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1. Introduction

Hexacyclinic acid (Fig. 1) is a polyketide isolated the first
time by Zeecket al. in 2000 from a bacteriuntreptomyces
cellulosae (strain S1013j. The general structure and relative
configuration were elucidated with the aid of sevelkdVR
experiments and X-ray analysis; the absolute candigpn was
successfully determined by Mosher's ester methagolo
Hexacyclinic acid is composed of six cycles, a 5M/&ed ring
system (A, B and C) connected to a bridged tricyoleE and F)
with a cyclic hemiketal and &-lactone. Hexacyclinic acid
possesses cytotoxic activity against three caneerall lines:
HMO02 (gastric carcinoma), HEPG2 (hepatocellular cencia)
and MCF7 (breast carcinoma) with Bhalues up to 14.0

rcualricuilvli

The best yield of 60% was obtained using an exce8s3cequiv

of silyl enol ether with 3 equiv af-BuLi. Also, the use of polar
coordinating solvents was essential to obtain theirel
diastereomer as the major product, and a diaselestivity of
7:1 was obtained in a 4:1 mixture of DMF/THF (see [&ah)®
Unfortunately, any attempt to hydrolyze derivatiastricyclic
ester 2a (R Et) under basic conditions only led to
decompositiori. Direct decarboxylation was also not possible. To
address this problem, other estBrsvere envisaged. We report
here their synthesis and their behavior in the kiéhaddition
with silyl enol ether4, which led us to propose a revised model
for the diastereoselectivity observed in this rieact

2. Results and discussion

pmolmL™?, and the truncated DEF ring system was shown to

induce mitotic arrest by interfering with microtubudynamics.

COOH

Hexacyclinic acid
Fig. 1. Structure of hexacyclinic acid.

The biological activity of hexacyclinic acid cougldo its
complex structure has made it a target of choigeoiganic
chemists, but although syntheses of BEand ABC *fragments
of this compound have been published, no totalh®gis has
been reported yet.

The retrosynthesis we envisaged for the ABC tricyctd the
target molecule is shown in Scheme 1.

Radical cyclization/
: Luche reduction
fe) OTBS
Michael )
ROZC 5 OTMS addition
S (6]
T%
4

Scheme 1Retrosynthesis of the ABC tricycle of hexacyclinmd.

Compoundl would be obtained from est@ by functional
group interconversions (FGI) - decarboxylation, eak
migration, alcohol protection and acetonide deorwgen.

Tricycle 2 would be formed by intramolecular addition of the R=Me

radical of thep-keto ester of3 onto the isopropenyl group,
followed by Luche reduction of the A ring ketone. Gmund3
would be assembled by Michael addition of the eeotirived
from silyl enol ethed to enonés.

In a preliminary communication, we reported the bgsis of
the two partnergl and5a (R = Et) and the optimization of the
Michael additiort. Treatment of silyl enol ethet with n-BulLi

generatesn situ the lithium enolate and subsequent addition o

this enolate to the double Michael accefiaiin the presence of
ZnCl, as a Lewis acid, afforded the Michael addie{R = Et).

fAttempts to purify the intermediate methylenateddpii only

We selected three different estefs methyl ester5b,
trimethylsilylethyl (TMSE) estebc andtert-butyl estersd. The
methyl ester should be hydrolyzed under milderdasnditions
than the corresponding ethyl estefhe TMSE ester requires
fluorides, and thetert-butyl ester acidic conditions. Another
factor in the choice of these esters was theirivelaize. We had
observed that the selectivity of the Michael additonto estesb
depended on the size of the nucleophiad we wanted to probe
if the steric bulk of the ester had an influencetluis selectivity
as well. The synthesis of the three Michael accepbbrd is
shown in Scheme 2. It follows the route that was uUsedhe
preparation of estéfa®> Known aldehydes was subjected to a
Roskamp homologation with methyl diazoacetdte and tert-
butyl diazoacetat&d to furnish3-keto ester8b and8d in 81%
and 88% yield, respectively. Since only ethyl dexztate is
commercially available, diazoacetat&® and 7d had to be
synthesized. Rather than preparing the TMSE diatate as
well, TMSE ester 8c was obtained in 90% vyield by
transesterification (see Scheme 4 for conditiofighethyl ester
8b, which we had made on large scale. Knoevenagel
condensation with acetaldehyde proceeded in godd, \geving
unsaturated3-keto ester®9b-d in moderate to excellent yields.
Ring-closing metathesis reaction with Grubbs 2 catalgd to
the desired estersb-d, but an important amount of expensive
catalyst was required (10 mol%) for the reactiotheftert-butyl

ester.
O OTBS o) sncl, O O OTBS
Z o+ /
H ROJ\I CH,Cly, 1t ROJ\)\‘/'\/
N2  36h
6 R=Me 7b .— R=Me 8b 81%
R=tBu 7d 90%°[, R = TmsE 8¢
R=tBu 8d 88%
Py, THF
0°Ctort, 8h HJ\
o)
RO.C Grubbs 2 (5-10 mol%) 6 O OTBS
sl /
CH,Cl, RO™
OTBS reflux, 24 h
50 75% 9b 89%
R=TMSE 5c 61% 9c 96%
R=tBu 5d 68% od 63%

Scheme 2Synthesis of diverse estéis’See Scheme 4 for conditions.

Since steric hindrance is deleterious to metathesistions,
we performed the Knoevenagel reaction d8c with
paraformaldehyde instead of acetaldehydiedeed, the methyl
group of acetaldehyde is not present in the straabd esters,
but is eliminated within propene after the RCM react

led to complete decomposition, so the crude proshag used



directly for the RCM step, affording estec in 63% yield for the
two steps, only a marginal improvement on the previmute.

1) Paraformaldehyde

i-Pr,NH, TFA
O O OTBS  pF 3 TMSEO,C
A BT
TMSEO 2) Grubbs 2, CH,Cl,
ac reflux, 24 h 5c 5TBS

63% (2 steps)
Scheme 3Alternative synthesis of estess and5d.

Finally, for a gram-scale synthesis of compousdand5d, it

was found more convenient to prepare them by direc

transesterification of estéb, using 20 mol% of zinc oxide as
catalyst (Scheme 4).

MeO,C ZnO (20 mol%), ROH RO,C
! Toluene, reflux, 12 h o
OTBS OTBS
5b R=TMSE 5c 84%
R=tBu 5d 57%

Scheme 4Alternative synthesis of estess and5d.

We then studied the key Michael addition, as shewhable
1. The conjugate addition with methyl est&b proved
disappointing, giving compoundb and3b’ in 30-40% yield in
a 2 to 3:1 ratio. The undesired diastereomer re$wdin attack of
the enolate derived from onto the other diastereotopic face of
the alkene irbb; both diastereomers featuneans relationships
on the A and C rings between the stereogenic cefiensed
during the Michael addition. The stereochemistrypoth isomers
was inferred fromour previous work, where extensive NOE
studies had been performed oa and 3a. The
diastereoselectivity and the yield observed for tehael
addition to TMSE compoundc were also lower than those
obtained with the ethyl ester. However, this reactimas not
optimized, astert-butyl ester5d proved to be the optimum
substrate for this reaction, giving the bicyclicoguct as the
single diastereomedd in 55% yield. As we suspected, there is a
marked correlation between the size of the estestiubnt and
the selectivity of the Michael addition. We obsehhat the
selectivity was higher when the enolate derived frémvas
added to enone$ and ZnCj rather thanwhen the inverse
addition was performed, but we have not rational axation for
this.

Table 1. Michael additions on estebs-d.

OTMS TBSO [e)
3.3 equiv
(e}
N O)<
OTBS \ 4
I 3 equiv n-BulLi
+
1.1 equiv ZnCl, TBSO o
O  COR THF/DMF HH o
1:4 -
5a-d ><
o~ : s 0
RO,C =\
3'a-d
R T Yield Ratio3/3’
3a Et -78°Cto 0°C  60% 5:fto 7:P
3b Me -78°C 30-40% 2:4to 3:P
3c TMSE -78 to -20°C 35% 31

3

3d  tBu 7810 -20°C  55% 3d only’

2Addition of enone and Zngto enolate®Addition of enolate to enone and
chlz.

To explain the influence of the steric bulk of th&ter group
on the diastereoselectivity of this conjugate addijt two
different transition states were proposed to ratineathe
formation of both the desired produ8t and the undesired
diastereomer 3' (Fig. 2). We hypothesized that the
stereoselectivity of this reaction under kinetimditions would
be entirely controlled by steric factors. The regdidiastereomer
IQ' would be formedvia an open transition state while the
undesired diastereom8r formation could be explained by an 8-
membered cyclic transition stdte

| Open transition

state e
transition state

|

TBSO o TBSO 0O

" ° TR

¢ : 0>< o : 0
RO,C =\ o ROL DN

Fig. 2. Open transition and 8-membered cyclic transitiates.

Such type of eight-membered cyclic transition stat®rmed
betweenan enolateand a Michaelacceptorhas already been
described in the literature by Heathcock and co-wstkand
some computational investigations were reported sarK and
Evans:’ According to this model, the transition stétavould be
disfavored by a steric clash between the R groupegster and
the acetonide methyl groups, interaction which is present in
the open transition state This explains why the reaction of the
bulky tert-butyl ester is very diastereoselective. In additid
provides a rationale for the difference in selatithat we
previously observed for the reaction with the etbster5a in
different solvents — 1:7 in diethyl ethes 7:1 in 4:1 DMF/THF
The more polar solvents disrupt the chelation of thinc
dichloride in cyclic transition state while this transition state is
favored in less polar solvents.

3. Conclusion

In this study, we uncovered the influence of theisteulk if
the ester group on the diastereoselectivity of kg Michael
addition to form a precursor of the ABC tricycle texacyclinic
acid. The unhindered esters led to low selectivitlyile reaction
with the tert-butyl ester substrate only gave one diastereomer.
We propose that the desired diastereomer resolts & classical
open transition state, while the undesired prodtezhs from an
eight-membered transition state. This cyclic traosi state is
destabilized by bulky ester group substituents. akée currently
pursuing the synthesis of the ABC fragment of hggheic acid
using this route.



4 rTcuaalricuil vl
4. Experimental section To a vigorously stirred solution dért-butyl 3-oxobutanoate
) . . . o (2.50 mL, 15.6 mmol)p-acetamidobenzenesulfonyl azide (4.20
Air or moisture sensitive reactions were carried ioupre- g, 17.2 mmol, 1.10 equiv) and tetrabutylammoniuontide (2.0
dried glassware; either overnight in an oven (12bdby flame g, 6.2 mmol, 0.40 equiv) in pentane (120 mL) wasviicadded
drying under vacuum. Argon was used to create amt ineg 3N aqueous NaOH solution (21 mL, 62 mmol, 4.0 ecati20
atmosphere. Degassing solvent was done using fregzéhaw  oc  after 1 h of vigorous stirring, the mixture waartitioned
method. Reactions were collected from an in-houseesd peryeen ED and HO. The aqueous layer was extracted 3 times
purification system (THF, Ci€l, ELO, CHCN, and toluene). ith Et,0. The combined organic layers were dried oveiS\0a
Chromatography solvents were HPLC grade solventsedstin  fijtered and concentratedn vacuo. The crude product was
Winchester_bottles. AI_I reagents were us_eq directynfsupplier, purified by flash chromatography on silica gel @& PE/E1O) to
unless prior purification is explicitly —stated. Bl a¢orq puretert-butyl 2-diazoacetat@d as a bright yellow oil

chromatography was executed under forced flow candifi (1.80 g, 81%); R(50:50 PE/ED) 0.5:5,, (400 MHz CDCJ) 4.62
using the indicated solvent system and the EMD Gedsileca (1H, brs, NCH), 1.48 (9H, s, OC(C}).

gel 60 as solid support. Thin layer chromatograffiyC) was
carried out on Merck silica gel 60 covered aluminisheets, and
monitored by UV-light or by staining with a solutioaf
anisaldehyde or KMn©Omixture. NMR spectra were recorded
using a Bruker DPX-400 spectrometdd NMR: 400 MHz,*°C
NMR: 101 MHz) and a Bruker DPX-500 spectrometet IMR: To a solution of methyl 2-diazoacetate (1.40 gnisol, 2.0
500 MHz,"*C NMR: 126 MHz). Deuterated chloroform (CQE! equiv) in CHCI, (45 mL)was added tin (Il) chloride (0.65 g, 3.5
was used as the solvent for bdkh and*C NMR, with residual mmol, 0.50 equiv). The reaction was stirred at RiTSfanin then
solvent peald 7.26 being used for calibration i NMR and  a solution of aldehydé (1.60 g, 7.0 mmol) in C}Cl, (15 mL)
CDCl, peak ats 77.16 for **C. Signal splitting patterns are was added dropwise and the mixture was left to sRTafor 3 h.
described as: singlet (s), doublet (d), triplet @uartet (g), The crude mixture was concentrated under vacuunparitied
quintet (quint), sextet (sext), octet (oct), nof@dn), multiplet by flash column chromatography (95:5 PE@tto yield a 3:1
(m), broad singlet, or any combination of the aboW¥evo  mixture of3-keto esteBb and enol form as a colorless oil (1.70
dimensional experiments (COSY, HSQC, HMBC, and HMQC)g, 81%); B-keto ester form) R(95:5 PE/E{O) 0.43; [a}* -45.5
were recorded, where necessary, for assignment. Sreksa-C (€ 1.02, CHCJ); nna (liquid film) 2957, 2931, 2858, 1749, 1716,
couplings were averaged over 117/119Sn. IR specteae w 1648, 1625, 1472, 1422, 1366, 1307, 1258, 12254,11873,
recorded using a Golden GRfeattachment, utilizing a type lla 1029 cm’; 3, (400 MHz CDC3) 5.74 (1H, ddd)) 17.0, 10.4, 6.5
diamond as a single reflection element, allowing tfee direct Hz, CH,CHCH), 5.19 (1H, dtJ 17.1, 1.4 Hz, CkCHCH),
reading of powder and oil samples. High resolutiossrepectra  5.13 (1H, dtJ 10.4, 1.4 Hz, CKCHCH), 4.26 (1H, ddt] 6.6,
were recorded under FAB, ESI and CI conditions by theb.3, 1.2 Hz, CHCHCHOSI), 3.72 (3H, s, Ci®), 3.60 (1H, dJ

4.3. Methyl (4R,59)-5-((tert-butyldimethylsilyl)oxy)-4-methyl-
3-oxohept-6-enoate (8h)

University of Glasgow analytical service. 15.9 Hz, OCCHCO), 3.54 (1H, dJ 15.9 Hz, OCCHCO), 2.87
i (1H, qd,J 7.0, 5.3 Hz, CHCH(COCHOSI)), 1.09 (3H, d] 7.0
4.1. Methyl diazoacetate (7b) Mz, CCHICORHOSE). 0.0 (GH, 5. SIEG), 0.07 (GH. o,

SiCH;), 0.03 (3H, s, SICH; 8¢ (100.6 MHz, CDC)) 204.4,
To a vigorously stirred solution of methyl 3-oxohobate 167.6, 138.2, 116.4, 75.5, 52.2 , 52.1, 49.8, 253, 12.1, -4.4,
(11.0 g, 94.0 mmol)p-acetamidobenzenesulfonyl azide (24.8 g,-4.6; HRMS (El): M, found 300.4665. GH,s0,Si requires
103 mmol, 1.10 equiv) and tetrabutylammonium bram(t2.1 g, 300.4659.
37.6 mmol, 0.40 equiv) in pentane (720 mL) was sloadded a . .
3N aqueous solution of NaOH (125 mL, 376 mmol, 41G\dcat 4.4. 2-(Trimethylsilyl)ethyl (4R 58)-5-((tert-
20 °C. After 1 h of vigorous stirring, the mixture svpartitioned butyldimethylsilyl)oxy)-4-methyl-3-oxohept-6-enoate (8¢)
between EO and HO and the layers were separated. The T¢ a solution of 8b (1.73 g, 575 mmol) and 2-
aqueous layer was extracted 3 times wittOEThe combined  (trimethylsilyl)ethanol (8.24 mL, 57.5 mmol, 10 éein toluene
organic layers were dried over }$20,, filtered and concentrated (35 mL) was added ZnO (94 mg, 1.2 mmol, 0.20 equite
in vacuo. The crude product was used for the next step Witho mixture was heated under reflux for 12 h, then tieent was
further purifications; R(95:5 PE/EJO) 0.2;5, (400 MHz CDC)  concentrated under vacuum and the crude materialpwatied
4.75 (1H, brs, 1H, BCH), 3.74 (3H, s, OCH). by column chromatography (95:5 PE/EtOAc) to furniste t
4.2. tert-Butyl diazoacetate (7d) transesterification produ@c (2.0 g, 90%); §-keto ester form) R
(95:5 PE/EtOAc) 0.30; [af° -77.0 € 1.0, CHCY); nmay (liquid
film) 2956, 2930, 2858, 1745, 1714, 1645, 1463,012B224,
1028 cm"; &, (400 MHz CDC3) 5.74 (1H, dddJ 17.1, 10.4, 6.5
Hz, CHCH(CHOSi), 5.18 (1H, dt,J 17.1, 1.4 Hz,
CH,CH(CHOSI)), 5.13 (1H, dt] 10.4, 1.4 Hz, CKECH(CHOSI)),
4.28-4.24 (1H, m, CKCHCHOSI), 4.23-4.18 (2H, m,
CH,CH,0), 3.57 (1H, dJ 15.8 Hz, COCHCO), 3.49 (1H, dJ
15.8 Hz, COCHCO), 2.87 (1H, qdJ 7.0, 5.4 Hz, CKCH), 1.09
(3H, d,J 7.0 Hz, CHCH), 1.03-0.97 (2H, m, Cf3i), 0.90 (9H,
s, SiC(CH)3), 0.07 (3H, s, SiCH}, 0.05 (3H, s, SiCk}, 0.03 (9H,
s, Si(CH)s); d¢ (100.6 MHz, CDGJ) 205.1, 167.7, 138.1, 116.4,
75.8, 63.6, 53.0, 50.5, 26.0, 18.3, 17.5, 12.44,-14.2, -4.9;
HRMS (ESI): M+N4, found 409.2210. GH3s0,Si,Na requires
409.2207.

4.5. tert-Butyl (4R 59)-5-((tert-butyl dimethylsilyl)oxy)-4-methyl-
3-oxohept-6-enoate (8d)



To a suspension of SnGKU15 mg, 2.20 mmol, 0.50 equiv) in
anhydrous CKCl, (13 mL) was addetert-butyl diazoacetat@d
(2.3 g, 8.8 mmol, 2.0 equiv) at 20 °C under argonogphere. A
solution of aldehydé (1.0 g, 4.4 mmol) in anhydrous GEl,
(4.4 mL) was then added dropwis@a cannula. After 4 h of
stirring, the reaction was not over and a furthes€}, (208 mg,
1.10 mmol, 0.25 equiv) followed biert-butyl diazoacetat&d
(2.3 g, 8.8 mmol, 2.0 equiv) were added. After aaoth h, no
significant evolution of the reaction was observgdThC. The
solvent was then removed vacuo and the crude material was
purified by flash chromatography on silica gel @®E/E$O) to
yield pure produc8d as a yellow oil (1.35 g, 88%)Bketo ester
form) R; (95:5 PE/EIO) 0.5;[a]p>° -67.0 € 1.00, CHCY); Nuax
(liquid film) 2932, 1728, 1680, 1255, 1151, 108802 cm™; &y
(400 MHz, CDC}) 5.74 (1H, ddd,J 17.2, 10.4, 6.4 Hz,
CH,CHCH), 5.18 (1H, dtJ 17.2, 1.6 Hz, CHCHCH), 5.12
(1H, dt, J 10.0, 1.2 Hz, CHCHCH), 4.27-4.24 (1H, m,
CH,CHCHOSI), 3.50 (1H, dJ 16.0 Hz, OCCHCO), 3.41 (1H,
d, J 16.0 Hz, OCCHCO), 2.86 (1H, dqg,J 6.8, 5.6 Hz,
CH;CH(COCHOSI), 1.46 (9H, s, (GH)C), 1.09 (3H, dJ 6.8
Hz, CH,CH(COCHOSI)), 0.90 (9H, s, SIiC(CH), 0.07 (3H, s,
SiCH;), 0.03 (3H, s, SICH; 8¢ (100.6 MHz, CDGC)) 205.5,
166.6, 138.0, 116.1, 81.6, 75.6, 52.6, 51.4, 2258, 18.1, 12.2,
-4.4, -5.0; HRMS (Cl): M+H, found 343.5555. @GH350,Si
requires 343.5554.

4.6. Methyl (4R,59)-5-((tert-butyldimethylsilyl)oxy)-2-ethylidene-
4-methyl-3-oxohept-6-enoate (9b)

To a vigorously stirred solution of titanium (V) lohide (1.39
mL, 12.7 mmol, 1.80 equiv) in THF (25 mL) underragen
atmosphere at 0 °C were successively added freshtitledl
acetaldehyde (1.80 mL, 31.7 mmol, 4.50 equiv), latem of 3-
keto esteBb (2.12 g, 7.05 mmol) in THF (10 mL), and pyridine
(2.98 mL, 24.6 mmol, 3.50 equiv). The reaction migt was
allowed to reach 20 °C and stirred for 2 h. It wantuenched
with a slow addition of water, extracted with,@t dried under
MgSQ,, filtered and concentrateich vacuo. The crude material
was then purified by flash chromatography on siljed (95:5

5
distilled acetaldehyde (1.30 mL, 23.3 mmol, 4.5Q@ieqg a
solution of8c (2.00 g, 5.20 mmol) in THF (25 mL), and pyridine
(1.46 mL, 18.1 mmol, 3.50 equiv). The reaction whewaed to
warm up to RT and stirred for 3 h. The mixture wasnth
quenched by a slow addition of water and extracteld BO (3
x 10 mL). The organic extracts were dried oMgSQ,, filtered
and concentrated under vacuum. The crude material then
purified by flash chromatography (95:5 PE/EtOAc) uenfsh the
product9c as a colorless oil (2.05 g, 96%) as an inseparhfile
mixture of diastereomers;;R95:5 PE/EtOAc) 0.43; fa (liquid
film) 2955 2857, 1764 1726, 1697, 1449, 1387,4121248,
1131, 1057 cnt; diastereomer Abdy (400 MHz CDC3) 7.02
(1H, g,J 7.3 Hz, CHCHC), 5.82 (1H, dddJj 17.2, 10.4, 6.8 Hz,
CH,CH(CHOSI)), 5.21-5.04 (2H, m, GBH(CHOSI)), 4.36—
4.22 (3H, m, CHCH(CHOSI) and CkKD), 3.11 (1H, quint] 7.0
Hz, CHLCHCHO), 1.87 (3H, dJ 7.3 Hz, CH), 1.15 (3H, dJ 7.0
Hz, CH;), 1.10-1.00 (2H, m, Cj$i), 0.88 (9H, s, SiC(Chk),
0.06 (9H, s, Si(CH)3), 0.04 (3H, s, SiCH), 0.02 (3H, s, SiCH,
diastereomer B&y (400 MHz CDC3%) 6.86 (1H, q,J 7.3 Hz,
CH;CHC), 5.75 (1H, dddj 17.2, 10.4, 6.8 Hz, C}€H(CHOSI)),
5.21-5.04 (2H, m, CKCH(CHOSI)), 4.36-4.22 (3H, m,
CH,CH(CHOSIi) and CHD), 3.11 (1H, quint,J 7.0 Hz,
CH;CHCHO), 1.98 (3H, dJ 7.3 Hz, CH), 1.14 (3H, dJ 7.0 Hz,
CHs), 1.10-1.00 (2H, m, C}%i), 0.88 (9H, s, SiC(Chk), 0.05
(9H, s, Si(CH)3), 0.04 (3H, s, SiCh, 0.01 (3H, s, SiCH};
diasteromer A:5: (100.6 MHz, CDGCJ) 206.2, 166.6, 146.6,
140.7, 140.0, 117.1, 76.9, 65.0, 53.8, 27.4, 1999), 17.2, 15.2,
0.00, -2.7, -3.4 , diasteromer B; (100.6 MHz, CDCJ)) 201.,
168.1 145.0, 140.8, 138.3, 117.2, 76.9, 64.9, 50754 , 19.7,
19.0, 17.3, 14.5, 0.00, -2.7, -3.4; HRMS (ESI): M+Nfound
435.2373. gH,0,Si,Na requires 435.2365.

4.8. tert-Butyl (4R 55)-5-((tert-butyldimethylsilyl)oxy)-2-
ethylidene-4-methyl-3-oxohept-6-enoate (9d)

To a vigorously stirred solution of titanium (IV) lohide (0.75
mL, 6.8 mmol, 1.80 equiv) in THF (25 mL) under ogen
atmosphere at 0 °C were successively added freshtitledl
acetaldehyde (0.98 mL, 17.2 mmol, 4.50), a solutibid-keto

PE/ERO) to yield the producb (2.13 g, 92%) as an inseparable ester8d (1.3 g, 3.8 mmol) in THF (5.8 mL), and pyridine. X1

1:1 mixture of diastereomers;; R95:5 PE/ EO) 0.25; R

mL, 13 mmol, 3.4 equiv). The reaction mixture waswaéd to

(liquid film) 2966, 2935, 2858, 1725, 1702, 1464, 1381, 1252reach 20 °C and stirred for 2 h. It was then quedakith a slow

1193, 1134, 1068, 1029 ch diastereomer A3, (400 MHz
CDC1,) 7.05 (1H, gJ 7.6 Hz, CHCHC), 5.82 (1H, dddJj 17.3,
10.4, 6.8 Hz, CHCHCH), 5.19 (1H, dd,J 17.2, 1.2 Hz,
CHyansCHCH), 5.08 (1H, ddJ 10.4, 1.6 Hz, CK;CHCH),
4.34-4.31 (1H, m, CKLHCHOS:I), 3.82 (3H, s, OC}Hl 3.14-3.06
(1H, m, CHCHCO), 1.97 (3H, dJ 7.6 Hz, CHCHCO), 1.14
(3H, d,J7.2 Hz, CHCHC), 0.87 (9H, s, SiC(Cht), 0.05 (3H, s,
SiCH,), 0.03 (3H, s, SiCF), diastereomer B: 3y (400 MHz
CDC1l) 6.89 (1H, g,J 7.2 Hz, CHCHC), 5.84-5.69 (1H, m,
CH,CHCH), 5.15 (1H, ddJ 17.6, 1.2 Hz, Ck ..CHCH), 5.10
(AH, m, CH4CHCH), 4.27-4.24 (1H, m, C}f€HCHOSI), 3.76
(3H, s, OCH), 3.14-3.06 (1H, m, CK¥HCO), 1.88 (3H, d) 7.6
Hz, CH,CHCO), 1.14 (3H, dJ 6.8 Hz, CHCHC), 0.87 (9H, s,
SiC(CH;),), 0.01 (3H, s, SiCH, -0.00 (3H, s, SiCH; mixture of
diasteromers$¢ (100.6 MHz, CDCJ) 205.2, 200.2, 166.5, 164.9,
145.5, 143.9, 139.4, 139.2, 138.5, 136.8, 115.8,81175.6, 75.5,
53.0,52.9,52.5,49.2, 26.0, 18.4, 18.3, 16.(8,183.7, 13.2, -4.1,
- 5.0; HRMS (EI): M, found 326.1920. GH3,0.Si requires
326.1913.

4.7. 2-(Trimethylsilyl)ethyl (4R,59)-5-((tert-
butyldimethylsilyl)oxy)-2-ethylidene-4-methyl-3-oxohept-6-
enoate (9¢)

To a stirred solution of titanium (IV) chloride (2.0nL, 9.30
mmol, 1.80 equiv) in THF (25 mL) at 0 °C was addesklily

addition of water and extracted wilt,O. The combined organic
layers were dried over MgS(Qfiltered and the solvents were
removedin vacuo. The crude material was then purified by flash
chromatography on silica gel (98:2 PE(E) to yield the product
9d (900 mg, 63%) as an inseparable 1.6:1 mixture of
diastereomers, only one diastereomer is descrilfed(95:5
PE/EtO) 0.30; [a}?°-44 (€ 1.00, CHCJ); Nmax (liquid film) 2955,
2930, 2858, 1722, 1697, 1643, 1462, 1392, 13679,12451,
1070, 1026, 1005 cr &, (400 MHz CDC}) 6.94 (1H, qJ 7.6

Hz, CH,CHC), 5.86-5.69 (1H, m, C/&HCH), 5.16 (1H, dJ
17.2 Hz, CHyanCHCH), 5.09 (1H, dJ 9.2 Hz, CH4CHCH),
4.35-4.31 (1H, m, (CKH)CHOSI), 3.14-3.07 (1H, m,
CH,;CHCO), 1.85 (3H, dJ 7.2 Hz, CHCHCO), 1.46 (9H, s,
OC(CHy)s), 1.14 (3H, d,J 6.8 Hz, CHCHC), 0.88 (9H, s,
SiC(CH)s), 0.06 (3H, s, SiCk), 0.02 (3H, s, SiCH}; d¢c (100.6
MHz CDClL) 6 205.4, 164.1, 144.3, 138.8, 138.1, 115.7, 81.7,
75.5,52.1, 28.0, 25.2, 18.2, 15.6, 12:9.3, —4.9; HRMS (ESI):
M+Na', found 391.2271. gH30,SiNa requires 391.2275.

4.9. Methyl (3S4R)-3-(tert-butyl dimethylsilyl oxy)-4-methyl-5-
oxocyclopent-1-enecar boxylate (5b)

Compound9b (2.10 g, 6.40 mmol) was dissolved in dry and
degassed Ci€l, (128 mL), then Grubbs 2 catalyst was added
(272 mg, 0.05 equiv). The solution was refluxed 2drh. The
mixture was then concentrateéd vacuo. Purification by flash
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chromatography on silica gel (90:10 PE@}taffording5b as a
dark yellow oil (1.36 g, 75%); 80:20 PE/EtOAc) 0.7; [af* +
79.0 € 1.22, CHC)); nma (liquid film) 2958, 2890, 2857, 1760,
1733, 1628, 1475, 1463, 1393, 1370, 1330, 13078,12317,
1160, 1110, 1074, 1054, 1023, 1003 &y, (400 MHz CDCY)
7.94 (1H, d,J 2.0 Hz, (CHOSI)CH(C)), 4.49 (1H, dd, Hz,
(CHCH;)CHOSI(CH)), 3.82 (3H, s, OCH 2.43 (1H, qdJ 7.2,
2.8 Hz, (CHOSI)CHCH), 1.23 (3H, dJ 7.2 Hz, CHCH), 0.90
(9H, s, SIC(CH),), 0.14 (3H, s, SICH), 0.13 (3H, s, SICH; &
(100.6 MHz, CDCJ) 201.5, 167. 7, 162.2, 136.4, 67.3, 61.7, 53.
25.8, 18.2, 12.6, -4.5; HRMS (El): ™ found 284.1450.
C..H,40,Si requires 284.1444.

4.10. 2-(Trimethylsilyl)ethyl (3S4R)-3-(tert-
butyl dimethylsilyloxy)-4-methyl-5-oxocyclopent-1-
enecarboxylate (5¢)

Compound 9¢ (2.0 g, 4.8 mmol) was dissolved in dry
degassed CJTl, (110 mL). Grubbs 2 catalyst (0.20 g, 0.24
mmol, 0.05 equiv) was added in one portion and thatisn was
heated under reflux for 24 h. An additional port@inGrubbs 2
catalyst was added (82 mg, 0.096 mmol, 0.02 equid) the
mixture heated under reflux for a further 12 h. Hodvent was
removed under vacuum and the product purified blinoo
chromatography (95:5 PEAEY) furnishing the produchc as a
pale brown oil (1.1 g, 61%).

To a solution of 9¢ (90 mg, 0.35 mmol) and 2-
(trimethylsilyl)ethanol (50QuL, 3.5 mmol, 10 equiv) in 50QL
of toluene, was added 7 mg of zinc oxide (0.07 mndR0
equiv). After 12 h of reflux, the mixture was contatedin
vacuo. Purification by flash chromatography (Petroleum
ether/diethyl ether 8:2) gave 110 mg of pure compld&c (84%)
as a viscous Yyellow oil; R80:20 PE/ED) 0.60; [a}*+70.3 €
1.22, CHC)); npa (liquid film) 2955, 2930, 2858, 1749, 1724,
1621, 1460, 1342, 1251, 1155, 1139, 1055, 1012;dp (400
MHz CDC1) 7.91 (1H, d,J 2.1 Hz, CCH(CHOSI)), 4.50 (1H,
dd,J 3.0, 2.1 Hz, CHCHOSI), 4.34 (2H, t#i8.3, 1.5 Hz, CED),
2.44 (1H, qd,J 7.4, 3.0 Hz, CHCH), 1.25 (3H, d,J 7.4 Hz,
CHCH), 1.13-1.04 (2H, m, C}$i), 0.92 (9H, s, SiC(Chk),
0.16 (3H, s, SiCk), 0.15 (3H, s, SiCk}, 0.06 (9H, s, Si(CH}»);
dc (100.6 MHz, CDCJ) 201.0, 166.9, 162.0, 136.5, 76.4, 63.8,
52.8, 25.8, 18.2, 17.6, 12.6, -1.4, -4.5; HRMS (EM)-Na’,
found 393.1899. H,0,Si,Na requires 393.1893.

4.11. tert-Butyl (3S4R)-3-(tert-butyldimethylsilyl oxy)-4-methyl-
5-oxocyclopent-1-enecar boxylate (5d)

Compound 9d (2.0 g, 5.4 mmol) was dissolved in dry
degassed Cj€l, (110 mL). Grubbs 2 catalyst (0.23 g, 0.27
mmol, 0.05 equiv) was added in one portion and tietisn was
heated under reflux for 24 h. An additional portwinGrubbs 2
catalyst was added (0.23 g, 0.27 mmol, 0.05 equng the
mixture heated under reflux for a further 12 h. Bodvent was
removed under vacuum and the product purified blnoo
chromatography (70:30 PEAEY) furnishing the produdid as a
pale brown oil (1.2 g, 68%).

To a solution of5b (500 mg, 1.76 mmol) antkrt-butanol
(775pL, 17.6 mmol, 10 equiv) in 1.7 mL of toluene was edid
29 mg of zinc oxide (0.35 mmol, 0.20 equiv). Afte2 b of
reflux, the mixture was concentratéd vacuo. Purification by
flash chromatography (80:20 PE/G) gave pure compourisd
(326 mg, 57%) as a viscous Yyellow oil; 80:20 PE/EX) 0.50;
[a]p*°+65.0 € 1.22, CHCY); nmay (liquid film) 2955, 2930, 2858,
1751, 1736, 1716, 1626, 1460, 1342, 1251, 11559,11072,
1055, 1006 crt; &, (400 MHz CDC3) 7.82 (1H, d,J 2.1 Hz,
CCH(CHOSI)), 4.48 (1H, ddJ 3.1, 2.1 Hz, CHCHOSI), 2.42
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(1H, qd,J 7.4, 3.1 Hz, CHCH), 1.54 (9H, s, C(CH), 1.25 (3H,
d, J 7.4 Hz, CHCH), 0.93 (9H, s, SiC(CHs), 0.17 (3H, s,
SiCHy), 0.15 (3H, s, SICH; dc (100.6 MHz, CDGJ) 201.0,
165.9, 160.9, 137.3, 82.2, 76.1, 52.6, 28.0, 2B86), 12.4, -4.7,
-4.7; HRMS (ESI): M+N& found 349.1806. GH,0,Si requires
349.1811.

4.12. Methyl (1R,2R,3S4R)-3-((tert-butyldimethylsilyl)oxy)-2-
((3aS5R,6S,6aS)-2,2-dimethyl-4-oxo-6-(prop-1-en-2-
yhtetrahydro-4H-cyclopenta[ d] [ 1,3] dioxol-5-yl)-4-methyl-5-
oxocyclopentane-1-carboxylate (3b) and (3b’)

To a solution of silyl enol ethet (563 mg, 2.1 mmol) in THF
(2.4 mL) at O °C under nitrogen atmosphere was addg&d M
hexane solution ofi-BuLi (4.7 mL, 6.6 mmol). The solution was
then stirred at 0 °C for 1.5 h. This reaction solutwas cooled
down to -78 °C and was then cannulated dropwise tdien
of 5b (200 mg, 0.70 mmol) and dried ZnQW05.3 mg, 0.77
mmol) in distilled DMF (5.6 mL) at -60 °C. The re@mct was
followed by TLC and after 45 min at -78 °C, all tetrting
material was consummed. It was quenched by additfoma o
mixture of THF/saturated aqueous jH 5:1 at -78 °C and was
then allowed to warm until RT. The agueous layers exascted
with Et,O three times. The combined organic layers extracted
were dried over MgSg) filtered and concentrateth vacuo.
Purification by flash chromatography (80:20 PEIBtgave an
inseparable 3:1 mixture of diastereom@&¥3b’ as a viscous
brown oil (101 mg, 30%); R1:1 PE/ESO) 0.4; nnax (liquid film)
2935, 2934, 2859, 1756, 1727, 1657, 1463, 1378513254,
1220, 1150, 1115, 1060, 1025 ¢y, (400 MHz CDC3) 4.99
(1H, s, CHC(CH;)CH, 4.95 (1H, s, CKC(CHs)CH), 4.55 (1H,
dd, J 6.0, 0.8 Hz, (OCO)CH(CQ)), 4.44 (1H, dii6.2, 3.2 Hz,
(OCO)CH(CH)), 3.86 (1H, 1) 8.4 Hz, (CH)CH(OSi)), 3.72 (3H,
s, OCH), 3.27 (1H, dJ) 10.4 Hz, (QC)CH(CO)(CH)), 3.16 (1H,
ddd, J 11.6, 8.4, 3.2 Hz, (CHEH(CHOSI)), 2.96 (1H, m,
(CO)CH(CH}), 2.85 (1H, ddJ 12.8, 3.2 Hz, (CH)CH(C)), 2.42
(1H, dg, J 8.8, 7.2 Hz, (CHOSI)CH(CH), 1.86 (3H, s,
CH,C(CH;)CH)), 1.47 (3H, s, OCCH), 1.34 (3H, s, OCCH),
1.17 (3H, d,J 6.8 Hz, CHCH), 0.87 (9H, s, SiC(CH,), 0.09
(3H, s, SiCH), 0.07 (3H, s, SiCH; mixture of diastereomersg
(100.6 MHz CDC%) 215.3, 212.4, 211.7, 208.5, 169.0, 168.7,
144.4, 143.8, 114.1, 113.3, 113.2, 112.9, 80.5%,719.3, 78.9,
77.5, 755, 57.5, 57.2, 57.0, 56.5, 52.7, 52.66,4899.4, 49.3,
47.6, 46.1, 45.5, 26.8, 26.0, 25.9, 25.3, 24.74,220.4, 18.2,
18.0, 13.3, 12.6, -3.4, -3.7, -3.9, -4.7; HRMS (Elpund
480.2554. GH,O,Si requires 480.2543.

4.13. 2-(Trimethylsilyl)ethyl (1R,2R,3S4R)-3-((tert-
butyldimethylsilyl)oxy)-2-((3aS,5R,6S,6aS)-2,2-dimethyl-4-oxo0-6-
(prop-1-en-2-yl)tetrahydro-4H-cyclopenta[ d] [ 1,3] dioxol -5-y1)-4-
methyl-5-oxocycl opentane-1-carboxylate (3c) and (3c’)

Silyl enol ethed (0.64 g, 2.4 mmol, 3.0 equiv) was dissolved
in THF (3.5 mL) then cooled to 0 °C and a 2.1 Musioh of n-
BuLi in hexane (1.3 mL, 2.7 mmol, 3.3 equiv) was edld
dropwise. The reaction was stirred at 0 °C for ldmtbooled to -
78 °C and a mixture of Zng(122 mg, 0.89 mmol, 1.10 equiv)
and enonéc (300 mg, 0.81 mmol) in DMF (10 mL) was added
over 30 min to the reaction mixture. The mixture \wtged at -
78 °C for 1 h, -40 °C for 1 h, -20 °C for 1 h and®for 1h. The
crude was then quenched with a saturated aqueoutiosobf
ammonium chloride (10 mL) and diluted with THF (1@)mThe
aqueous phase was extracted witfOE{3 x 10 mL), the organic
phases combined and dried over magnesium sulfdaézefl then
concentrated under vacuum. The crude material wefegouby
column chromatography (95:5 PE/G) to furnish a 3:1 mixture
of inseparable diastereomers3if3c’ as a yellow oil (161 mg,
35%); Nnax (liquid film) 2954, 2932, 2862, 1754, 1725, 1697,



1641, 1462, 1375, 1147, 1041 ¢ndy (400 MHz CDC3) 4.99
(1H, t,J 1.4 Hz, CHC(CH,)CH), 4.94 (1H, s, CKC(CHy)CH),

4.60-4.52 (1H, m, (OCO)CH(CO)), 4.43 (1H, dd6.4, 3.0 Hz,
(OCO)CH(CH)), 4.28-4.13 (2H, m, GA), 3.87 (1H, t,) 8.4 Hz,
(CH)CH(OSi)), 3.25 (1H, dJ 10.4 Hz, (QC)CH(CO)(CH)),
3.16 (1H, ddd,) 10.4, 8.4, 3.2 Hz, (CHEH(CHOSI)), 2.95 (1H,
ddd,J 10.0, 3.2, 1.6 Hz, (CO)CH(CH)) 2.84 (1H, ddy 10.0, 3.0
Hz, (CH)CH(C)), 242 (1H, dg, J 86, 7.0 Hz,
(CHOSI)CH(CH)), 1.86 (3H, s, CKC(CH;)CH)), 1.48 (3H, s,
OCCH;), 1.33 (3H, s, OCCH, 1.17 (3H, d,J 7.0 Hz, CHCH),

1.06-0.97 (2H, m, C§8i), 0.87 (9H, s, SiC(C), 0.09 (3H,s,
SiCHy), 0.08 (3H, s, SICk), 0.02 (9H, s, Si(CH); 8¢ (100.6

MHz, CDCk) 211.6, 208.5, 168.7, 143.8, 114.0, 113.2, 80.4,

79.5, 77.3, 64.3, 56.7, 52.7, 49.7, 49.4, 45.58,286.0, 25.3,
20.5, 18.2, 17.4, 12.6, -1.4, -3.4, -3.7; HRMS (ESN+Na’,
found 589.2966. &Hs,NaO,Si, requires 589.2987.

4.14. tert-Butyl (1R,2R,3S4R)-3-((tert-butyldimethylsilyl)oxy)-2-
((3aS5R,6S,6a9)-2,2-dimethyl-4-oxo-6-(prop-1-en-2-
yhtetrahydro-4H-cyclopenta[ d] [ 1,3] dioxol-5-yl)-4-methyl-5-
oxocyclopentane-1-carboxylate (3d)

To a solution of silyl enol ethet (113 mg, 0.42 mmol, 3.0
equiv) in THF (280 mL) at O °C under nitrogen atplosre was
added dropwise a 1.6 M hexane solutiom-&ulLi (275uL, 0.44
mmol, 3.15 euiv). The resulting solution was therred at 0 °C
for 1.5 h and then cooled to -78 °C for 30 minahother flask,
ZnCl, (21 mg, 0.15 mmol, 1.1 equiv) was melted with a lyest
under high vacuum. The flask was then allowed to agk to
RT, then a solution dbd (47 mg, 0.14 mmol) in distiled DMF
(1.12 mL) was cannulated onto ZnClrhe solution obtained,
after vigorous stirring, was cooled to -78 °C. Thieilm enolate
cooled down to -78 °C for 30 min was cannulated gbkition
containing ZnCGl and 5d in DMF/THF. The reaction was
monitored by TLC and after 2h at -78 °C, the terapee was
slowly increased to -40 °C for 30 min then increaged20 °C
and kept at this temperature until all the startingterial was
consumed. The reaction was quenched by additionmixture

of THF/saturated aqueous NEl 5:1 at -20 °C and was then

allowed to warm to RT. The aqueous layer was extraaiitl
Et,O three times. The combined organic layers were wasitad
water to remove DMF and dried over MggQiltered and

concentratedin vacuo. Purification by flash chromatography

(80:20 PE/ELO) gave only one diastereomer of prod8dtas a
viscous colourless oil (47 mg, 55%); 0:50 PE/EO) 0.6;
[a]o7°-25.0 € 1.0, CHCL); N (liquid film) 2945, 2934, 2860,
1755, 1724, 1699, 1641, 1462, 1375, 1311, 12100,12247,
1041 cm% &y (400 MHz CDCY) 4.99 (1H, t,J 1.2 Hz,
CH,C(CHy)), 4.95 (1H, m, CHC(CHg)), 4.57 (1H, ddJ 6.0, 1.2
Hz, (OCO)CH (CH)), 4.43 (1H, dd] 6.0, 2.8 Hz, (OCO)CH
(CH)), 3.83 (1H, t,J 8.6 Hz, (CH)CH(OSi)), 3.16 (1H, ddd,
18.0, 10.0, 3.2 Hz, (CHEH(CHOSI)), 3.11 (1H, dJ 10.0 Hz,

(CH),CH(CHOSi)), 2.96 (1H, ddd,J 10.0, 2.8, 1.6 Hz
(CO)CH(CH)), 2.80 (1H, dd, J 100, 28 Hz
(CH)CH(C)(CHO)), 243 (1H, dgq, J 88, 7.0 Hz

(CHOSI)CH(CHy)), 1.86 (3H, s, CHC(CH:)CH), 1.46 (9H, s,
OCH(CH,)3), 1.43 (3H, s, OCCH, 1.34 (3H, s, OCCH), 1.16
(3H, d,J 7.2 Hz, CHCH), 0.87 (9H, s, SiC(C}}s), 0.09 (3H, s,
SiCHs), 0.07 (3H, s, SIiCH; 8¢ (100.6 MHz CDCJ) 212.2,
209.5, 168.2, 145.4, 139.6, 118.8, 82.8, 80.1,,78485, 55.5,
53.3, 50.2, 46.8, 44.8, 27.2, 26.0, 25.8, 23.47,113.3, 10.6,
-3.9, -4.3; HRMS (EI): M found 522.7336. GH4O-Si
requires 522.7330.
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