FAB
HRMS m/z calcd. for C,H,,0,SiS (M+H)" 377.1607, found 377.1604.

4-Hydroxy-2-[2,2-(2-methyl-1-prenyl)-p-toluenesulfonylethyl]butenolide. To a solution of the
furan derivative obtained above (1.5 g, 3.98 mmol) in dichloromethane (30 mL) was added a catalytic amount of

tetranhenvinornhine (TPP\ and the solut
tetraphenyiporphime (1PF the soluty

lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere and the reaction was monitored by TLC. After

tion was cooled at -78 °C. The mixture was irradiated with a halogen
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the siarting materiai was consumed, the reaction
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IR (nujol, cm™); 3368, 1764, 1596, 1446, 1284, 1140; ‘HN (400 MHz, CDCl,) 5 1.16 (s, 1/2x3H), 1.22
(s, 1/2x3H), 1.64 (s, 1/2x3H), 1.65 (s, 1/2%x3H), 2.45 (s, 3H), 2.61-2.68 (m, 1H), 3.06-3.11 (m, 1H),
4.24-4.29 (m, 1H), 4.88 (brs, 12x1H), 4.90 (brs, 1/2x<1H), 4.99 (brs, 1H), 6.07 (brs, 1H), 6.88 (brs, 1/2X

2 .33(d, 2H, J MHz, CDCl,) &
.62, 24.47, 24.65, 25.71, 61.66, 62.02, 96.98, 115.89, 129.14, 129.53, 133.13, 133.35, 134.02,
143.57, 144.90, 145.94, 146.39, 171.04; FAB HRMS vz caled. for C,,H,,0,8 (M+H)* 337.1110, found

337.1135.

~1 [« 2 ] =\ TR AT f\l\\"'
] = 8.3 Hz),

Methyl (E,E)-4-0x0-2-[(2-methyl-1-propenyl)vinyl]but-2-enoate (C) and methyl (Z,E)-4-
0x0-2-[(2-methyl-1-propenyl)vinyl]but-2-enoate. To a solution of the y-hydroxybutenolide obtained

above (300 mg, 0.892 mmol) in DMF (9.0 mL.) was added diazabic iCy ycloundecene (0.40 mL, 2.68 mmol) at 0 °C.
The reaction mixture was stirred at 0 °C for 2.5 h and methyl iodide (0.67 mL, 10.7 mmol) was added at the
g tormaratiies A Lo emm i Tz SR o RITT 1

rature. After the mixture was stirred at room temperature for 1 h, saturated aqueous NH,Cl solution
was added, and the resulting mixture was extracted with ether. The organic ilayers were combined, washed with
brine, dried over MgSQ,, filtered and concentrated in vacuo to give the crude products. Column chromatography
on silica gel (5 % ethyl acetate in hexane) gave 1 : 10 mixture of C and its (Z)-stereoisomer (136 mg, 79 %).
These compounds were separated by column chromatography on silica gel (1 % ethyl acetate in hexane): Data for
(Z)-stereoisomer: IR (neat, cm'); 1732, 1670, 1590, 1440, 1246, 1142; 'H NMR (400 MHz, CDCL,) & 1.85 (s,
3H), 1.89 (s, 3H), 3.95 (s, 3H), 6.00 (d, 1H, J=11.2 Hz), 6.07 (d, 1H, J= 7.8 Hz), 6.20 (d, 1H, J= 15.4
Hz), 6.90 (dd, 1H, /=11 7.6 Hz); '*C NMR (100 MHz, CDCL,) 5 19.03, 26.
-
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=7.3 Hz), 676(d 1

NMR (100 MHz, u)(,i}) 5 19.01, 26.
1

=11.2, 15.1 Hz), 10.09 d, IH, J = 3,
8; FAB HRMS m/z caled. for C, H,;,0, (M+H)"

7.3 C
125.47, 129.70, 138.74, 144.63, 146.23, 7 09, 191.
195.1021, found 195.1007.

3-[2,2-(2,6-Dimethyl-1, 5-heptadienyl)-p-toluenesulfonylethyl]-2-trimethylsilylfuran. To a
THF (60 mL) solution of geranyl sulfone (2.49 g, 8.50 mmol) was added dropwise n-butyllithium (1.6 M
solution in hexane, 5.85 mL, 9.35 mmol) at -78 °C. The reaction mixture was stirred at -78 °C for 30 min and a
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mixture was extracted with ether. The organic layers were combined, washed with H,O, brine, dried over
MgSO,, filtered and concentrated in vacuo to give the crude products. Column chromatography on silica gel
(1 % ethyl acetate in hexane) gave the corresponding furan derivative (2.94 g, 78 %): IR (neat, cm™); 1598,
1450, 1314, 1304, 1250, 1148, 1086, 842; 'H NMR (400 MHz, CDCL,) & 0.26 (s, 9H), 1.07 (d, 3H, J= 1.2
Hz), 1.57 (s, 3H), 1.67 (s, 3H), 1.91 (brs, 4H), 2.44 (s, 3H), 2.76 (dd, 1H, J=13.9, 11.2 Hz), 3.42 (dd, 1H.

=13.9, 2.9 Hz), 3.85 (ddd, 1H, J=11.2, 11.2, 2.9 Hz), 4.96 (dd, 1H, J= 1.3 Hz), 5.01 (d, 1H, J=10.2
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HZ), 6.15 {d, IH, J=1.5 HL), 7.31 \Q, 411, ¥ = 0.9 N1Zj), /.40Q, 11, v = 1.5 HZ), 7.74 (d, 2H, J=38.3 "Z);
13 WTRATY /747U B AR I avat 1 4 mA AE s A M AR e e s s s s = oes
i .44, 2D.02, 20.0U0, 39.0%5, /1, 111.18,

calcd. for C25H370331S (M+H) 445.2233, found 445.2215.

4-Hydroxy-2-[2,2-(2,6-dimethyl-1,5-heptadienyl)-p-toluenesulfonylethyl]butenolide. To a
solution of the furan derivative obtained above (1.12 g, 2.51 mmol) in dichloromethane (20 mL) was added a
catalytic amount of tetraphenylporphine (TPP), and the solution was cooled at -78 °C. The mixture was
irradiated with a halogen lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere, and the reaction was

ALiatdl iV il L WAL

monitored by TLC. After the starting material was consumed, the reaction mixture was flushed with argon. The

n oA tha e PR | s T e

was removed in vaciuo and the crude products were purified by column chromato, ography on silica gel
% to 50 % ethyl acetate in hexane) to give the corresponding y-hydroxybutenolide (802 mg, 82 %) as a
mixture of stereoisomers: IR (nujol, cm); 3392, 1762, 1596, 1442, 1286, 1140; 'H NMR (400 MHz, CDCl,) 8
1.22 (brs, 3H), 1.58 (s, 3H), 1.68 (s, 3H), 1.93 (brs, 4H), 2.44 (s, 3H), 2.65 (dd, 1H, J = 15.2, 8.9 Hz),
3.13(dd, 1H, J = 15.2, 5.2 Hz), 4.31 (brs, 1H), 4.57 (brs, 1H), 4.90 (brs, 1/2x1H), 4.92 (brs, 1/2x 1H),
4.99 (brs, 1H), 6.06 (brs, 1H), 6.92 (brs, 1H), 7.32 (d, 2H, J= 8.3 Hz), 7.71 (d, 2H, J = 8.3 Hz); '’*C NMR

(100 MHz, CDCl,) 5 16.42, 16.54, 17.62, 21.60, 24.49, 24.70, 25.60, 26.08, 39.53, 61.53, 61.91, 96.96,
5 122

97.00, 115.77, 115.81, 123.32, 123.37, 129.16, 129.22, 129.51, 132.06, 132.09, 133.10, 133.33, 134.00,
134.09, 144.88, 145.91, 146.43, 146.84, 146.97, 171.09; FAB HRMS m/z calcd. for C,,H,,0,8 (M+H)®
105 1738 o 3 408 1738
40,1735, Tound 4U2.1/35

Methyl (E,E,E)-4-0x0-2-[(2,6-dimethyl-1,5-heptadienyl)vinyl]but-2-enoate (D) and methyl
(Z,E,E)-4-0x0-2-[(2,6-dimethyl-1,5-heptadienyl)vinyl]but-2-enoate. To a solution of the y-
hydroxybutenolide obtained above (598 mg, 1.53 mmol) in DMSO (10 mL) was added N,N’-
diisopropylethylamine (0.80 mL, 4.58 mmol) at room temperature. The reaction mixture was stirred for 3 h and
methyl iodide (1.14 mL, 18.3 mmol) was added at the same temperature. After the mixture was stirred for 1 h,

athar The nr
WALLAND » ' WTL

& S L LE ] QUNIAL, QUL Wi AUO Wil g anatusy vy i

saturated aqueous NH C] solution was added, and the resulting mixture was extracted with

layers were combined, washed with brine, dried over MgSO,, filtered and concentrated in vacuo to give the
corresponding aldehyde.

To a THF (10 mL) solution of the crude aldehyde was added diazabicycloundecene (0.21 mL, 1.44 mmol)
at 0 °C. After the reaction mixture was stirred at O °C for 30 min, saturated aqueous NH,Cl solution was added,
and the resulting mixture was extracted with ether. The organic layers were combined, washed with brine, dried
over MgSQ,, filtered and concentrated in vacuo to give the crude products. Column chromatography on silica gel
(5 % ethyl acetare in hexane) gave 1 : 6 mixture of D and its (Z)-stereoisomer (219 mg, 54 % for 2 steps). These

compounds were separatcd by column chromatography on silica gel (1 % ethyl acetate in hexane): Data for (Z)-

stereoisomer: IR (neat, cm™); 1734, 1674, 1630, 1588, 1440, 1214, 1158; 'H NMR (400 MHz, CDClL) 8 1.61
(s, 3H), 1.69 (s, 3, 1.85 (s, 3H), 2.16 (brs, 4H), 3.95 (s, 3H), 5.07 (brs, 1H), 6.01 (d, 1H, J=11.2 Hz),
6.08(d, IH, J=7.8 Hz), 6.23 (d, 1H, J=15.4 Hz), 6.92 (dd, I1H, J=11.2, 15.4 Hz), 9.75(, IH, J= 7.8
Hz); *C NMR (100 MHz, CDCL,) & 17.50, 17.70, 25.67, 26.34, 40.38, 52.60, 123.25, 124.85, 125.56,

127.68, 132.30, 136.42, 148.82, 150.34, 166.68, 190.58. Data for (E)-stereoisomer D: IR (neat, cm™); 1732,
1672, 1632, 1588, 1440, 1244, 1142; '"H NMR ( 00 MHz, CDCl,) 5 1.62 (s, 3H), 1.69 (s, 3H), 1.86 (d, 3H,
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F— 1272 HaY D 1T (hee AN 2 Q7 7 IHY S NE S 1N ey 1THY A& N7 /A 1LY T— 11 N 1T\ £ KN A 10X T
J= L& KRL), L. BT \UED, X1, J.07 S, JX1), J.UUTJ LV \ULLLL, LX), ULV (U, LIy, v = 11V D2y, 00U 4, 1n,J =
M AN L IO s 3 1YY T _ 1K ITF.. "M N™ 331 4LT ¥ 11 N 1Z T 1 11 73 11X ¥ ~ A rr_ N, 13/ nrn A
f.O011z), 0./ (G, i1, J = 10.1 1zZ), +.vs \QqQ, in, v= 11.U, 15.1 11zZ), 1 1 a, in, J= /7.5 ), U NMR

(100 MHz, CDCL) § 17.46, 17.68, 25.66, 26.35, 40.30, 52.67, 120.13, 123.33, 125.05, 129.65, 132.23,
138.74, 146.21, 148.24, 167.10, 191.16; FAB HRMS mvz caled. for C,H,,0, (M+H)* 263.1647, found
263.1632.

(E)-1-(1-Buten-3-ynyl)-2,5,5,8a-tetramethyl-trans-3,4,4a,5,6,7,8,8a-octahydronaphthalene.
To a THF (25 mL) and HMPA (2.5 mL) solution of 1-p-toluenesulfonylmethyl-2,5,5,8a-
tetramethyloctahydronaphthalene (1.60 g, 4.43 mmol) prepared from the corresponding alcohol’” was added

T T r--r-

dropwise n-butyllithium (1.6 M solution in hexane, 3.33 mL, 5.32 mmol) at -78 °C. The reaction mixture was

gtirrad at _TQ O Fru N snin and wenearao] hearsda (0 TON on] @ Q& cvennl) 1twiao addad at tha cnemen famme sondzzon
SUWICU Al -/0 LU 11Ul 4LV il auu l}lUpﬁls)‘l OTOILGH V. /77U 11l 0.00U 1111IVI) Wad auuCu at uic >all (=1} Taliic.
3

After the mixture was gradually warmed to room temperature and stirred for an additional 40 min, saturated
aqueous NH,ClI solution was added, and the resuiting mixture was extracted with ether. The organic layers were
combined, washed with brine, dried over MgSO,, filtered and concentrated in vacuo to give the corresponding
coupling products.

To a THF (35 mL) solution of the crude products was added potassium fert-butoxide (1.59 g, 14.2 mmol)
at 0 °C. After the reaction mixture was stirred at room temperature for 30 min, saturated aqueous NH,Cl solution
was added, and the resulting mixture was extracted with ether. The organic layers were combined, washed with

saturated aqueous NH,Cl solution, brine, dried over MQQO filtered and concentrated in vacuo to g1 ve the crude

LA BLOUS AN fion QI OVLL L ARCACE Q10 CUIRCRIIL QLA &2 VL4 LS

ne ~ 13, 2219 21NN 1A£N0 1272 Q&n. 11w nm FANN 0120 /. 2ALIN
11C cm )y 2214, Z1WNJ, 190U, 1070, 77UV, I1 1‘1 4wV LVlﬂL LLI\,I:;} 0 U 0J0 \d, JI1),
Ty ~a

producm Column ¢ hromatography on silica gel (hexane) gave the corresponding acetylene (849 mg, 79 % for 2
,. . N G 8

~ ATTY ~NO v AD 7 L3S AR ] ~

(s, "n) 1.06-1.19 (m, 3H), 1.38-1.49 (m, 3H), 1.52-1.61 (m, 1H), 1.63-1.70 (m, 2

e
-
'

2.07-2.10 {(m, 2H), 2.91 (d, 1H, J = 2.4 Hz), 5.36 (dd, 1H, J= 16.4, 2.4 Hz), 6.59 (d, 1H, J = 16.4
Hz); "'C NMR (100 MHz, CDCl,) 6 18.69, 18.93, 20.23, 21.16, 21.53, 33.18, 33.29, 33.73, 38.00, 38.14,
41.64, 51.10, 76.78, 83.16, 111.43, 129.62, 140.41, 142.88; FAB HRMS m/z caled. for C,;H,, (M")
242.2035, found 242.2074.

ctahydronaphthyl)pent-4-en-2-yn-1
2.71 mmol) was added dr wise n-

m
R WWAS QRARARAR LA

rar M) min Tho roantian mivhira wag
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stirred at -78 °C for an additional 20 min and paraformaldehyde (411 mg, 13.6 mmol) was added at this
temperature. After the mixture was warmed to room temperature and stirred for 2 h, saturated aqueous NH,CI
solution was added, and the resulting mixture was extracted with ether. The organic layers were combined,
washed with saturated aqueous NH,Cl solution, brine, dried over MgSO,, filtered and concentrated in vacuo to
give the crude products. Column chromatography on silica gel (2 % ether in hexane) gave the corresponding
alcohol (614 mg, 83 %): IR (disk, cm™) 3344, 2208, 1446, 1376, 1010; 'H NMR (400 MHz, CDCl,) 5 0.84 (s,
3H), 0.88 (s, 3H), 0.99 (s, 3H), 1.06-1.21 (m, 3H), 1.38-1.49 (m, 3H), 1.52-1.69 (m, 3H), 1.65 (s, 3H),
2.06-2.09 (m, 2H), 4.41 (d, 2H, J = 1.6 Hz), 5.39 (dd, 1H, J=16.4, 1.6 Hz), 6.51 (d, 1H, J = 16.4 Hz); *C

BN
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N\ Ky Jm TR yA1 UA T gy g TRTIN LI BIBT RN ITIUTIO Iy "By I3 U,y /1 ,O04,0a"0D I.illlyul Ullﬂpll‘uyl}
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vinyijouil-4-enoic acia. 10 a 1.V ivi SO1uuon o1 soou!l [)’Hnagllcblunl (,I]lorluc lIl CUlel' (1.04 ML, 1.84 m!ml)

prepared from isobutyl chloride (22.4 ml., 214 mmol), magnesium turnings (5.45 g, 224 mmol), and ether (150
mL) was added titanocene dichloride (14 mg, 0.0551 mmol) at 0 °C. The reaction mixture was stirred at 0 °C for
20 min and a ether (1 mL) solution of the alcohol obtained above (100 mg, 0.367 mmol) was added dropwise at
the same temperature over 10 min. The mixture was warmed to room temperature and stirred for an additional
2.5 h. The bulk of ether was removed in vacuo, and THF (3 mlL) was added. After stirring at 0 °C for 30 min
under an atmosphere of carbon dioxide, 1 N HCIl solution was added, and the resulting mixture was extracted
with ethyl acetate. The organic layers were combined, washed with 1 N HCI solution, brine, dried over MgSO,,

filtered and concentrated in vacuo to give the crude products. Column chromatography on silica gel (from 17 %

tn &0 O, athyl anatata in havanal gava tha ~rarracnanding acid 18 mo 72 04) TR (Adiclk ~ml) 2200 ke 7Q72)
W Ju 7@ Culyl altual dil NICAAIC) gave uiC SO pUNLIGIIE aClu (60 HiE, /5 70j. 1 (\QiSK, Cili j 3500 (\Ui), 2734,
1L 4 1 AAL 172371 &£ 1NLN nra 1TT WIRATY 7ANN RAIT. AT\ o N QAL 7 ATIN N onNna s ATTN 1 N1 s ATTIY
1074, 1440, 1370, 1204, /4, N NNMR (4UU MI1Z, ULA L) 0 U.840 (8, 311), U.694 (S, o11), 1.Ul (8§, 1),

1.11-1.19 (m, 2H), 1.38-1.70 (m, 7H), 1.69 (s, 3H), 2.08-2.11 (m, 2H), 4.52 (d, 2H, J = 6.1 Hz), 6.01 (d,
1H, J=16.3 Hz), 6.15 (d, 1H, J = 16.3 Hz), 6.92 (t, 1H, J= 6.0 Hz); "*C NMR (100 MHz, CDCl,) § 18.79,
19.00, 20.30, 21.40, 21.54, 33.19, 33.31, 33.67, 37.99, 38.24, 41.67, 51.17, 60.33, 125.25, 128.57,
130.44, 134.94, 141.19, 141.73, 171.93; FAB HRMS m/z calcd. for C, H,, 0, (M+H)" 319.2273, found
319.2255.

vin A mo 0 208 mmanl) in henzana (2 ml )
¥ ARR - - Sl LA A L AL AWAL AU Y P lll&' T ot S S llull\ll} A4 UWilLAsitw \J llud!
was added N,N,N’ N’—tetramcthylguamdme (O 074 mL, 0.590 mmol) at room temperature. The reaction

1 an

mixture was stirred for 1.5 h and methyi iodide (0.18 mL, 2.95 mmol) was added at the same temperature.
After stirring at room temperature for 2 h, the reaction mixture was filtered and concentrated in vacuo to give the
corresponding methyl ester.

To a solution of the crude methyl ester in dichloromethane (3 mL) was added manganese dioxide (2.82 g)
at room temperature, and the mixture was stirred for 15 min. The reaction mixture was filtered and concentrated
in vacuo to give the crude products which were purified by column chromatography on silica gel (2 % ether in
hexane) to afford E (58 mg, 60 % for 2 steps): IR (neat, cm™) 2928, 1732, 1678, 1608, 1438, 1246; 'H NMR
(400 MHz, CDCL,) 5 0.854 (s, 3H), 0.902 (s, 3H), 1.05 (s, 3H), 1

H) 3H H) 1.11-1 3 1. 5 i
v AVALAZ, AL W, M. IV S 73 A S R I > P S 112y JA2jy 2 7 iR, SR/,
1 82_1 72 (m 2N 1 TA/7¢ THY 2 122 18 fm 27HY A QK ¢ AHY A S84 (c ?2HN £ ARY d 1TH T~ 7KH2
L.JO-1. 74 \0ll, 518, L.0i9\>, Ji1j, L. 10°4.1J \Jll, &xX1), 3.0U0 O, JI1), U.J7F \», &A1), U. UL (U, 111, v = 1.0 114),
11\ neg 71 117 ) 4 [ BV & PR 13 AT AD 71N RATY.. TV N\ ¢ 1Q £L 10 NL AN S8 M1 £9 -1 £ 129 10 27 2D
10.05 (4, 1H, J= 7.6 Hz); "CNMR (10U Mnz, CIX L) é 18.60, 15.90, 20.35, 21.53, 21.35, 33.18, 33.33,
33.95, 38.17, 38.35, 41.57, 51.07, 52.75, 123.99, 131.25, 131.79, 141.02, 141.89, 146.54, 167.15,

191.51; FAB HRM

195

m/z calcd. for C, H;,0, (M+H)* 331.2273, found 331.2272.

3-[2,2-(2,6,6-Trimethylcyclohex-1-enyl)-p-toluenesulfonylethyl]-5-trimethylsilylfuran. To a
THF (18 mL) solution of cyclocitryl sulfone 4 (661 mg, 2.26 mmol) was added dropwise n-butyllithium (1.6 M
solution in hexane, 1.69 mL, 2.71 mmol) at -78 °C. The reaction mixture was stirred at -78 °C for 20 min and a
THF (2.0 mL) solution of chloride derived from 3-chloromethyl-5-trimethylsilylfuran '’-** (558 mg, 2.94 mmol)

was added at the same temperature. After the mixture was gradually warmed to room temperature and stirred for

an additinnal 17 b LT MNxrac addad and tha r with athar Th

a ractilting mivhira waq avirantad o nraanio lavarge wors

an aaaitionai 12 n, U was dalcd, diil uiC ISoudily HLAWIC was LCadacll Widl Culll. 14 OIganic 1dycrs wWic
1 tal. TTY et 3.1 .. ANA_ O L3 A b s D s i ben ieavrem Al el
comomea asne:u wiin I‘IZU, DTHIC, darica over igou,, lierea ana concenraiea m vacuo 21VC Ui crudd
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products. Column chromatography on silica gel (1 % ethyl acetate in hexane) gave the coiresponding furan
srivativus (81 — 1 I T SV | 1470 1
Jcitvalve (0a1 1470, 1 5(\’, 113 , 1"84, 84 Ty nra o

mg, 65 %): IR (nujoi, em" ); 1598,

(400 MHz, CDCl,) 8 0.17 (s, 9H), 0.64 (s, 3H), 1.04 (s, 3H), 1.38-1.
2.21 (m, 2H), 2.05 (s, 3H), 2.41 (s, 3H), 2.99 (dd, 1H, J= 15.1, 6.0 Hz), 3.43 (dd 1H, J= 15.1, 76Hz)
3.91(dd, 1H, J=17.6, 6.0 Hz), 6.05 (s, 1H), 7.23 (d, 2H, J = 8.1 Hz), 7.30 (s, 1H), 7.61(d, 2H, J = 8.1
Hz); ’C NMR (100 MHz, CDCl,) & -1.75, 19.00, 21.55, 23.27, 26.59, 27.78, 29.04, 34.49, 36.00, 39.58,
68.79, 120.74, 121.25, 128.17, 129.42, 130.88, 137.59, 139.49, 143.55, 144.54, 160.55; FAB HRMS m/z

calcd. for C, H,,0,5iS (M+H)* 445.2232, found 445.2237.

4-Hydroxy-3-{2,2-(2,6,6-trimethylcyclohex-1-enyl)-p-teluenesulfonylethyllbutenclide. To a
solution of the furan derivative obtained above (400 mg, 0.90 mmol) in dichloromethane (9.0 mL) was added a

T

C. The mixiure was

PR P, PR, T o

Ldl.d.lyl.lh amount DI lﬂlIdpﬂGIlylpOI’pﬂmC \lt’["), ana Ulﬁ SOIUUOII was 00010(1 at -/6
irradiated with a halogen lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere, and the reaction was
monitored by TLC. After the starting material was consumed, the reaction mixture was flushed with argon. The
solvent was removed in vacuo and the crude products were purified by column chromatography on silica gel
(from 2 % to 50 % ethy] acetate in hexane) to give the corresponding y-hydroxybutenolide (338 mg, 96 %) as a
mixture of stereoisomers: IR (nujol, cm™); 3428, 1774, 1659, 1600, 1460, 1298, 1142; '"H NMR (400 MHz,

CDCly) 6 0.67 (s, 1/2x3H), 0.85 (s, 1/2x3H), 0.86 (s, 1/2x3H), 0.87 (s, 1/2x3H), 1.34-1.55 (m, 4H),

r\ 1 ATT

1 NN 1
1.99-2.11 (m, 2H),

.85 2
2.92 (dd, 12x1H, J=16.6, 2.7
J=

M ATT s ATTN ~TY

(s, 1/2X3H), 2.01 (s, 1/2x3H), 2.44 (s, 3H), 2.84 (brd, 12x1H, J= 17.1 Hz),
Hz), 3.64 (dd, 1/2x1H, J= 16.6, 8.8 Hz), 3.74(dd, 12%x1H, J= 16.8, 9.8
4,

Hz), 4.09 (dd, 1/2x 1H, J = 8.8, 4.8 Hz), 4.28 (dd, 1/2x 1H, J=9.8, 3.2 Hz), 5.07 (brs, 1/2x 1H), 5.08 (brs,
1/2% 1H), 5.75 (brs, 1H), 5.79 (brs, 1/2x1H), 6.01 (brd, 1/2x1H, J= 7.6 Hz), 7.32 (d, 12x2H, J = 6.4

Hz), 7.33 (d, 1/2x2H, J = 6.4 Hz), 7.66 (d, 1/2x2H, J = 8.3 Hz), 7.69 (d, 1/2x2H, J = 8.3 Hz); °C NMR
(100 MHz, CDCL,) & 18.75, 18.80, 21.61 23.20, 23.29, 27.93, 28.43, 28.53, 28.64, 29.79, 30.26, 34.52,
34.57, 36.18, 36.37, 39.38, 39.41, 65.46, 65.81, 98.65, 99.02, 120.14, 120.37, 128.65, 128.91, 129.61,
129.81, 130.78, 131.27, 136.63, 137.46, 138.65, 139.04, 145.16, 145.30, 164.08, 164.82, 170.14, 170.27;
FAB HRMS m/z calcd. for C,,H,,0,S (M+H)" 405.1735, found 405.1748.

(E,E)-3-Methoxycarbonyl-2-[(2, 6, 6-trimethylcyclohex-1-enyl)vinyl]-2-propenal (G). To a
arbztime ~fF il | M P—— PR EPIP. S | T 1NN N VEL e AN . TRWRATY Y 2 T\ oo 331
SQIUOINn 01 1IC Y-NYHIOXYL oodncd dDoOve (1 INE, U.ZL00 IHNINO) 1 LAVIE (Z£.0 M) wdSs 4adaca

/butenolid
diazabicycioundecene (0. 15 mi., 1.02 mmoi) at
iodide (0.19 mlL, 3.07 mmol) was added at the same temperature. After the mixture was stirred at room
temperature for 1 h, saturated aqueous NH,Cl solution was added, and the resulting mixture was extracted with
ether. The organic layers were combined, washed with saturated NaHCO, solution, brine, dried over MgSO,,
filtered, and concentrated in vacuo to give the crude products. Column chromatography on silica gel (2 % ethyl
acetate in hexane) gave G (38 mg, 57 %): IR (neat, cm™); 1712, 1600, 1440, 1218, 1172; 'H NMR (400 MHz,

CDCl,) 5 1.09 (s, 6H), 1.46-1.49 (m, 2H), 1.59-1.65 (m, 2H), 1.80 (s, 3H), 2.06 (t, 2H, J= 6.2 Hz), 3.81 (s,

3H), 6.21 (s, 1H), 7.17(d, 1H, J=16.8 Hz), 7.39 (d, 1H, J= 16.8 Hz), 9.74 (d, 1H, J Hz); *C NMR
(100 MHz, CDCL,) & 19.04, 21.76, 28.86, 33.45, 34.12, 39.81, 51.92, 122.96, 128.95, 133.62, 137.88,
140.14, 146.26, 166.12, 193.97; FAB HRMS mv/z calcd. for C, JH,,0, (M") 262.1569, found 262.1573
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furan 17 My a aathanal 7£0 oI )
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solution of 6 (4.0 g, 9.0 mmol) was added 5 % Na (Hg) (18.0 g, 42.8 mmol) and dibasic sodium phosphaie
(5.11 g, 36.0 mmol), and then the mixture was stirred under the refiux condition for 2 h. The reaction mixture

was filtered and the filtrate was poured into 3 % NaOH solution, and extracted with hexane. The organic layers
were combined, washed with water, brine, dried over MgSQ,, filtered and concentrated in vacuo to give the
crude products. Column chromatography on silica gel (hexane) followed by distillation (1 mmHg, 90-100 °C)
gave the title compound (2.43 g, 93 % yield): IR (neat, cm™); 1572, 1250, 1096, 1062, 842; 'H NMR (400
MHz, CDCl,) 3 0.29 (s, 9H), 1.03 (s, 6H), 1.43-1.46 (m, 2H), 1.56-1.62 (m, 2H), 1.66 (s, 3H), 1.94 (, 2H,
J=6.3 Hz), 2.20-2.24 (m, 2H), 2.51-2.55 (m, 2H), 6.36 (d, 1H, J= 1.0 Hz), 7.55(d, 1H, J= 1.0 Hz); "*'C
NMR (100 MHz, CDCL,) § 0.00, 20.40, 20.91, 27.11, 29.56, 31.18, 33. 11.77. 128.4

NMR (100 MHz, CDCL,) § 0.00, 20.40, 20.91, 2 3 6, 35.85, 40.

136.69, 137.81, 146.88, 154.72.

»
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4-Hydroxy-2-[2-(2,6,6-trimethyicyciohex-i-enyl)ethyljbutenolide.'”” To a solution of the
desulfonated furan derivative (500 mg, 1.72 mmol) in dichloromethane (10 mL) was added a catalytic amount of
tetraphenylporphine (TPP), and the solution was cooled at -78 °C. The mixture was irradiated with a halogen
lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere, and the reaction was monitored by TLC. After
the starting material was consumed, the reaction mixture was flushed with argon. The solvent was removed in
vacuo and the crude products were purified by column chromatography on silica gel (from 2 % to 50 % ethyl

acetate in hexane) to give themrrespon mg —h_ydr xybutenolide (275 mg, 64 %): IR ( ml cm'l)t

Eaadd 2 AR b Qg vy bk 44 St 225 v/ 23 =222 ) -~
1

1462; "H NMR (400 MHz, CDCl,) 5 1.00 (s, 6H), 1.41-1.44 (m, 2H), 1.54-1.60 (m, 2H), 1.62 (s, 3H), 1.92

(t, 2H, J = 6.2 Hz), 2.19-2.23 (m, 2H), 2.32-2.36 (m, 2H), 4.47 (brs, 1H), 6.13 (brs, 1H), 6.89(d, 1H, J =

1.5 Hz); *C NMR (100 MHz, CDCl,) § 19.39, 19.81, 25.88, 26.31, 28.49, 32.70, 34.93, 39.68, 96.93,

Methyl (E)-4-0x0-2-[(2,6,6-trimethylcyclohex-1-enyl)ethyl]but-2-enoate (H) and methyl
(Z)-4-0x0-2-[(2,6,6-trimethylcyclohex-1-enyl)ethyl]but-2-enoate. To a solution of the y-
hydroxybutenolide obtained above (50 mg, 0.20 mmol) in DMSO (2.0 mlL) was added N,N’-
diisopropylethylamine (0.10 mL, 0.599 mmol) at room temperature. The reaction mixture was stirred at room
temperature for 3 h and methyl iodide (0.15 mL, 2.40 mmol) was added at the same temperature. After the

on 1inn was addad anAd tha racnilting
4 OULIULIVILL W Ad aullag, aliu uiv l\laulmls

Drme clnea over MgDU4, IH[GI'CC[ dIla COHCﬁIHI'aIC(l m vacuo to glve U]G crude pI'Od.l]CIS Lolumn chr omatogr apny
on silica gel (5 % ethyl acetate in hexane) gave 1 : 3 mixture of the compound H and its (Z)-stereoisomer (30 mg,
57 %). These compounds were separated by column chromatography on silica gel (1 % ethyl acetate in hexane):
Data for (Z)-stereoisomer: IR (neat, cm'); 1730, 1684, 1626, 1438, 1220; 'H NMR (400 MHz, CDCl,)  1.00
(s, 6H), 1.42-1.45 (m, 2H), 1.55-1.60 (m, 2H), 1.61 (s, 3H), 1.92 (t, 2H, J= 6.2 Hz), 2.15-2.19 (m, 2H),

2.48-2.53 (m, 2H), 3.89 (s, 3H), 6.16 (dt, 1H, J = 7.6, 1.2 Hz), 10.06 (d, 1H, J= 7.6 Hz); ’C NMR (100
MHz, CDCl,) & 19.34, 19.69, 27.18, 28.42, 32.70, 34.94, 35.17, 39.62, 52.43, 128.77, 133.61, 135.33,

151.85, 166.74, 192.07. Data for (E)-stereoisomer H: IR (neat, cm’); 1724, 1682, 1440, 1260; "H NMR (400
MHz, CDCL,) § 1.03 (s, 6H), 1.43-1.46 (m, 2H), 1.57-1.61 (m, 2H), 1.69 (s, 3H), 1.94 (t, 2H, J = 6.3 Hz),
2.18-2.22 (m, 2H), 2.80-2.85 (m, 2H), 3.86 (s, 3H), 6.77 (d, 1H, J = 7.8 Hz), 10.19 (d, 1H, J = 7.8 Hz);
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*C NMR (100 MHz, CDCl,) § 19.39, )
133.40, 133.69, 150.14, 166.82, 191.61; FAB HRMS m/z caled. for C,H,,0, (M*) 264.1725, found
264.1743.

3-(2-Trimethylsilylfuryl)methyltriphenylphosphonium bromide. To a ether (30 mL) solution of 2-
silyl-3-furanmethanol' " ** (500 mg, 2.94 mmol) and pyridine (0.0356 mL, 0.441 mmol) was added
phosphorous tribromide (0.206 ml., 3.53 mmol) at O °C. After the reaction mixture was stirred at room

temperature for 80 min, H,O was added, and the resulting mixture was extracted with ether. The organic layers
wara ~amhinad wacha with hrina dria nuor aS ) itarad and concantrated i varun to give tha
V VULIMULLINAL, VY AO1INAZ - VY AL U1 3R, ML IvAL WVl ivap \.l4, LLAWINAL I VATIINAVIIUL QWAL & yisuu w EIVU uiw

corresponding bromide.

To a benzene (30 mlL) soiution of the crude bromide was added triphenyiphosphine (i.16 g, 4.41 mmol)
at room temperature. After stirring for 4 h under the reflux condition, the reaction mixture was filtered to give the
corresponding triphenylphosphonium salt (691 mg, 47 %): FAB HRMS m/z caled. for C,;H,,OSiP (M-Br)*
415.1647, found 415.1638.

(E)-3-{2-(1,6-trans)-(2,2,6-Trimethylcyclohexyl)vinyl]-2-trimethylsilylfuran. To a solution of
the phosphonium salt obtained(1.64 g, 2.90 mmol) in ether (20 mL) was added dropwise n-butyllithium (1.6 M

solution in hexane. 1.81 mL. 2.90 mmol) at 0 °( The reaction mixture was stirred at O °C for 10 min and a ether
soiution 1 hexane, .81 mL,, 1) atv e, 1ne reacion mxture was stirreg at O "C Ior 10 mun ang a ether
(& I ) ealitinn of ~o_dihvdracuclaciteal?? (200 mo 1 02 mmah wae addad thic tammaratiira AfFear tha

(5 mvL) somtion Of cis-Gmyarocyciocitrtar (VU mg, 1.95 minoi) was acgea at tnis temperature. Ailter e

mixture was gradually warmed to room temperature and stirred for an additional 30 min, H,O was added, and
the resulting mixture was extracted with ethyl acetate. The organic layers were combined, washed with saturated
aqueous NH,Cl solution, brine, dried over MgSO,, filtered and concentrated in vacuo to give the crude products.
Column chromatography on silica gel (hexane) to give the corresponding furan derivative (267 mg, 48 %): IR
(neat, cm™) 2960, 1458, 1250, 968, 840, 634; '"H NMR (400 MHz, CDCL,) § 0.304 (s, 9H), 0.801 (d, 3H, J =
6.3 Hz), 0.861 (s, 6H), 0.90-0.98 (m, 1H), 1.19-1.23 (m, 1H), 1.40-1.53 (m, SH), 1.72-1.76 (m, 1H), 5.64
(dd, 1H, J = 15.6, 9.4 Hz), 6.29 (d, 1H, J= 15.6 Hz), 6.52(d, 1H, J=2.0Hz), 7.50 (dd, 1H, J=1.7, 0.7
Hz); *C NMR (100 MHz, CDCl,) 8 0.00, 21.50, 22.69, 23.05, 32.46, 32.92, 34.98, 36.96, 42.56, 60.06,

1NR AR 122 2K 122 NA 128721 147 2) 18K AR FAR HDKJQ miz raled for O H NOQ: (MY 200 MNAA
1U0. VO, LaJ. U, LIT U, L7 aedy 1771 . &ndy LIV O, RO YIhd 11N L WwCGINAL., 11U \Jlgllsowl VL ] L 7U. LUUU,
Lrczam A AON AYNLD
L1OUIA £ LV04L.
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+ L S’Me’l J
SN 0 3
Maothvl (7 Y A_oavn d_1(1 L _tranc)_(? I K tmmaoathviosvelnhavvNvinvilhut.?_annata ' a
IVAC ALY & \Lug Kaj=S=U RV~ |\ Ly USLTGIS J™ (g g U=l IO U Y 1LY CAUNRTCA Y 3y ViTlY 1 jOR=&=CHOaIX. 19 a
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o 0F

catalytic amount of tetraphenylporphine (TPP), and the solution was cooled to -78 °C. The mixiure was
irradiated with a halogen lamp (Riko-HGA-300A) at -78 °C under an oxygen atmosphere, and the reaction was
monitored by TLC. After the starting material was consumed, the reaction mixture was flushed with argon. The

1

solvent was removed in vacuo and the residue was roughly purified by column chromatography on silica gel
(from 2 % to 50 % ethyl acetate in hexane) to give the corresponding y-hydroxybutenolide.
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To a solution of the y-hydroxybutenolide obtained in DMSO (6 mlL) was added N,N’-

diisopropyiethylamine (0.360 mL, 2.07 mmoi) at room temperature. The reaction mixture was siirred at room
temperature for 1.5 h and methyl iodide (0.514 mL, 8.26 mmol) was added at the same temperature. After the
mixture was stirred at room temperature for 5 min, saturated aqueous NH,Cl solution was added, and the
resulting mixture was extracted with ethyl acetate. The organic layers were combined, washed with brine, dried
over MgSO,, filtered and concentrated in vacuo to give the crude products. Column chromatography on silica gel
(17 % ether in hexane) gave the corresponding methoxycarbonyldienal compound (150 mg, 83 % for 2 steps):

IR (neat, cm™) 2928, 1738, 1680, 1624, 1214, 1162; '"H NMR (400 MHz, CDCl,) 5 0.761 (d, 3H, J = 6.1 Hz),
0.839 (s, 3H) 0.847 (s, 3H), 1.14-1.22 (m, 1H), 1.40-1.55(m, 6H), 1.71-1.75 (m, 1H), 3.92(s, 3H), 5.99
(dd, 1H, J=9.5, 15.6 Hz), 6.03 (d, 1H, J= 7.6 Hz), 6.14 (d, 1H, J = 15.9 Hz), 9.76 (d, IH, J= 7.6 Hz);
3C NMR (100 MHz, CDCL,) & 20.52, 21.57, 21.80, 31.42, 31,70, 34.31, 35.20, 41.22, 52.54, 59.53,
127.85, 128.02, 146.21, 149.57, 166.63, 190.91; FAB HRMS m/z calcd. for C, H,,0, (M+H)* 265.1804,
found 265.1809.

Methyl (E,E)-4-ox0-2-[(1,6-trans)-(2,2,6-trimethylcyclohexyl)vinyl]but-2-enoate (I). To a
solution of the methoxycarbonyldienal compound (130 mg, 0.492 mmol) in benzene (4 mL) was added a
catalytic amount of iodine. After the reaction mixture was irradiated by fluorescence lamp at room temperature

for 1h, saturated aqueous Na,S,0, solution was added, and the resulting mixture was extracted with ether. The
8.0, solution brine, dried over MeSQ, filtered and

. gu.unu Qayvi VY WAV VURIAUIMIRAL, VY GIAEVAS VY AU G WL W 32 2313 FURINLES S Y AR3Wy RAAVAS VA AVARWIRS4y AWINAS (ui
concentrated in vacuo to give the crude products. Column chromatography on silica gel (10 % ether in hexane)
gave 1 : 2 mixture of I and its (Z)-stereoisomer (121 mg, 93 %). These stereoisomers were separated by colurnn

chromatography on silica gel (1 % ether in hexane): IR (neat, cm™) 2924, 1732, 1680, 1440, 1246, 1128, 976;
"H NMR (400 MHz, CDCl,) §0.809 (d, 3H, J = 6.1 Hz), 0.868 (s, 3H), 0.886 (s, 3H), 1.16-1.26 (m, 1H),
1.42-1.60 (m, 6H), 1.73-1.77 (m, 1H), 3.85 (s, 3H), 5.97 (dd, 1H, J =15.6, 9.6 Hz), 6.54 (d, 1H, J= 15.6
Hz), 6.59 (d, 1H, J = 7.6 Hz), 10.10 (d, 1H, J= 7.6 Hz); ">*C NMR (100 MHz, CDCl,) § 20.61, 21.68, 21.80,
31.49, 31.57, 34.13, 35.29, 41.27, 52.71, 59.97, 122.71, 131.22, 146.18, 147.92, 167.11, 191.64; FAB
HRMS vz calcd. for C, H,.0, (M+H)"* 265.1804, found 265.1815.

Representative procedure of the 1,2-dihydropyridine derivatives (DHPx). To a dioxane-dg (0.5

PR PP | P O |

HIL) bomuon OI Lompuunu ﬂ \1 g uU. \)43.) 1 —"l) dllu LCL[aI—AtILy‘iSUdIlb as a sumu‘uu 'SﬂUbUdLC was duU.Cd n-
propylamine (4.3 pL, 0.0522 mmoi) at room temperature. The reaction was monitored by NMR. 1,2-
Dihydropyridine derivative was quantitatively produced within 5 min. After the completion of the reaction, the
mixture was concentrated in vacuo at 0 °C, and IR and Mass spectra were measured.

DHP,: IR (neat, cm’) 1724, 1640, 1580, 1466, 1442, 1262; '"H NMR (400 MHz, C,D,0,) 30.84 (1, 3H, J =
7.3 Hz), 1.00 (s, 3H), 1.04 (s, 3H), 1.42-1.62 (m, 6H), 1.76 (s, 3H), 2.01-2,07 (m, 2H), 2.52-2.60 (m, 1H),

2.75-2.81 (m, 1H), 3.62 (s, 3H), 4.68 (dd, 1H, J= 1.6 Hz, 7.6 Hz), 5.27 (d, 1H, J=4.0 Hz), 5.63 (ddd, 1H,

J=0.4, 1.7, 4.0 Hz), 5.89 (dd, 1H, J= 0.4, 7.6 Hz); '*C NMR (100 MHz, C,D,0,) 5 11.35, 19.98, 20.74,
21.14, 27.33, 28.92, 35.25, 35.53, 41.03, 51.49, 53.75, 57.20, 86.83, 123.79, 12678, 137.60, 137.98,
142.97, 166.14; FAB HRMS m/z calcd. for C,,H,,0,N (M+H)* 304.2277, found 304.2284.

DHP_: 'H NMR (400 MHz, C,D,0,) 5 0.876 (t, 3H, J =7.2 Hz), 1.51 (q, 2H, J = 7.2 Hz), 1.66 (s, 3H),
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iH, J= 7.6, 2.0 Hz), 5.59 (dm, 1H, J=9.2 Hz), 5.74 (ddd, 1H, J= 6.0, 2.0, 0.8 Hz), 6.04 (d, 1H, /= 7.6
Hz); "C NMR (100 MHz, C,D,0,) 8 11.37, 17.68, 22.25, 25.60, 51.44, 54.54, 55.03, 90.90, i20.34,
123.57, 130.14, 136.46, 138.14, 166.26; FAB HRMS m/z calcd. for C,,H,,0,N (M+H)" 236.1651, found

236.1665.

DHP,: 'H NMR (400 MHz, C,D,0,) 5 0.876 (t, 3H, J =7.3 Hz), 1.51 (q, 2H, J = 7.3 Hz), 1.58 (s, 3H),
1.64 (d, 3H, J= 1.0 Hz), 1.66 (d, 3H, J= 1.2 Hz), 1.97-2.03 (m, 2H), 2.06-2.14 (m, 2H), 2.74-2.81 (m,
1H), 2.94-3.01 (m, 1H), 3.63 (3, 3H), 4.81 (dd, 1H, /=9.3, 5.9 Hz), 4.87 (dd, 1H, J=17.3, 2.0 Hz), 5.05 (1,

1H, J=7.1 Hz), 5.58 (dd, 1H, J=9.3, 1.2 Hz), 5.73 (dd, 1H, J= 5.9, 2.0 Hz), 6.03 (d, 1H, J= 7.3 Hz);
"*C NMR (100 \fL"z C4D302) 311,44, 1604, 17,69, 22.21, 25.74, 26.76 39.94, 51.44, 54.57, 55.09
90.84, 120.50, 123.60, 124.76, 128.11, 131.85, 135.97, 138.20, 166.25; FAB HRMS mw/z caled. for

C,,H,,0,N (M+H)* 304.2277, found 304.2240.

DHP,: IR (neat, cm™) 1724, 1580, 1466, 1260, 1098, 1080; '"H NMR (400 MHz, C,D,0,)  0.812-0.958 (m,
9H), 1.00 (s, 1/4x3H), 1.02 (s, 3/4x3H), 1.11-1.67 (m, 11H), 1.70 (s, 3H), 2.09-2.11 (m, 2H), 2.50-2.64
(m, 1H), 2.75-2.82 (m, 1H), 3.61 (s, 3H), 4.66 (dd, 3/4x1H, J=17.6, 1.6 Hz), 4.69 (dd, 1/4x1H, J= 7.6,

27 e
e

LALL}, 5.37 (m, 1/4x1H

7 {m, 144
X 1H, J = 3.2 Hz), 5.87 (d, 1H, J = 7.6 Hz); *C NMR (100 MHz, C,D,0,) 5 11.26, 11.35, 18.95, 19.47,
19.64, 20.62, 20.76, 21.72, 22.15, 33.83, 36.18, 36.69, 37.37, 39.72, 42.00, 42.34, 51.47, 52.57, 52.74,
53.46, 54.08, 56.21, 86.57, 87.55, 123.42, 125.85, 126.62, 133.57, 137.85, 138.29, 147.55, 166.16; FAB
HRMS n/z calcd. for C, H,,O,N (M+H)" 372.2902, found 372.2893.

Representative procedure of the Schiff base derivatives (SCFx). Toa dioxane-d; (0.5 mL) solution
of B (17 mg, 0.0648 mmol) and tetramethylsilane as a standard substrate was added n-propylamine (6.4 pL,
0.0778 mmol) at room temperature. The reaction was monitored by NMR. The corresponding Schiff base

derivative was quantitatively produced within 10 min. After the completion of the reaction, the mixture was
concentrated in vacuo at 0 °C, and IR and Mass spectra were measured.

SCFy: IR (neat, cm™) 1726, 1634, 1580, 1440, 1382, 1362; 'H NMR (400 MHz, C,D,0,) §0.890 (t, 3H, J
=7.6 Hz), 1.02 (s, 6H), 1.45-1.48 (m, 2H), 1.55-1.64 (m, 4H), 1.71 (d, 3H, J=0.7 Hz), 2.03 (t, 2H, J =
6.1 Hz), 3.42 (id, 2H, J=6.8, 1.2 Hz), 3.81 (s, 3H), 6.16 (d, 1H, J=16.1 Hz), 6.38-6.42 (d, 1H), 6.41 (d,
1H, J=9.3Hz), 8.11(dt, 1H, J =9.3, 1.2 Hz); "’C NMR (100 MHz, C,D,0,) & 12.02, 19.68, 21.68, 24.63,
29.08, 33.52, 34.78, 40.14, 51.98, 64.16, 130.87, 131.74, 132.20, 133.60, 137.98, 140,86, 159.37,

187 87- FAR HRMC m/7 caled forC H nN(M..L
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SCF,: IR (neat, cm’) 1660, 1626, 1582, 1458, 1380, 1362; '"H NMR (400 MHz, C,D,0,) 3 0.869 (t, 3H, J =
7.3 Hz), 1.03 (s, 6H), 1.47-1.49 (m, 2H), 1. abtq, ,J'='/'.3Hz), 1.60-1.66 (m, 2H), i.72(d, 34, /=0.7
Hz), 2.00 (d, 3H, J = 1.2 Hz), 2.03 (t, 2H, J= 7.2 Hz), 3.37 (t, J= 6.8 Hz), 6.02 (d, iH, J =9.3 Hz),

6.33 (d, 1H, J = 16.0 Hz), 6.80 (d, 1H, J = 16.0 Hz), 8.36 (d, IH, J = 9.5 Hz); °C NMR (100 MHz,
C,D,0,) 5 12.08, 19.76, 20.49, 21.82, 24.80, 29.06, 29.16, 33.44, 34.75, 40.07, 64.07, 128.85, 130.33,
131.31, 136.97, 138.59, 142.58, 157.89.

SCF,: IR (neat, cm’) 1718, 1646, 1612, 1462, 1384, 1228; 'H NMR (400 MHz, C,D,0,) 5 0.935 (1, 3H, J
=7.6 Hz), 1.06 (s, 6H), 1.46-1.49 (m, 2H), 1.61-1.69 (m, 4H), 1.77 (s, 3H), 2.06 (t, 2H, J = 6.4 Hz), 3.50
(t, 2H, J= 6.4 Hz), 3.67 (s, 3H), 6.01 (s, 1H), 7.38 (s, 2H), 8.07 (s, 1H); *C NMR (100 MHz, C,D,0,) 8

v = VLT RidL)y 2. 1oy p S RSy 2R3 LiL), A22) YATS AVART IVRIRL, Ryighay ) ©
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: cm H NMR (400 MHz, C,D,0,)

Hz) 1.04 (s, 6H), 1.39- 1 45 (m, 2H) 1. 56 1.66 (m, 4H), 1.69 (s, 3H), 1.93 (t, 2H, J = Hz), 2.10-
2.14 (m, 2H), 2.56-2.60 (m, 2H), 3.47 (t, 2H, J = 6.8 Hz), 3.75 (s, 3H), 7.02 (d, 1H, J=9.2 Hz), 8.30 (d,
1H, J = 9.2 Hz); '*C NMR (100 MHz, C,D;0,) 5 11.58, 12.01, 20.05, 24.39, 28.47, 28.83, 29.69, 33.32,
35.55, 40.47, 52.10, 64.74, 128.80, 136.56, 137.23, 140.68, 158.57, 168.20; FAB HRMS m/z calcd. for

O\C’
=)

C, H,,O,N (M+H)" 306.2433, found 306.2431.

SCF,: IR (neat, cm™) 1724, 1458, 1440, 1386, 1258, 1168, 1092; '"H NMR (400 MHz, C,D,0,) 5 0.808 (d,
3H, J=5.6 Hz), 0.85-0.91 (s, 3H, s, 3H, t, 3H), 1.12-1.27 (m, 1H), 1.41-1.67 (m, 8H), 1.72-1.75 (m, 1H),
3.40 (t, 2H, J= 6.8 Hz), 3.74 (s, 3H), 5.85(dd, 1H, J= 15.9, 9.5 Hz), 6.33 (d, 1H, J = 15.6 Hz), 6.88 (d,
iH, J= 9.0 Hz), 8.35 (d, iH, J= 9.3 Hz); '*C NMR (100 MHz, C C,D,0,) 5 12.05, 20.76, 21.98, 22.53, 24.51

31.85, 32.26, 34.54, 36.16, 42.06, 52.14, 60.22, 64.60, 124.44, 134,93, 137.42, 142.28, 159.04, 167.64;
FAB HRMS mv/z calced. for C, H,,0,N (M+H)" 306.2433, found 306.2435.

2-Ethyl-5,5, 8a-trimethyl-trans-3,4,4a,5,6,7,8,8a-octahydronaphthylmethanol. To cupper
iodide (5.71 g, 30 mmol) in ether (40 mL) was added a 0.4 M solution of ethyl lithium in ether (150 mL, 60
mmol) prepared from ethyl bromide (37 3 mL, 500 mmol), lithium wire (8.6 g, 1.24 mol), and ether (200 mL)

at -35 °C. The reaction mixture was stirred at -35 °C for 20 min and a solution of 2-diethoxvnhosphoxv-1-
. fion muxture was stured min and a solution of Z-diethoxXyphosphoxy-1
. 25 N
methoxycarbonyl-5,5, 8a-trimethyloctahydronaphthalene™ (1.93 g, 5.0 mmol) in ether (10 ml) was added
A L TS L 0 £ A Al . anten S admzaada

aropwnse at the same lemperdrure After the mixiure was stirred at -35 °C for an addition:
aqueous NH,Cl solution was added at this temperature, and the resulting mixture was extracted with ether. The
organic layers were combined, washed with saturated aqueous NH,Cl solution, brine, dried over MgSO,,
filtered and concentrated in vacuo to give the crude products. Column chromatography on silica gel (2 % ethyl
acetate in hexane) gave the corresponding coupling product accompanied with the unseparable biproducts.

To a solution of the coupling reaction products in toluene (30 mL) was rapidly added a 1.0 M solution of
diisobutyl aluminium hydride in hexane (40.0 mL, 40.0 mmol) at -78 °C. After the reaction mixture was stirred

at this temperature for 15 min, 2 N HCl solution was slowly added, and the recult_m,s! mixture was extracted with

G RS ARalpRaals = 2222235 =233V <2 22U auiabs, AL Rk fhatd v A

ether. The organic layers were combined, washed with 2 N HCI solution, brine, dried over MgSO,, filtered and
concentrated in vacuo to give the crude products. Column chromatography on silica ge} (1 % ether in hexane)
gave the corresponding alcohol (365 mg, 31 % for 2 steps): IR (neat, cm’) 3204, 2940, 1460, 1376, 1010; 'H

NMR (400 MHz, CDCL,) 5 0.843 (s, 3H), 0.893 (s, 3H), 0.962 (s, 3H), 0.997 (t, 3H, J=7.6 Hz), 1.11-1.21
(m, 2H), 1.24-1.31 (m, 1H), 1.37-1.46 (m, 2H), 1.49-1.72 (m, 3H), 1.88-1.91 (m, 1H), 1.97-2.20 (m, 4H),
4.01(d, 1H, J=11.6 Hz), 4.18 (d, 1H, J = 11.6 Hz); *C NMR (100 MHz, CDCl,) 5 13.91, 18.83, 18.94,
19.06, 20.84, 21.59, 26.23, 30.54, 33.23, 36.86, 37.93, 41.63, 51.65, 57.86, 138.21, 140.42; FAB HRMS
m/z caled. for C, H,, (M-H,0+H)* 219.2113, found 219.2126.

2-Ethyl-55 8a-trimethyl-frans-3,4,4a,5,6,7,8,8a-octahydronaphthylmethanesulfonyltoluene
To a ether (10 mL) solution of the alcohol obtained (260 mg, 1.10 mmel) and pyridine (0.076 mL, mmol)

room temperature for 12 min, H,O was added, and the resulting mixture was extracted with ether. The organic
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the corresponding bromide.

To a DMF (8 mL) solution of the crude bromide was added p-toluenesulfinic acid sodium salt (TolSO,Na)
(421 mg, 2.36 mmol) at room temperature. After stirring at the same temperature for 1.5 h, the mixture was
diluted with H,O and was extracted with ethyl acetate. The organic layers were combined, washed with brine,
dried over MgSQ,, filtered and concentrated in vacuo to give the crude products. Column chromatography on
silica gel (2 % ethyl acetate in hexane) gave the corresponding sulfone (294 mg, 71 % for 2 steps): IR (neat, cm’
') 2948, 1462, 1318, 1150, 1088, 714, 668, 582; 'H NMR (400 MHz, CDCL,) 5 0.845 (s, 3H), 0.898 (s, 3H),
0.953 (t, 3H, J= 7.6 Hz), 0.999 (s, 3H), 1.14-1.26 (m, 2H), 1.34-1.43 (m, 2H), 1.45-1.60 (m, 3H), 1.66-
2H), 2.45 (s, 3H),

1.75 (m, 2H), 1.99-2.14 (m, 2H), 2.16-2.20 (m, 3.81(d, 1H, J=14.4 Hz), 3.99 (d, 1H, J

1A TIN T AT AL fem AIN T IO T QY S . 13 aan FIAN AMIT. £ Tw 1Y @ 19 A1 19 £1 19 QN
= l‘}.‘} s}, /.23-7.00 ({Ill, 41k}, t.7/7-/.04 \Ill, 4rl1}, INIVIIN ( UV VI Z, LLL.I:;) 0 14£.41, 18.01, 10.¥7),
20.64, 21.55, 2i.65, 27.59, 30.i3, 33.i3, 33.34, 37.32, 37.81, 41.43, 50.71, 56.37, 127.6i, 128.81,

~
t\')O‘\
3 .
s.)
g
=
a.

|\

7.3 .
129.70, 138.98, 142.96, 144.04; FAB HRMS m/z caled. for C,;H,,0,SNa (M+Na)* 397.
397.2179.

3-[2,2-(2-Ethyl-5,5,8a-trimethyl-trans-3,4,4a,5,6,7,8,8a-octahydronaphthyl)-p-toluene-
sulfonylethyl]-2-trimethylsilylfuran. To a THF (7 mL) solution of the sulfone obtained above (290 mg,
0.774 mmol) and HMPA (1 mL) was added dropwise n-butyllithium (1.6 M solution in hexane, 0.581 mL,

0.929 mrnnl\ at -78 °C. The reaction mixture was stirred at -78 °C for 13 min and a THF (3 IP.L) solution

w7 ALMLRD -4 A%

of
chloride 5 (292 mg, 1.55 mmol) was added at the same temperature. After the mixture was gradually warmed to
room temperature and stirred for an additional 25 min, H,O was added, and the resuiting mixture was extracted
with ethyl acetate. The organic layers were combined, washed with brine, dried over MgSQO,, filtered and
concentrated in vacuo to give the crude products. Column chromatography on silica gel (1 % ethyl acetate in
hexane) gave the corresponding furan derivative as a mixture of stereoisomers: 'H NMR (400 MHz, CDCL,) &
0.190 (s, 13/20x9H), 0.212 (s, 7/20<9H), 0.580 (s, 720x3H), 0.786 (s, 7/20x3H), 0.836 (s, 13/20x<3H),

5, 720x3H), 0.940-1.05 (m, 3H), 1.12 (s, 1320%3H), 1.13-1.24 (m, 2H)

Q
Dy 11L& NTERJy Ve TV LU (Mg JALk)y \Oy LTV /NJLlJy Lo RJd Lok v \1ily LKk1),

1.26-1.43 (m, 3H), 1.45-1.56 (m, 2H), 1.68-1.73 (m, 1H), 2.08-2.39 (m, 4H), 2.41 (s, 13/20X3H), 2.42 (s,
7/20%3H), 2.57-2.71 (m, 1H), 2.97-3.04 (m, 1H), 3.40-3.53 (m, 1H), 3.99-4.05 (m, 1H), 5.52 (d, 7/20x1H.

1320x1H, J = 1.5 Hz), 7.59 (td, 13/20x2H, J = 2.0, 8.3 Hz), 7.64 (td, 720x2H, J = 2.0, 8.3 Hz); HC
NMR (100 MHz, CDCl,) & -1.24, -1.20, 12.89, 13.02, 18.57, 18.99, 19.14, 19.25, 20.51, 21.49, 21.61,
21.66, 28.07, 28.68, 28.81, 29.00, 30.96, 31.12, 33.17, 33.36, 36.82, 36.97, 39.81, 39.94, 40.95, 41.22,
51.11, 51.46, 67.38, 67.52, 110.27, 111.00, 127.99, 128.24, 129.46, 129.55, 131.40, 132.02, 133.36,
134.39, 139.26, 139.91, 141.81, 142.15, 143.51, 143.70, 145.94, 146.27, 155.38, 155.48; FAB HRMS m/z

caled. for C, H,,0,SiS (M+H)" 527.3016, found 527.2993.
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The solvent was removed in vacuo and the crude products were purified by column chromatography on silica gei
(2 % ethyl acetate in hexane) to give the corresponding y-hydroxybutenolide (31 % and 79 % of conversion
yield from sulfone) as a mixture of stereoisomers: IR (disk, cm’') 3424, 2944, 1768, 1288, 1202, 1140, 1084,
1010; '"H NMR (400 MHz, CDCl,) 8 0.792-1.12 (m, 12H), 1.31-1.77 (m, 9H), 2.08-2.42 (m, 4H), 2.43 (s,

3H), 2.49-2.75 (m, 1H), 3.29-3.51 (m, 1H), 4.36 (dd, 720x1H, J = 4.8, 9.4 Hz), 4.43 (dd, 7/20x1H, J =

4.6, 9.5 Hz), 4.50 (dd, 3/20x1H, J=13.7, 8.8 Hz), 4.56 (dd, 3/20x 1H, J = 4.0, 9.6 Hz), 5.82 (s, 3/20x 1 H)

Ty 7. LAk , [XSAVARR Y S PRR/ PO VRIS ¥ & 1 ely \DOy F T N LER ]y
5.92 (s, 3/20<1H), 5.92 (s, 7720x1H), 5.96 (s, 7/20x1H), 6.80 (s, 3/20x< 1H), 6.86 (s, 7/20x1H), 6.89 (s,
3120 1H), 6.94 (s, 7/20x 1H), 7.28-7.32 (m, 2H), 7.63-7.70 (m, 2H); '*C NMR (100 MHz, CDCl,) 5 13.01,
13.16, 13.31, 14.14, 18.33, 18.38, 18.51, 18.93, 19.02, 19.12, 19.47, 19.79, 20.50, 20.58, 21.03, 21.56,

21.69, 28.63, 28.72, 28.78, 28.87, 28.96, 29.25, 29.62, 30.98, 31.06, 33.17, 33.36, 33.43, 36.56, 36.62,
36.99, 37.11, 40.04, 40.31, 40.49, 40.55, 41.02, 41.19, 41.27, 50.73, 50.84, 52.22, 52.45, 60.48, 62.50

JO.LE P (LR § LA VR 1. 04, L. 27 Ti k] AR ) S L&, L. LS TP L ¥ N

63.68, 63.88, 64.99, 96.61, 96.73, 128.12, 128.42, 128.66, 129.53, 129.60, 129.66, 129.71, 133.

123 &0 124 NL 124 2L 120 AN 1230 OO 140 4 149N 12 1AN O1 1TAA QA 1AA AL 1AA £ 1AL N1 1AL [}
133.59, 134.U0, 134.50, 130.44, 130.70, 144.94, 144.13, 144.71, 144.04, 144.4), 144.3), 140.01, 140.08,
146.77, 170.56, 170.61, 170.72; FAB HRMS mvz caicd. for C,H,,0,S (M+H)" 487.2518, found 487.2538

Methyl (E,E)-4-0x0-2-[(2-ethyl-5,5,8a-trimethyl-trans-3,4,4a,5,6,7,8,8a-octahydronapht-
hyl)vinyllbut-2-enoate (E’) and methyl (Z,E)-4-0x0-2-[(2-ethyl-5,5,8a-trimethyl-trans-
3,4,4a,5,6,7,8,8a-octahydronaphthyl)vinyl]but-2-enoate. To a solution of the y-hydroxybutenolide
obtained above (50 mg, 0.103 mmol) in DMSO (2 mL) was added N,N’-diisopropylethylamine (0.054 mL,

0.308 mmol) at room temperature. The reaction mixture was stirred at room temperature for 3 h and methyl

('O

wag
vV S

indide (ﬂ 077 ml 1.24 IHH‘.OD was added at the same temperature, After the mixturn

LNZRE 8 () WALipvA Gtsl MUVEL WAV ALALR

temperature for 20 min, saturated aqueous NH,Cl solution was added, and the resulting mixture was extracted
with ether. The organic layers were combined, washed with brine, dried over MgSQ,, fiitered and concentrated
in vacuo to give the corresponding aldehyde.

To a THF (1 mL) solution of crude aldehyde was added diazabicycloundecene (0.017 mL, 0. 113 mmol) at
0 °C. After the reaction mixture was stirred at 0 °C for 10 min, saturated aqueous NH,Cl solution was added,
and the resulting mixture was extracted with ether. The organic layers were combined, washed with saturated
aqueous NH,Cl solution, brine, dried over MgSO,, filtered and concentrated in vacuo to give the crude products.

Column chromatography on silica gel (5 % ethyl acetate in hexane) gave 1 : 9.3 mixture of E’ and its (Z)-

stereoisomer (20 mg, 57 % for 2 steps). These compounds were separated by column chromatography on silica
oal (1 O, w1l a foh: in havansl Nata far (7 _ctaranicnmear: TR (naat ~m ) 2084 1740 1A7R 1604 1899
5\41 \1 Vi?a l 1 asACUOAW 1R ll\/A(LllU[ LSULG VL \Ll’ DU WAJIDUIAND . LA \llwl_, will } LJJU, X I"TU, .I.UIU, IU\J"', IJUL,
1464, 1212, 1164; '"H NMR (400 MHz, CDCl,) 6 0.848 (s, 3H), 0.897 (s, 3H), 0.973 (t, 3H, J= 7.6 Hz),

i.04 (s, 3H), i.ii-1.19 (m, 3H), 1.39-1.50 (m, 3H), 1.56-1.64 (m, 2H), i.70-1.74 (m, iH), 1.97-2.09 (m,
2H), 2.14-2.16 (m, 2H), 3.94 (s, 3H), 6.05(d, 1H, J=7.6 Hz), 6.13 (d, IH, J=16.4 Hz), 6.59 (d, IH, J =
16.1 Hz), 9.76 (d, 1H, J= 7.6 Hz); "*C NMR (100 MHz, CDCl,) § 13.84, 18.54, 18.94, 20.55, 21.56, 27.70,
30.72, 33.17, 33.35, 28.27, 38.36, 41.56, 51.18, 52.62, 127.85, 127.87, 137.54, 140.19, 140.24, 150.16,
166.70, 190.75. Data for (E)-stereoisomer E’: IR (CHCL,, cm') 2973, 1726, 1672, 1522, 1424; 'H NMR
(400 MHz, CDCl,) 6 0.854 (s, 3H), 0.904 (s, 3H), 1.00 (t, 3H, J= 7.4 Hz), 1.05 (s, 3H), 1.13-1.73 (m, 9H),
2.03-2.18 (m, 4H), 3.86 (s, 3H), 6.55 (s, 2H), 6.62 (d, 1H, J = 7.6 Hz), 10.05 (d, 1H, J = 7.3 Hz); '*C
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Preparation of bovine pancreatic PLA, modified by the derivatives A-I’: To a 6.10x10° M
solution of bovine pancreatic PLA, (10 uL, ionic strength p = 0.2) were added a 50 mM Tris/HCI buffer solution
(100 pL, pH 8.0, = 0.2) and a6.10x 10” M solution of the derivatives A-I in 1,4-dioxane (10 pL), and the
mixture was incubaied at 40 °C for an appropriaie time interval (15, 30, 45, 60, and 90 min). For the conirol
experiment, the same volume (10 uL) of dioxane was added instead of a dioxane solution of the derivative. The
final concentrations of PLA,, the derivatives, and dioxane in the incubation mixture were 4 pM, 0.4 mM, and

8.0 %, respectively, and the ionic strength was adjusted to 0.2 with NaCl.

Assay method: PLA, activity was measured by the pH-statt assay method using a system consisting of
Radiometer PHM84 standard pH meter, a TTT80 titrator and an ABU80 autoburette. To a 1 mM solution of the

anionic micelles of the substrates (1 mL) prepared from 1,2-didodecanoyl-sn-glycero-3-phosphocholine and
sodium cholate in the presence of CaCl, (The concentrations of 1,2-didodecanoyl-sn-glycero-3-phospho-choline,
cholic acid, and Ca(l, were | mM, 5 mM, and 10 mM, respectively, and the ionic strength was adjusted t0 0.2

with NaCl.) was added a solution of the modified PLA, (20 uL) taken from the incubation mixture, and the fatty
acids released from glycerophospholipids were titrated with a 30 mM NaOH solution to adjust to pH 7.0 and at
25 °C under an argon atmosphere.

_2\ were added a 50 mM Tris/HCI bu

IT QN DN ond o & 1N
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incubated at 40 °C for an appropriate time interval (15, 30, 45, 60, and 90 min). For the control experiment, the
same volume (80 pl) of dioxane was added instead of a dioxane solution of the derivative. The final
concentrations of PLA,, the derivatives, and dioxane in the incubation mixture were 4 uM, 0.4 mM, and 8.0 %,
respectively, and the ionic strength was adjusted to 0.2 with NaCl. To 1 % acetic acid (300 pL) was added a
solution of the modified PLA, (200 pL) taken from the incubation mixture, and the resulting mixture was
immediately desalted with NAP-5 column (Pharmacia LKB Biotechnology) equilibrated with 1 % acetic acid.
» residue was hvdrnlvmﬂ with 5.7 MHCland 0.2 % nhennl

raction was concentrated, and th
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vapor in a sealed tube in vacuo at 110 °C for 24 h. After evaporation of the solvents, the hydrolysates were

Preparation and isolation of the PLA, modified by the derivative E*: To a 4.50<10° M Tris/HCI

buffer solution of bovine pancreatic PLA, (2.5 mL, pH 8.0 and ionic strength u = 0.2) was added a 4.50x 10°
VI solution of the derivative E in 1,4-dioxane (25 uL). The final concentrations of PL; A,. derivative E,

AL, 18y
dioxane were 4.46x 10

\
for 60 min, then immediately passed through a Sephadex G-25 column (1.6 cmx23 cm) pre-equilibrated with
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foliowing method. The eluted protein fractions by a Sephadex G-25 column were dialyzed for 24 h against 50
mM acetate buffer (pH 5.0) containing 8 M urea to give the 8 M urea solution of the mixture of the modified and
intact PLA, (1.78 mg). These proteins were fractionated on a Mono-S column (0.5 cm X35 cm) pre-equilibrated
with the buffer used for the dialysis described above, and eluted with the same buffer containing a linear
concentration gradient of NaCl from 0 to 0.1 M. The separated protein fractions were respectively dialyzed for
two days against 1 % acetic acid, and concentrated in vacuo at 50 °C to give 22.6 nmol of intact PLA, and 8.80

nmol of the PLA, modified by one molecule of the derivative E; MALDI-TOF-MS m/z caled. for PLA, plus one
J5 34 SUUE RPN LA P ~AFE MALIIVE 1 4 NOS £ d 14 NQQ
aihydropyridine denvative oi £ (M+r1)  14,U5), 1ound 14,U%06

Cleavage of the seven disulphide bonds and S-pyridylethylation of the resulting fourteen
systeine residues in bovine PLA,: S-pyridylethyl derivative of the PLA, modified by the derivative E (PE-
PLA,) was prepared according to the method of Cavins and Friedman.” The PLA, modified by the derivative E
(4.6 nmol) was dissolved in a 50 mM Tris/HCI buffer solution (100 uL, pH 8.0) containing 6 M guanidine/HCl
and 10 mM EDTA at 50 °C for 1 h, and reduced with dithiothreitol(0.248 mg, 350 equivalent) at 50 °C for 2.5 h.
To the reaction mixture was added 4-vinylpyridine (0.508 uL., 1050 equivalent) and reacted at room temperature

for 2.5 h with the exclusion of light The mixture was desalted by dialysis against 1 % acetic acid and
concentrated at 50 °C in vacuo to give S-pyridylethyl derivative of the modified PLA, (1.59 nmol); MALDI-
TOF-MS m/z caled. for S-pyridylethyl PLA, plus one dihydropyridine derivative of E (M+H)" 15,581, found
15,580.

Digestion: For lysyl endopeptidase digestion, the modified PLA, (18 pg, 1.3 nmol) was dissolved in a 50
mM Tris/HCI buffer solution (30 uL, pH 9.0) containing 8 M urea at 37 °C for 3 h, then lysyl endopeptidase in a
50 mM Tris/HCI buffer solution (0.18 ug, 30 uL, pH 9.0) was added. After the reaction mixture was incubated
at 37 °C for 12 h, it was directly subjected to MALDI-TOF-MS analyses. For Asp-N digestion, the modified
PLA. (14 ug, 1.0 nmol) was dissolved in a 50 mM Tris/HC] buffer solution (40 uL., pH 7.5) containing 4 M

el A [ ad =1 = SR

o
ureaat 37 °C for 3 h, then Asp-N in a 50 mM /HC] buffer solution (0.14 ug, 40 ul,, pH 7.5) was added
ALs o sl o d o T e ao smnihatad A6 27 0N £ae £ L r 2
After the reaction mixture was incubated at 37 °C for 6 h, it was directly subjected to MALDI-TOF-MS analyses

Mass Spectrometry
Mass spectra were acquired on a Voyager Elite MALDI-time-of-fight mass spectrometer (PerSeptive Biosystems,
Framingham, MA, USA) equipped with delayed extraction source and 337 nm pulsed nitrogen laser. Linear (for
PLA,) and reflector (for peptide fragments) were utilized with 20 kV acceleration voltage. For matrix, sinapinic
acid and CHCA (a-cyano-4-hydroxy cinnamic acid) (Aldrich) were dissolved in a 30 % acetonitrile solution
(0.1 % TFA) and 50 % acetonitrile solution (0.1 % TFA) at 10 g / L, respectively. Samples were dissolved in
50 % acetonitrile (0 1 % TFA) to have a concentration of about 10° M, and 0.5 pL of the sample were mixed
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