TETRAHEDRON

Derrick L. J. Clive,* Yunxin Bo and Natesan Selvakum
Chemistry Department, University of Aiberta, Edmonton, Aiberta, Canada ’

4 B
Nl
Q

Robert McDonald
X-Ray Service Laboratory, Chemistry Department, University of Alberta, Edmonton, Alberta, Canada T6G 2G2

Bernard D. Santarsiero
Molecular Structure Corporation, 3200 Research Forest Drive, The Woodlands, Texas 77381-4238, UsAt1

Received 12 August 1998; revised 27 October 1998; accepted 28 October 1998

Abstract: Diels-Alder reaction between ketene acetal 3 and the B-nitroacrylate ester 12 of (-)-8-
phenylmenthol gave optically pure ketone 17. This substance was modified in such a way as to
remove the chiral auxiliary and afford the epimeric silyl ethers 20M and 20m. Following
procedures workcd out using racemic materials, both 20M and 20m were converted into optically
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determination was carried out. © 1999 Elsevier Science Ltd. All rights reserved.

We report full details for the synthesis of optically pure (-)-calicheamicinone (1),!2 the aglycon of the
antitumor antibioticZ calicheamicin y;i. The material we made is crystalline, and its detailed structure in the
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Our route'2 is based on a synthesis of racemic calicheamicinone reported from this laboratory.3 That
work (see Scheme 1 for the early stages) began with a Diels-Alder reaction between ketene acetal 3 and methyl
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o o -NO. I\ I\
K\ o Z70  MeO,C /O 2 6% from 2
o Me;Sio” THE  Me 807 Y “CO,Me 07 >""CoMe
Q Q < L
2 | a 5 | 6 I
|
lRoute A lRoute B
o _ 0 c._ 0 c_ 0
NHCO,Allyl JA)j,NHcozAuyl fﬁ,NHcozAuyl NHCOLAllyl
¥ —_ ’r, i P, 2 by,
HO "™ o7 Y™ oY b HOTEYT
oz JLAg— H ,\,..\ ¢ H 1 = ~
Il ~. OCOBu-t OCO \/u il o
' N 'S
MesSi  OAOM OAOM OCOBu-t MeSi O
7 7 8 8'

2All chiral compounds are racemic. AOM = CHOGsH4OMe-p. (i) Lithium trimethylsilylacetylide, CeClz, THF.
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3-nitropropenoate (4). The product (5) was subjected to mild acid hydrolysis so as to afford the highly
functionalized ketone 6, and this was then elaborated by two routes. One gave ketone 7 and the other ketone
8. Each of these substances was treated with the cerium salt of trimethylsilylacetylene, and both gave in
excellent yieid the product of acetyiide attack at the ketone carbonyi' however, the stereochemical outcome was
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while with 8 it entered agnti to the nitrocen (8 — R'\ When 7' and 8' are converted into (H)-calicheamicinone
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all the stereogenic centers except C* (see 7' and 8') are changed to sp? hybridization, so that in the racemic
series both advanced intermediates 7' and 8' afford the same final product [(+)-1]. A consequence of this
situation is that either enantiomer of 6 can serve equally well for the preparation of (-)-calicheamicinone: the
enantiomer with 25 absolute configuration would be processed by route B (see Scheme 1), while that with 2R
configuration couid aiso be converted into 1, but wouid require use of route A.

Because of these unusual circumstances, synthesis of 1 can be based on an asymmetric Diels-Alder in
which the absolute r-nnf'onrnhnn of the Diels-Alder nrndnr‘f is immaterial, althnnoh it must be established, so

that the appropriate chmce between routes A and B can be made. With thlb 1nformat10n as background, we
tried to prepare a nitroalkene 9 in which group X is part of a chiral auxiliary. Our initial choice fell on oxazoli-
dinones,* because of our very satisfactory experience in using these compounds, but we could not prepare the
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required oxazolidinone derivative 10 — at least within the short time we devoted to the problem — and so we
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Diels-Alder reactions,® and can be made” easily from R-pulegone.

Conversion of 11 into the required nitropropenoate 12 was surprisingly troublesome to begin with, but
a satisfactory and reliable method (Scheme 2) was eventually found. Acylation of 11 with acryloyl chloride

Scheme 2°
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(Et3N, DMAP, 92%) gave ester 13,8 and the double bond was then cleaved under the classical Lemieux-
Johnson condmons9 to afford a mixture (98%) of the glyoxylate 14 and the corresponding hydrate (15).
These compounds underwent efficient (90%) Henry reaction in the presence of neutral aluminal® to give the
diastereoisomeric alcohols 16, which were easily converted (89%) into the required nitropropenoate 12 by
mesylation!! and spontaneous elimination.
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the acyl ketene acetal 2, and used in situ. Very mild acidic hydrolysis (aqueous ammonium chloride) allowed
us to isolate the desired adduct 17, which was obtained in 64% vield from 2, after chromatggraphy and
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recrystallization. This yield is a modest improvement over the corresponding reaction in the racemic series
(formation of 6) for which the yield was 56%.

X-ray analysis of 17 established that the absolute configuration is as shown, and this information
indicated that route B of Scheme 1 should be followed in order to make calicheamicinone of natural

conngurauon To this end, the ketone car DOI‘lyl of 17 was reduced with sodium DOI‘OHYGI'IGC (99‘70), and the

resulting mixture of epimeric alcohols was protected in the form of their -butyldimethylsilyl ethers (18 — 19,

ca 100%)
The next task was to disengage the chiral auxiliary {19 — 20M + 20m (M = major isomer, m = minor
isomer]. This was accomplished by treatment with DIBAL-H, but the experiment has to be done under
carefully defined conditions. At -75 °C reaction is very slow, while at room temperature the silyl group is
removed.!2 After considerable experimentation, a reliable and efficient procedure was found: DIBAL-H (2
equlv ) is added to a solution of 19 at - /zs °C and, after 1 h the reaction flask is transferred to a bath at -30 °C.
Another portion of DIBAL-H (2 equiv.) is added 24 h after the first batch, and stirring at -30 °C is continued
for 48 h. At this point the epimeric silyl ethers 20M (52% from 17) and 20m (27% from 17) are easily
isolated. The chiral auxiliary, (-)-8-phenylmenthol, is recovered (96%), and can be recycled. The optical
purity of the two alcohols 20M and 20m was confirmed by converting each one, as well as samples of the
corresponding racemic materials,!3 into the Mosher esters!4 and then examining the 19F NMR spectra. The
alcohols in the present series were optically pure, the CF3- sxgnals for the esters of the racemic alcohols (there
are two CF3-signals in each case) being weil separated (22 and 57 Hz).

Once the chiral auxiliary hatt been removed, we were in a position to follow the procedures (see Scheme
4) we had used earlier in the racemic series, because racemic material corresponding to 20M and 20m had
been converted into (+)-calicheamicinone.3 In Scheme 4 the yields in brackets refer to the corresponding
experiments for the series beginning with 20m, but only the structures for compounds derived from 20M are
shown.

Double bond cleavage of 20M (Scheme 4) under Lemieux-Johnson conditions gave a mixture of
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eplmenc lactols (ZUM — L1IM, 91‘70), and treatment with praloyl chioride served to convert them inio the
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pivaloate 22M (99%). Evidently, as we had found with the racemic compounds,? the epimeric lactols
equilibrate, and one of them reacts faster than the other, so as to give a single product (22M) in which the
bulky pivaloyl group is equatorial. In this particuiar transformation, use of 21m (not shown in the Scheme)

ave a different result from that obtained with racemic compounds. In
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mic lactols corresponding to 21m afforded a single pivaloate, but

4:1 separable mixture of epimeric pivaloates. The undesired (mmor) isomer could be reconverted (83%) into a
1:1 mixture of lactols by the action of DIBAL-H, and this lactol mixture was resubjected to reaction with
pivaloyl chloride, so as to obtain more of the desired product. We do not know why our result for

pivaloylation of the lactols derived from 21m is different from what we observed when working with



corresponding racemic compounds but, in any event, the stereochemistry can be adjusted by recycling, as
described.

Reduction of the nitro group, using the reagent generated from nickel(I) chloride and sodium
borohydride, gave the corresponding amine in high yield (99%), and this was then converted efficiently (90%)

into its allyl carbamate under standard condiiions (2ZM — 23M — 24M) ) rmauy, desnylauon (‘ 'M -
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lower (84% as comparcd with 99% ) h w1th the C(3)—epxmer (24M) — in the racemic series the two
corresponding yields were almost identical (95 and 97%) — but, apart from this, and the earlier complication
with the pivaloylation, the results in the two series (from 20M and 20m) were very similar, and were also
close to those obtained with racemic compounds.

Treatment of ketone 26 with the cerium salt of trimethyisilylacetylene, under the special conditions
previously worked out,3 served to introduce an acetylene unit anti to the nitrogen (87% yield), and the resulting
[gr{la‘rv hvdrngl was protected by silylation (27 — 28 99%). Next, the mvalnvl oroun was removed bv the
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action of DIBAL-H ( 97%), and 0x1dat10n (92%) of the resultmg mixture of epimeric lactols with the Collins
reagent led to the advanced intermediate 30.

The next phase of the synthesis involved desaturation at both C(8)-C(8a) and C(4)-C(4a), and oxidation
at C(1). Introduction of a double bond at C(4)-C(4a) was effected by phenylselenenylation (LDA, PhSeBr)

- ~ s

and oxidation of the resumng seienide with cumetnylaloxmme {30 — 31, 81% not corrected for recovered 30
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(3%)]. At this point the free amine was liberated (Scheme 5, 31 — 32, 92%) by deprotection with
tetrakis(triphenylphosphine)palladium(1l) in the presence of dimedone,!5 and the amine was chlorinated on
nitrogen (-BuOCl) and treated with DBU.16 That experiment afforded (90%) the fully conjugated amine 33,
which was immediately converted (95%) into its methyl carbamate 34.
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Oxidation at C(1) was then achieved by free radical bromination (34 — 35), hydrolysis of the
intermediate bromides 35, wzthgut nnuﬂcauen and mmpmg of the libefa!e, carbexy!ic acid!7 with

as it would have had to be removed in any case. When the brommatlon, hydrolysxs, and methylatxon sequence
is performed carefully, we were able to obtain an overall yield of 79% for the conversion of 34 into 36. This
result is marginally better than in our earlier work.3 Treatment of 36 with the cerium salt of trimethylsilyl-
acetylene, again under our special conditions,’ led directly to the syn bis- acetyiene 37, and desilyiation
produced a mixture of syn bis-acetylene 38 and the corresponding C(1) epimer in 46% and 42% yields,
respectively. The two compounds were separated, and the undesired anti bis-acetylene was treated with
tetrabutylammonium acetate in order to equilibrate the epimers. In the racemic series we had used a reaction
period of several h; we now find that the reaction must be stopped after a few minutes in order to obtain a
quantitative recovery of the two epimers (44% syn, 56% anti). After one recycling the yield of the desired syn
bis-acetylene was 64% (a further recycling would have raised it to 74%). Finally, the acetylenic hydrogens

were replaced by iodine (38 — 39, NIS, AgNO3, 88%), and ring closure by a double Stille coupling gave the

initial target 49 in 65% yield — a value somewhat lower than in the racemic series (72%).
With the calicheamicinone core structure in hand, the remaining tasks were introduction of the trisulfide
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unit and removal of protecting groups. Reduction of lactone 40 gave a mixture of lactols (95%) (Scheme 6);
these were desilylated with tetrabutylammonium fluoride (89%), and reduced (78%) further with sodium
borohydridc (40 — 41 — 42 — 43). Bis-silylation of the triol (43 — 44, Et3SiOTf, 2,6-lutidine, 93%), and
selective deprotection of the primary hydroxyi, by storage ovemlgm in an aqueous acidic solution (44 — 45,

OO cat tha ctnma Far tnteadiiatioan ~fsha Focs
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1
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was now blocked). Mitsunobt or
H, gave thiol 47. This was chromatographed and immediately treated with an excess of recrystallized N-
(methyldithio)-phthalimide!8.19 to afford trisulfide 48 in 86% yield from thioacetate 46. Finally, mild acidic
hydrolysis20 (TsOH, THF, H;0, 81%) served to remove the ketal and silyl protecting groups and release
synthetic and optically pure calicheamicinone. The material was obtained as a white solid. Slow
recrystailization from a mixture of dichioromethane and ethanol produced faintiy yellow crystals suitable for X-
ray analysis, and the X-ray structure2! is shown in Figure 1 (which has its own numbering system).
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has never been examined in this wav, and its dimensions were unknown. The present measurements show that
has nev = 14 xnown, 10€ presentl measurements snow (hat

vay, ne
the C(9)-C(14) (crystallographic numbering system) distance is 3.429(9) A, and the C(10)-C(13) distance is
2.747(10) A. The two acetylemc units are bent to different extents, with the bond angles about C(13)
[165.4(7)°] and C(14) {167.3(7)°] deviating slightly more from linearity than those about C(9) [172.4(7)°] and
C(10) [168.5(8)°]. In the crystal, the carbamate adopts a conformation in which the nitrogen lone pair is nearly

paraliel to the attached double bond (lone palr -doubie bond torsional angle ca 13”), and the amide hydrogen is
.)yﬂ lU UIC Ldll)d.llld.l.t: car UUIlyl. l ma .3)/" xcmuuumup \lUlblUll augxc dUUUL I.HC 1‘4"L UUllU. Ul I.llC Cadr UdllldlC ﬂ'l‘i'
C=0 subunit £25°) in carbamates is rare — we found 11 cases out of 506 carbamates2? in the Cambridge
Structural Database. Finally, a search for acyclic CS3C units showed that this segment in calicheamicinone is
unexceptional with respect to bond lengths and angles, including the fact that the S(1)-C(17) and S(3)-C(18)
bond vectors point from opposite faces of the S(1)S(2)S(3) plane (see Figure 1). Our remaining sample of (-)-
calicheamicinone was examined by NMR, in an attempt to establish whether the same conformation was
maintained in solution. However, the results of a ROESY experiment were inconclusive.

Experimental
General procedures.
The same general procedures as used previously23 were followed. DMF was stirred overnight with crushed

(Call. nAd than Adictillad nndar watar niim cunm  with nrnfnnhnn fra nigtinre nf\finq] ratatinng were
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measured at 25 °C. The symbols s', d', t', and q' used for 13C NMR signals indicate zero, one, two, or three
attached hydrogens, respectlvely In cases where the number of signals is less than expected, we assume this
is due to coincident chemical shifts. Except where different from corresponding data obtained on racemic
compounds, the FTIR, 'H NMR, and 13C NMR data are not repeated here; the information is available
elsewhere.3b The type of characterization data obtained for each compound, and the scale and yield, are,
however, indicated in brackets. Mass spectral and combustion analysis data are quoted, wherever measured.

[1R-(1¢:,2B,5 o.)]

LRss ""'r'!

-5-
[IR-(10, ZB S5a)]-5-Methyl-2-

Mgthyl -2-(1-methyl- l-nhenvlethvl\c clohexyl Oxoacetate (14) and
(1 -methyl 1- phenylethyl)cyclohexyl Dihydroxyacetate (15) 8 A
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. 0s0y4 (2.5% w/w in t-BuOH, 6.5 mL, 0.50

mmol) was added to a stirred mixture of 138 (22.8 8 g 79. 7'14mm 1), water (50 mL.) and dioxane (150 mL).
After 5 mm the rmxture had become dark brown. NaIO4 (51.22 g, 239. 5 mmol) was then added in portions

nnnnnnnnn o saosilitie v satwdiiea sxrao ofivead Dizeman 1NN rno o dda 3 o Lo —ealuwd

uyYel lU uun, uuu I.HC lcbuxuug IMiXuire was suirca I.Ul 4 u DPIHIC (1W un.) was alucy, amu ulC lllillul(: was
extracted with EtpO (4 x 100 mL). The combined organic extracts were washed with water (ca 100 mL) and
10% aqueous NaH503 (200 mL), dried (Na3SO4) and evaporated, and the residue was ﬁltered through a short

column (5 x 20 cm) of silica gel, using 1:1 EtOAc-hexane, to afford the gummy product,24 which exists partly

(IR) as the hydrate 15 (24.09 g, 98%).
[1R-(10.,2B,5c)]-5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl 2-Hydroxy-3-nitro-
propanoate (16) Neutral alumina (grade I) was heated in an oven at 150 °C for 24 h, and cooled in a

desiccator. A pOX'thﬂ of this material (15 5 g, Le. 1 g per 2 mmoi of 13) was added over 10 min to a stirred
and cnoled (ﬂ °™M c¢alution of 14 and ite hvdrate 1§ (1 1.40 g 37.21 mmol, assuming all the material is the
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hydrate) in freshly -distilled (same day) MeN02 (25.0 mL 462 mmol) After 30 min, the ice-bath was removed
and stxmng was continued for 3 h CH2C12 (300 mL) was added to the resultmg suspensmn, and the mixture

was filtered through a pad (1.5 x 7 cm) of Celite, using Lngblg The filtrate was evaporaied and the residue
was named thrmwh a short column of silica gel (5 x 25 cm), using 1:4 EtOAc-hexane, to afford 16 (11.81 g,

COIU a gl 21115 ALA4QIIL, 1V

90% yleld) as a thlck gum: FTIR (CH;Cl,, Cast) 3491, 1735 1560 cm-l; 1H NMR (CDCls, 400 MHz) 5
7.35-7.10 (m, 5 H), 5.00-4.82 (m, 1 H), 4.30-3.85 (m, 2 H), 3.57-3.47 (m, 0.55 H), 2.96 (d, J = 6 Hz,
0.42 H), 2.30-0.80 [m including s at & 1.27, s at § 1.16, and d (J = 8.4 Hz) at § 0.89, 18 H); exact mass m/z
calcd for CyoHy7NOs 349.18893, found 349.18913. Anal. Caled for C1gHp7NOs: C 65.31, H 7.79, N 4.01.
Found: C 65.07, H 8.03, N 3.77.

[IR-[10(E),28, 5(1)]] -5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl 3-Nitro-2-

propenoate (12). MeSO;Cl (2.75 mL, 35.5 mmol) was added at a fast dropwise rate to a stirred and cooled

(0 °C) solution of 16 (11.81 g, 33.80 mmol) in dry CH»Cl, (200 mL) (Ar atmosphere), and Et3N (18.87 mL,
135.4 mmol) was then added dropwise over 5 min with stirring. 11 The mixture was stirred at 0 °C for 2 min

after the end of the addition, and then diluted with EtoO (500 mL). (These times must be adhered to for

m vimum y}e}d ) The resulung Sslunen was ulnchpr“ unﬂ\ <07n hydrnnhlnﬁr‘ Qr\1r‘ (1% ﬂ\T \ nnd hnnp ﬂnd drnarl

(Na2S0Q4). The solvent was evaporated and the residue was filtered through a short column (5x 25 cm) of
silica gel, using 3:17 EtOAc-hexane, to give 12 (10.02 g, 89% yield) as a dark, yellowish oil: [o]p -57.0 (¢

2.0, EtOH); FTIR (CHCl; cast) 1723, 1538 cm-!; TH NMR (CDCl3, 400 MHz) § 7.30-7.20 (m, 4 H), 7.12-
7.05 (m, 1 H), 6.50 (AB g, J = 14.4 Hz, Avap = 186.7 Hz, 2 H), 4.92 (dt, J = 10.8, 4.8 Hz, 1 H), 2.16 (dt,

oS \Aiky 2 v ialy L3 i LR 2 FL (8L, S R4,

—108 36Hz lH) 2.06-1.97 (m, | H), 1.90-1.80 (m, 1 ) 180—172(m IH) 1.56 144(m,1H),
l 8-1.13 (mmcludmgsat8130andsat8 1.20, 7 H), 1.09-0.80 [m including d at § 0.91 (J = 7.2 Hz), 5
H}; 13C NMR (CDCls, 100.6 MHz) 161.8 (s'), 151.9 (s), 147.8 (d"), 128.2 (d"), 127.2 (d'), 125.2 (dY,
76.1 (d), 50.2 (dY), 41.4 (1", 39.3 ("), 34.4 (1), 31.3 and 0.7 (d' and q"), 26.0 (t"), 21.7 (q"), 21.6 (q');
exact mass mv/z calcd for CigH25NOy4 331.17834, found 331.17820. Anal. Calcd for C1gH25NO4: C 68.86,
H 7.60, N423 Found: C 69.08, H 7.82, N 4.17.

[65-[60,7P,(18*,2R* ,50*),83” -5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl 6-
Nitro-9-0xo0-8-(2-propenyl)-1.,4-dioxaspiro[4.5]decane-7-carboxylate (17). n-BuLi (1.6 M in

hexanes, 43.4 mL "69.45 mmol) was added over 5 min to a stirred and cooled (0 °C) solhtlon of
(MezPhSl)zNH25 (20 78 g, 72.78 mmol) in dry THF (300 mL) (Ar atmosphere). Stirring at 0 °C was

° 3
continued for 45 min, the mixture was cooled to -78 °C, and a solution of 2- (11,1127 g, 66.071 mmol) in dry

THF (60 mL) was added dropwise over 10 min. The mixture was stirred (- 78 °C) for 45 min after the end of
the addition, and was then quenched by rapid addition (over ca 1 mm) of dry Me331CI (9.64 mL, 76.0 mmol)

The resulting mixture was stirred at -78 °C for 20 min, and then a solution of 12 (20.80 g, 62.76 mmol) in dry
THF (60 mL) was added over 5 min by cannula. The mixture was stirred for 35 min, the cold bath was
removed, and saturated aqueous NH4ClI (300 mL) was added. Stlrrmg was continued for 4 h, and the mixture
was then extracted with EtOAc (4 X 150 mL). The combmed orgamc extracts were washed w1th brme and
dried (Nazbu;;) nvaporauon of the solvent, and flash (.nrumdmgmpuy of the uuy residue over silica gcx \U X
30 cm), using 1:4 EtOAc-hexane, gave 17 as a solid, which was contaminated with traces of (Me;PhSi),NH.

The material was recrystallized from 1:4 EtOAc-hexane (dissolve in EtOAc first) to give 17 (21 13 g, 64%
based on 2) as pure (!H NMR, 400 MHz), colorless crystals: mp 143 °C; [a]p -4.0 (¢ 1.9, CCly); FTIR

(CH,Clj cast) 1726, 1559 cmr!; 'H NMR (CDCl3, 400 MHz) 8 7.40-7.29 (m, 4 H), 7.20-7.08 (m, 1 H),

0n
5=60-5,46(m 1 H), 5.13 (d, J = 12 Hz, 1 H), 5.05-4.92 (m, 2 H), 4.78-4.66 (m 1 H), 4.05-3.90 (m, 1 H),
3.16 (dd, J = 12, 6H7 1H),260(ABq, -—156HZ AVAB 77 Hz, 2H) 246240(m 1H) 2.18-1.96
(m, 3 H), 1.96-1.76 (m, 2 H), 1.74-1.65 (m, 1 H), 1.55-1.40 (m, i H), .25 (s, 3 H), 1.22-1.03 (m
including s at § 1.20, 4 H), 1.00-0.80 (m, including d at § 0.90, 5 H); 13C NMR (CDCl3, 100.6 MHz) &
202.5 (s"), 168.8 (s"), 151.7 (s"), 133.1 (d"), 128.0 (d"), 125.2 (d'), 118.0 (t'), 107.0 (s"), 84.6 (d"), 76.8
(d) 658(t) 502(d') 49.1 (d) 479(t) 44.1 (d), 410(t), 393(5), 344(t) 322(t) 311(d)

A NN f\:cf\‘

29.0 (q), 26.1 (1), 23.2 (q), 21.7 (q"); exact mass m/z caicd for CogHz7NO7 459.25659, found 499.25554
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Anal. Calcd for CgUH_, NO7: C 67.32, H 7.46, N 2.80. Found: C 67.37, H 7.60, N 2.78.

1 FOAVLTIELY N 3 =2 080, 4

[65-[6a,78,(1S ,2R* ,58%), 8[3]] -5- Methyl -2-(1-methyl-1-phenylethyl)cyclohexyl 9-
Hydroxy-G-mtro-s-(2-propeny1) 1,4-dioxaspiro[4. S]decane 7-carboxyhte (18) A solution of

rreuctallina 17 1) MY o VA A anmanl) je A otillad TLIL 4N 42T \ foha ~Ansvneanes PRI T, A R A_MITY
CIySwaiiiie a7 (14.4V B, 44 42 mmol ) in GisStin€a 1 N (v L) \uu: bulu«puum is bpilﬂugly smumc Iﬂ IVICUIE1 )

was diluted with bench MeOH (225 mL) and the resulting solution was stirred in an ice-water bath. NaBH4
(924.9 mg, 24.45 mmol) was added in one lot, and the mixture was stirred for 15 min after the addition. The
mixture was then concentrated to a thick oil (rotary evaporator at room temperature) and half-saturated aqueous
NH4Cl (350 mL) was added. The mixture was extracted with EtOAc (4 x 100 mL), and the combined organic
extracts were washed with water (100 mL) and brine (100 mL), dried (NapSOy), and evaporated. Flash
chmmatography of the residue over silica gel (5 x 25 cm), using 2:3 EtOAc- hexane, gave a pure (TLC, silica,

nnr

3 EtOAc-t nexane) mixture of eplmenc aicohois 18 (ll i3 g, 99‘70), which was used dll‘CCtly for the next

tm’c.
gar =

w

[65-[6cx,7B,(1S*,2R*,55*),83,9x]]- and [6S-[6c,7B,(1S*,2R*,55%),8B,9B8]]-5-
Methyl 2 (1- methyl 1 phenyl)ethyl)cyclohexyl 9. [[(1 1- Dlmethylethyl)dlmethylsnlyl]oxy] 6-

nitro-8- u.-prupenyu-l,q-aluxaaplrulu S]decane-7- carnox‘ym(e (19). t—ﬁUMCzblUlI {10.08 mL,
43.89 mol) was added over 15 min to a stirred solution of 18 (14.66 g, 29.23 mmol) and 2,6-lutidine (6.82
mL, 58.6 mol) (used as purchased) in dry CH,Cl; (320 mL) Stlrrlng was continued for 3 h at room
temperature, and then water (320 mL) was added. The mixture was shaken and the aqueous phase was
extracted with Et;0 (3 x 150 mL). The combined organic extracts were washed with water (100 mL) and brine
(100 mL), and dried (Na2SOy4). Evaporation of the solvents and flash chromatography of the residue over
silica gel (5 x 25 cm), using 1:4 EtOAc—hexane gave 19, as a mixture of epimers (17 99 g, 100%). A small
portion was separated into its two components by flash chromatography over silica gel, using 1:19 EtOAc-

hexane, and data were obtained on the individual components. Compound 19M had: [a]p 15.8 (¢ 2.3, CCly);

FTIR (CH2Clj cast) 1727, 1557 cm!; 'H NMR (CDCl3, 400 MHz) 8 7.42-7.32 (m, 4 H), 7.20-7.15 (m, 1
H) 5.73-5.60 (m, 1 H) 4.94-4.80 (m 2H) 4.75 (d J =12 Hz, 1 H), 4.69-4.59 (m, 1 H), 4.00-3.87 (m,4
H), 3.82-3.74 (m, i H), 2.75 (dd, J = i2, 6 Hz, i H), 2.30-2.20 (m, i H), 2.18-2.08 (m, 1 H), 2.04-1.94
(m, 1 H), 1.88-1.65 (m, 6 H), 1.50-1.38 (br s, 1H), 1.30 (s, 3H), 1.20 (s, 3 H), 1.18-1.05 (m, 1 H), 1.00-
0.80 (m 1ncludmg satd 0. 9 14 ), 0.01 (s, 6 H); 13C NMR (CDCl3, 100.6 MHz) § 170.0 (s"), 152.3 (s),
137.8 (d"), 128.0 (s, 125.5 (s"), 124.6 (s), 115.8 (1), 107.5 (s"), 84.6 (d), 76.6 (d), 69.0 (d) 65.4 (1),
65.2 (1), 50.2 (d"), 45.5 (d"), 42.0 (d"), 41.0, 40.2, 39.2 (last three signals comprise two t' and one s'), 34.5
(1, 31.1 (d), 29.4 (g, 27.9 (1), 26.2 (1), 25.7 (g, 22.7 ((1) 21.7 (q), 17.9 (s"), -4.7 (q), -4.9 (q";
exact mass m/z calcd for C

14H22NO78i (M - +-Bu - C1¢Hpo) 3 1655, found 344.11588. Anal. Calcd for
C34H53NO7Si: C 66.31, H 8. N 2.27. Found: C 66.49, H .97, N 2.23. Compound 19m had: FTIR
(CH2C12 tht) 1727, 1557 corl; TH NMR (CDCl3, 400 MHz) 6 7.36-7.22 (m, 4 H), 7.20-7.13 (m, 1 H),
2 H), 4.89 (d, J = 12 Hz, 1 H), 4.82-4.74 (m, 1 H), 4.04-3.82 (m, 5 H),
5 H), 1.55- 1.15 (m mc]udmg satd 142 andsatd 1. 30, 9 H), 1.00-0.80
3

, 0.09 (s, 3 H); 1°C NMR (CDCl3, 100.6 MHz) 6 171.3 (s'),

15 \ 1278 2 (™ 117D ¢ N7 Q "\ QA Q /AN TELE A AN AL A
1JU.2 (8§ ), 1 Jy 1£3.0 \8 ), 1ki.4a \1}), 107.8 8, 6%.6 {0 ), /0.4 (4, VV.U

f

\u Rl
(d), 65.4 (1), 64.7 (t"), 50.6 (d"), 43. 9 3.4 (d), 41.3, 40.2, 37.2 (last three signals comprise two t'
and one s"), 34.4 (t"), 31.7 (¢, 31.2 (d') 303 (g9, 27.2 (v), 25.7 (9), 23.4 (@), 21.7 (q'), 18.0 (s"), -4.7

(q"), -4.9 (q'); exact mass m/z calcd for C14HpoNO7Si (M - t-Bu - C1gHay) 344.11655, found 344.11601.
&S (6 TR QR ORYT_O_TT(1 1 nlmolhvlnfhvl\r‘|mnlhv|c||v|1nvv1 ‘..ntfrn R_(I._

L“u \“u I P UP IH’J 7= I_L\l a ‘.’llll‘t‘r.l" l‘llﬂ.l .,\.lll.\f‘ill IDIIJI an -" EEE WA W™ U— r
propenyl)-1,d-dioxaspiro[4.5]decane-7-methanol (20M), [6S-(60,7B,88,90,)]-9-[[(1,1-Di-
methylethyl)dimethylsilylloxy]-6-nitro-8-(2-propenyl)-1,4-dioxaspiro[4.5]decane-7 methan-

ol (20m), and establishment of optical purity. The followmg conditions are better than those reported
in reference 1a. A well-insulated cooling bath filled with a magneticallv stirred mixture of Pthvl(—‘ne nlvonl and

Aviviviin 2 & Y CAdTRAASWAGIOAS UL Oalll 11010000 WL & 1IGR AL ANLY S AL AL L v § e

water (1:1) and provided with an immersion cooling coil (Haake, Model EK 51-1) was used for th1s reactlon
It normally took 10 h for the bath to settle at -30 °C (with the instrument set at -50 °C).

DIBAL (1 M in CH,Clp, 49.6 mL, 0.0496 mol) was added over 30 min to a stirred and cooled (-78 °C)
solution of 19 (mixture of epimers) (15.25 g, 24.76 mmol) in dry CH;Cl; (400 mL). Stirring was continued
for 1 h at-78 °C and the flask was then transferred to the -30 °C bath. Stlmng was continued at -30 °C for 24
h, and a second batch of DIBAL (52 mL, 0.052 mol) was added over 30 min. Stirring at -30 °C was continued
for a further 48 h, and the mixture was then quenched by slow (over 5 min) addition of bench MeOH (15 mL).

Then NaySOy4 (50 g), water (12 mL), and Celite (25 g) were added sequentially at -30 °C with continued
stirring. The cold bath was removed and stirring was continued for 1 h. The mixture was filtered through a
pad [9 (breadth) x 2.5 (height) cm] of Celite, using EtOAc. Evaporation of the filtrate and flash

chromatooranhvy of the residue over silica gel (5 x 25 cm). using first 1:9 EtOAc-hexane, gave the pure (IH
wxuuxllu\.\lslﬂ vy WL Vilw AWJIAIWWMWY VY WwWi JRiivis b W % dwes Wik jy Jaiaa ARA TN RS VNI LAV ILALEwy Y W RARANS ru -~

NMR, 400 MHz) chiral auxiliary (5.5494 g, 96%) Further elution with 3:22 EtOAc-hexane gave alcohol
20M (5.090 g, 52%). Continued elution with 13:87 EtOAc-hexane served to elute an impurity, after which
elution with 3:17 EtOAc-hexane gave the minor isomeric alcohol (20m) (2.592 g, 27%). Compound 20M
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had: (FTIR, 'H NMR, 13C NMR); [alp

-20.
387. 20770 found 387.20695. Anal. Calcd for
H8.92,N 3 57 Compound 20m had (l H NM

o anlad NOQE 220 12720 €ann
m/z caled for C14H24NQgSi 330.13730, foun

N 3.61. Found: C 55.59, H 8.44, N 3.40.

The optical purity of the two alcohols was established as follows:1426 DCC (37.1 mg, 0.18 mmol)
was added to a stirred solution of one of the above alcohols (20.0 mg, 0.052 mmoi), (5)-(-)-0-methoxy-a-
(trifluoromethy!)phenylacetic acid (42.0 mg, 0.179 mmol) and DMAP (1 mg) in CH,Cl; (3 mL). Reaction
was complete after 30 min (TLC control, silica, 4:1 EtOAc-hexane). The solvent was evaporated and the
residue was filtered through a small pad of silica gel, using 4:1 EtOAc-hexane. Care was taken to elute all

orgamc products derived from the startmg aicohol. The combined fractions were evapordted and examined oy

19F NMR. The experiment was done using the optically active major isomer (20M), the optically active minor

isomer (20m), and corresponding racemic materials. 3 The latter showed clearly resolved NMR signals (Av ca
22 and 57 Hz for the major and minor 1somers, respecuvely) and the products from the individual isomers m

tne opncauy acuve SCI'lﬁS were IOUI’IG io DC opucauy PUI'C chexmc AULVI ’I“ INIVIKK (L L3, 166 D VIK1Z ) 0
-71.95, -72.07. Optically pure 20M: 15F NMR (CDCl3, 188.33 MHz) 8 -71.95. Racemic 20m: 19F NMR
(CDC13, 188.33 MHZ) 5 71 86, -72.16. Optlcally pure 20m I9F NMR (CDCl3, 188.33 MHz) 6 -71.85.
[3§-(3a,4aB,50,8p,8aB)]- and [3R-(30,4a,58,8x,8ac)]-5-[[(1,1-Dimethylethyl)-
dlmethylsnlyl]oxy]hexahydro -8-nitrospiro[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-3-0l
(21M).2 Compounds 21M: (9.29 g, 92%): (IH NMR, 13C NMR); FTIR (CH,Cl, cast) 3540, 3433 cm'!;
exact mass m/z caled for C16H23N07Si 374.16351, found 374.16424. Anal. Calcd for Cy7H31NO7Si: C
52.42, H 8.02, N 3.60. Found: C 52.45, H 8.18, N 3.49.
[3R-(30,4a0,,50,80,8a00)]- and [35-(30,4aB,50,
dlmeth);lsﬂyl]oxy]hexahydro -8-nitrospiro[1H-2- benzopyra
(21m).2 Compounds 21m: (5 63 g, 93%): (FTIR, 'H NMR, 13

C13H221N07b1 332.11655, found 332.11710.

CL

Nimaoathvla

AFiANAV RELY l\..l ly

3]dioxolan]-3-ol
t mass m/z calcd for

N.o
1y

e 1] 1exahydro-8-
mtrospnro[lH 2 benzopyran-7(3H) 2. [1, 3]dloxolan] 3 2,2-Dimethylpropanoate (22M).27
Compound 22M: (11.183 g, 99%): (FTIR, 1H NMR, 13C NMR) [alp -52.7 (¢ 1.7, CC14) exact mass m/z
caled for C1gH309NOgSi 416.17407, found 416.17470. Anal. Calcd for C22H39N0381 C 55.79,H8.30, N
2.96. Found: C 55.70, H 8.31, N 2.82.

[3R- (3a,4aB SB 8B, 8aB)] 5- [[(1 1-Dimethylethyl)dimethylsilyljoxy]hexahydro-8-
mtrosplro[lH 2- benzopyran 7(3H),2 -[1, 3]d|oxolan] 3-yl 2 2-D|methylpropanoate (22m).

714 PN | N S, (I [ P raa— [y geve-p

t+-BuCOCI (14.28 mL, 115.9 mmol) was injected over ca 30 min into a stirred solution of 21m (mixture of
epimers) (9.020 g, 23.16 mmol) and dry pyridine (18.75 mL, 231.8 mmol) in dry CH>Cl; (200 mL). Stirring
was continued at room temperature for 40 h, and then saturated aqueous NaHCO3 (200 mL) was added. The
organlc phase was separated dl’ld the aqueous phase was extracted with CHzCl; (3 x 200 mL). The combined
organic extracts were dried (NazSO;) and evaporated. Flash chromatography of the residue over silica gel (S x
25 cm), using 3:17 EtOAc-hexane, gave the derived pivaloates (10.36 g, 94%) as a pure ( 1H NMR, 400 MHz)
solid, consisting of a 4:1 mixture of 22m and its C(3) epimer. The epimers were separable by TLC (silica, 1:9
EtOAc-hexane, developed twice). This mixture was fractionally crystallized (1:9 EtOAc-hexane) to obtain a

single isomer (22m) (5.65 g), and the material in the mother liquor was recycled as described below. In the

racemic series only one pivaloate was obtained. Compound 22m had: (FTIR, IH NMR, 13C NMR); exact
mass m/z calcd for C132H30N0881 (M t-Bu) 416.17407, found 416.17360. Anal. Calcd for Co2H39NOgSi:
C 55.79, H 8.30, N 2.96. Found: C 55.95, H 8.49, N 3.05.

[3R-(30,4a,50.,80,8a0)]- and [3S- (3(1 4apB,5x,8B,8aB)]-5-[[(1,1-Dimethylethyl)-
dimethylsxlyl]oxy]hexahydro 8-nitrospiro[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-3-0l
(21m) from the C(3)-eplmer of 22m. The mother hquor from the above experiment was evaporated,
and flash cnromd[(‘)gfapny of the residue over silica gel (4 x 20 cmy), using 3:17 EtCAc-hexane, gave a 1:1
mixture of emmen( nivaloates.

SAPIARY ) ) R pAVed

DIBAL-H (1 M in CH2Clp, 29.44 mL, 0.02944 mol) was added dropwise by syringe over ca 20 min to
a stirred and cooled (-78 °C) solution of the above pivaloates (4.280 g, 9.036 mmol) in dry CHCl; (200 mL).

Stirring at -78 °C was continued for 30 min, and then MeOH (5 mL) was added slowly (over ca 2 min),

followed successively by NapSO4 (6 g), Celite (16 g), and water (6 mL). The cold bath was removed, and
stirring was continued for 30 min. The mixture was then filtered through a pad (2 x 7 cm) of Celite, and the
solid was washed with EtOAc. Evaporation of the fiitrate, and flash chromatography of the residue over silica
gel (3 x 24 cm), usmg 1:4 EtOAc-hexane, gave 21m (2.94 g, 83%) as a pure (TLC, silica, 1:1 EtOAc-hexane),
white solid, consisting ('H NMR, 400 MHz) of a 1:1 mixture of epimers.

[3R-(3a 4aﬁ 50 BB,SaB)] 8- Ammo 5- [[(1 1- dlmethylethyl)dlmethylsxlyl]oxy]hexa-

hydrospiro[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-3-yl 2,2-Dimethylpropanoate

©
M
Q
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(23M).27 Compound 23M: (4.59 g, 99%): (FTIR, H NMR, 13C NMRY); [a]p -17.8 (¢ 2.3, CCI
mass m/z caled for CppHq 1 NOgSi 443.27032, found 443.26995,
[3R—(3a,4ab 5B,88,8ap)]- 8-Amino-5- [[(1,1-dimethylethyl)dimethylsilylloxylhexa-

hvﬂvnnnh-nl’1n= nnwnnvron-"(‘"\ 9 _fI 111‘-1\‘11\‘0"]:1;(‘ 2P . Nisvmatholonwnsmemanta
J‘llv-ﬁllvllu TP ARRIPI Y L GREET F \WT AR Jedw T Mg JUIVAUIGI [FUT YR h,n-ulmctu,lp:uyuuuulc

(23m).27 Compound 23m: (702.8 mg, 98%): (FTIR, !H NMR, 13C NMR); exact mass m/z calcd for
C22H41N0681 443, 27032 found 443. 27023,
i3R-(3a,4ap,50,8p,8ap)j-5-[[(I,i-Dimethyiethyl)dimethyisiiyijoxyjhexahydro-8-
[[(2-propenyloxy)carbonyl]amino]spiro[1H-2-benzopyran-7(3H),2'-[1, 3]dioxolan] 3-yl
2,2-Dimethylpropanoate (24M) The procedure used with the corresponding racemic compound was
followed except that the proportnons of allyl chloroformate and pyndme were doubled. The reagents were

FaYa Vs AY 1Yy nyn am

t:d.Lll added in two cqual pOI'lIUIlb, the second p()l'llUIl dIch’ 1h LOIDPOUIKI 24M: (0 85 g, Yu). (“l'l NIMIK,

13C NMR); [alp -37.7 (¢ 2.2, CCl4); FTIR (CHsCl5 cast) 3357, 1739 (‘m'li exact mass m/z caled fgl'-
C26H45N0351 527. 29144 found 527.29190. Anal. Calcd for C26H45N08SI C 59.18, H 8.59, N 2.65.

Found: C 59.22, H863 N256

P _ (1~ Aol QaRYI_ E_IT(1 1 _ MNinantbh ladkh

o | .-u B e The o Lo

LoR =~ ST l'up,.‘lp,op OlpP)I-S-[I i, 1-Diili€inyi: ul_'yl)d‘ wethylsi 1y1 jua_yjut:xuuy ro
[[(2-propenyloxy)carbonyllaminolspiro[1H-2-benzopyran-7(3H),2'-[1,31dioxolan]-3-
2,2-Di-methylpropanoate (24m).27 Compound 24m: (815.1 mg, 91%): (FTIR, 'H NMR, 13C NMR);
exact mass m/z caled for CpoH3gNOgSi (M - t-Bu) 470.22101, found 470.21974. Anal. Calcd for
Cy6H4s5NOgSi: C 59.18, H 8.59, N 2.65. Found: C 59.15, H 8.87, N 2.59.

[3R-(3a,4aB,50,853,8ap)]-Hexahydro-5-hydroxy-8-[[(2-propenyloxy)carbonyl]-
amlno]syn‘o[lH -2- benzopyran -7(3H),2'-(1, 3]d10xolan] 3-yl 2 2-D1methylpropanoate
(25M).27 Compound 25M: (11.040g, 99%): (FTIR, IH NMR, 13C NMR); [a]p -57.6 (¢ 2.2, EtOH);
exact mass m/z caled for CigH26NOs (M - t-Bu) 312.18109, found 312.18023. Anal. Calcd for C20H31NOg:
C 58.08, H 7.56, N 3.39. Found: C 58.08, H 7.77, N 3.29.

[3R (301. 4aB SB 8B, SaB)]-Hexahydro 5- hydroxy-s [[(2 propenyloxy)carbonyl]-
amuo&pxroun 2-benzopyran-7(3H),2'-[1,3]dioxoian]}-3-yi 2,2-Dimethyipropanoaie
(25m). (‘nmnnnnd 25m: (1785 mg, 84%): (FTIR, Iy NMR, 13¢ NMR); exact mass m/z caled for
CooH31NOg 413. 20496, found 413.20450.

[3R-(3a,4aP, 8[3 8af)l- Hexahydro 5 -0X0- 8 [[(2 propenyloxy)carbonyl]ammo]splro-

[ B & gl JI N, LT85 a %o LI G B 3 - FPNSS Thuuy I TR T T TR ) 11PUupy TN I 22nx 27
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Compound 26: (2.36 g, 88%): 'H NMR, 13C NMR); [a]p -5.4 (c 1.9, CCly); FTIR (CH,Cl; cast) 3354,

e A

1722 cm-l; exact mass “m/z caled for C20H29N03 411.18933, found 411.18996. Anal. Calcd for C20H29N08
C 58.38, H 7.10, N 3.40. Found: C 58.07, H 7.27, N 3.46.

[3R (3a,4ap,88, BaB)]-Hexahydro 5-0x0-8-[[(2-propenyloxy)carbonyl]lamino]spiro-
[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-3-yl 2,2-Dimethylpropanoate (26) from 25m.27
Compound 26: (869 mg, 82%)

[(3R-(3a, 4ap,5p,8l5,lia|))] Hexahydro-5-hydroxy-8-{[(Z-propenyioxy)carbonyij-
amingl-5- f(h-nmntlmvlcnlvl\nt vnvlleniral1TH.2. hnnvnnvrnn-']("“\ 7'.[1 "1ﬂ|n\rnlan‘| 1.v| 2 7-

ARENF |5 \ A ZXRAN-WARY )5 lll_yll_yljoyllvl‘&l MU AR R YA ST F (AR e T Ry R U AV
2

Dlmethylpropanoate (27).27 Compound 27: (2.810 g, 87%): (FTIR 1H | NMR 13c NMR) exact mass
m/z calcd for C20H30N0681 (M t+-BuCQO») 408.18423, found 408.18463. Anal. Calcd for CosH3gNOgSi: C

I8.YL, H7. Il N 2.75. Found: C I25.00, H /.08, IN 2.05.
IR. l’!rv 4aB . 83R.8B. Rnﬂ\] §-11(1.1 Dlmpthvlpthvndlmethv !!y!] x y}he'xnhvdrn 8-

| e S ot Il o8 Dol 2t Aadl o Indhad 2 L gt e et Al e
[[(2-propenyloxy)carbonyl]ammo] -5-[(trimethylsilyl)ethynyl]spiro[1H-2-benzopyran-
7(3H),2'-[1,3]dioxolan]-3-yl 2,2-Dimethylpropanoate (28).4/ Compound 28: (4.460 g, 99%):
(FTIR, tH NMR, 13C NMR); [a]p -28.7 (c 2.2, CCly); exact mass m/z caled for Co7H44NOgSiz (M - t-Bu)
566.26056, found 566.26149. Anal. Calcd for C11H<1NOQSI') C 59.68, H 8.56, N 2.26. Found: C 59.67,

SRR SRS e s S e

H 8.96, N 2.13.

2-Propenyl [3R-(3a,4ac,50,8c,8ac)]- and [3S-(3c,4a(3,5B,83,8ap)]-[5-[[(1,1-
D1methylethyl)dlmethylsﬂyl]oxy]hexahydro -3-hydroxy-5- [(trimethylsilyl)cthynyl]splro-
[1H-2-benzopyran-7(3H),2'-[1,31dioxolan]-8-yllcarbamate (29). 27 " Compounds 29: (6.880 g,
97%): (FTIR, 'H NMR, 13C NMR); exact mass m/z calcd for Co2H36NO7Siz (M - t-Bu) 482.20303, found

r o A AT o D o TT o o AT A am

482.20252. Anal. Calcd for CygHygsNO7Sip: C 57.85, H 8.40, N 2.59. Found: C 57.59, H 8.
1. Prananvl [4aCQ_(dar S Qo Qacv)1. T8 f[(I 1-Dimethvlethvlldimethvigi

&K TUPCIIY1 [FaI = (FaAl IR O, 0Rn ) JT Lo L\ Aya"arsanl i yaleanya el vy
hydro-3-0x0-5- [(tnmethylsnlyl)ethynyl]splro[IH’2 benzopyran- 7(3H) 2'- [1
yljcarbamate (30).27 Compound 30: (3.1548 g, 92%): (FTIR, 'H NMR, 13C NMR);

2.23378.
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CCly); exact mass m/z caled for Co5H4qoNO7Sip (M - CHz) 522.23431, found 32
CrsHa3NO+Siy: C 58.07, H 8.06, N 2.60. Found: C 58.06, H8.17, N 2.64.

2082454 — SO 22 OV,

2- Propenyl [SR (50,80,8a0)]-[5-[[(1,1- Dlmethylethyl)d:methylsnlyl]oxy} -5,6,8
tetrahydro-3-o0xo0-5- [(trlmethzvlsilyl]ethynyl]splro[1H-2 -benzopyran-7(3H),2'-[1,3]-
dioxolan]-8-yl]carbamate (31).27 Compound 31: (476.1 mg, 81% over two steps): (FTIR, !H NMR,
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13C NMR); exact mass m/z calcd for CopHzpNO7Sip (M - +-Bu) 478.17172, found 478.17048. Some starting

material (30) (20 mg, 3.4%) was also recovered.
[5R-(50.,80,8a0)]-8-Amino-5-[[(1,1- dlmethylethyl)dlmethylsﬂyl]oxy] -5,6,8,8a-tetra-

R I{teimathvicilvNathuvnvllgniralTH_2_han7zonvran 7T/2H) 2'_71 QIJ‘nvnlnn] q_nnn
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(32) 27 Compound 32: (554.2 mg, 92%): (FTIR, 'H NMR, 13C NMR); exact mass m/z calcd for

C22H37NO5S12 451.22104, found 451.22019.
(5R)-8-Amino-5-{{(1,i-dimethylethyi)dimethyisiiyijoxy]j-5,6-dihydro-5-{(trimethyi-

silyl)ethynyl]lspiro[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-3-one (33).27 Compound 33:

(920 mg, 90% over two steps): (FTIR, !H NMR, 13C NMR); exact mass m/z calcd for C2oH35NO5Sis

449.20538, found 449.20462. Some starting amine (15 mg, 2.7 %) was recovcrcd
"eihyl SR-{5-{i(i,i-Dimeihyieihyijdimethyisiiyijoxyj-S,0-

methylsilyl)eth yny!]gpirg[1H-_Z_-bgnznnvran-‘_7(3[-])_2'-[1;3}digxnlanl-ﬁ-vl]carhamate (34).27

Compound 34: (1.555g,9

for Cr4H37NO~Siz 507.210 5 found 507.21096.

AA oL _.1 11D . = P 1 Dooe frrs 1 PAy'S FuS LS LTS SN PEL) b pemmae )
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5,6-dihydro-3-oxo-5-[(trimethylsilyl)ethynyllspiro[1H-2-benzopyran-7(3H),2'-[1,3]-
dloxolan] 8-yl]carbamate (35). 27" The total brominated product obtained from lactone 34 (1 10 mg) was
used directly in the next step.

Methyl (8E,9R)-[9-[[(1,1-Dimethylethyl)dimethylsilylloxy]-9-ethynyl-7-formyl-6-
[(methoxycarbonyl)amino]-1,4- dnoxasmroM 5]dec-6-en-8-ylidene]acetate (36).27 Compound
36: (80 mg, 79% over three steps) (FTIR, 1H NMR, 13C NMR); mp 123-125 °C; exact mass m/z calcd for
CaoH31NOgSi 465.18188, found 465.18071.

Methyl 1S-trans-[5-[[(1,1-Dimethylethyl)dimethylsilylloxy]-5-ethynyl-5,6-dihydro-3-
oxo-1-[(trimethylsilyl)ethynyl]spiro[1H-2-benzopyran-7(3H),2'-[1, 3]dloxolan] 8-yl]car-
bamate (37) 27 Compound 37: (351 mg, 92%) (FTIR IH NMR, 13C NMR); mp 152-154 °C; [a]p 254
(c 0.8, CCly); exact mass m/z calcd for CrgH37NO7Sip 531.21088, found 531.21220.

Methyl 1S-trans-[5-[[(1,1-Dimethylethyl)dimethylsilylloxy}-1,5-diethynyl-5,6-di-
hydro-3- oxosplro[lH 2- benzopyran 7(3H),2'-[1,3]dioxolan]-8-yl]Jcarbamate (38) and
Methyl 1S-cis-[5-[[(1,1- Dlmethylethyl)d1methyls1lyl]oxy] -1,5- dlethyn;'l -5,6- dlhydro-3-oxo-
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Spifﬁ[]H-Z-uéi‘liﬁpy“r‘au-l§3H) 2'-[1,3Jui|‘)X0u’iiij o-yuCa‘ii‘uﬁma’ite \Jo') 27 \,ompounu 38: (159
mg, 46%): (FTIR, 1H NMR, 3C NMR); [a]p -239 (c 1.4, CH,Clp); exact mass m/z caled for Co3HpgNO7Si

459.17133, found 459.17062. Compound 38" (145 mg, 42%): (FTIR, 'H NMR, 13C NMR); exact mass
m/z caled for Co3HogNO7Si 459.17133, found 459.17095.

Methyl IS-trans-[5-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-1,5-diethynyl-5,6-di-
hydro-3-oxospiro[1H-2-benzopyran-7(3H),2'-[1,3]dioxolan]-8-yllcarbamate (38) from 38'.
The procedure used with the corresponding racemic compound was followed, except that the reaction time was
shortened to 10 min. Compound 38: (18 mg, 43.5%) and recovered 38' (23.3 mg, 56%). Use of a longer

reantinn fime oivag 2 nanr ‘IIA'A
AW ACRALINIER LRRERN 51 YLvO a 1 AE

Methyl 1S-trans- [5 [{(1,1-Dimethylethyl)dimethylsilyl]Joxy]-5,6-dihydro-1,5-bis-
(iodoethynyl) 3- oxosplro[lH -2- benzopyran 7(3H),2'- [1 3]dmxolan] 8- yl]carbamate (39) 27

Compound 39: (191 mg, 88%): (\H NMR, !3C NMR); mp >210 °C dec; {ajp -170 (¢ 0.6, CH2Clp); FTIR
(CH;Cl;, cast) 3292, 2181, 1720 cm-l: exact mass m/z caled for C>y3H27IoNO~4Si 710.96466, found

\iag vty VRO SLIL, LiT2 sy SAGQLL 2283S Y Laiil 23R RN AL J AU RS, 10N

710. 96470

Methyl [1'S-(1'R*,5'S*,11'Z)]-[5'[[(1,1-Dimethylethyl)dimethylsilyljoxy]-5',6'-
dihydro-3' -oxospiro[71 »3- dmxolane 2,7'(3'H)-[1, 5][3]hexene[1 S]dlyno[IH Z]benzopyran]-
8'-yllcarbamate (40).27 Compound 40: (57.2 mg, 65%): (FTIR, 'H NMR, !13C NMR); mp >225 °C
dec [olp -703 (¢ 1.0 CHZCIZ); exact mass m/z calcd for C25H29NO751 483. 17133 found 483.17087.

Methyl [1S-(1'R*,3'R*,5'S*,11'Z)]- and [1S-(1'R*,3'§*,5 "S* 11°Z2)}-{5°-11(1,1-
Dlmethylethyl)d1methylsnlyl]oxy] -5 6'-d1hydro 3'-hydroxysp1ro£1 3-dloxolane-2 7'(3'H)-
[1,5][3]hexene[1,5]diyno[1H-2]benzopyran]-8'-yl]carbamate (41).27 Compounds 41: (48 mg,
95%) (FTIR, 1H NMR) mp >220 °C dec.; [a]p -588 (¢ 0.5, CH,Clp); exact mass m/z calcd for

CysH31NO7Si 485.18698, found 485.18782.
Mathvl r1c II R* Q'D* R'C# 11'7\]- and T1S§. (I'R* 'l'('* :'Q'* 11'7\1 [ﬂ' 6'-

iVRT wERy SSEEve | Air T A an & 3%

Dihydro-3’, S' dlhydroxysplro[l 3 dioxolane-Z 7'(3'H)-[ 5}[3]hexene[1 S]dlyno[lH -21-
benzopyran] 8-yl]carbamatc (42)2 Compounds 42 (26 mg, 89%): (FTIR, 1 NMR); exact mass
HRFAB m/z calcd for C1gH17NO7Na (M + Na) 394.08027, found 394.05072.

Methyl [1R-(1R*,4Z 8S*,13E)]-[1,8- dlhvdrnxv-l1 (2-hydroxyethylidene)spir
[bicyclo[7. 3 1]trideca-4, 9- dlene-z 6- dlyne 11,2'- [l 3]d|oxolan] -10-yl}jcarbama
Compound 43: (20,6 mg, 78%) (FTIR, lH NMR); exact mass HRFAB m/z caled for CigHgNO7Na

Na) 396.10592, found 396.10500.
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Methyl [1R-(1R*,4Z,85*%,13E)]-[1-Hydroxy- 8- [(triethylsilyl)oxy]-13-[2-[(triethyl-
sxlyl)oxy}ethylidenelgpiro[blcycloﬂ 3. 1]-tr1deca 4,9-diene-2,6- diyne 11,2'-[1,3)dioxolan]-
i6-yljcarbamate (d44).2/ Compound 44: (33 mg, 93%): ('H' NM‘R), jalp -177 (¢ 0.4, CH;Cly); FTIR
(CH;Cl; cast) 3412, 3359, 1741, 1712 cm-!; exact mass m/z calcd for C31H47NO7Si; 601.28912, found

601.28947.

Methyl [lR (lR* 4Z 8S5* 13E)] [1 Hydroxy-13 -(2- hydroxyethylidene -8-[(triethyl-
silyl)oxy]jspirojbicycio[7.3.1]trideca-4,9-diene-2,6-diyne-i1,2'-[1,3]dioxoian]}-10-yi]-
carbamate (45). Compound 45: (25 mg, 93%\ (FHR, IH NMR); ““”“ -237.5 (¢ 0.3, CH;Clp); exact

mass HRFAB m/z calcd for C25H3107N81Na (M + Na) 510.19240, found 5 10 19437

[IR(1R*,4Z,85*,13E)-S-[2-[1- Hydroxy -10- [(methoxycarbonyl)ammo] 8 [(tnethyl-
ﬂyi‘oxy;spirmuu.yuul'l'.:’) ilirideca-4,9-diene-2,6-diyne-11,2'-{1,3]dioxolan]}-13-
lidenelethyl] ethanethioate (46).27 Compound 46: (7.8 mg, 94%): (FTIR, !H NMR); [a]p -128 (¢
0.4, CH2C12) exact mass m/z caled for C27H3507NSSI 545.19037, found 545.18918.

Methyl [1R-(1R*,4Z,85S*,13E)]-[1-hydroxy-13-(2-mercaptoethylidene)-8-[(triethyl-
s1lyl)oxy]spu'o[blcyclo[7 3. 1]tr1deca 4,9-diene-2,6-diyne-11,2'-[1,3]dioxolan]}-10-yl]car-
bamate (47).27 The product obtained from 46 (8.8 mg) was chromatographed and used immediately,
without charactenzatlon

Methyi [iIR-(iK*,4Z,85%
ethylsilyDoxylspiro[bicy
carbamate (48). Compoun
CH2C12), exact mass HRFAB m/z

Methyl [1R-(1R*,4Z,8 -{1,8-Dihydroxy-13-{2- (metnyiirit'nw)emyii i ne] ii-
nYﬂhl(‘V“lﬂl7 3. ‘I'Itrldpcn.d 9.diene- ﬂlvnp.lﬂ.v"oarhnmato (1\ [(-)- calicheamicinone

AR R0 safs 2 3SR 22582 SAITTL, TRy 2N ¥R St S AR AR WS AIAECRAR AR 7 J o

TsOH. HZO (5 30 mg, 0.028 mmol) was added to a stlrred soluuon of 48 (8 l mg, O 014 mmol) in a mixture
of THF (0.6 mL) and water (1 drop), and qtlmng was continued at room temperature for 8 h, the flask being
wrapped in aluminum foil. (The foil wrapping and shorter reaction time are the only differences from the
experiment done in the racemic series, in which we had used a reaction period of 16 h and had also monitored
the reaction by TLC.) Hexane (1 mL) was added, and the mixture was applied directly to a flash
chromatography column (0.6 x 8 cm) packed with silica gel, a little 1:1 EtpO-hexane bemg used as a rinse. The

rabiien wae Aavalamad with 1.1 BN _havana tn nhinin nira 10 WAMBR  ANN MITN ¢ cralinhacmininana
LU Wad UUVCIUPCU Wil 1.1 LUJW-lICAaliv, w Ulualu Puic (o ANIVAIN, TUV IVIELL ) \" -uauuucauuuuuuc \1

(4.8 mg, 81%) as a white solid: (FTIR, IH NMR); mp >125 °C, decomp.; [a]p -509 (c 0.2, CH,Clp);2
exact mass HRFAB m/z calcd for C1gH|7NOsS3Na (M + Na) 446.01658, found 446.01698. The material
was used for an X-ray structure determination.
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% over {ivo steps): (FTIR, IH NMR); [o]p - I
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