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Abstract: The enantioselective symhesis of epoformin, an antibiotic and cytotoxic natural ccmpound
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antifungal, antibacterial, antitumor, phytotoxic and enzyme inhibitory.”
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(+)-Epoformin 1 (—)—Theobroxide 2
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interest in the enantioselective synthesis of the stereoisomers of theobroxide, and derivatives, remains in their

tuberosum L.) micro-tuber growth inducing substance isolated from the fungus Lasiodiplodia theobromae.

potential practical applications in agn'culture2 and in the study of tuber-inducing mechanisms of plants in general.
We report here the enantioselective syntheses of epoformin 1 and our attempts to synthesise 2. From these

. . . . . 7 N .
studies we obtained compounds 3, a new diastereoisomer of theobroxide and 4," via common intermediates.

H QH
ol os ]
NN NN

H

el

Qun
Qun
T
o
X

w
&

{(-)-Quinic acid 5
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chose (-)-quinic acid 5 as the starting material since it is a reaauy available cyciohexane based natural
as recently been used for several total syntheses
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necessary functionality to create selectively and sequencially the two necessary double bonds.

Two possible quinic acid derived starting materials 6 and 8 were available.'' Initially we chose 10 or its
epimer 11, precursors to the key intermediate 7 or its epimer, as our first target compounds and these would be
derived from compound 6. This unfortunately proved to be the least viable route.
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In scheme 1 qur first annroach ta ketone 7. or its enimer. is described. Startine from the known ketone 0
In scheme 1 our first approach to ketone /, or i{s epimer, 18 described. starting irom th e xnown xetone 3
112 mada cavaral attarmnte ta intradiaa tha mathyl grann hy a I_adAditinn tn tha rarlanyl grninn Tloing tha
WE Maae severar aucmpis 10 HuroaGuce ui€ meéunyr group oy a 1,4-aGaition o i€ Carooity: group. usiig uic

Grignard reagent, methylmagnesium iodide, we obtained the two diastereoisomers 10 and 11 in a ratio of about
1/2.5 respectively, in only 48% yield. The reaction of ketone 9 with methyilithium afforded selectively compound
11, but the yield was only 34%. Since starting material was recovered we assumed that enolisation of the ketone
by the organometallic had deactivated the system.!7 To improve the yield of this step we attempted the addition
with the organocerium reagent MeCeClz.”g Great care is needed in the preparation of these reagents,'® but they
have the advantage of being less basic than the organolithium and Grignard reagents. Thus, we obtained a mixture
of the diastereoisomers in good yield (87%), but the diastereoselectivity was inverted (2.7/1, 10/11).

Owing to their similar chromatographic properties, the diastereoisomers 10 and 11 were not routinely

cenarated Tlcine this mixture. attemnts were made to hvdrolvse the dithiolane usine HoQ/HoCl, in order to
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Only one diastercoisormer, 7 T' 18 ﬂlas[ere()lb OIMIEr was ODVIO Siy prUUUL ITOIN LUHIPUUHU 11, ana we assume

that the other isomer is destroyed probably by aromatisation after exposure of the ketone. In face of these results,
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we were obliged to devise a more efficient route to compound 7 which did not involve the dithiolane protecting

group (scheme 2).
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Scheme 2: a) BzCl, pyridine, 82%. b) periodinane, pyridine, CH,Cl,, rt, 88%. c) MeCeCl,
THF, -78 °C. d) NalO,4, H,0, 5<pH<6. €) NaOH 0.5 N cat., THF, 0 °C, 60% (3 steps).
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he selective protection o
precautions, in order to avoid the acylation of the secondary aicohol. Thus 0.87 eq of the benzoyi chioride was
added very slowly over about 15 min to a strongly stirred solution of the triol and the temperature was maintained
below 0 °C during the whole reaction period. Compound 13 resulted in 82% yield.

Oxidation of 13 was accomplished using periodinane:,'lg in the presence of pyridine, to assure mild reaction
conditions, and this afforded ketone 14 in good yield. Treatment of the unpurified product, 14, with MeCeCl,
afforded the two diastereoisomers 15 and 16, (1.8/1 16/15), in good yield. Under these conditions the major
diastereoisomer resulted from attack at the opposite diastereoface of the carbonyl group to that observed
me 1). We also tried the addition with MeLi, to see if there would be an inversion of the
dlastereoselecnvxty as had happened with the thioacetal protected compound 9. Under these conditions, the only
GlaStere()lSOfﬁCl’ ODld.ll'lC(l was lrlOl 10 J.I some Way, lIlC ullﬂlOldﬂt’, gr()up EXCI'IG(I a querem S[CﬂC eIICC[ o [nal OI

the methylbenzoate group. Unfortunately the yield of the reaction with MeLi wasn’t good on scale up so the use
of this reagent was not a practical solution to the selectivity problem and subsequently only the organocerium
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{scheme 2) was therefor periormea witout ruriner puruu,duon to yleul a mixture of both diastereoisomers 7 and

17. A sample of 17 was isolated for characterisation. Again without purification, the base catalysed elimination
reaction was carried out on this mixture using aqueous 0.5 N NaOH’ to obtain a mixture of unsaturated
compound 18 and starting acetal 17. After chromatography, 18 was obtained in 60% yield from 14.
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Scheme 3: a) TBDMSCI , imidazole, rt, 79%. b) H,0,, Triton B, THF, 0 °C, 92%. ¢)
(CF3$0,),0, (i-Pr),NEt, DMAP, CH2C12, °C, 57%. d) DIBAL-H, THF, -78 °C, 99%. ¢)

Bu,NF, THF, H,0 (tra \ngo%

Rels trace),

Selective protection of the secondary hydroxyl group of dioi 18 (scheme 3), to obtain the silyl ether 19 in
79% yield, was followed by epoxidation with 30% H,0O, and Triton B to give exclusively the epoxide 20, in
excellent, 92%, yield. When employing the bulky +-BuOOH as the epoxidizing agent we only recovered starting
material. Based upon our previous studies, epoxidations of structurally similar compounds without the tertiary

hydroxyl group,g’20 we expected that the epoxide would have been introduced trans to the adjacent silyloxy group.
It appears, however, that the unprotected tertiary hydroxyl group directs the epoxidation such that we obtain the

all cis compound 21. We attempted unsuccessfully to block the tertiary hydroxyl in order to show that without
thic hvdrogen hondine site the exnected nroduct would be nroduced
LEIRD AKX ux\lsuu Uullullls OIRW LW \-t/\xluul.wu yl\.luu\.tl, FY LU U l_rxuuuvvu

Elimination of the elements of water from compound 20 was achieved using triflic anhydride and
diisopropyiethylamine, and compound 21 was obtained as an oil, in 57% yield. Variations on the reaction
conditions did not produce better yields. With milder activating reagents such as acetic anhydride, mesyl chloride
and mesyl anhydride, the elimination was too slow and decomposition competed effectively.

Reduction of the carbonyl group of 21 with DIBAL-H gave the two diastereoisomers 22 and 23, with a
diastereoselectivity of 1.8:1 respectively, in essentially quantitative yield. The two diastereoisomers were very

difficult to separate and the removal of the TBDMS group was performed on the mixture. For this we employed
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spectroscopy comparison with the data previously reported.”

Our attempts to obtain the epoxide with inverted configuration were not successful. Mitsunobu reactions on
18 gave only decomposition products, and on compound 24, obtained by epoxidation of 18 with hydrogen
peroxide and Triton B, afforded the eliminated product 25 among other unidentified products. This latter thus did
not constitute a practical route to 25. Curiously, compound 20 under Mitsunobu conditions did not form the
elimination product, which suggests that either the bulky TBDMS group prevented direct attack at the tertiary

bicyclic system.

==

NSO ~ N
H OH B

OH OH

24 25

In principle using the strategy outlined below for the latter stages of the synthesis of epoformin, it should be
possible to convert compound 4 to epiepoformin. Similarly a protection/deprotection strategy aimed at inverting

the configuration of the appropriate hydroxyl group of 4 (see also epoformin synthesis) should also produce (-)-
theobroxide 2.

ompound 4 is a diasterecisomer of 2 only differing in the configuration at one of the hydroxy! groups
A mlase tn tact thha 800 A o ~ O B I T P P PR JA S T B WO PU-PR IR R R PRy s fall sl oo
We plan to test the effect of both 3 and 4 on potato microtubercules to compare their biological activity with that
of (-)-theobroxide.
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Scheme 4: a) L-Selectride, THF, -78 °C. b) Ac,0, (i-Pr),NEt, DMAP, CH,Cl,, 0 °Cirt, 73%

(2 steps). ¢) Bu,NF, THF, H,O (trace), rt, 98%. d) periodinane, pyridine, CH,Cl,, 0 °Cirt,
99%. ) 10% KOH, THF, 0 °C, 95%.
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Selectride normaily
purification to give the acetate 26, 73% overall yield.
Removal of the TBDMS group was performed using fluoride as described above, and we obtained the
alcohol 27 in 98% yield. Oxidation of 27 with periodinane afforded epoformin acetate 28 in quantitative yield.
Finally, hydrolysis of 28 was accomplished by careful addition of a 10% aqueous solution of potassium

hydroxide, with TLC monitoring, to give epoformin 1 in 95% yield. Remarkably, the epoxide survived these

basic reaction conditions. We have previously shown? that these epoxides were able to resist Grignard rea gents,
if it was carefullv added to the reaction mixture e enectraceanic data of 1 are identical ta thnee decerihed in tha
A A VY M el Wk uAlJ CAVAVAW NS LW MAAW AWlAWLAINLE AAEA/WLAEE W A BRIV uyvvuuuvut]lw WULGL Vi A WML W IWGWAIVIWARL L LIBVOW ULOLETUINVAL 1L LLEL

literature.' This appears to be the first reported enantioselective total synthesis of epoformin.
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Our 5yn[neuc metnoaoxogy should aliow the stereoselective and efficient preparauon of other structural

3.8

related metabolites belongmg to this large and expanding family of biologically active natural compounds.

Interestingly, the '"H NMR spectra of epoformin 1 (desoxyepoxydon) and epiepoformin 29
(desoxyepiepoxydon) show characteristic chemical shifts for their vinylic protons. Thus epoformin presents a

4,6,7

resonance signal at about 6.27 ppm and epiepoformin a signal at about 6.46." This implies that the compound

isolated by Scott et al. ? and Nagasawa et al.* is in fact the same compound and that it corresponds to epiepoformin

(desoxyepiepoxydon).
OH OH OH
P P A
4, l 4y, I OH n, I OH
I I I
v J v
29 (+)-epiepoxydon (+)-epoxydon

Experimental Section
General. Melting points were determined with a capillary apparatus and are uncorrected. 'H NMR spectra
were obtained at 300 MHz in CDCl; with chemical shift values (3) in ppm downfield from tetramethylsilane, and
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s et rmmemarte Tt tha Aot aea met sameetad haes Almeaanalvess wiare maefaemmad ke the TTOND amoloraal
caroon dhblg IIIICTILS DUt LIS ddla dIC UL ICPU tCU HOIC. IVIILIValialy ST CIC PCLIVLIIICU DY WUIC 11D dildiytiCdl
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SC[’VICCS uslng a COInDLlS[ OIl apparaius. i (v, CIIl ). IMCASUICa OI1 dll I' 11K SPECITOpnotoImeiCr. vicaiurn pressurc

preparative column chromatography: silica gel Merck 60 H. Preparative TLC: silica gel Merck 60 GFjs,.
Analytical TLC: Aluminum-backed silica gel Merck 60 F,s,. Specific rotations ([o]},) were measured on an
automatic polarimeter. Reagents and solvents were purified and dried according to ref 22. All the reactions were
carried out in an inert atmosphere (argon), unless otherwise indicated.

(1S,2R,3R)-2,3-Isopropylidenedioxy-5,5-(1,2-ethanedithio)-1-methyl-1-cyclohexanol (11).
(With methyllithium). To a solution of 9 (0.100 g, 0.38 mmol) in THF (7 mL), at 0 °C, was slowly added 1.6 M

methylllithium in diethy! ether (0.264 mL 0.42 mmol). The erature was allowed to rise to room temperature.

1110 LiZileiii 11X 1y 1 wuav LI 3 8 1 Y & Q2LI0%). .- -.. Cigal (23819, v ienipeldiilc

After stirring for 1 h at room temperature, saturated aqueous NH4Cl solution (4 mL) was added, and the aqueous

. wsxyedle MUY YD

layer was extracted first with ethyl ether (5 m 1L and then with CH2Cla (2 x I

Y
).
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were dried (MgS0Oy4) and evaporated to give a viscous residue which was purified by preparative TLC

=]
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{ AcOFt/hexane 4/6 Y. Thig afforded 0036 o of 11 (349 ac white crvuctale and O ) o nf tha ctarting matarial
VERWRSRAW LAY TTTY o 1S QLIVIULU VLUJU 5 VL AL (\JT/U) AS VLW Vi FOLALD QiU V.UV B UL LI Swal LUIE HHdiliial
wace alea racovered (509%) Comnonnd 11 (4120 _15 1 /1~ 1 04 CH-C1.) mn 2041 o Y NMR (OO R

QO RISV AvvVivivm (VY J. SeVLLpU GG A a Lu»JD Lok (W 4.UTy N ALTNeLY g 11 TR A AR LNAVARIN \ A3 W
4.42-4.34 (1H, m, H-3); 3.94 (1H, d, J=6.7 Hz, H-2); 3.36-3.27 (4H, m, S(CH;);S); 2.62-2.52 (2H, m, H-4,

H-6); 2.39 (1H, dd, J= 13.5 Hz, J= 5.7 Hz, H-4); 2.18 (1H, 4, J=3.2 Hz, H-6); 2.13 (1H, s, OH); 1.53 (3H,
s, CHs); 1.38 (3H, s, CHs); 1.30 (3H, s, CH3). BC NMR (CDCl3): & 108.9 (OCO); 78.3, 73.7 (C-2, C-3);
70.4 (C-1); 61.6 (C-5); 49.9, 43.1 (C-4, C-6); 39.4 (S(CH»)5S); 28.1, 27.0, 24.9 (3xCHj3). FT-IR (KBr): 3421
(O-H). Anal. Calcd. for C{,H;003S, (276.4114): C 52.14, H 7.29. Found: C 52.41, H 7.28.

(1R,2R,3R)-2,3-Isopropylidenedioxy-5,5-(1,2-ethanedithio)-1-methyl-1-cyclohexanol (10)
and (1S,2R,3R)-2,3-Isopropylidenedioxy-5,5-(1,2-ethanedithio)-1-methyl-1-cyclohex

(11). (With organocerium MeCeCl,). CeCl3.H,0 (7.157 g, 19.2 mmol) was pulverised and then dried at 135-

TAN O s Ao vramiiirm frr & h o TLILD /2N TN\ e anddad o

14U "L, Unaet vacuuin 1or O 1. "‘5 on was then intro t 0 °C THF (JV i1} Wds aaaca all at once to the
stirred powder. The suspension was stirred overnight at rt. The mixture was cooled to -78 °C, and 1.6 M

methyliithium in diethyl ether (11.78 mL, 19.2 mmol) was added. The yellow suspension was stirred for 1 h
between -78 °C and -40 °C. At -78 °C, a solution of ketone 9 (1.0 g, 3.84 mmol) in THF (45 mL) was added.
Saturated NH,4Cl solution (10 mL) was added, followed by extractions with ethyl ether (3 x 40 mL). The organic
extracts were dried (MgSQ,), and the solvent was evaporated to yield a viscous residue. Purification by column
chromatography (AcOEt/hexane 15/85) afforded a mixture (0.92 g) of the diastereoisomers 10 and 11 (87%
yield, dr 2.7:1). Compound 10: '"H NMR (CDCl,): 6 3.99 (2H, m, H-2, H-3); 3.37-3.26 (4H, m, S(CH;),S);
2.37-2.12 (4H, m, 2xH-4, 2xH-6); 1.49 (3H, s, CH3); 1.47 (3H, s, CH3); 1.37 (3H, s, CH3). Compound 11:

15y 213, LAXN Js L 5 , 223/ A~7212, S “223/5 AP ARy 2y 223/, VLY - aa.
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(3S 4R SR) 4,5-Isopropylidenedioxy-3-hydroxy-3- methyl -1-cyclohexanone (7). (By
deprotection of the dithioacetal). To a solution of a mixture of 10 and 11 (0.984 g, 3.6 mmol) in acetonitriie/H,0
(8/2 11 mL/3 mL), at rt, was added HgCl, (1.24 g, 4.5 mmol) and HgO (0.96 g, 4.5 mmol). After stirring for
1.5 h, the suspension was filtered through a pad of celite. Water (10 mL) was added to the filtrate, and it was
extracted with CH,Cl; (3 x 10 mL). The organic layers were dried (MgSO,) and concentrated. Purification by
column chromatography (AcOEt/hexane 2/8) gave 0.214 g of 7 (30%) as white needles. [@]3? -58.5 (¢ 1.30,
CH,Cl,). mp 56-58 °C. "H NMR (CDCl3): & 4.60 (1H, q, J=6.0 Hz, H-5); 4.14 (1H, d, J=7.6 Hz, H-4); 2.87

(1H, dd, I=17.6 Hz, J=5.9 Hz, H-6); 2.69-2.61 (2H, m, H-2, H-6); 2.25 (1H, d, J=17.6 Hz, H-2); 1.53 (3H,

s, CH3); 1.42 (3H, s, CH3); 1.30 (3H, s, CH») 13(" NMR (CDCl3): 8 207.0 (C-1); 109.0 (OCO); 78.4, 71.5
Yy E220 &y Wy 22050 Al =3 V3 waIJT " AN 73

YA SN ((‘\ "l [ 2N, AQ 2 1Q (.Y N A& DEA DD AN M N BT ID /DN 24K (O _TIN. 1707
(-4, U-3); 07,7 (L-3); 40.5, 41.7 (-4, U-0); L0.4, £0.4, £454.U (DXL 113). C1-IN \ADI ). 3402 (\J-11)] 1/U/
(C=0). Anal. Calcd. for C,oH 0, (200.23662): C 59.98, H 8.05. Found: C 60.13, H 8.15.

[(1S8,3R,4S,5R)-1,5-Dihydroxy-3,4-isopropylidenedioxycyclohex-1-yl]-methyl benzoate (13).
To a strongly stirred solution of 12 (1.50 g, 6.9 mmol) in pyridine (7.5 mL), at -5 °C, was added dropwise
benzoyl chloride (0.846 g, 6.02 mmol). The reaction was immediatly quenched with saturated aqueous NaHCO;
(8 mL), to avoid formation of the dibenzoate. The mixture was extracted with ethyl acetate (3 x 5 mL), dried
(MgS0,) and evaporated to give a viscous residue which was purified by column chromatography. Elution with
AcOEt/hexane 6/4 afforded 13 (2.105 g, 82%, 2 steps), as a white foam that solidified as white crystals on
standing. [0} -48.2 (c 2.0, CH,Cl,). mp 54-56 °C. 'H NMR (CDCls): 8 8.06 (1H, dd, J=6.9 Hz, Ar H orto);

7.58 (1H, dd, J=7.4 Hz, Ar H para); 7.45 (1H, dd, J=7.6 Hz, Ar H meta); 4.49 (IH broad s, H-3 or H-4 or H

1Q (2TT wa IT am
7 or LIIZUDL} ‘+ 1.7 ‘l’ 10 (oI, iy, 11-o anw/

[ ;"

H-4 or H-5 or CH,0Bz); 2.33 (hi
(1H, dd, J= 15.6 Hz, J=4.1 Hz, H-2
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CHx). PC NMR (CDCLY: & 1663 (C=0Q R7): (1331 1200 1706 1784 Al 100 2 (OCOY- 0 & TA D (0.
223 S ARATRAN ARG O AVNLD TN, ), (19T 0, 1DV, 1LT.U0, 1&UT, Fa1 ), LVUZ.0 (W), OULY, 1L (O

eV A s R e BN BE RV R R I al  SIFaY » PEOY LN 7y O L - e ol Wall 4 AO B AC D /A ITY N P o 2B 25 DA 7 e o TRY
I, L-4)s f \G-1)) T (L2UDZ), 07U (L-J), 30.D, 33.7 (L-4,L-0)] £8.3, £0.8 (Zxkn3). FI-IK (KBr):

3447 (O-H); 1718 (C=0). Anal. calcd. for C,7H;,04 (322.36063): C 63.34, H 6.88. Found: C 63.20, H 7.12.
[(18,4R,5R)-1-Hydroxy-4,5-isopropylidenedioxy-3-oxocyclohex-1-yl]-methyl benzoate (14).
To a solution of 13 (1.749 g, 5.4 mmol) in CH,Cl; (30 mL) at 0 °C, was added periodinane (2.868 g, 6.8
mmol) and pyridine (16.0 mL). The reaction mixture was stirred at rt for 30 min, and more periodinane (1.59 g,
3.7 mmol) was added. After all the starting material had been consumed, the mixture was poured into saturated
aqueous NaHCO; (40 mL) containing a sevenfold excess of NaS;0s, and it was stirred to dissolve the solid. The
aqueous !ayer was then extracted with ethyl acetate (3 x 20 mL), and the combined extracts dried and

olumn chromatography ( AcOEt/hexane 4/6) yleld ed
R

1
24, CH,Cl,). mp 83-85 °C. '"H NMR (CDCl,): &

T 1713 ). LU OO70J . k1 INIVIAN \\.,U\/j'!}. v

to
=
Q
N

~rT

orto); 7.62-7.57 (1H, m, Ar H para); 7.49-7.44 (2H, m, Ar H meta); 4.77 (iH, s, H-4 or H-3); 4.43 (iH, d,
J=5.1 Hz, H-4 or H-5); 4.34-4.23 (2H, m, CH,OBz); 2.82-2.68 (2H, m, H-2 and/or H-6); 2.58 (1H, d, J=15.6
Hz, H-2 or H-6); 2.34 (1H, dd, J=15.6 Hz, J=3.3 Hz, H-2 or H-6); 1.50 (3H, s, CH3); 1.41 (3H, s, CH3). 1°C
NMR (CDCl,): & 205.3 (C-3); 166.0 (C=0, Bz); 133.4, 129.6, 129.5, 128.5 (Ar); 110.6 (OCO); 78.8, 76.7 (C-
4, C-5); 75.0 (C-1); 70.0 (CH,0Bz); 49.0, 33.5 (C-2, C-6); 27.2, 25.8 (2xCH3). FT-IR (KBr): 3495 (O-H);
1734 (C=0). Anal. Calcd. for C7H,00¢ (320.34475): C 63.74, H 6.29. Found: C 63.73, H 6.37.

(4R ,58)-4,5-Dihydroxy-5-methyl-2-cyclohexen-1-one (18). CeCl;.H,O (8.718 g, 23.4 mmol) was
nulvericed and then dried at 135-140 °C. under vacuim foré h roon wag then introduced and at 0 °C THF (40
PUIveIisvd aiil uic 1 Aried at 1 30-:140 "L, Unger vacuum, ior 0 1. Ar HVIL WAS Wbl LU UBuLTU, Gl Gr VO 11O Y
T N e ardAdad 11 st ~nrmo t tha ctivrend nnrirdas Tha cliomanciAan trrao ofiseen mrrarmioaht At b Tha cvstutszes o
ML) Was aaded dail atl once 1o ne stirrea powaer. 1ne buapcumuu was stirred ove ignt at ri. 10 mixwire was
cooled to -78 °C, and 1.6 M methyllithium in diethyl ether (14.67 mL, 23.9 mmol) was added. The yellow

suspension was stirred for 1 h, between -78 °C and -40 °C. To this mixture, at -78 °C, a solution of ketone 14
(1.5 g, 4.7 mmol) in THF (3 mL) was slowly added. Saturated NH,Cl solution (10 mL) was then added,
followed by extractions with ethyl ether (1 x 25 mL) and ethyl acetate (3 x 25 mL). The organic extracts were
dried (MgS0Oy,), and the solvent was evaporated to yield a mixture (1.42 g) of the diastereoisomers 15 and 16 (dr
1:1.8, by 'H NMR), which were not separated. Compound 16: '"H NMR (CDCl3): & 4.46-4.42 (1H, m, H-5);

3.88 (1H, d, J=6.0 Hz, H-4); 3.40-3.32 (2H, m, CH,0Bz); 2.26 (1H, d, J=18.0 Hz, H-2 or H-6); 2.11 (1H,

dd, J=15.0 Hz, J=3.0 Hz, H-2 or H-6); 1.82 (1H, dd, J=15.0 Hz, J=6.0 Hz, H-2 or H-6); 1.57 (3H, s, C_a,)
1.50-1.33 (1H, m, H-2 or H-6); 1.41 (3H, s, CH3); 1.25 (3H, s, CH3). Compound 15: '"H NMR (CDCI

VT WD \1X1, i1l X174 Urn XX 1y Oy A\~ Ak 3y SZEJ S SURLPY ANiYaAN \Narsnoa

Y 11' N, A AN /111’ S

1 ,,, ntr\A
IH, H-5); 4.29 (IH H); 3

n
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dd, J 55HZJ—ZIHZHO)2U319J(jﬂmezxtiL)
(3H, s, CH3). To a solution of a crude mixture of 15 and 16 in water (20 mL), was added NaIO4 (1 .70 g, 79
mmol), maintaining the pH between 5 and 6 by adding an aqueous solution of NaOH 2 N or HCl 6 N, as

'l

necessary. The reaction was stirred for 1 h, with continuous monitoring of the pH. It was then extracted with
ethyl acetate (3 x 15 mL), dried (MgSO4), and concentrated to afford a mixture of the diastereoisomers 7 and 17,
which was used without further purification in the next step. To a solution of the crude mixture of 7 and 17

(1.201 g) in THF (6 mL), at 0 °C, was added a catalytic amount (5 drops) of aqueous NaOH (0.5 N). The

rred at 0 °C until all the starting material had been consumed (if the

1
ILEWAL \- Voo % Sl Lig Lo v us S VL S e 18 §

drops of aqueous NaOH 0.5 N was added). Saturated aqueous NH4C] was added

PR MA Oy N Y e nbaa

extracted with etnyl acetate (J x 10 mL) The Ol'gd.lll(. extracts were dried U 185U4) a nd concentrated. The residue

ml.), and the mixture was

—~— ~ an s

obtained was purified by column chromatography (AcOEt/hexane 7/3 to 100% AcOEt) to yieid 0.801 g of
(0.40 g, 60%, 3 steps) as a viscous colourless oil, and 0.035 g of compound 17 were recovered. Compound 19:
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——

)20 -173.8 (c 1.71, CH,Cl

D
T T AN TT rr

=10.3 Hz, J=0.9 Hz, 11~2);

S

]
Hz, H-6); 2.51 (1H, d, J=16.5 Hz, H-6); 1.40 (3H K Ci) 149.7 (C-3
129.1 (C-2); 74.3 (C-S); 71.9 (C-4); 49.4 (C-6); 26.2 (CH3). FT-IR (Film): 3414 (O-H); 1676 (C=0, a,B-
unsat. ketone). Anal. Calcd. for C;H ;405 (142.15595): C 59.14, H 7.09. Found: C 58.93, H 7.39. Compound
17: (3R,4R,5R)-4,5-Isopropylidenedioxy-3-hydroxy-3-methyl-1-cyclohexanone: [a]%°+98.9 (c 1.17, CH,ClL,).
lH NMR (CDClL): § 4.73-4.70 (1H, m, H-5); 4.06 (1H, dd, J=7.2 Hz, J=1.8 Hz, H-4); 2.86 (1H, dd, J=17.4

:(
e
o

=39 Hz, H-2 or H-6); 2.64-2.57 (2H, m, H-2 and/or H-6); 2.29 (1H, dd, J=17.4 Hz, J=1.5 Hz, H-2 or
H-6): 1.42 (3H. 5. CH:): 1 .36 (6H . s. 2xCH). FT-IR {(film): 3437 (O-H): 1710 (C=0O)
£1-0); 1.42 (20,8, LH3), 1.20 (06, §, XU H3). Fi-ix {IHm) 2427 (L-1); 1710 (L=U)
(AN ECYV A Titort Bt ldtiatholoilvNocwl B hudrowy B mmathol P ovolabhavamn 1 (10)
(AN,5) )j-a-[(ieFi-DULYy1aiMetnyiSiiy1)oxyj-5-nyaroxy-s-meinyi-o-Cycionexen-1-one (i),

Compound 18 (0.410 g, 2.9 mmol), imidazole (0.490 g, 7.2 mmol) and tert-butyldimethylsilyl chloride
(TBDMSCI) (0.520 g, 3.4 mmol) were dissolved in DMF (1.38 mL). The reaction mixture was stirred at rt until
all the starting material had been consumed (6 h). Water (2.5 mL) was added, followed by extractions with
CH,Cl, (3 x 5 mL). The combined organic layers were dried (MgSQO,), and evaporated to give a residue which
was purified by column chromatography (AcOEt/hexane 1/9). 0.740 g (79%) of 19 was obtained as a colourless
oil that crystallized in the refrigerator. [0J2%-43.1 (c 0.64, CH,Cl,). mp 54-55 °C. 'H NMR (CDCl,): § 6.57 (1H,
dd, J=10.3 Hz, J=2.4 Hz, H-3); 6.02 (1H, d, J=10.3 Hz, H-2); 4.31 (1H, dd, J=2.1 Hz, H-4); 2.73 (1H, d,

1—164 Hz, H-6); 2.41 (lH, d, J=16.3 Hz, H-6); 1.29 (3H, s, CH3); 0.95 (9H, s, SiC(CH3)3); 0.19 (3H, s,

) FT-IR fl(nr\ '24717 (ﬁ ”) 1!(7“ (C=0 oy B-un l(e{\r}n::)

tCH3); 018 ( IR (KBr) (C=0, a,p-unsat. ketone),
(ZR,38,4R,55)-4-[(feri-Butyidimeihyisilyijoxy]-2,3-epoxy-5-hydroxyi-S-methyi-i-
cyclohexanone (20). To a solution of the enone 19 (0.220 g, 0.86 mmol) in THF (2 mL), at 0 °C, was added
Triton B (N-benzyltrimethylammonium hydroxide (40 wt% solution in methanol), 0.021 mL, 0.007 mmol) and
30% H,0, ( 0.731 mL, 0.22 mol). After 2 h at 0 °C, saturated aqueous NH,Cl solution (3 mL) was added, and
the mixture was extracted with ethyl ether (3 x 5 mL), the combined extracts dried (MgSO,), and evaporated to
give a liquid residue, which was purified by column chromatography. Elution with AcOEt/hexane 1.5/8.5
afforded the epoxide 20 (0.191 g, 92%) as a colourless oil. []2°-91.3 (c 0.84, CH,Cl,). 'H NMR (CDCly): §

H-Z) (IH broad s,

-
i
)
)

M

4, .

SxC(C_3)3) 02 (3H, s, SiCH3); 0.20 (3H, s, SiCHj3). 13C
4); 57.1, 56.2 (C-2, C-3); 47.2 (C-6); 25.8 (SiC(CHj3)3); 25.2
FT-IR (Film): 3541 (O-H); 1720 (C=0).
(2R,3S8,4R)-4-[(tert-Butyldimethylsilyl)oxy]-2,3-epoxy-5-methyl-S-cyclohexen-1-one (21).
To a solution of 20 (0.114 g, 0.42 mmol) in CH,Cl, (1.5 mL) at 0 °C, was added a catalytic amount of 4-
(dimethylamino)pyridine (DMAP), diisopropylethylamine (0.239 mL, 1.43 mmol) and trifluoromethanesulfonic
anhydride (triflic anhydride) (0.14 mL, 0.83 mL). Monitoring the reaction by TLC, more reagents were added

until almost all the starting material had been consumed and decomposition was not too relevant. Saturated

aqueous NaHCO; (5 mL) was added and the agueous phase was extracted with CH,Cl, (3 x 7 mL). After drying
nnd ranea ntrating tha Aaraanins avirante tha darl racidns wace filtarad thranah a nad nf cilica asal and thic wae
11U CULILUIIAllll g LT UL BAlllLv CAULAVLD, LWL UQLR 1U01UUL WS 1L U UllUu Rl 4 pau Ul Sitilvd gl dliv diio wao
1 OSSR T, | § P ) P U PP T INNLY LU I TP MY £ FA AN+l as nsa s
washed several times with Ll Agaii it was COnceniralea ana puririéa oy ylcpalauvc LU (ACuLynexane
2/8) to yleld 21 (0.061 g 57%) as a 1 that crystallized on standing. [a]3%-149.0 °C (c 0.14,

CH,Cl,). 'H NMR (CDCls): & 5.76 (1H, s, H-6); 4.60 (iH, dd, J=1.2 Hz, H-4); 3.68 (iH, dd, J=3.9 Hz,
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=2 7 7 H. Y 241 (1H 44 =20 H7 T=21 H> T.2% 1 0K (I ¢ CH Y- NQAQ /O o Qi(LI N\ .\ NI
Ll ARGy B1TJ), ST ULAR, U, Je=JL T MRy J&Ld 114y 1IT4A), 1.0 \JXL, Oy Ll ), V.J0 (711, D, wIN(VE13)3), V.4
MO ¢ QI N-N21 2L o QLT T ID (DR« 140K (M v R savaon + L N 1TL£21 7N\
31, 5, o), V.4 (061, 5, viviy). ri-uN (ADI). 10065 (L=U, {,p-uinsat, Ketone); 1651 (C=C)

(1R,2R,3S,4R)-4-[(tert-Butyldimethylsilyl)oxy]-2,3-epoxy-5-methyl-5-cyclohexen-1-0l (22)
and (1S,2R,3S,4R)-4-[(tert-Butyldimethylsilyl)oxy]-2,3-epoxy-5-methyl-5-cyclohexen-1-ol
(23). To a solution of 24 (0.080 g, 0.31 mmol) in THF (1.5 mL), at =78 °C, was added DIBAL-H (0.350 mL,
0.984 M in hexanes, 0.34 mmol). Saturated aqueous NH,Cl (4 mL) was then added. The mixture was extracted
with ethyl ether (3 x SmL), the extracts dried (MgSQO,) and concentrated to afford a mixture of the two

diastereoisomers 25 and 26 (0.080 g, 99%, 1.8/1 22/23) as a very viscous oil, that was used in the next reaction
without purification. Compound 22: [’a]%o -8.8 (¢ 0.34, CH,Cl,). '"H NMR (CDCl,): 8 5.26 (1H, s, H-6); 4.36

(IH, s, H-1 or H-4); 4.31 (1H, m, H-1 or H-4); 3.55-3.52 (1H, m, H-2 or H-3); 3.46-3.44 (1H, m, H-2 or H-
3 1.74 (3H. 5. CH): 0.95 (SH. 5. SiC(CH)»): 0.18 (3H. 5. SiCHA): 8.16 (3H. 5. SiCH.). FT-IR (§lm): 3435
3); Lor4 (51, 8, L), V.70 (711, §, 9i{LI13)3); V.10 (o1, §, 3ils), U.10 (o0, 8, oSilny). rFi-ix (1) 3455
(O-H); 2957, 2943, 2897, 2872, 2854 (C-H). Compound 23: 'H NMR (CDCl3): § 5.47 (1H, m, H-6); 4.52
(1H, s, H-1 or H-4); 4.43 (1H, d, J=4.8 Hz, H-1 or H-4); 3.38 (2H, s, H-2, H-3); 1,77 (3H, s, CH3); 0.95

(9H, s, SiC(CHj3)3); 0.17 (3H, s, SiCHj3); 0.16 (3H, s, SiCHj3).

(1R,2R,3S,4R)-2,3-Epoxy-1,4-dihydroxy-5-methyl-5-cyclohexene (3) and (1S,2R,35,4R)-
2,3-Epoxy-1,4-dihydroxy-5-methyl-5-cyclohexene (4). To a solution of a mixture of 22 and 23
(0.068 g, 0.26 mmol) in THF (1.5 mL) at rt, was added a trace amount (2 drops) of water followed by Bu,NF
{0.104 g, 0.39 mmol). The mixture was stirred at rt until all the starting material had been consumed. The

..... 11iiv1 ). 111 11

solution was diluted with ethyl acetate (2 mL \ and water (2 ml)) wag o for S mun. the mixture
sontion was guuled wilh ¢ihyl acelale (o m ar (< ML) wag adaged. Alter sturing 1or > mun, ine mixiure

ao mionnchad gath catizrotad Nafl ' 78 +nT ) and avivantad with athal anatata (2 v §m-T \ Tha avrarnneatinm ~AF tha
wdd quc ICIICU WILEL dAdtUldlCll jNased \J ) iUl CALLaLivlu Witll C\-llyl Lolalv \0 A JHiL)., 11U UV pUl o1l Ul Ligc

9|

solvent gave a viscous residue that was purified by preparative TLC (AcOEt/EtOH 95/5) to yield a mixture of 3

and 4 (0.035 g, 92%). The two diastereoisomers were partiaily separated in order to characterise them.

Compound 3 (white solid): [a]"" 12.0 (c 0.25, EtOH). mp 94-96 °C. 'H NMR (CDCls): 8 5.28 (1H, s, H-6);
4.35 (1H, d, J=3.0 Hz, H-1 or H-4); 4.20 (1H, d, J=9.0 Hz, H-1 or H-4); 3.63 (2H, s, H-2, H-3); 2.20-2.12
(2H, m, 2xOH); 1.80 (3H, s, CH3). FT-IR (KBr): 3369 (O-H); 1653 (C=C). Anal. Calcd. for C;H,,0;
(142.15595): C 59 14, H 7.09. Found: C 58.71, H 7.16. Compound 4 (colourless viscous oil): [0]3%+48.57 (c
0.35, EtOH), (ht [OL] 84+47.52 (c 0.59, EtOH)). '"H NMR (CDC1,): 8 5.49 (1H, s, H-6); 4.40 (1H, broad s, H-
or H-4); 3.54 (1H, s, H-2 or H-3); 3.50 (1H, s, H-2 or H-3); 2.23 (2H

1 9 9.3 po P AV 2 2iTL 132}, £.40 38 W

i uetuy}sylil)exyl-z J-CPpOXy- 5- lucl.uyl :-\.y clohexen-1-01 (22).
(0.057 g, 0.22 mmol) in THF (1.5 mL), at =78 °C, was added
1-Selectride® (1.0 M solution in THF, 0.27 mL, 0.27 mmol). The reaction was quenched with saturated aqueous
NH,CI solution (2 mL), and extracted with ethyl ether (3 x 5 mL). After evaporation of the solvent the crude 22
(0.082 g, viscous oil) was used in the next reaction without further purification.
(1R,2R,3S,4S)-1-Acetyloxy-4-[(tert-butyldimethylsilyl)oxy]-2,3-epoxy-5-methyl-5-
cyclohexene (26). To a solution of crude 22 (0.082 g) in CH,Cl, (1.5 mL), at 0 °C, was added a catalytic
amount of DMAP, diisopropylethylamine (0.112 mL, 0.64 mmol) and acetic anhydride (0.036 mL, 0.38 mmol).
tirred at 1t, and when it was completed, saturated aqueous NaHCO; (2 mL) was added.

[y
(=]

To a solution of the o,B-unsaturated ketone 2

The reaction mixture w

Tha miviners wae axtrac with CH 1.2 v 4 mI) the combined extracte dried (MaS0O ) and concentrated to
1IIC HHIALULIC Wdd TAtLAaLiu WIUL L2012 (W A TP My, ULV CULHULIIVU VALLAVLY ULILAL UUVAEW I/ 4 ),y ALlU VUL v W

oo 1 a1 IR TR TSI - T ML, o) B TP WS P, IS I o SRR o DRSO, VL eno
afford a viscous residue which was puriiied 0y preéparauve i1ire (AfurLunéXdii€ </0). LOMPoOUNnd «v was
e i N A NAD o A A cramc) ae o rnlairlace ~i1 Tar120 AL 1 AN LA COLT 10N Ity AINMAD 7T Y. R € &0
optained (U.u4¥ g, /570, £ SICPS) as a COIOUIICSS Ol [y —40.1 \C V.U%, Liplig). 11 INNVIR (Lisudy). O J.ou-
5.47 (1H, m, H-6), 5.16 (1H, s, H-1); 4.39 (1H, s, H-4); 3.59-3.54 (1H, m, H-2 or H-3), 3.42-3.40 (1H, m,
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Dy
(1R,2S, 3R 4S) 4-Acetyloxy 2,3-epoxy-6- methyl S-cyclohexen-1-01 (27). To a solution of 26
(0.051 g, 0.17 mmol) in THF (1.5 mL) at rt, was added a trace amount of water (2 drops) followed by Bu,NF
(0.067 g, 0.26 mmol). The mixture was stirred at rt until all the starting material had been consumed. The
solution was diluted with ethyl acetate (2 mL), and water (2 mL) was added. After stirring for 5 min, the mixture
was quenched with saturated NaCl (5 ml) and extracted with ethyl acetate (3 x 5 mL). Evaporation of the solvent
afforded a viscous residue which was purified by preparative TLC (AcOEt/hexane 6/4) to yield 27 (0.031 g,
98%) as white needles. [0]J20~16.0 (c 0.20, CH,Cl,). mp 64-66 °C. '"H NMR (CDCly): § 5.54-5-53 (1H, m, H-

6); 5.20 (1H, s, H-1); 4.24 (1H, s, H-4); 3.68-3.65 (1H, m, H-2 or H-3); 3.62-3.60 (1H, m, H-2 or H-3); 2.15

AT ¢ COCT.Y 122 /21 o O Y ET.ID (R 2814 (N _1IIN. 24 2QeN 2020 ML NQQL/M TIh. 171 &
\JrL, 5, Luuni3), 1.0 (J1, 5, Lig). Ui-1R (ADI) 3314 (JU-11); 303 %, LTIOV, L7737, L7110, LOTI\-11), 171D
rs f\ s PRSSERY
(C=0, acetate).

(ZR,3R,4R)-d-Acetyioxy-2,3-epoxy-6-methyi-5-cyciohexen-i-one (28). To a solution of the
alcohol 27 (0.027 g, 0.15 mmol) in CH,Cl, (4.1 mL) at 0 °C, was added periodinane (0.075 g, 0.18 mmol), and
pyridine (0.41 mL), and the reaction was stirred at rt. When all the starting material had been consumed, the
mixture was diluted with ethyl ether (5 mL) and poured into saturated aqueous NaHCO; (5 mL) containing a
sevenfold excess of Na,S,0;. The mixture was stirred to dissolve the solid, and the layers were separated. After

extractions with ethyl ether (3 x 5 mL), the combined organic layers was dried (MgSO,) and concentrated.
Purification by preparative TLC (AcOEt/hexane 4.5/5.5) gave ketone 28 (0.026 g, 99%) as white crystals. [0(]22

617(1H d, J=1.5 Hz, H—5)'576»574(1H m,H4);389386(1H m, H3)' 3.51 (IH d, J=3.9 Hz, H2)
2.21 (3H, s, COCH3); 1.84 (3H, t, J=1.8 Hz, CH»). BC NMR ( (CDCly): 6 193.3 (C-1); 170.3 (COCH3»); 135.9
(C-5); 133.9 (C-6); 66.8, 52.6, 51.4 (C-2, C-3, C-4); 20.8, 15.8 (COCH; CHs3). FT-IR (KBr): 3408, 2953,
2926 (C-H); 1739 (C=0, ester); 1689 (C=0, a,B-unsat. ketone). Anal. Calcd. for CoH ;00,4 (182,17765): C
59.34, H 5.53. Found: C 59.30, H 5.26.

(2R,3R,4R)-2,3-Epoxy-4-hydroxy-6-methyl-5-cyclohexene-1-one (1). To a solution of 28 (0.020
g, 0.11 mmol) in THF (1.5 mL), at 0 °C, was added 10% aqueous KOH dropwise with TLC monitoring. When
all the starting material had been consumed, saturated aqueous NH,Cl (3 mL) was added and the mixture was
extracted with ether (5§ mL) and et

J
nnnnnnnnn A nindar varminimm Tha vacidiis wog e
LU[ILCllllatCU UIIUC T vavuulll, il IVQIUUU WGD l]

oil,

of 1(95%) as a very viscous colourless
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