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A new asymmetric approach to the hydroxylactong-(3aR,4R,6a5)-4-(hydroxymethyl)-3a,4-dihydro-
3H-cyclopentap]furan-2(6dd)-one (1), a key synthetic building block for cis-1,2-disubstituted five-
membered ring derivatives (i.e., isoprostanes, jasmonates, and clavulones), has been described. A
remarkable control of the absolute and relative configuration of the three stereocenters was achieved.
Thus, the use of the Trost's asymmetric allylic alkylation strategy secured highly enantioenfihed (
3-(nitromethyl)cyclopent-1-enel ), which was smoothly converted t&)-cyclopent-2-enecarboxylic

acid (15) in excellent yield and high enantiomeric purity $8% ee). 6exotrig atom-transfer radical
cyclizations of (R)-cyclopent-2-enyl)methyl 2-iodoacetat&2] produced exclusively the desired cis-
fusedd-lactone (4&,7aR)-hexahydro-5-iodocyclopentdpyran-3(H)-one (1), which was subsequently
elaborated to hydroxylactoriethrough a stereocontrolled Pd(ll)-mediated lactonization reaction. En route

to preclavulone A, a putative elusive intermediate in the biosynthesis of clavulones, the synthetic utility
of compoundl was demonstrated. The key feature in this synthesis was the installation of the lower side
chain via the Knochel organozinc3gsp C-C coupling protocol.

Introduction stanedP have recently raised a considerable interest for their

A wide range of useful synthetic intermediates and a vast
number of natural products endowed with a broad spectrum of
biological activities contain a cyclopentanoid structural frame-
work. Among them, prostaglandin-like 1,2-cis-disubstituted
derivatives, such as epi-jasmonalisoprostanes, and neuropro-

way of formation in living systems via radical species and for
their biological and pharmacological importance as oxidative
stress markerdMoreover, the synthetic challenge to install the
two thermodynamically less stable 1,2-cis-configured side
chains, for which classical approaches to prostaglandin conge-
ners cannot be applied, has stimulated several imaginative new

(1) (@) Bauer, K.; Grabe, D.; Surburg, Lommon Fragrance and routes to compounds of this type.

Flavour Materials Wiley-VCH: Weinheim, 2001; p 94. (b) Durand, T.;

Guy, A.; Henry, O.; Roland, A.; Bernad, S.; El Fangour, S.; Vidal, J.-P.; (2) (a) Greco, A.; Minghetti, L.; Levi, GNeurochem. Re00Q 25,
Rossi, J.-CChem. Phys. Lipid2004 128 15. 1357. (b) Fam, S. S.; Morrow, J. @urr. Med. Chem2003 10, 1723.
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| sion of the so-obtained nitroderivatiie into iodoacetate 2,
1 o and (iii) the atom-transfer radical cyclizatidnof 12 to
iodolactonell The enantio-differentiating step of the synthetic
sequenceld — 13) was thus envisaged to occur by using Trost
asymmetric ligand$.*, which, being commercially available
in either antipodes, would eventually produce either scalemic
form of lactonel in an expected high enantiomeric excéss.
On the other hand, precedents in the literature @x@trig

hv t (Me3Sn),

In pursuing the asymmetric synthesis of representative
cyclopentanoid natural products, we elected lactbas a key
chiral building block. Indeed, compouridhas shown a high
synthetic versatility, as exemplified by our syntheses of iridoids
such as semperoside Z%2 and 7epi-boschnialactong,3® F,-
|soprosta2<=fsvla hydroxylactonel,f’ pergum_e component mag-  giom-transfer radical cyclizations of iodoacetates indicated a
nolione 5,8 andrac-15-Ax-isoprostanes® (Figure 1). strong preference for the formation of cis-fusethctone ringt!

Our first enantioselective SyntheSIS of |aCtCﬁJi—’eNaS based thus favoring the required Stereochemistry in the iodo
on a 6exotrigonal radical cyclization of bromoaceto pyran adductll

9, whose chirality ultimately was derived from a dilithiater- Here we detail our synthesis of thet):(3aR 4R 6a5)-
ephedrine-mediated desymmetrization of achiral epoxyalcohol gnantiomer of lactond, which was subsequently used as a

7 (Scheme 1j.Subsequently, the bicyclic ace@was oxidized  starting material in a novel stereoselective total synthesispf (
to o-lactone 10, which gave the isomeric lactone by Pd- (8R,12R)-preclavulone A 24) (vide infra).

induced lactonization of the corresponding sodium carboxylate.

This route to1l, though streamlined, suffered, however, _Results and Discussion
because of a few drawbacks, such as the use of stoichiometric o
amounts of the chiral base in the enantioselective step, in As anticipated, exposure of cyclopentenyl carpoMé to
addition to toxic stannanes and malodorous sulfur compounds.nitromethane under Trost's asymmetric alkylation condition
Given the importance of in synthesis, we considered it (Pddba, BSA, (§S)-L*)*° delivered the expected configured
worthwhile to explore other routes to it. In this article, we (R)-nitroderivate 13, in 93% isolated yield and 98% ee
describe a completely different asymmetric approach toa (Schemg 3). . .
lactone 10, which, according to Scheme 2, proceeds through ~ The nitromethyl functionality of compound3 was then
three main steps: (i) the asymmetric Pd-mediated alkylation of converted into the corresponding carboxylic at&ithrough a
stereoconservative procedure, by using NaM® the oxidant
(3) (a) Piccinini, P.; Vidari, G.; Zanoni, GI. Am. Chem. So®004 of ghci'fe in a mixture of ACOH and DMSO (338 °C, 10 h,
126, 5088. (b) Zanoni, G.; Agnelli, F.; Meriggi, A.; Vidari, Gletrahe- 88%):
dron: Asymmetry2001, 12, 1779. The optical rotation of compountb, [a]p?° +260° (c 0.55,

(4) Rokach, J.; Khanapure, S. P.; Hwang, S.-W.; Adiyaman, M.; Schio, ; i 3
L FitzGerald. G. A Synthesi4998 569, CHCl,), finely matched that of an enantiopure sample-bf-(

(5) Zanoni, G.; Re, S.; Meriggi, A.; Castronovo, F.; Vidari, Getra-

hedron: Asymmetr001, 12, 1785. (10) Trost, B. M.; Surivet, J.-PAngew. Chem., Int. E@00Q 39, 3122.

(6) Porta, A.; Vidari, G.; Zanoni, GJ. Org. Chem2005 70, 4876. (11) Yorimitsu, H.; Nakamura, T.; Shinokubo, H.; Oshima, K.; Omoto,

(7) Zanoni, G.; Porta, A.; Vidari, GJ. Org. Chem2002 67, 4346. K.; Fujimoto, H.J. Am. Chem. So@00Q 122 11041.

(8) Hodgson, D. M.; Gibbs, A. R.; Drew, M. G. B. Chem. Soc., Perkin (12) Genet, J.-P.; Juge, S.; Achi, S.; Mallart, S.; Montes, J. R.; Levif, G.
Trans. 11999 3579. Tetrahedron1988 44, 5263.

(9) Zanoni, G.; Porta, A.; Meriggi, A.; Franzini, M.; Vidari, Q. Org. (13) Matt, C.; Wagner, A.; Mioskowski, CJ. Org. Chem.1997,
Chem 2002 67, 6064. 62, 234.
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aReagents and conditions: (a) Mel®ddba (0.03 equiv), §9-L*
(0.08 equiv), BSA, CECly, 1t, 1 h, 93%; (b) NaN@(4 equiv), AcOH (10
equiv), DMSO, 38°C, 10 h, 88%; (c) (i) LAH, E£O, 0°C to rt, 3 h, 95%;
(i) iodoacetic acid, DCC, DMAP (0.1 equiv), GBIy, rt, 45 min, 92%;
(d) EB (1 M in THF, 0.1 equiv), HO (0.01 M in12), rt, 3 h, 92%; (e)
DBU (2 equiv), PhMe, reflux, 2 h, 70%; (f) LiBr (3 equiv), DMF, 15C,
3 h, 8% of10and 65% ofl7.

(R)-cyclopent-2-ene-1-carboxylic acid obtained by Helmchen
et al.,, o]p?® +260° (c 1.3, CHC}), via a different route,

indicating a complete retention of the stereochemical integrity

of the R) stereocentel? It should be pointed out that this
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fashion. Other different combinations of strong bases, solvents,
and temperatures equally met with no success. We then turned
our attention to a dehydrohalogenation procedure with a weak
base in a dipolar aprotic solvent, such as LiBr in DMnder
which conditions lactone enolization should have been minimal.
In the event, the treatment of mixture of iodolactoddswith
LiBr (3 equiv, DMF, 150°C, 3 h) afforded conjugated enone

approach represents a new concise and efficient method forl? in 65% isolated yield, in addition to olefid0 in minor

synthesis of scalemic acitbin excellent yield (88%) and high
enantiomeric excess>@8%). This acid, due to its simple

amounts (8% isolated yield).
Though lacking experimental proof, we speculated that

structure, can serve as starting material for the syntheses offormation of this enone could be explained on the basis of the

numerous natural productéSubsequent conversion of adié
into cyclopentenol iodoacetafe? was executed in two simple
steps, namely via LAH reduction (LiAll{ EtO, 0 °C, 95%),
followed by esterification with iodoacetic acid in the presence
of DCC (cat. DMAP, DCM, CHCI,, room temperature (rt),
92%).

The key atom-transfer radical cyclization @fiodoesterl2
to the desired bicyclic iodolactoridl smoothly proceeded under
Oshima et al.’s conditions (BB, Ar, O, (trace), HO, rt)11
affording a 92:8 mixture oif1-synandl1l-anti C—I epimers in

main characteristics of the alkyl halides elimination reaction
induced by LiBr in DMF: (i) the anti orientation of the involved
halogen and hydrogen atoms, in accordance with the stereo-
electronic requirements of the proposed E2C-like mechanism,
(ii) the strong tendency of olefin formation to obey Saytzeff's
rule, and (iii) the facile competitive & halogen substitution
reaction (Scheme 4.

Thus, according to our interpretation, at filst-synand11-
anti iodolactones gave a fasg&iodine-bromine exchange to
give bromolactonesl8 and 19, respectively, which then

a gratifying 90% isolated yield. The main syn-stereochemistry underwent an anti !EZC elimination to afford a mixture of olefins
of the product clearly indicated that the intermediate secondary 20 @nd 10, respectively.

C-radical resulting from the cyclization @R was preferentially

Basic solvent (DMF) mediated isomerization of the double

intercepted by a radical iodine from the less hindered convex Pond in lactone20 finally produced the conjugated olefitv

face®® Although the conversion of lactonkl into olefin 10

as the major product. [Théd NMR spectrum of compounti7

appeared, at first sight, to be a simple task, actually it required Was_in agreement with the proposed structure: (300 MHz,

an unexpectedly lengthy experimentation. Thus, direct elimina-

tion of hydroiodic acid from lactoné&1 to form olefin 10 was
unfeasible. Indeed, on exposure to DBU in refluxing toluene,
the mixture of iododerivate$1 readily afforded cyclopropane
lactone 16, arising from lactone enolization, followed by
intramolecular alkylation with displacement of iodine in ai2S

(14) Seemann, M.; Sc¢hler, M.; Kudis, S.; Helmchen, GEur. J. Org.
Chem.2003 2122.

CDClg) 6 5.32 (t,J = 2 Hz, 1H), 4.58 (dd, part A of an ABX
system, 1H), 3.99 (dd, part B of an ABX system, 1H), 2.87 (br
m, 1H), 2.75-2.46 (ddd, 2H), 2.05 (m, 2H), 1.81 (m, 1H), 1.25
(m, 1H).]

(16) Smith, M. B.; March, J. Idvanced Organic Chemistry: Reaction
Mechanism and Structuréth ed.; Wiley: New York, 2001; pp 1313
1314 and references therein.

(17) (a) Bartsch, R. AJ. Org. Chem.197Q 35, 1023. (b) Biale, G.;
Cook, D.; Lloyd, D. J.; Parker, A. J.; Stevens, I. D. R.; Takahashi, J.;

(15) Syn and anti refer to the relative stereochemistry between iodine Winstein, SJ. Am. Chem. Sod971, 93, 4735. (c) Biale, G.; Parker, A. J.;
and 4a-H. Relative stereochemistry has been assigned through the transSmith, S. G.; Stevens, I. D. R.; Winstein, 5.Am. Chem. S0d.97Q 92,

formation of iodolactonell in the cyclopropane derivativeks. Indeed,
only the anti isomer undergoes theZSreaction.

115. (d) Holysz, R. PJ. Am. Chem. Sod953 75, 4432. (e) Gharbi-
Benarous, J.; Morales-Rios, S.; Dana, @n. J. Chem1985 63, 2384.

J. Org. ChemVol. 71, No. 22, 2006 8461



]OCAT’tiCle Zanoni et al.

SCHEME 52
NI e T T ee I
%O @“OMe OMe 0]
! 21 22 10

|
1

1
COONa o

23 (+)-(3aR,4R,6aS)-1
ee 98%

aReagents and conditions: (a) (i) DIBAL-H, GEl,, —78 °C, 30 min; (ij) MeOH, PTSA (0.1 equiv);-20 °C, 18 h, 98% yield over two steps; (b)
KHMDS, THF, —20 °C, 68 h, 95%; (c) (i) 0.3 M HCI (0.5 equiv), THFH,O (7:3), rt, 26 h, 98%; (ii) TPAP (5% mol), NMO (2 equiv), GEl,, rt, 2 h,
90%; (d) NaOH (0.98 equiv), EtOHH,0 (1:1), 80°C, 14 h, quant; (e) Pd(OA£)0.05 equiv), Cu(OAg}H20 (0.05 equiv), AcOH (1.05 equiv), MeCN
MeOH (7:3), Q (10.1325 kPa), rt, 8 h, 99%.

These results clearly indicated that the lactone functionality SCHEME 6. Retrosynthetic Analysis of Preclavulone A
had to be removed prior to iodine elimination to circumvent Q
the problems caused by tlecarbonyl protons acidity. The @
mixture of lactoned 1 was therefore reduced (DIBAL-H, GH
Cl,, —78 °C, 100%) to the corresponding lactols, which were 24
immediately protected as methyl acetélé in 98% yield ﬂ
(Scheme 5). o]

With iodoacetals21 in our hands, the synthesis of key oJ{

hydroxylactonel proceeded quickly in a few additional steps, N
as outlined in Scheme 5. Elimination of hydroiodic acid with @ e —
strongly hindered KHMDS at-20 °C provided the kinetically
favored olefin22, as a mixture of methyl acetals, in a gratifying ﬂ
95% yield!® Acid-mediated unveiling of the hemiacetal func- 0
tionality (0.3 N HCI, THF-H,0, 100%), followed by TPAP OJ{
NMO oxidation, afforded the regioisomerically pure olefin R o
lactonel10in 90% isolated yield. Despite being quite lengthy, @-.,,/Cu(CN)zm v ColyT="8r
the entire synthetic sequence was executed in a satisfactory 82%
overall yield.

Exposure of compoundO to NaOH in aqueous ethanol
(EtOH—H0, 1:1, 80°C, 100%) readily afforded the corre-
sponding sodium carboxyla@3, which, following our well-
established protocol, underwent a smooth Pd(ll)-promoted
lactonization tol in 99% isolated yield.

The (+)-(3aR,4R,689-y-lactonel was thus obtained in 75%
isolated yield and with the same enantiomeric excess (98%
determined by chiral GC analysis) as the starting nitroderivative
13, indicating an entire strikingly stereoconservative synthetic

sequence. Knochel organozinc chemistry (e.g., through the coupling of

Total Synthesis of Preclavulone APreclavulone-AZ4) has the functionalized copperzinc reagen®6 (FG-RCU(CN)Znl)
been suggested to be the key intermediate in the biosynthesiglvith 1-bromoalkyne27; Scheme 6§2

of a group of marine prostanoids, named clavulones, isolated
from different marine organisms such as the Okinawan soft coral
Clayularia viridis .192bClavulones have recently received much
attention owing to their biological activities, structural features,
and unique biosynthetic pathwa$r.

W S~———""~—""CO0OH

1y e~ ——

26 27

the free acid® More recently, Ito et al. published a stereose-
lective total synthesis otf)-preclavulone A methyl ester and
its trans-diastereomer (epipreclavulone-A methyl egfarere

we illustrate an alternative straightforward asymmetric approach
to preclavulone A along with its complete spectroscopic data.
(It should be pointed out that the complete structural description
' of an intermediate is of paramount importance for biosynthetic
studies.) Our synthetic strategy focused on the installation of
the lower side chain via an $psp C-C coupling based on

In the event, the freshly prepared BB4R,6&5)- hydroxym-
ethyllactonel was readily converted to the corresponding iodide
28 via a Mitsunobu reaction withylin the presence of BR
(PhsP, imidazole, THF, rt, 85%).

. . . ) The key mixed organometallic reage2@ was then obtained
The only enantioselective synthesis oR(f2R)-preclavulone from iodide 28 according to the one pot/two steps Knochel

A (24) known thus far was described by Corey and Xiang in d hat is. th h initial . fh .
1988; however, a full spectroscopic characterization was procedure, that is, through initial preparation of the organozinc

reported only for the corresponding methyl ester but not for intermediate29 by Zn oxidative insertion into the €I bond
p y p 9 y (Et,Zn, cat. Ni(acag) THF, —10 °C, 1.5 h), followed by

transmetalation with CuC#2LiCl in THF at 0°C (Scheme 733

(18) Surprisingly, DBU in refluxing toluene delivered olef22 in only

50% vyield.
(19) (a) Watanabe, K.; Sekine, M.; Iguchi, &hem. Pharm. BulR003 (20) Corey, E. J.; Xiang, Y. BTetrahedron Lett1988 29, 995.
51, 909. (b) Corey, E. J.; Matsuda, S. P. T.; Nagata, R.; Cleaver, M. B. (21) Ito, H.; Konishi, M.; Iguchi, K.Tetrahedron Lett2004 45, 1941.
Tetrahedron Lett1988 29, 2555. (c) Grechkin, A. NJ. Lipid Mediators (22) Knochel, P.; Singer, R. BChem. Re. 1993 93, 2117.
Cell Signalling1995 11, 205. (23) Vettel, S.; Vaupel, A.; Knochel, B. Org. Chem1996 61, 7473.
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aReagents and conditions: (g) PhsP, Im (2 equiv), 0°C to rt, 85%;
(b) (i) EtzZn (2 equiv), Ni(acae) (0.01 equiv), THF,—10 °C, 1.5 h; (ii)
CuCN (2.1 equiv), LiCl (4.2 equiv), THF-40 to 0°C, 5 min, —78 °C;
(iii) 1-bromo-1-heptyne 27 (3.5 equiv); 78 to 50°C, 24 h, 56%; (c) H (1
atm), Lindlar (0.2 equiv), EtOAc, rt, 5 days, 94%; (d) DIBAL-H, GEl,,
—78°C, 40 min, quant; (e) 33;BuOK, THF, rt, 30 min, 96%; (f) Dess
Martin periodinane, CkCly, rt, 3 h, 97%.

The coppet-zinc complex26 was then cooled te-78 °C
and treated with 1-bromo-1-heptyr2y,>* producing the ex-
pected coupling produ@5in 57% isolated yield. With lactone
25in hand, Lindlar chemoselective reduction of the triple bond
afforded the stereochemically puZeolefin 30 (H, 5% Pd on
CaCQ poisoned with lead, EtOAc, 5 d). The upper side chain
was then installed by a Wittig condensation, using the consoli-
dated prostaglandin chemistry (Schemé3g).

Thus, standard olefination of the masked aldehyde function
of hemiacetaB1, obtained by DIBAL-H reduction of lactone
30 (DIBAL-H, CH,Cl,, —78 °C, 99%), with the nonstabilized
Wittig reagent derived from phosphonium sz® smoothly gave
the corresponding olefin 32in a gratifying 96% isolated yield.
Finally, Dess-Martin oxidatiorf® of sensitive cyclopenten@2
afforded synthetic preclavulone A24) in 90% vyield as a
colorless oil, f]p?° —125.6 (c 0.18, CHCIy).

In summary, we have developed a general strategy for the

enantioselective preparation of the key building bldckor

JOC Article

preclavulone A24), an intriguing metabolite postulated to occur
in the biosynthesis of clavulones.

Experimental Section

(R)-3-(Nitromethyl)cyclopent-1-ene (13). To a solution of
Trost's ligand §9-L* (400 mg, 8% mol) in dry CECI, (12 mL)
under an argon atmosphere was addegiPa-CH;Cl (203 mg,
3% mol). After 40 min, the resulting yellow solution was added to
a solution of allylic carbonat&4'? (965 mg, 6.79 mmol), MeN©
(2.93 mL, 54.32 mmol, 8 equiv, freshly distilled from Catthder
argon), and BSA (1.85 mL, 7.47 mmol, 1.1 equiv) in freshly
distilled dry CHCI, (24 mL) under an argon atmosphere. The
resulting mixture was stirred at rtifd h and evaporated under
reduced pressure to give a residue that was purified by flash
chromatography on silica gel. Elution with hexar@H,Cl, (8:2)
gave compound3 (800 mg, 93%, 98% ee) as a colorless @il §*°
+82° (c 2, CH,CI,). Spectroscopic data for compouhd were in
perfect agreement with those reported in the literatfire.

(R)-Cyclopent-2-enecarboxylic Acid (15)Solid NaNQ (1.73
g, 25.2 mmol, 4 equiv), followed by acetic acid (3.6 mL, 63 mmol,
10 equiv), was added to a solution of compour&(800 mg, 6.3
mmol) in DMSO (20 mL). The resulting mixture was heated to 40
°C and stirred for 10 h, then diluted with water (40 mL) angdCEt
(50 mL). The layers were separated, and the aqueous phase was
extracted with BEO (4 x 50 mL). The combined organic phases
were dried with MgSQ filtered, and concentrated under reduced
pressure. The resulting residue was purified by flash chromatog-
raphy on silica gel. Elution with pentar&€t,0O (85:15) gave
compound15 (621 mg, 88%). ¢]p?° +260° (c 0.55, CHCI,).
Spectroscopic data for acid were in perfect agreement with those
reported in the literatur&. Anal. Calcd for GHgO»: C, 64.27; H,
7.19; O, 28.54. Found: C, 64.31; H, 7.21.

<;,cozr-i

((R)-Cyclopent-2-enyl)methyl-2-iodoacetate (12)A solution
of cyclopentene acid5 (500 mg, 4.46 mmol) in dry EO (3 mL)
was added under an argon atmosphere to a suspension of LiAIH
(255 mg, 6.7 mmol, 1.5 equiv) in dry £ (10 mL) cooled to 0
°C. The resulting mixture was stirred at°C for 3 h, and then
H,O was added until complete destruction of LiAIHThe
precipitate was filtered through a pad of Celite, and the resulting
solution was dried with MgS§) filtered, and concentrated under
reduced pressure to yield the desired alcohol (416 mg, 95%), which
was directly used in the next synthetic step.

The alcohol was dissolved in dry GBI, (20 mL) under an argon
atmosphere, and iodoacetic acid (825 mg, 1.05 equiv), DCC (963.2
mg, 1.1 equiv), and DMAP (cat.) were added to the resulting stirred
solution. After 45 min, HO (20 mL) was added. The layers were

prostanoids and isoprostanes synthesis. Through a combinatioyeparated, and the aqueous phase was extracted witblQE x

of state-of-the-art organometallic chemistry, that is, asymmetric
allylic alkylation, and green chemistry, namely an atom-transfer
radical cyclization in water, hydroxylactodéhas been obtained

in 40% overall yield and 98% ee starting from the cheap
carbonatel 4. The synthetic versatility of compourichas been
further demonstrated by the asymmetric synthesis -6f- (

(24) Maleczka, R. E.; Terrell, L. R.; Clark, D. H.; Whitehead, S. L.;
Gallagher, W. P.; Terstiege, J. Org. Chem1999 64, 5958.

(25) Corey, E. J.; Cheng, X.-NThe Logic of Chemical Syntheswiley-
Intrescience: New York, 1989; p 255.

(26) Dess, D. B.; Martin, J. C1. Am. Chem. S0d 991, 113 7277.

25 mL). The combined organic phases were washed with brine,
dried with MgSQ, filtered, and concentrated under reduced
pressure.

The resulting residue was purified by flash chromatography on
silica gel. Elution with hexaneEtOAc (96:4) gave compount2
(1.03 g, 92%) as a colorless oi]p?° +75.5 (c 3.25, CHCl,);

IR (liquid film): w(tilde) 2958, 1739, 1429, 1388, 1244, 1169, 1088
cm~L; IH NMR (300 MHz, CDC}): ¢ 5.85 (m, 1H), 5.66 (m, 1H),
4.07 (dd,J = 1.4, 1.7 Hz, 2H), 3.70 (s, 2H), 3.04 (m, 1H), 2.37
(m, 2H), 2.05 (m, 1H), 1.60 (m, 1H}*C NMR (75 MHz, CDC}):

0 168.7 s, 133.7 d, 130.8 d, 69.7 t, 45.3 d, 32.3 t, 26:8Q,5 t;
EIMS (70 eV)m/z 169 (ICH,CO)*, 141 (ICH,)*, 127 (I)f, 80 (M
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— OCOCH)*, 67 (M — CH,OCO)". HRMS calcd for GH14105, o
265.9804; found, 265.9811. o
e

o]
Q/\O)J\ 2.17 mmol) in dry THF (12 mL) cooled te-78 °C under an argon
' atmosphere. The temperature was allowed to rise26 °C and
. then kept at this value for 68 h. The formation of a white flocculent
(42R,7eR)-Hexahydro-5-iodocyclopentag]pyran-3(1H)-one (11). precipitate was observed. The solution was diluted witOEL00
EtB (0.365 mL 1 M solution in THF, 0.1 equiv) was added ) ‘and HO (20 mL) was added. The layers were separated, and
dropwise to a suspension of iodoaceta?0.83 g, 3.65 mmol) in the aqueous phase was extracted withOE(4 x 20 mL). The
H;0 (365 mL) under an argon atmosphere obtained with the use compined organic phases were washed with brine, dried with Na
of a toy balloon, and the resulting mixture was stirred for 3 h. The SO, filtered, and concentrated under reduced presseire 00
solution was then saturate_d with NaC.I and extracted W|th EtO_Ac mmHg). The resulting residue was purified by flash chromatography
(4 x 200 mL). The combined organic phases were dried with 4 gjlica gel. Elution with pentareEt,O (from 99.5:0.5 to 95:5)
MgSQ,, flltergd, anq concentrate_o! under reduced pressure. gave compoun@2 (320 mg, 95%) as a colorless oil. IR (liquid
The resulting residue was purified by flash chromatography on film): v(tilde) 2957, 2928, 2859, 1444, 1196, 1037 émH NMR
silica gel. Elution with hexaneEtO (1:1) gave compountil (0.76 (300 MHz, CDC}): 6 5.70 (m, 2H), 4.55 (m, 1H), 3:64.0 (m,
g, 92%) as a 98:2 mixture afynanti 5-iodo epimers (GC analysis). 2H), 3.4 (s, 3H), 2.73.0 (m, 1H), 2.25-2.5 (m, 2H), 1.6-2.1 (m,
IR (|IqU|d fl|m) V(tl'dE) 2958, 1736, 1426, 1388, 1242, 1171, 1090, 2H), 1.45 (ddd,J = 13.9, 9.5, 6.9 Hz, 1H):!_3C NMR (75 MHz,
1039, 945 cm*; *H NMR (300 MHz, CDCY): ¢ 4.14 (dd,J = CDCly): ¢ 134.6 and 134.5 d (each value refers to each of the
11.6, 4.6 Hz, 1H), 3.94 (ddl = 11.6, 5.5 Hz, 1H), 3.55 (ddd,= anomers), 130.5 and 129.7 d, 99.5 and 98.8 d, 63.4 and 62.4 t,
15.3, 8.5, 5.7 Hz, 1H), 2.68 (m, 1H), 2.57 (dU=15.3, 6.8 Hz, 5514 ¢, 40.0 and 39.0 d, 35.8 and 35.24 d, 35.5 and 34.4 t, 31.9
lH), 2.48 (m, 1H), 2.32 (dd] = 15.3, 5.7 Hz, lH), 2.10 (m, 1H), and 31.6 t; EIMS (70 EV)TTVZ (%) 154 (M)# (5)’ 123 (M_ OMe)+

1.88 (m, 2H), 1.31 (m, 1H}:*C NMR (75 MHz, CDCE): 0 172.0 (35 91 (20), 79 (100), 66 (55), 39 (28). HRMS calcd foHgO,,
s,69.31,46.7 d, 39.5t, 36.2 d, 32.7 t, 29.0 d, 28.8 t; EIMS (70 12, 0994 found. 154 0988,

eV) mz267 (M+ 1)*, 139 (M — 1)*, 121 (M — | — H,O)*, 95
M —1—-COy)*, 81 (M—1— CH,CO)", 67 (GH;)". HRMS
caled for GHy40,, 265.9804; found, 265.9798. w
OMe
o]
o (4aS,78R)-4,4a,7,7a-Tetrahydrocyclopentag]pyran-3(1H)-
| one (10).HCI (0.3 N, 1.66 mL) was added to a solution of
methylacetal?2 (320 mg, 2.07 mmol) in THFH,O 7:3 (26 mL),
(4aR,7aR)-Octahydro-5-iodo-3-methoxycyclopentaf]pyran (21). and the resulting mixture was stirred for 26 h. More HCI (0.3 N,
DIBAI-H (5.3 mL, 1 M solution in hexane, 1.3 equiv) was added 0.34 mL) was added, and after four additional hours the acidity
dropwise to a solution of lactorl (1.1 g, 4.1 mmol) in dry Cht was quenched by the addition of excess solid NakClhe

Cl, (70 mL) at —78 °C under an argon atmosphere. After the resulting mixture was diluted with Gi€l, (30 mL), and a phosphate

resulting solution had been stirred for 30 min, excess hydride was buffer (10 mL, pH= 6.95) was added. The layers were separated,

destroyed by adding a saturated solution of,8H100 mL). CH- and the aqueous phase was extracted withG@H3 x 20 mL).

Cl, (100 mL) was then added, the resulting mixture was warmed The combined organic phases were washed with 10 mL) and

to rt, and 6 N HCl was added until the two phases were completely brine (15 mL), dried with Ng5Q,, filtered, and concentrated under

separated. The layers were separated, and the aqueous phase wesduced pressure. The resulting residue was purified by flash

extracted with CHCI; (4 x 40 mL). The combined organic phases chromatography on silica gel. Elution with hexartetOAc (85:

were washed with brine, dried with MgQJiltered, and concen- 15) gave the desired lactol (288 mg, 98%), which was immediately

trated under reduced pressure. dissolved in dry CHCI, (28.8 mL) under an argon atmosphere.
The resulting residue was dissolved in MeOH (50 mL) and Molecular sieves (4 A, 10 mg) were added, followed by NMO (482

cooled to—20 °C, and then PTSA (cat.) was added. After 18 h, mg, 2 equiv) and cat. TPAP. The resulting mixture was stirred for

excess solid NaHCOwas added, and the resulting mixture was 2 h, then filtered through a pad of Celite, and concentrated under

stirred for 15 min and concentrated under reduced pressure. Thereduced pressure. The resulting residue was purified by flash

residue was dissolved in GBI, (50 mL), and a saturated solution  chromatography on silica gel. Elution with hexart&tOAc (8:2)

of NaHCGQ; (50 mL) was added. The layers were separated, and gave compound10 (252 mg, 90%). Spectroscopic data for

the aqueous phase was extracted with,Clbl(3 x 20 mL). The compound10, [a]?%, +77.84 (c 1.25, CHCIl,), were in perfect

combined organic phases were dried with,8a,, filtered, and agreement with those reported in the literatul¢RMS calcd for

concentrated under reduced pressure. The resulting residue wa£gH;00,, 138.0681; found, 138.0677.

purified by flash chromatography on silica gel. Elution with

hexane-EtOAc (95:5) gave compounzil (1.13 g, 98%) as a 1:1 o

mixture of anomers. IR (liquid film):v(tilde) 2956, 1428, 1391, @

1240, 1169, 1091, 1037, 949 cfH NMR (300 MHz, CDC}): 0o

0 5.6 (m, 1H), 4.55 (m, 1H), 3:94.4 (m, 2H), 3.5 (m, 1H), 3.37

(s, 3H), 2.12-2.6 (M, 3H), 1.6-2.1 (m, 3H), 1.35 (m, 1H®C NMR (3aR,4R,6aS)-4-(Hydroxymethyl)-3a,4-dihydro-3H-cyclopent-

(75 MHz, CDCB): 6 98.6 and 97.5 d (each value refers to each of a[b]furan-2(6aH)-one (1). Olefin 10 (890 mg, 6.45 mmol) was

the anomers), 61.2 and 61.0 t, 54.8 and 54.6 q, 47.3 and 45.5 ddissolved in a EtOHH,0 (1:1) mixture (15 mL), and solid NaOH

37.3and 37.2t, 35.5 and 35.0 d, 32.0 and 31.7 d, 29.5 and 29.2 t,(253 mg, 6.32 mmol) was added. The solution was stirred for 14

25.9 and 25.8 t; EIMS (70 eV)m/z (%) 282 (M)" (2), 251 (M— h at 80°C. After cooling, the solvent was removed under vacuum
OMe)" (10), 123 (86), 105 (20), 95 (100), 79 (70), 67 (90), 55 (6). and the residual water was removed by azeotropical distillation
HRMS calcd for GH;510,, 282.0117; found, 282.0120. using MeCN (3x 100 mL). The light beige solid thus obtained

(4aS,7aR)-1,3,4,4a,7,7a-Hexahydro-3-methoxycyclopentelf was washed with ether, and the suspension was filtered through a
pyran (22). KHMDS (7.6 mL, 0.5 M solution in toluene, 1.65  sintered glass funnel. Olefin s&8 was thus obtained as a white
equiv) was added dropwise to a solution of iodi2fe (612 mg, solid (1.145 g, almost quantitative).
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In a three-neck round-bottom flask, equipped with a gas-inlet temperature and diluted with £ (23 mL). The layers were
system, a double surface condenser, and a silicon septum, theseparated, and the aqueous phase was extracted waHEk 14

sodium salt23 (1.448 g, 2.5 mmol) was dissolved in MeOH (4.3
mL). MeCN (2.8 mL) and AcOH (15@L, 1.05 equiv) were then
added with stirring, while @was bubbled in the reaction mixture
(3 mL min~1). The heterobimetallic couple was then prepared by
dissolving Pd(OAg) (28 mg, 0.125 mmol) and Cu(OAeH0 (25
mg, 0.125 mmol) in MeCN (2 mL). The emerald solution thus

mL). The combined organic phases were dried with,3@,
filtered, and concentrated under reduced pressure without warming.
The resulting residue was purified by flash chromatography on silica
gel. Elution with hexaneEtOAc (from 99:1 to 96:4) gave the
desired alkyne25 (78.4 mg, 56%), ¢]p?° +32.3 (c 0.47, CH-

Cly), as a pale yellow oil. IR (liquid film): v(tilde) 2955, 2923,

obtained was stirred under oxygen for 15 min, and then added via 2853, 1770, 1448, 1192, 1034 cin'H NMR (300 MHz, CDC}):
cannula to the substrate solution. The resulting mixture was stirred 6 5.9-6.0 (m, 2H), 5.48 (ddJ = 7.4, 0.8 Hz, 1H), 3.3 (quintef}

under a stream of Ofor 18 h. Solvents were evaporated under

= 8.6 Hz, 1H), 3.1 (ddJ = 14.2, 8 Hz, 1H), 2.52.6 (d,J = 14.2

vacuum, and the brown residue was taken up with AcOEt and Hz, 2H), 2.3 (m, 2H), 2.15 (m, 2H), 1.5 (m, 2H), 1.4 (m, 4H), 0.9
filtered. The organic phase was washed with brine and dried over (t, J = 7.2 Hz, 3H);13C NMR (75 MHz, CDC}): 6 177.0 s, 139.1
MgSQ,. Rotary evaporation of the volatiles left a crude residue as d, 129.0d,88.5d,82.5s, 76.8s,46.0d,39.0d, 31.0t,29.2t,28.4

a yellow oil that was purified by flash chromatography on silica.
Elution with hexane-EtOAc (1:1) gave lactoné as a colorless
oil (381 mg, 99%), {]p%° +4.68 (c 0.775, CHCI,). Spectroscopic
data for compound were in perfect agreement with those reported
in the literature.

o]
oA
@"II/OH

(3aR,4R,6a9)-3a,4-Dihydro-4-(iodomethyl)-3H-cyclopental]-
furan-2(6aH)-one (28). Imidazole (145 mg, 2.13 mmol, 1.05
equiv), followed by PPH (693 mg, 2.64 mmol, 1.3 equiv), was
added to a solution of lactorie(313 mg, 2.03 mmol) in dry THF

t,22.0t,20.6 ,18.5 t, 13.9 q; EIMS (70 eVj/'z (%) 232 (M)
(5), 173 (10), 157 (15), 144 (20), 130 (50), 117 (30), 91 (50), 79
(100), 67 (60), 53 (55), 41 (80). HRMS calcd for;sH,00,,
232.1463; found, 232.1459.

o]
o

(3aR,4R,6aS)-3a,4-Dihydro-4-((2)-oct-2-enyl)-3H-cyclopenta-
[blfuran-2(6aH)-one (30).Lindlar catalyst (20 mg) was added to
a solution of alkyne5 (110 mg, 0.47 mmol) in EtOAc (9 mL). A
static atmosphere of Hvas created, and the mixture was stirred
for 5 d. The mixture was then filtered and concentrated under

(5 mL) under an argon atmosphere. The resulting mixture was reduced pressure to yield alke@@ (19 mg, 94%), §]p?° +33.7

stirred and cooled to 0C, and then 4 (620 mg, 2.44 mmol, 1.3

(c 1, CH,Cl,), as a pale yellow oil. IR (liquid film):v(tilde) 2956,

equiv) was added in 30 min. The formation of a precipitate was 2924, 2853, 1771, 1447, 1199, 1039 ¢m'H NMR (300 MHz,
observed while the temperature rose to room temperature. After 4CDCls,): 6 5.9-6.0 (m, 2H), 5.5 (dd,) = 4.0, 1.0 Hz, 2H), 5.3
h, excessjwas destroyed by the addition of a saturated solution (m, 1H), 3.25 (quintet) = 7.14 Hz, 1H), 2.95 (m, 1H), 2.25 (d,

of NaS,05 (7 mL), and the mixture was diluted with G&I, (10

= 9 Hz, 2H), 2.1-2.3 (m, 2H), 2.0 (dd,) = 13.9, 7.14 Hz, 2H),

mL). The layers were separated, and the aqueous phase wad.l (m, 6H), 0.98 (] = 7 Hz, 3H);23C NMR (75 MHz, CDC}):

extracted with CHCI; (3 x 30 mL). The combined organic phases
were dried with MgS@ filtered, and concentrated under reduced

0177.0s,139.7d, 132.1d, 128.3d, 126.0d, 88.9d, 46.5d, 39.5
d, 3141t 293¢ 29.1¢t, 28.7t 2741t 2241 139 gq; EIMS (70

pressure without warming. The resulting residue was purified by eV): m/z (%) 234 (M)" (5), 191 (12), 174 (12), 132 (25), 124 (30),

flash chromatography on silica gel. Elution with hexa@OAc
(9:1) gave the desired iodid8 (452 mg, 85%), ¢]p*° +99.2 (c
1.7, CHCIy), as a pale yellow oil. IR (liquid film):v(tilde) 2955,
1763, 1368, 1324, 1264, 1164, 936, 757 ¢mMH NMR (300 MHz,
CDCl): ¢ 6.01 (dt,J = 6.5, 2 Hz, 1H), 5.96 (dt) = 6.5, 3 Hz,
1H), 5.47 (br dJ = 8 Hz, 1H), 3.34 (m, 3H), 3.01 (m, 1H), 2.67
(dd,J = 18, 10 Hz, 1H), 2.49 (dd) = 18, 8 Hz, 1H);*3C NMR
(75 MHz, CDC}): o6 176.1 s, 137.7 d, 130.4 d, 87.8 d, 49.1 d,
40.4 t, 28.4 d, 3.6 t; EIMS (70 eV)m/z (%) 264 (M) (4), 149
(6), 138 (10), 137 (100), 119 (20), 91 (41), 81 (48). HRMS calcd
for CgHolO,, 263.9647; found, 263.9651.

o]
oA
.

(3aR,4R,6aS)-3a,4-Dihydro-4-(oct-2-ynyl)-3H-cyclopentap]fu-
ran-2(6aH)-one (25).Ni(acac) (10 mg) was added to a solution
of iodide 28 (160 mg, 0.606 mmol) in dry THF (4 mL) under an
atmosphere of argon. The mixture was stirred and cooled1i®
°C, and E#Zn (1 M solution in hexane, 1.21 mL, 2 equiv) was
added. After 1.5 h, the resulting mixture was cooled-#0 °C,
and a solution of CuCN (114 mg, 1.27 mmol, 2.1 equiv) and LiCl
(109 mg, 2.54 mmol, 4.2 equiv) in dry THF (3 mL) was added.
The temperature was allowed to rise to°0 and, after 5 min,
brought to—78 °C. Neat 1-bromo-1-heptyn27 (0.277 mL, 3.5

117 (22), 96 (30), 79 (70), 78 (100), 67 (50), 65 (16). HRMS calcd
for CisH2,0,, 234.162; found, 234.1616.

o]
oA

(52)-7-((1R,2S,5R)-2-Hydroxy-5-((Z)-oct-2-enyl)cyclopent-3-
enyl)hept-5-enoic Acid (32).DIBAI-H (1 M solution in hexane,
244ul, 1.3 equiv) was added to a solution of lactd3@(44 mg,
0.188 mmol) in dry CHCI, (3 mL) at —78 °C under an argon
atmosphere. The resulting mixture was stirred for 1 h, and then
excess hydride was destroyed by adding a saturated solution of
NH.CI (10 mL). CHCI, (15 mL) was added, the resulting mixture
was warmed to room temperature dad N HC| was added until
complete separation of the two phases. The layers were separated,
and the aqueous phase was extracted with@H(4 x 4 mL).

The combined organic phases were washed wi®,Hollowed

by brine, dried with MgSQ@ filtered, and concentrated under
reduced pressure. The resulting residue was purified by flash
chromatography on silica gel. Elution with hexari&tOAc (8:2)
gave the desired lactoBl (42 mg, 100%), which was used
immediately in the next stepBuOK (160 mg, 1.42 mmol, 8 equiv)
was added to a stirred suspension of carboxybutyltriphenylphos-
phonium bromide33 (316 mg, 0.712 mmol, 4 equiv) in dry THF
(2.5 mL) at room temperature. The mixture was allowed to react

equiv) was then added dropwise, and the temperature was allowedor 30 min. Afterward, to the resulting red suspension of the ylide,

to rise to—50°C. After 24 h, a buffer of NECI—NH3 (10 mL, pH

crude lactol31 (42 mg, approximately 0.178 mmol) in THF (1.8

= 8) was added, and the resulting mixture was warmed to room mL) was added via cannula. The mixture was stirred for 2 h and
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guenched by the successive addition of a saturated solution of NH
CI (15 mL) and AcOH (0.084 mL, 8.4 equiv). The suspension was
diluted with EtO (10 mL), and the two layers were separated. The
aqueous layer was extracted with@{(3 x 15 mL). The combined
organic phases were washed with brine, dried with MgSdd

Zanoni et al.

purified by flash chromatography on silica gel. Elution with
hexane-EtOAc (8:2) delivered compour2# (32 mg, 97%), §]p*°
—125.6 (c 0.176, CHCI,), as a pale yellow oil. IR (liquid film):
v(tilde) 3600-3100 (CADH), 2930, 1708, 1585, 1198, 737 cin
1H NMR (300 MHz, CDC},): ¢ 7.7 (dd,J = 5.7, 2.7 Hz, 1H), 6.2

evaporated under reduced pressure. The resulting residue wagdd, J = 5.7, 1.8 Hz, 1H), 5.5 (m, 4H), 3.1 (m, 1H), 243.55

purified by flash chromatography on silica gel. Elution with
hexane-EtOAc (8:2) delivered compourR (55 mg, 96%), {]p2°
—32.3 (c 0.6, CHCIly), as a colorless oil. IR (liquid film):v-
(tilde) 3416, 2926, 1708, 1406, 1240, 1049¢mH NMR (300
MHz, CDCk): 6 6.14 (dd,J = 5.7, 2.6 Hz, 1H), 5.97 (m, 1H),
5.25-5.6 (m, 4H), 4.5 (ddJ = 5.8, 2.6 Hz, 1H), 1.6 (m, 1H),
2.0-2.5 (m, 11H), 1.75 (quintefl = 7.5 Hz, 2H), 1.3 (m, 8H), 0.9
(t, J= 7.2 Hz, 3H);33C NMR (75 MHz, CDC}): 6 178.9 s, 140.9

d, 131.9d, 131.3d, 126.6 d, 129.0d, 127.4 d, 76.2d, 46.2 d, 45.5

d, 33.2t,31.3t,30.0t,28.2t,27.2t,265¢, 24.3t,23.0t, 2.3 1,
13.8 q; ESI-MS (APCI):mvz 303 [M + 1 — H,O]*. HRMS calcd
for CaoHs,0s, 320.2351; found, 320.2354.

HQ
@‘WWCOOH

1, ——

Preclavulone A (24).Dess-Martin periodinane (63 mg, 0.148
mmol, 1.4 equiv) was added to a stirred solution of alc@®(34
mg, 0.106 mmol) in dry CkCl, (3 mL) under an argon atmosphere.
After 3 h, E£O (10 mL) was added, and the resulting mixture was

filtered through a pad of Celite. The solution was then concentrated

(m, 3H), 2.38 (tJ = 7.5 Hz, 2H), 1.9-2.3 (m, 4H), 1.75 (quintet,
J=7.5Hz, 2H), 1.3 (m, 8H), 0.9 (] = 7.2 Hz, 3H);13C NMR

(75 MHz, CDCBE): ¢ 208 s, 178.6 s, 165.1 d, 132.0 d, 131.6 d,
129.3d,128.7d,126.0d,48.6d,43.6d,32.7t,31.1t,28.8t,28.1
t,27.0t,26.2t,23.9t,23.61,22.2t,13.6 q; ESI-MS (APQt)iz

319 [M + 1]F, 301.2 [M+ 1 — H,0O]". HRMS calcd for GoHagOs,
318.2195; found, 318.23.

o}
@““\Z/\/\COOH
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under reduced pressure without warming. The resulting residue wasJO061321H
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