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Synthesis of the C3-C13 Segment of the Phorboxazoles A and B
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Abstract: The enantiopure and fully resolved C3-C13 segment of the phorboxazoles A and B has been prepared
in 14 steps in 24% overall yicld starting from 8-oxabicyclo{3.2.1]oct-6-en-3-one. Key steps are the
desymmetrization of the oxabicyclic ketone, the anomeric allylation and the asymmetric allylboration. © 1999 Published
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The phorboxazoles A and B, first described by Molinski in 1995,! are two new highly cytotoxic macrolides.
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molar concentrations in viiro (mean Gisp 1.58 x 107 Ni). Unitke
antimitotic natural products such as Taxoi®? or the epothilones’ they rather arrest the celi cycie during S phase.
The structural assignment has resulted from exhaustive NMR studies and comparison of synthetic samples with
derivatized fragments of the phorboxazoles after degradation. Since the discovery only few synthetic
approaches have been published* including a total synthesis of phorboxazole A.®> The structural novelty and the
biological activity has prompted us to start a program towards the total synthesis of these new marine natural
products.
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Figure 1 Retrosynthesis for the C3-C13 segment
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ee tetrahydropyran rings which can be regarded as 2,6-z7ans and
2,6-cis C-glycosides.5 Our retrosynthetic analysis (Figure 1) involves disconnections between the C2/C3 and
the C13/C14 bonds of the phorboxazoles. The C3-C13 segment 1 was to be prepared from methoxyacetal ester
2 which in turn can be generated from oxabicylo[3 2 1]oct-6-en-3-one 3.7

Starting from meso oxabicyclic ketone 3, which can be prepared on a molar scale, stereoselective reduction
with L-Selectride® and protection afforded PMB ether 4. Desymmetrization of the olefinic double bond by
asymmetric hydroboration led to alcohol 5 in high chemical yield. Oxidation of the alcohol 5 to the ketone 6

using PCC in dichloromethane and subsequent Baeyer-Villiger oxidation gave lactone 7. Methoxyacetal ester 8

was generated by methanolysis in the presence of catalytic amounts of sulphuric acid with excellent overall yield

over six steps starting from meso oxabicyclic ketone 3. Treatment of methoxyacetal ester 8 with

aii‘yiirir‘neth~ Isilane in the presence of trimethyisilyl triflate in acetonitrile gave diastereomerically pure 2,6-frans
C-glycoside 9 in excellent yield.® The PMB protecting group is not stable to these conditions.
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Reagents: (i) ref. 7, (ii) NaH, PMBCI, tetrabutylammonium iodide, THF, reflux, 6 h (85%), (/i) (+)-Ipc,BH, THF, —10°C, 1 week
(85%, Y6% ee), (iv) PCC, DCM, rt, 5 h (92%), (v) m-CPBA, DCM, rt, overnight (96%), (vi) MeOH, conc. H.SO, (catal.), mn.
overnight (91%), (vii) allyltrimethylsilane, TMSOTHT, acetonitrile, —-20°C — 1t, 1 h (85%, > 99% de).

Scheme 1

Hydroxy-ester 9 was O-silylated leading to the versatile 2,6-frans C-giycoside 10. All three arms of this
molecule are differentiated and functionalized chemoselectively (Scheme 2). Ozonolysis of ester 10, reductive
work up with triphenylphosphine,? reduction of the aldehyde by sodium borohydride and subsequent protection
of the alcohol group led to ester 11. On the other hand ester 10 was first reduced and then O-protected to
provide TBS-ether 13. Reduction of ester 11 and oxidation of the resulting primary alcohol using Dess-Martin
periodinane!® gave aldehyde 12. Ozonolysis of bis-O-silylated ether 13 and subsequent reductive work up with
triphenylphosphine afforded aldehyde 14. The two aldehydes 12 and 14 are ((7-epimers via remote functional

group interchange of the chemodifferentiated side arms at C5 and C9.'' Put another way, carbon C7 is not
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touched in our sequence (Scheme 2).
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Scheme 2

The C3-C13 segment synthesis was completed as shown in Scheme 3. Treatment of aldehyde 14 with
(-)-B-allyl-B-diisopinocampheyl-borane'> followed by oxidative work up (NaOH/H,0,) gave homoallylic
alcohol 15 diastereoselectively and in good chemical yield. The alcohol was O-silylated with TBS-triflate in

ouble bond led to aldehyde 17 and
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Reagents: (i) (-)-B-allyl-p-diisopinocampheyli-borane, tolucne, —78°C, 5 h then H.O,, NaOH. 1 h, 1t (72%. 92% de). (ii) TBSOTL.
2 6-lutidine, DCM, 0°C, 30 min (93%), (iii) O;, DCM, -78°C then PPh; (98%)

Scheme 3
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ic investigation of ester 19 and homoallylic alcohol 15. Under conditions similar to those des-

Spectrosco
cribed above ester 19 was prepared from (J-benzylated 2,6-trans C-glycoside 18. The relative stereochemistry

of ester 19 was confirmed by a NOE experiment.
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The relative configuration of homoallylic alcohol 15 was con
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copic comparison with the diastereomeric alcohol 20, prepared by reaction of aldehyde 13 with (+)-B-allyl-p-
-b c onding the signals of the H,H,

protons at C10 are well resolved. The coupling constants show that the two alcohois 15 and 20 represent an
epimeric pair.
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Figure 2
In conclusion we have developed a straightforward synthesis towards the C3-C13 segment of the
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phorboxazoles. The 2,6-trans C-glycoside 10 is a versatile and attractive chiral building block in natural

product synthesis.

Experimental
Infrared spectra were recorded on a Perkin-Elmer 1710 infrared spectrometer. — 'H NMR and "C NMR
spectra were recorded on a Bruker AM 400 spectrometer in deuterated chloroform unless otherwise stated,
with tetramethyisilane as internal standard. — Mass spectra were recorded on a Finnigan MAT 312 (70 eV) or a
Autospec spectrometer at rt unless otherwise stated. — Preparaiive column chromatography was performed
,\l T M i marrindd b e mlizeeieiz: .‘,‘1 ,‘.J /‘\'\
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mm silica gel 60 Fys4 plates (E. Merck). — THF was distilled over sodium and benzophenone before use. CH,Cl,

(DCM) was distilled over CaH, before use. DMF was dried over BaO and distilled over CaH; before use
hyl #-butyl ether (MTBE), ethyl acetate (EA) and light petroleum (PE, bp 40-60°C) were distilled hefore
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endo-3-(4-Methoxybenzyl)-oxy-8-oxa-bicyclof3.2. 1 Joct-6-ene (4). To a solution of alcohol 3 (126 g, 100
mmol) in THF (130 ml) was added sodium hydride (8 g, 200 mmol, 60% suspension in mineral oil) portionwise
under argon atmosphere. The suspension was refluxed for 2 h. Then 4-methoxybenzyl chloride (23 4 g, 20 ml.
i50 mmoi) and n-BusNi (700 mg) were added. The mixture was refluxed for 6 h, stirred overnight at rt and

\nr Vo) IS RV § & JEPY

ierminated Dy careful addition of ag. IN[IgUI solulon. waiter UUU Inl) was added and ihe dqueous laver was
ad il ARATDE 78 o, 1NN ey Tha anmebhionad aeoonis wagliad el Lol Ao A C
EXtracied witlni M i1DL (5 X 10U iy, 106 COIioinca Organic m_ycx was washed with OTIIiE, dried UVI.*;, \14) and

evaporated. The crude product was purified by column chromatography (Si0,; PE->MTB/PE, 1'1) and
cnhcpmmnﬂv recrystallized (MTR/THF) to afford PMR ether 4 (2092 g, 85%), colourless crystals, mp 87°C,
v_m(CHCL)/gm;l 3000, 2952, 2860, 2836, 2352, 1612, 1584, 1512, 1464, 1420, 1396, 1344, 1300 1280.
1248, 1172, 1112, 1068, 1036, 960, 912, 888, 848, 824, 712. 'H NMR (400 MHz, CDCl:) § 7.25-7.21 (m. 2
H), 6.91-6.86 (m, 2 H), 6,34 (s, 2 H), 4.66 (d, 2/ 4.1 Hz, 2 H), 4.36 (s, 2 H), 3.76 (s, 3 H), 3.69-3.66 (dd. >/
59Hz *J09Hz 1 H), 2.12-2.05 (ddd, %7 15.1 Hz, *J 5.9 Hz, >/ 4.2 Hz, 2 H), 1.76 (dd, %/ 15.1 Hz. °/ 0.9 Hz,
2 H); PC NMR (100 MHz, CDCl) & 159.0 (Ar-C), 133.8 (Ar-C), 131.1 (Ar-C), 128.7 (HC=CH), 113.7 (Ar-
C), 77.6 (OCH), 70.9 (OCH), 69.9 (OCH,), 55.3 (OCHs), 32.2 (CHy); MS (rt): M" + 1 =247 (1.2), M = 246
(6.7), 137 (2.6), 135 (3.2), 121 (100), 109 (3.1), 91 (3.4), 84 (33.9), 69 (13.1); HRMS calcd for CisHyOs (M)
246.1256, found 2461250

(IR,3R,3S,6R)-3-(4-Methoxybenzyl)-oxy-8-oxa-bicyciof 3. 2. i joctan-6-0i (5). To a solution of (-)-o- pinene
(114 mi, 70.4 mmol) in THF (8.7 mi) was added BH;DMS (2.7 mi, 28 mmol} under argon. Stirring was
bLUppCU after 5 min ymlumg crystah of (T) UP")ZB“ uveriugut The remaining solution was removed via
syringe, the solid was powdered, washed with diethyl ether at —78°C and dried in vacuo. At -78°C alkene 4
IA 26 g 173 mmoh) in THF {‘§ ml) wac added The lmoh]v viscous mixture was stored for 1 week in a freezer {—
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10°C) ;md shaken occasionally. To the resulting Immngeneous oil was added MeOH (2.5 ml), NaOH (12 ml, 2
M ag. solution) and 35% H,0, (7 ml) at 0°C. The mixture was stirred for 30 min at rt, poured into water (20 ml)
and extracted with DCM (5 x 20 ml). The combined organic layer was dried (MgSO4) and evaporated The
crude product was chromatographed (SiO2; EA) to give alcohol S (3.88 g, 85%, 96% ¢e), colourless crystals,
mp 118°C, [@]¥ = +3.1 (¢ = 1, CHCl); Ve CHCl)/em™ 3592, 3000, 2952, 2864, 2836, 1612, 1584, 1512,
1464, 1440, 1420, 1396, 1364, 1336, 1300, 1248, 1172, 1084, 1060, 1032, 936, 864, 824; 'H NMR (400
MHz, CDClL) 6 7.25-7.21 (m, 2 H), 6.91-6.87 (m, 2 H), 4.66 (m, 1 H), 4.46 (m, 1 H), 4.34 (s, 2 H), 4 08 (m, 1
H), 3.77 (s, 3 H), 3.62 (m, 1 H), 2.80 (dd, >/ 13 Hz, °J 7 Hz, 1 H), 2.04 (br. s, 1 H), 1.93-1.88 (m, 3 H). 1.75-
1.€9 (m, 2 H); PC NMR (100 MHz, CDCL) & 159.0 (Ar-C), 130.7 (Ar-C), 128,7 (Ar-C), 113.8 (Ar-C), 82.5
(OCH), 75.8 (OCH), 74 6 (OCH), 70 8 (OCH), 70.2 (OCH_), 55.3 (OCHj3), 41.8 (CH>), 346, 33.0 (CH,); MS
(rt): M' + 1 =265 (1.2), M" = 264 (6.7), 167 (1), 149 (2.3), 137 (6.6), 136 (3.3), 135 (4.6), 123 (2.9), 122
(33.3), 121 (100), 109 (2.5), 107 (3.0), 91 (3.4), 84 (2.0), 82 (7.2), 77 (7.3), 69 (5.0); HRMS calcd for
C5H2004 (M") 264.1362, found 264.1349.

Iy 2D SOy 2 r2 " - Y
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J]l2HZlH)423(d 2H21H)399 1H)38 m4H) 80275(d ’J16.5 Hz,
1 H), 2.61- 255 (m, 1 H), 227-2.21 (m, 2 H), 2.03 (dt, 2/ 14.7 sz J4 Hz, 1 H), 1.89(dd, °/ 147 Hz. /1.8
Hz, 1 H); “C NMR (100 MHz, CDCls) 8 215.2 (C=0), 159.1 (Ar-C), 130.1 (Ar-C), 129.0 (Ar C), 1138 (Ar-
C), 75.2 (OCH), 73.7 (OCH), 70.5 (OCH), 69.8 (OCH), 55.3 (OCHj3), 42.5 (CHy), 34.5, 33.1 (CH:). MS
(120°C): M™ + 1 = 263 (2.3), M" = 262 (6.6), 191 (3.2), 143 (2.3), 141 (8.2), 137 (4.5), 135 ().4), 123 (3 6),
122 (20.5), 121 (100), 109 (3.8), 97 (3.0), 91 (6.5), 85 (4.3), 77 (8.8), 69 (8.3); HRMS calcd for CisH O,
(M) 262.1205, found 262.1202.

(IR, 5R,7R)-7-(4-Methoxybenzyl)-oxy-2,9-dioxa-bicyclof3.3. [ Jnonan-3-one (7). To a solution of ketone 6
(3.21 g, 12.2 mmol) in DCM (100 ml) was added NaHCO; (2.1 g, 25 mmol) followed by m-CPBA (5.2 g,
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~70%, 21 mmol). The mixture was stirred overnight at rt, diluted with DCM (400 ml) and washed with sat_ aq.
NaHCO; solution. The organic layer was dried (MgSO,) and concentrated. The crude product was purified by
column chromatography (5i0,; EA/PE, 1:1) to yield lactone 7 (3.26 g, 96%), colourless crystals, mp 101°C,
[a]} = +43.0° (c = 0.5, CHCL3). Vama(CHCL3)/em™' 3000, 2960, 2872, 2836, 1748, 1612, 1512, 1464, 1440,
1420, 1384, 1344, 1304, 1280, 1228, 1180, 1104, 1032, 972, 864, 824, 'H NMR (400 MHz, CDCl) § 7.27-

~ ey , an — -A

7.24 (m, 2 H), 6.89-6.86 (m, 2 H), 5.72 (m, | H), 4.57 (d, 7 11.8 Hz, 1 H), 431 (d, J 11.8 Hz, I H), 4.46-

4.43 (m, 1 H), 3.91 (m, 1H),3,80( 4 H), 2.97 (ddd, %/ 17.7 Hz, 3J83Hz ‘JO9Hz, 1 H), 264 (d,*/ 177
Hz, 1 H), 2.40 (dg, *J 15.1 Hz, *"J 2 Hz, 1 H), 2.20 (dt, *J 14.7 Hz, °J 4.7 Hz, 1 H), 2.00-1.95 (m, 1 H), 1 86
(dt, 27 15.1 Hz, 7 3.5 Hz, | H); "C NMR (100 MHz, CDCh) § 166.4 (C=0), 159.2 (Ar-C), 132.1 (Ar-C),
1295 (Ar-C), 113.8 (Ar-C), 96 8 (OCHOQ), 69.9 (OCH,), 68.0 (OCH), 65.8 (OCH), 55.4 (OCH3), 35.8 (CH,),
33.6 (CHy), 31.5 (CH,); MS (130°C): M = 278 (4.1), 189 (1.2), 176 (4.8), 163 (1.7), 150 (33.9), 137 (43 6).
135 (15.4), 124 (9.6), 122 (10.6), 121 (100), 109 (6.5), 96 (15.8), 91 (3.4), 83 (9.7), 82 (7.5), 77 (12.7):

HRMS calcd for CisHi30s5 (M™) 278.1154, found 278.1155.
[(2R 4R, 6R)-6-Methoxy-4-(4-methoxybenzyl)-oxy-tetrahydropyran-2-yl]-acetic acid methyl ester (o-8). To
a solution of lactone 7 (3.12 g, 11.2 mmol) in dry MeOH (20 ml) was added conc. H,SO4 (0.2 ml) and the
mixture was stirred at rt overnight. The mixture was diluted with DCM (100 ml), washed with sat. aq. NaHCO:
solution (20 ml), dried (MgSO,) and evaporated. Column chromatography (SiO,; EA/PE, 1:3) of the crude
product afforded esters a-8 and B-8 (3.29 g, 91%, o:f3 > 10:1), colourless oil, [a]; = -28.0° (¢ = 1.66.
CHClL:). Data for the a-anomer: v (CHCL)em ' 3000, 2972, 2936, 2896, 2836, 1736, 1612, 1512, 1440,
1388, 1368, 1324, 1300, 1248, 1152, 1120, 1104, 1044, 972, 932, 876; '"H NMR (400 MHz, CDCl;) 8 7.31-

7.28 (m, 2 H), 6.89-6.87 (m, 2 H), 4.85 (d, °J 2.9 Hz, lH) 4.47 (s, 2 H), 4.21-4.15 (m, 1 H), 3.92-3 86 (m, 1
H), 3.80 (s, 3 H), 3.70 (s, 3 H), 3.33 (s, 3 H), 2.55 (d, *J 8.8 Hz, 1 H), 2.48 (d, "/ 4.4 Hz, 1 H), 2.19-2. lﬂ(m
1 H), 2.11-2.07 (m, 1 H), 1.58-1.51 (m, 1 H), 1.32 (q, 7118 Hz z, 1 H), C NMR (100 MHz, CDCl5) 8 171.5
(C=0), 159.2 (Ar-C), 131.6 (Ar-C), 129.2 (Ar-C), 113.9 (Ar-C), 99.1 (OCHO), 70.3 (OCH), 69.7 (OCH,),
64.6 (OCH), 55.3 (Ar-OCHj3), 54.6 (OCH3), 51.7 (CO,CH;), 40.8 (CHg), 37.6, 36.3 (CH,); MS (90°C): M —
324 (0.2), 292 (2.6), 274 (0.2), 248 (0.2), 186 (1.2), 176 (2.5), 163 (0.9), 150 (20.6), 137 (15.8), 122 (10 6),
121 (100), 109 (2.6), 97 (5.3), 85 (5.9), 78 (7.5); HRMS calcd for C17H,,04 (M") 324.1573, found 324.1578.

[(2R,48,6S)-6-Allyl-4-hydroxy-tetrahydropyran-2-yl[-acetic acid methyl ester (9). To a solution of ester
o/B-8 (3.24 g, 10 mmol) and allyltrimethylsilane (9 ml, 6.47 g, 56.8 mmol) in acetonitrile (15 ml) was added
TMSOTS (1.82 ml, 2.22 g, 10 mmol) dropwise at —20°C. The mixture was warmed up slowly to rt, stirred for
1 h, diluted with MTBE (25 ml) and washed with sat. aq. NaHCOs; solution. The aqueous layer was extracted
with MTBE (5 x 20 ml) and the combined organic layer was dried (MgSQOy) and evaporated. The crude
product was purified by column chromatography (SiO;; MTB/PE, 1:1) to give ester 9 (1.85 g, 85%), colourless
oil, [@]}) = =50.5° (¢ = 1, CHCL). Vmax(CHCl:)/em™ 3608, 3080, 3000, 2952, 2840, 1732, 1632, 1612, 1584,
1512, 1440, 1380, 1356, 1316, 1304, 1248, 1176, 1068, 1036, 920, 832, 540; 'H NMR (400 MHz, CDCL.) &
5.84-5.71 (m, 1 H), 5.09-5.02 (m, 2 H), 4.13-4.01 (m, 3 H), 3.67 (s, 3 H), 2.69-2.45 (m, ZH) 2.49-241 (m, 1
H), 2.22-2.15 (m, 1 H), 2.12 (s, 1 H), 2.01-1.95 (m, 1 H), 1.84-1.78 (m, 1 H), 1.57 (ddd, >/ 12.8 Hz, /9.6 Hz.

2/3 5 - 13 PR

J 53 Hz, 1 H), 153 (dt, *°J 12.8 Hz, °J 9.6 Hz, 1 H); °C NMR (100 MHz, CDCl;) § 171.8 (C=0), 1348
(=CH), 116.9 (=CH,), 71.3, 66.0, 65.3 (OCH), 51.6 (OCH;), 40.7 (CHy), 39.6, 37.1 (CH,), 36 8 (CH,); MS
(rt)) M= OCH; = 183 (1.4), M" = C3Hs = 173 (6.1), 155 (76.5), 141 (10.6), 123 (25.6), 113 (6.8), 102 (9.8),
97 (18.8), 81 (100); HRMS calcd for CgH;304 (M’ — C3Hs) 173.0813, found 173.0802

(2R, 4S,65)-(6-Allyl-4-triisopropylisilyloxy-tetrahydropyran-2-yl)-acetic acid methyl ester (10). A mixture of
alcohol 9 (272 me. 127 mmnl\ imidazole (218 mg 325 mmol) and triisonronvisilvl chloride (293 me 1.5

\ =} AR -2 B SUprLp sy taalY \ S b

mmol) in DMF (3 ml) was stirred for 16 h at rt. MTBE (5 ml) was added and the mixture was washed with sat

aq. NaHCO; solution. The aqueous layer was extracted with MTBE (3 x 10 ml) and the combined organic
layer was dried (MgSO,). The solvent was removed and the crude product was purified by column
chromatography (Si0,; MTBE/PE, 1:5) to afford ester 10 (446 mg, 97%), colourless oil, [a]} = -29.8° (¢ =
I, CHClL). Vmax (CHCL)/cm™" 3000, 2944, 2892, 2864, 1732, 1464, 1436, 1384, 1324, 1284, 1164, 1124, 1064,
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1036, 996, 916, 880, 808; 'H NMR (400 MHz, CDCl3) § 5.83-5.72 (m, 1 H), 5.10-5.03 (m, 2 H), 4 22-4 02
(m, 3 H), 3.67 (s, 3 H), 2.83-2.53 (m, 2 H), 2.45-2.37 (m, 1 H), 2.23-2.16 (m, 1 H), 1.96-1.91 (m, 1 H), 1.74-
1.61 (m, 2 H), 1.49-1.41 (m, 1 H), 1.14-0.91 (m, 21 H); C NMR (100 MHz, CDCl;) & 172.0 (C=0), 134.9

(=CH), 116.7 (=CH,), 69.8, 67.2, 64.8 (OCH), 51.6 (OCH3), 40.3 (CH,), 39.2, 38.0 (CH,), 37.8 (CH,), 17.7
(SiCH(CHas),), 12.2 (S1CH(CHa)g);, MS (90°C): M =370 (0), 339 (2.8), 327 (24.7), 309 (1.0), 286 (2.3), 259
(23.0), 229 (11.5), 205 (1.6), 185 (7.0), 155 (10.9), 145 (5.6), 131 (93.0), 103 (76.5), 89 (12.7), 75 (100);
HRMS caled for CH350:81 (M7 = OCH3) 339.2355, found 339 2361,

£
[ (2R 48,68 )-6-(2-tert.-Butyldimethylsilyloxy-ethyl)-4-triisopropylsilyloxy-tetrahydropyran-2-ylJ-acetic acid
methyl ester (11). A solution of ester 10 (2.8 g, 7.6 mmol) in DCM (30 ml) was ozonized at —78°C until
saturation with ozone occurred (light-blue colour). PPh; (5.9 g, 23 mmol) was added and the mixture was
allowed to warm up to rt. After stirring for 2 h at rt the solvent was removed and the crude product purified by
column chromatography (SiO;; MTBE/PE, 1.5 — MTBE/PE, 1:1) to yield the aldehyde (2.8 g 99%),
colourless crystals. To a solution of the aldehyde (372 mg, 1 mmol) in MeOH (5 ml) was added sodium
borohydride (40 mg, 1.06 mmol) portionwise at 0°C. The mixture was stirred for 15 min. Then sat. aq. solution
of NH4Cl (5 ml) was added and the mixture was allowed to warm up to rt. The aqueous layer was extracted
with EA (3 x 20 ml), the combined organic layer was dried (MgSQ,) and evaporated. Column chromatography
(8i0,; MTBE/PE, 1:1) afforded the alcohol (367 mg, 98%) as colourless oil. A solution of the alcohol (187 mg,
0.5 mmol), imidazoie (85 mg, 1.25 mmoi) and ferr.-butyidimethyisiiyi chioride (95 mg, 0.6 mmol) in DMF (2

lTll) was stirred OVCfl'llg[lI under argon a[mospnere MTBE (4U ml) was added and the mixture was washed with

sat. ag. NaHCQ; solution (10 ml). The aqueous layer was extracted with MTBE (3 x 10 ml) and the combined
organic layer was dried (MgSQO,). After removal of the solvent the crude product was purified by column
chromatography (SiO;; MTBE/PE, 1:3) to give ester 11 (203 mg, 95%), colourless oil, [a]) = -292° (¢ = 1,
CHCL). Vaad CHCL)Y om™ 3000, 2948, 2892, 2864, 1732, 1464, 1436, 1388, 1360, 1324, 1256, 1196. 1160,
1088, 1024, 956, 916, 880 836; 'H NMR (400 MHz, CDCl;) § 4.21-4.09 (m, 3 H), 3.68-3.65 (m, 2 H), 3 68 (s.
3 H), 2.74 (dd, 27 152 Hz %/ 86 Hz, | H),2.51 (dd, 2/ 152 Hz, *J 48 Hz, 1 H), 1.97-1.89 (m, 2 H). 1. 1-

1.68 (m, 2 H), ISQISI(m 1 H), 1.46-1.39 (m, 1 H), 1.07-1.03 (m, 21 H), 0.88 (s, 9 H), 0.05 (s, 6 H), "
NMR (100 MHz, CDCl;) 6 172.1 (C=0), 67.4, 66.7, 65.0 (OCH), 59.8 (OCHy), 51.5 (OCH;), 405, 39
39.0, 35.8 (CHy), 25.7 (SiC(CHjs)s), 18.3 (SiCH(CH3),), 18.1 (SiC(CHs)s) 12.3 (SiCH(CHs),), -5.4 (Sx(CH,,",
MS (rt): M' = 488 (0), 473 (1.6), 457 (4.2), 445 (73.4), 431 (32.2), 359 (6.9), 285 (46.3), 259 (100). 229
(27.5), 197 (8.0), 171 (11.8), 157 (14.9), 131 (65.6), 115 (19.7), 89 (56), 73 (38.5); HRMS caled for
C24H4905S8i; (M™ — CH3) 473.3117, found 473.3117.

2-[(25,4R, 65)-6-(2-tert.-Butyldimethylsilyloxy-ethyl)-4-triisopropylsilyloxy-tetrahydropyran-2-yl j-ethanol
(12). To a solution of ester 11 (250 mg, 0.51 mmol) in toluene (5 ml) was added DIBAH (1.1 ml, 1.28 mmol,
1.2 M solution in toluene) dropwise at —20°C under N; and stirred for 1 h. MeOH (0.1 ml) was added carefully,

followed by sat. aq. solution of potassium sodium tartrate (10 mi) and the mixiure was stirred for 1 h. MTBE
NN =1\ . i I S T N I . A mmtnad il AATIID 7 AN LN L B T P T

lkAU ITii) wasS addea and ne uqucuua l'd.y(ﬂ was C?&Ll dCLCU WILII ViDL \J LAY nll). 10€e comopined Urgdﬂl(/ layer
was dried (MgS0O,) and the solvent was removed. The crude product was puritied by column chrcmatographv
(Si0z; MTBE/PE, 1:3) to afford the alcohol (215 92%), colourless oil. To a solution of Dess-Martin

periodinane (150 mg, 0.35 mmol) in DCM (1 ml) was adde pwise a solution of the alcohol (150 mg, 0.32
mmol) in DCM (1 ml). The mixture was stirred for 1 hand t oured into MTBE (20 ml). NaOH (10ml 2N
aq. solution) was added and the mixture was stirred for 10 min. The layers were separated and the aqueous
layer was extracted with MTBE (3 x 20 ml). The combined organic layer was dried (MgSQOy), evaporated and
purified by column chromatography (SiO,; MTBE/PE, 1:3) to afford aldehyde 12 (135 mg, 91%), colourless
oil, [ = =33.0° (¢ = 1, CHCL). Vaax(CHCL)/cm™ 3000, 2948, 2892, 2864, 1724, 1464, 1384, 1360. 1256,
1172, 1120, 1088, 1032, 1012, 956, 916, 880, 836, 'H NMR (400 MHz, CDCL) § 9.79 (s, | H), 4.28-4.12 (m
3 H), 3.67 (dd, *J 7.4 Hz, °J 5.5 Hz, 2 H), 2.89 (m, 1 H), 2.60 (m, 1 H), 1.96-1.43 (m, 4 H), 1.65-1.55 (m. 1
H), 1.50-1.43 (m, 1 H), 1.26 (s, 1 H), 1.09-1.04 (m, 21 H), 0.89 (s, 9 H), 0.05 (s, 6 H); *C NMR (100 MHz,
CDCl3) 6 201.0 (C=0), 66.9, 65.4, 64.9 (OCH), 59.7 (OCH,), 48.9 (CH,), 39.5, 39.0, 36.0 (CH,), 259
(SiC(CHs)s), 18.3 (SiICH(CH;),), 18.1 (SiC(CHa)y), 12.3 (SiICH(CHs)), 5.4 (Si(CHs)); MS (rt): M™ 456 (0),

ddr
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=
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416 (36.8), 343 (23.4), 283 (12.8), 269 (8.3), 239 (9.6), 227 (100), 197 (12.6), 185 (26.2), 157 (20.5), 131
(39.3), 116 (22.4), 101 (28.3), 90 (56.3), 73 (49.9); HRMS calcd for CyHiz04Si; (M'~CsHy) 415.2700, found
415.2707.

MIN ALY 71

nr ( Hll) was added DIBAH (lU 8 ml i3 mm01 1.2 M solution In

D hoae  AINCT NANLT 1 onB x1iag adda Pappepre 3 | I
I £ 11 dal —2VU . VICUI1 (L llll) wads d.UUCU Lal cxuuy, lUUUWkU UV

ster 10 (2 g, 5.4 mmol) in

e mixture was stirred fo
sat. aq. potassium sodium tartrate solution (40 ml) and the mixture was strirred for | h. The aqueous layer was
extracted with EA (3 x 30 ml) and the combined organic layer was dried (MgSQ,;) and evaporated. Column

J L% S V74 ) Qi 1ed Of SAINL Ayl Waos GLITL Wigoayy ant Lvapiailtl. L O

chromatogranhv (Si0,; MTBE) afforded the alcohol (1.68 g, 91%). A mixture of the alcohol (1.5 g, 4.39
mmol), imidazole (746 mg, 11 mmol) and fert.-butyldimethylsilyl chloride (793 mg, 5.27 mmol) in DMF (15

ml) was stirred overnight at rt. MTBE (50 ml) was added and the mixture was washed with with sat aq
NaHCO; solution (30 ml). The aqueous layer was extracted with MTBE (5 x 30 ml). The combined organic
layer was dried (MgS0O.), evaporated and purified by column chromatography (SiO,; MTB/PE. |:5) to give
alcohol 13 (2 g, 97%), colourless oil, [@]y = -31.3° (¢ = 1, CHCL). Vmu(CHCl)/cm™ 3000, 2944, 2892,
2864, 1464, 1388, 1256, 1176, 1088, 1004, 964, 916, 880, 836; '"H NMR (400 MHz, CDCIl3) & 5.84-5.74 (m, 1
H), 5.09-5.02 (m, 2 H), 4.13-3.98 (m, 2 H), 3.84-3.78 (m, 3 H), 2.44-2.37 (m, 1 H), 2.22-2.15 (m, 1 H), 1.98-
1.87 (m, 2 H), 1.74 (ddd, %/ 13.1 Hz, °’J 4.2 Hz, °J 1.4 Hz, 1 H), 1.67-1.59 (m, 2 H), 1.36 (dt, >/ 129 Hz. ./
8.7 Hz, 1 H), 1.05-1.03 (m, 21 H), 0.89-0.86 (s, 9 H), 0.05-0.03 (s, 6 I1); *C NMR (100 MHz, CDCls) &
1352 (=CH), 116.6 (=CHy), 70.3, 66.5, 65.0 (OCH), 59.9 (OCH,), 40.5 (CH,), 38.5, 38.2 (CH,), 37.4 (CH.).

25.9 (SiC{CHs)s), 18.3 (SiC(CHs)s), 18.1 (SiCH(CHzs),), 12.3 (SiCH(CHa),), -5.3 (Sl(hi“lg)z), MS () M~ =
AL L N £\ AANY IS AT A 77373 N Ll aTa W e 1a N AN o N 2 s AN V. VU 6o Xo Tiw AY nNAT /NQ 1Y AN A 1N Voo AV e N A Ttz
456 (0.6), 442 (0.7), 414 (33.3), 400 (20.7), 372 (5.7), 346 (32.7), 241 (28.1), 227 (27.1), 197 (15.6), 185
(7772 1§877189) 1231 4100) 1158710 ) 101 (90 Q)Y QQ /£T T\ T2 AN AV HRNMC ~alead £ © 1T OV Qi (N~
(€/7.3), 137 (12.2), 131 (1VUU), 113 (17.0), 1U1 (&V.0), 87 {U/.7), /3 (4#U.4), IIavVLS CaICa 101 UapllysUsoi (M —
CsH;) 413.2907, found 413.2915

[(2R 4R, 6S)-6-(2-1ert. Rnt\z/d)mﬂfhu/w/\1/{)Y1/-pth1,l) 4-triisopro, nyh;j!\,’[()x\V,r-zg_t,;-a,lg\,.vv_/,rgp}'rgn__?.}'lljlw(_nv-gtg[jg-
hyde (14). A solution of bis-(O-silylether 13 (456 mg, 1 mmol) in DCM (10 ml) was ozonized at ~78°C until

saturation with ozone occurred (light-blue colour). PPh; (524 mg, 2 mmol) was added and the mixture was
allowed to reach rt. After stirring for 2 h at rt the solvent was removed and the crude product purified by
column chromatography (SiO,; MTBE/PE, 1:15 -» MTB/PE, 1:3) to yield aldehyde 14 (458 mg, 100%).
colourless oil, [@]? = =32.4° (¢ = 1, CHCL). Vma CHCl)cm™ 3000, 2948, 2892, 2864, 2728, 1724, 1464.
1388, 1360, 1296, 1256, 1204, 1176, 1100, 1036, 1012, 956, 920, 880, 836; 'H NMR (400 MHz, CDCl;) &
9.79 (dd, *J 2.3 Hz, *J 2 Hz, 1 H), 4.62-4.58 (m, 1 H), 4.14-4.09 (m, 1 H), 3.92-3.85 (m, 1 H), 3.65 (dd, >/ 7.4
Hz, ®J 5.5 Hz, 2 H), 2.77-2.72 (m, 1 H), 2.46-2.41 (m, 1 H), 2.08-2.01 (m, 1 H), 1.87 (dt, **J 12.8 Hz, %/ 4.2
Hz, 1 H), 1.72-1.63 (m, 3 H), 1.47-1.41 (m, 1 H), 1.05 (m, 21 H), 0.89 (s, 9 H), 0.04 (s, 6 H); *C NMR (100
MHz, CDCl) & 201.0 (C=0), 67.3, 64.9, 64.8 (OCH), 59.7 (OCH,), 47.2 (CH,), 39.3, 38.9, 37.9 (CH.), 25.9
(SiC(CHs);), 18.09 (SiCH(CHs),), 18.07 (SiC(CH;); ) 12.3 (SiCH(CHzs),), =5.4 (Si(CHs)p); MS (rt): M™ = 458
(0.9), 443 (2.8), 415 (44.3), 401 (52.5), 371 (9.5), 357 (8.6), 329 (20.1), 284 (9.6), 255 (5.4), 241 (18.1), 229

o os1- Ny V] 1«1 %] N 1

(100), 197 (17.9), 185 (32. 6), 157 (23.1), 131 (53.0
1£

, (45.1), 101 (36.5), 89 (71.2), 73 (51.2), HRMS

ol £ Tr NTIAN .....,.J AV Z
caica 1or \,21[143\.14312 uu - \_,3:17) 415.2700, found 415.
X

(2S)-1-[(2S, 4R, 6S)-6-(2-tert. -Buzyldzmethylwly[(

‘)

1
2
Xy-€ hyl) 4-triisopropylisilyloxy-tetrahydropyran-2-y1 |-

pent-4-en-2-0l (15). To a solution of (-)-B-methoxy-[-diisopinocampheyl-borane (840 mg, 2.66 mmol) in
toluene (10 ml) was added allylmagnesium bromide (2.6 ml, 2.6 mmol, 1 M in diethyl ether) at -78°C under

argon. The mixture was stirred for 15 min at the same temperature and for 2 h at rt. Then 7 ml of the {-)-5-
allyl-B-diisopinocampheyl-borane solution (1.47 mmol, 0.21 M solution) were added via syringe to aldehyde 14
(458 mg, | mmol) in toluene (5 ml) at —=78°C. The mixture was stirred for 3 h at the same temperature and then
allowed to warm up to rt. NaOH (3 ml, 2 M aq. solution) and 35% H,0, (3 ml) were added, the mixture was
stirred for 1 h and then neutralized with H,SO, (2 M). The aqueous layer was extracted with MTBE (3 ~ 20
ml), the combined organic layer washed with brine and dried (MgSO,). Column chromatography (SiO»:
MTB/PE, 1:5) afforded alcohol 15 (349 mg, 72%, 92% de), colourless oil, [a]) = -28.1° (¢ = 1, CHCl:).
veux( CHCl)Yem™! 3464, 2944, 2892, 2864, 1464, 1432, 1388, 1360, 1328, 1308, 1256, 1180, 1100, 996, 960,



P. Wolbers, H. M. R. Hoffmann / Tetrahedron 55 (1999) 1905-1914 19

920, 880, 836; 'H NMR (400 MHz, CDCl;) § 5.88-5.79 (m, 1 H), 5.12-5.06 (m, 2 H), 4.23-4.17 (m, 1 H),
4.14-4.09 (m, 1 H), 4.01-3.95 (m, 1 H), 3.89-3.83 (m, 1 H), 3.71-3 67 (m, 2 H), 3.49 (br. 5. | H). 2.26-2.20
(m, 2 H), 2.14-2.06 (m, 2 H), 1.72-1.63 (m, 2 H), 1.91 (dt, **J 13.5 Hz, * ]43Hz 1 H), 1.77 (ddd, ‘J144H
3 23 T

H

J10.7 Hz, >*J 9.2 Hz, 1 H), 1.46 (dt, >J 13.5 Hz, *J 7.0 Hz, 1 H), 1.45 (ddd, 2/ 144 Hz, *J 3.1 Hz, '/ 3 1 ‘n'z
TINY 1086 21THEY NQT e QLN NNA (e 61 Bonmam 7100 MU ONCLY R 128 0 (=CHY 1179 (=L
I M), LU, 21 IL), .0/ (8, 7 1), Uua (§, O 1), U INIVIR ([ 1UVU MINZ, CLJUI3J O 133U (Turny, i17.2 (TUniyy,
71 ") A0S R76 GAR (OWHY 00 /OCH.Y 418 300 105 28K 7R /MCHN 250 (GiOC(CH )Y IR
iL. UZ.J, U770, UF.0 \(\uaiy, Y77 \wedily, 51,6, 277, 370, J30.6, J/.0 (“rl}), LJ.7 (DI ai3fiy, 1000
(SICH(CH),), 18.1 (SIC(CHs)s), 12.2 (SICH(CH.)s), 5.3, =5.4 (Si(CHa)). MS (110°C) M" = 500 (1 3). 458
(24.6). 443 (30.2), 371 (8.2), 345 (51.2), 269 (20.1), 242 (23 .3), 201 (25.1), 171 (18.4), 145 (18.4), 131 (100)

115 (24 0), 89 (81.2), 73 (49 8); HRMS calcd for Cy7Hs,04Si, (M) 500.3717, found 500.3712.

[(2S, 4R, 6R)-2-(2-tert.-Butyldimethylsilyloxy-ethyl)-6- {(2S)-2-tert.-butyldimethylsilyloxy-pent-4-envi i -4-ri-
isopropylsilyloxy [-tetrahydropyran (16). To a solution of alcohol 15 (400 mg, 0.8 mmol) and 2,6-lutidine (0.17
ml, 1.72 mmol) in DCM (1 ml) was added tert.-butyldimethylsilyl trifluoromethanesulfonate (0.224 ml. 0.96
mmol) dropwise at 0°C. The mixture was stirred for 30 min, then silica gel was added and the crude product
was purified by column chromatography (SiOz; MTB/PE, 1:20) to yield tris-O-silylether 16 (457 mg, 93%),
colourless oil, [@]® = -26.3° (c = 1, CHCL). Vaa(CHCls)/cm™ 2952, 2928, 2892, 2856, 1472, 1388, 1360,
1256, 1072, 1004, 936, 916, 880, 836, 796: 'H NMR (400 MHz, CDCls) & 5.87-5.77 (m, 1 H), 5.06-5.02 (m, 2
H), 4.17-4.02 (m, 4 H), 3.71-3.65 (m, 2 H), 2.38-2.19, 1.92-1.55 and 1.38-1.29 (3 m, 10 H), 1.05 (m, 21 H),
0.89 (s, 18 H), 0.06, 0.05 (2 s, 12 H); *C NMR (100 MHz, CDCl;) & 135.1 (=CH), 117.0 (=CH,), 69.3, 67.6,
66.7, 65.2 (OCH), 60.0 (OCH,), 408, 40.7, 394, 389, 387 (Lhz) 259, 257 (Si1C(CHs):), 182
5 (Si(CHz),): MS (60°C) M = 574

(SiCH(CHs),), 18.1 (SiC(CHa)s), 12.3 (SiCH(CHzs),), 4.4, 4.5, -5.3, — 3)2);

fA2Y §8Q 12 7O\ AAN DY 1Y ANN 72 &Y 277) {1Q \ ’)AIQ 199\ 229 {4 AY A1 7/7Q 2N ’5]5 14 £ 198 710N
(4.2), 70 {1D2.4), 49V (4. 1), @UUV (DO.0), /4 (10.1), 240 {(10.£)}, I24 (U.H), £4941 1£0.0), 2410 {10D.U), 10 (1UU),
171 (54 QY 148710 AN 121 (A& 4Y 115724 §Y RQ (44 &Y 72 (74 8 HRMEC pcaled foor CL,L,LH, OV Qil (N7 _ (C H
L7177, 70, 17 (1V.T), 1J1 \TUTY, 11J &7 0), 07 (7.0, /77 (/7.2 LINIVLO vaibu 1ul \J;")ll(,[\jzp.)ly \ivi Nqrigy)
557.3878, found 557.3878

3-tert.- butyldlmelhylsﬂy/oxy but:vraldehyde (17). A solutnon of blS sﬂylether 16 ( 500 mg, 0.8 mmo]) in DCM ( 5
ml) was ozonized at -78°C until saturation with ozone occurred (5 min, light-blue colour). PPh: (630 mg. 2.4
mmol) in DCM (3 ml) was added and the mixture was allowed to reach rt. After stirring for 2 h at rt the solvent
was removed and the crude product purified by column chromatography (SiO2; MTB/PE, 1:20 — MTB/PE,
1:15 — MTB/PE, 1:5) to give aldehyde 17 (500 mg, 98%), colourless oil, [a]}) = -24.1° (¢ = 1, CHCl).
Vmae(CHCL:)/em™ 2984, 2048, 2892, 2864, 1724, 1464, 1388, 1360, 1256, 1176, 1096, 1004, 964, 936, 916,
880, 836, '"H NMR (400 MHz, CDCl;) 8 9.83-9.81 (m, 1 H), 4.38-4.32, 4.20-4.06 and 3.84-3.78 (3 m, 4 H),
3.73-3.68 (m, 2 H), 2.66 (ddd, >/ 15.8 Hz, °J 4.7 Hz, *J 1.8 Hz, 1 H), 2.52 (ddd, %/ 15.8 Hz, */ 70 Hz. "/ 3.0
Hz, 1 H), 2.05-1,90, 1.72-1.63 and 1.57-1.50 (3 m, 7 H), 139 (dt, *3J13.0 Hz, *J 8.3 Hz, 1 H), 1.06 (mm, 21
H), 0.90 and 0.87 (25, 18 H), 0.10, 0.06 and 0.04 (3 5, 12 H); ' *C NMR (100 MHz, CDCl;) 8 202.1 (C=0).

66.9, 66.5, 65.6, 65.1 (OCH), 59.9 (OCH,), 50.6 (CH,), 40.3, 40.1, 39.5, 38.4 (CHy), 26.0, 25.7 (SiC(CHaz):),
18.2 (SiCH(CHa),), 18.1 (SiC(CHzs)s), 12.3 (SnC"(CH;,‘z), -4.34, -4.73, =530, -5.32 (Si(CHs);); MS (130°C):
M™ =616 (0), 574 (8.9), 559 (3.3), 441 (15.3), 427 (8.5), 371 (10.3), 345 (13.6), 331 (8.1), 255 (12.4), 241
FET RN 1Q7 (1072 171781 4Y 1231 4702 1157279 QQ /54 1\ 75 (100N LIRNMSQ calnd far £ L1 Cil INA
\JI..’}’ 10/ \17._,‘), 171 \J l."'f}, 121 \/U.J)’ 110 \LV.L}, o7 \J“f.l}’ iJ \IUU}’ LIIINIVED Lallud 11Ul \_«2)116‘\})3[} \:Vl
C;H7) 573.3827, found 573.3835.

(2R)-1-[(2S, 4R 6S)-6-(2-tert. But\)!d,rthv_]Sl,/\)/va_pth\/l) 4-tr1!\nnrnnv/w/}jgx\ _turrnhvn’_rmmrnn_7 i ]-

pent-4-en-2-ol (20). Aldehyde 12 (400 mg, 0.87 mmol) and (+)-B-allyl-B-diisopinocampheyl-borane (6 ml, 1.28
mmol, 0.21 M solution) were allowed to react as described for aldehyde 14 to give after chromatography (SiO-;
MTB/PE, 1:5) alcohol 20 (306 mg, 70%, 92% de), colourless oil, [a]i = -25.3° (c = 1, CHCL).
Vaax(CHCl: Yem™ 3500, 3000, 2944, 2892, 2864, 1464, 1432, 1388, 1360, 1256, 1176, 1100, 996, 956, 920,
908, 880, 836, 796, '"H NMR (400 MHz, CDCl:) § 5.87-5.77 (m, | H), 5.15-5.09 (m, 2 H), 4.35-4.29 (m, 1 H),
4.16-4.10 (m, 2 H), 3.91-3.84 (m, 1 H), 3.74-3.66 (m, 2 H), 2.54 (br. s, | H), 2.28-2.24 (m, 2 H), 2.11-2.02
(m, 2 H), 1.74-1.63 (m, 2 H), 1.93-1.88 (m, 1 H), 1.85 (ddd, %/ 14.4 Hz, *J 9.8 Hz, °J 2.9 Hz, | H), 1 44 (ddd,
‘J 144 Hz *J89 Hz, °J 34 Hz, 1 H), 1.45 (dt, *°J 14.1 Hz, °J 8.9 Hz, 1 H), 1.06 (m, 21 1), 0.88 (s, 9 H),
0.05 (s, 6 H); “C NMR (100 MHz, CDCl;) & 135.0 (=CH), 117.7 (=CH,), 67.8, 67.0, 66.3, 65.1 (OCH), 59.9

z
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(OCH,), 42.0, 41.4, 39 4, 39.0, 38.0 (CH,), 26.0 (SiC(CHs):), 18.3 (SiCH(CH;),), 18.1 (SiC(CH;).). 12 3
(SICH(CHs),), —5.3 (Si(CHa),); MS (60°C): M" = 500 (0), 457 (15.9), 443 (23.5), 372 (3.6), 345 (354), 3.
(5.9), 271 (14.7), 241 (39.7), 227 (9.6), 201 (25.2), 171 (16.0), 145 (18.9), 131 (100), 115 (22.7), 97 (20_7),

89 (89.4), 81 (23.6), 73 (51.5); HRMS calcd for CpHs004Si; (M' — C5Hy) 457.3169, found 457.3163,
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