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A synthesis of cephalostatin 1 from hecogenin &cdbed in detail. The graseale synthesis
south part features a Baeyer-Villiger oxidatiorhe€ogenin to 16,2@ol, a selective oxidatic

of C16-OH with Dess—Martin periodinane, a Rh(l)adyged C15-C16 double bond shiét
C14-C15 position, and a Hg(OAeahediated spiroketal formation from cyclic enol etheiith
alkenyl side chain at 2-position. Key transformasidn the synthesis of north part, also on gram
scale, include an abnormal Baeyer—Villiger oxidatiof hecogenin tothe correspondir
dinorcholanic lactone, where a catalytic amouribdine acts as a traceless and catalytic switch,
an umpolung of steroidal 22-aldehyde to forge @223-bond with good stereochemical con

a cascade spiroketal-forming procéssestablish DEF rings in one operation, and actiek
oxidation of C30H. There are also other noteworthy transformattbag, although not used

our final route, are valuable and could be appliedother syntheses, including: intraf
intermolecular §2' processes of Cl4-heteroatom-substituted CI1%- alkenes, ¢
unprecedented rearrangementfsédduct of D-ring dienes and singlet oxygen, a atieah-
controlled methylallylation of C23 aldehyde, andoso
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1. Introduction

Searching for natural products possessing anti-tugffects,
the Pettit group from Arizona State University isetht20
cephalostatin's from the marine wornCephalodicsus gilchristi
(represented by cephalostatin 10, (Figure 1), and the Fusetani
group from Tokyo University isolated 26 ritterazitfe’s from the
tunicateRitterella tokioka(represented by ritterazine B)). The
cephalostatins and ritterazines formed a family 46
trisdecacyclic bissteroidal pyrazines with strikiegtotoxicity
against human tumors at low nanomolar level, hemcking
them among the most powerful anticancer agents teggzd by
the US National Cancer Institute. Although an increasing
amount of research is being focused on these istuesgellular
target and mechanism of them have not been fullgidated->>°
Unlike the taxol, growing in large and easy-to-harfeeests, the
limited availability of marine organisms are scedtke on the
bottom of the ocean and makes it impossible to iob@rge
amounts of cephalostatins or ritterazines by haingsChemical
synthesis is the only resort.

With up to thirteen rings annulated to the pyraziith a C2-
symmetry in the lipophilic bissteroidal core moietgd highly
oxygenated outer spiroketal areas, cephalostatiesdzines
represent some most fascinating and challengingctsimal
elements, stimulating a broad spectrum of orgaricthesis
efforts in a number of laboratori&s>® These endeavors have put
forward elegant and creative solutions to some kiagding
synthetic problems, such as, three processes opapng
unsymmetrical pyrazines developed by Heath&o&uchs®, and
Winterfeldf®, and an unprecedented oxidation of C18-Me from
C14-C15 double bond developed by Shair.

Three groups (the Fuchs group from Purdue Uniwéfsft
the Shair group from Harvard Universityand our grouf})
accomplished the synthesis of cephalostatin 1. Sdeg
transformations in these syntheses were listed dar€i1b. All
the syntheses started with hecogen8), (a cheap steroidal
sapogenin, or its derivatives, except the synthekithe north
part of 1 by Shair, which started with epiandrosterodg Both
Fuchs and Shair used Marker degraddtico transform the
spiroketal of hecogenin derivatives to steroidgllZéen-20-ones,
which set the stage for introducing other functidied. In our
synthesis, we employed 3,12,16,20-tetra@nd lactones, both
prepared from hecogenin, to synthesize south parar{d north
part ) of 1, respectively. In our previous communicafibonly
the final route was briefly reported, leaving mosttle details
undiscussed. This article describes in detail oumthesis of
cephalostatin 1.



a. Structures of cephalostatin 1 and ritterazine B b. Key transformations of Fuchs' and Shair's syntheses

"South"
(western)

15 IlNorthll

(eastern) HO

hecogenin (3) epiandrosterone (4)

Fuchs' synthesis (from 3):

o Marker degradation—convert hecogenin to 123-OH pregnenolone
eintramolecular Wadsworth-Emmons reactions—C20-C22, C20'-C22'
e spiroketalization—ring F and ring F'

e three-step Welzel-Prins sequence—>C14'-C15' double bond

Shair's synthesis (from 3 and 4):
* a unprecedented Me-selective allylic oxidation—~C18'-OH
edirected C-H hydroxylation of a sterol—-C12-OH
« Sonogashira coupling—C17-C20 bond
* Au(l)-catalyzed 5-endo-dig cyclization—ring E
« a kinetic spiroketalization by cyclopropane ring-opening—ring F

HO |
H  south part (5) H  north part (6) 8
*Baeyer-Villiger oxidation—tetraol 7 e abnormal Baeyer-Villiger oxidation—lactone 8
¢ RhCl,-catalyzed double bond migration—C44-C5 double bond » umplolung of steroidal C22-aldehyde—C22-C23
« intramolecular Wadsworth-Emmons reactions—ring E o cascade spiroketal formation—rings EF
* Hg(OAc),-mediated spiroketal formation—ring F o selective oxidation fo C3-OH—C3-ketone

Figure 1. A Brief Overview of Three Syntheses of Cephaltista

2. Results and Discussions commercially available 30% J8, and formic acid) followed by

saponification furnished in 93% yield after recrystallization.
2.1.Synthesis of the South Part of Cephalostatin 1 ) ] o
The intramolecular remote functionalization of Cadfethyl

Two basic problems in the synthesis of the south (3rare  group from C20-OH was routinely accomplished by tragpghe
the transformation of the EF rings from a 5/6 systevhich is  3-carbon radical generated by 1,5-hydrogen trantfealkoxyl
present in the starting material, to a functioreliz/5 system free radical with iodiné"*® The presence of unprotected
and the introduction of C14-C15 double bond in fhering. hydroxyls might cause severe side reactions, sedeptotection
Starting with 7, we needed to functionalize the C18 angularof hydroxyl groups at C3, C12 and C16 was therefi@eded.
methyl group with the C20-OH, install the C14—C15klewbond
with the C16-OH, and assemble the spiroketal with reési
stereochemistry.

By stirring 7 in dry acetone at room temperature in the
presence of TsOH (20 mol%), its C16-OH and C20-OH were
protected as acetonide, and then the C3-OH and tBeOEiLof

Our synthesis of south part5)( thus started with the 11 were protected as acetates to give the fully ptetetetraol in
preparation of the tetradl. The transformation of the EF-ring 95% vyield after recrystallization from EtOAc/hexaremoval
spiroketal of steroidal sapogenins into 16,20-diil Baeyer— of the acetonide with 80% aqueous HOAc at 60 °C daven
Villiger oxidation was first reported by Marker in 48° and  high yield (86%, 98% brsm). Although the C16-OH1&fcould
developed as a useful degradation tool by Morith@workers  be selectively protected as pivalatetdrutyldimethylsilyl ether
in 19608**". Our group have independently developed a similain good yields, the steric crowdedness at the ufgmer of the D
procedure without knowing the Morita’s repdtiThe reactivities  ring made the remote functionalization impossible.
of these OHs and their use in natural product sgigHeave been

explored in our laboratory):* Selective oxidation of C16-OH was considered a godibiop

because the resultant C16 ketone could minimize steeic
As in Scheme 1, the C12 ketone of hecoge@im@as reduced interference and be used to install the C14—-Cl%ldobond.

by NaBH, in MeOH/THF to yield C12 alcohol as a mixture of Interestingly, Dess—Martin oxidation d2 proved superior to
epimers in a ratio of 7-8/B/¢). The undesired Ch2epimer was other typical oxidations (NBS, PDC, Swern, etc.), detivered
removed through acetylation and recrystallizati@mt ethanol to  the desired keton&3 in excellent yield. It was noteworthy that
afford rockogenin diacetatd@) in 76% yield. Baeyer—Villiger running the oxidation at low concentration was aldor the
oxidation of 10 with performic acid (generateth situ from high selectivity of this oxidation, with the ratié 616 ketone to
C20 ketone beinga. 3/1 at 0.17 M and 86/3 at 0.08 M. Then,
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a. NaBH4, 0°C,2h
b. Ac,0O, py, 80 °C, 3 h

76%, 200 g scale

AcO H

i. Pb(OAC)4, 1o OH
hy, 4 h; Jones h. DMP, 82%
O oxidation O  (96% brsm)
-

73-79% for 14
8-10% for 15

Tetrahedron

C. HCOzH, 30% H202
50°C,3h e. acetone
d. KOH, EtOH, reflux, 2 h TsOH, rt, 2 h

7
93%

HO

f. Aco0O, py, 80 °C, 2 h, 98% from 7
g. 80% aq. HOAc, 60 °C, 3.5 h
86% (98% brsm)

AcO Q=

Al -
yo A 12

Scheme 1. Toward south part: functionalization of the CIgjalar methyl group

Qo

AcO AcO

H 19
OH
14 o "\‘ o
a. NaBH,, 20 min v NBS, CCly
b. MsCl, py, 18 h (PhCO),0,
CrO3, 82% reflux, 24 h
Qo
c. Nal, HMPA AcO d. Ko,CO;q
120 °C, 92% wH MeOH

from 14

AcO HO

18
Scheme 2. Introduction of the C14—C15 double bond from G&éene.

according to Meystre’s hypoiodite metfibdead tetraacetatg/!
hv), proximal functionalization of the C18 methyl gmin 13
proceeded smoothly, providing lactoi¥ in 73—79% yield after
Jones oxidation, along with eth&s in 8-10% yield. Oxidation
of ether 15 with RuCk/NalO, failed to convert it into14.%®
Further investigation revealed that the C18 fumatlization of

6 99%

EtSH, DBU, rt
- =
19-83%
AcO F| 23
Qo
aqueous
workup, 89% H
OH
22

Ho Q0 Ho Q.0

Ho S} ©

e. RhC|3.3H20
EtOH, 72 to
78°C,24h

WwH

26 (82%)

Cl6-carbonyl group via forming a thioketal and Raridi-
mediated reduction. We assumed that an allylic
bromination/debromination sequence would be the tisolu
Treating 18 with N-bromosuccinimide (NBS) and benzoyl
peroxide (BPO) in refluxing tetrachloromethane prmtia less
polar product2l (TLC), which was unstable and converted into

C20s-alcohols, as il3, is of faster reaction rate and higher yield allylic alcohol 22 in 89% yield after aqueous workups,
than that of their CAR-counterparts. The ease of preparation alsgresumably via an allylic bromination® reaction. Attempt to

made them good choices for this type of reaction.

Various methods have been reported to introduceCtive—
C15 double bond from suitable precurs?‘)’f‘?,but none from the
C16 ketone. Direct dehydrogenation @fi with DDQ and
(PhSeO)O was infeasible, presumably due to the difficulty i
forming enolate at the D ring. We then tried to dduice the
C15-C16 double bond and to migrate it to C14—C1Sition
(Scheme 2). Shapiro reaction, a straightforward otetho
convert ketones into double bonds, was also infeagibcause
the tosylhydrazone of4 was difficult to prepare. Finally, a
stereoselective reduction df4 with NaBH, in MeOH-THF
afforded the C16-OH, which underwent mesylation (optimal
condition: 3.0 equiv MsCl, 6.0 equiv pyridine, DMAEH,CI,,
rt) and iodination-elimination (Nal, HMPA, 110-120 °€h) to
introduce the C15—C16 bond, givid§ in 92% yield over three
steps.

Allylic oxidation of 18 with CrQ; in the presence of a catalytic
amount of N-hydroxysuccinimide (NHS) delivered the
unsaturated enontd in good yield, but we failed to remove its

reduce the crude bromid& in situ with Zn/HOAc in MeOH
formed only the C16 methyl ether; and treatment of the crude
21 with EtSH in the presence of DBU formed thioetB8ras a
mixture of C16 epimers, the reduction of which witlanRy
Ni/H, system could not remove the thioether group at @lit
not usable in this synthesis, this reaction was essfally
adopted in our glaucogenin projétt.

To migrate the double bond ©8 from the disubstituted C15—
C16 position to the trisubstituted C14-C15 positione
investigated several typical conditions (TsOH, HCIJ,%,
PdCL(PhCN)** and RhC{>®). All failed. However, although
RhCk-catalyzed double bond migration (10 mol% Rh@i
EtOH, 72-78 °C, 24 h) did not work d8, it worked well on24,
whose C3 and C12 hydroxyl groups were exposed, gitlieg
desiredA*-lactone 26 in 82% yield on multigram scale, along
with a small amount of 3-oxo byprodu2s (ca. 5%). This result
indicated that the rhodium(l) (generated by oxidigithe
substrate) might be the real active catalyst aatléthanol could
not be oxidized to generate the Rh(l). To testllgjzothesis, we



MeO,C - PO(OMe),

29
a. MOMCI, /Pr,NEt, K, 87% N, 80%

. ° 0,
6 b. LiAlH,, THF, 40 °C, 96% b. Rhy(OAC),,

reflux, 7 h

PhH

complex, <20%

27 Q
§ PO(OMe),
N, 28
OH
0
g. Hg(OAC),, THF/H,0, rt MOMOQ _

40 min; NaBH,4, NaOH, 93%

M“

Dess-Martin [O]; NaBH, |

(Me0),OP -CO,Me 0
R>{o HO > ome
¢. Jone oxidation, 97%  MOMO il pg”
/\H d. BuOK, THF, 87% “ !
i 30 Ao 31
d. LiAIH,
e. DMP
97%
OH o)
23
MOMO = MOMO VLH

_ome

f. THF, 0 °C
52.3% for 33
46.6% for 34

ae""

32

M“

h. Aco0, py, rt, 99%
i. LiBF4, MeCN/H,0, reflux, 4 h, 93%

ACO,,

AcO,
o ’_7/;>\
O O j. Jones o g o)
oxidation

oe°

41 (65%)

HO

40/22-ep/ 40: 3/1
(inseparable mixture)

43% for 33, 56% for 34

42 (22-epi-41, 24%)

previous work: formation of bicyclic ketals

Hg(OAG), :

NaBHy, 87% g

: Mundy Me” |0
(0] H

37 .

Eour proposal. formation of spiroketals

Hg(OAc)

2 NaBH, i
F9(OAC),; NaBRs ,
o

39 :

?7?

Scheme 3. Completion of the synthesis of the protected spatti41.

used isopropanol as solvent; the reactiof®indeed took place,
but could only reach 90% conversion rate afterihgadt 100 °C
for 24 h. Furthermore, adding a small amount (5#4%) of
dihydropregnenolone to the reaction mixture coulanhtically

To introduce the C24-C27 unit and the GZ3H, we
examined various methylallylation procedures andenof them
exhibited apparent selectivity. The optimal comtitiwas the
reaction with methylallylmagnesium chloride at 0 “fording

accelerate the reaction @B and progesterone was isolated asseparable33 and 34 (23-epi33) as a 1.1/1 mixture in nearly

byproduct.

With the C14—-C15 double bond being installed, fotused to
facile construction of the E ring. When syntheggin
cephalostatin 1, Fuchs and co-workers have develapedegant
and unified procedure to build the E ring, from 26diol for
north part and from 18,20-diol for south part, ngmamploying
a sequence involving selective Rh-mediated ingentaction of
a-diazophosphate ester, Jones oxidation, and inteular
Horner—-Wadsworth—-Emmons  (HWE). Finding no better
approach, we borrowed this strategy.

Diol 26 was protected as MOM ethers and treated W|thfro

LiAIH 4 to furnish 18,20-dioR7 in high yield (Scheme 3). Direct
|ntroduct|on of the side chain to dig¥ by selective oxidation of
C20-OH and intra- or intermolecular HWE reaction wasil#ss.
Reaction of27 with 28 afforded the desired product in low yield.
We thus referred to Fuchs’ procedure and prepaesdapyclic
aldehyde32 from diol 27. Reaction ofi-diazophosphate est2®
with diol 27 smoothly provided the desired insertion prodit
as a mixture of diastereomers which was subjectedotes
oxidation to give C20 ketone in high yield. Treatmhef the
crude ketone with sodium hydride in THF for four lo@Fuchs’
condition) did not afford the desiréd in our hands. Instead, we
foundt-BuOK to be a better base for our substrate, funmisBl
at 0 °C in 30 min and 87% yield. Meanwhile, MasamtRaush
condition (DBU, LiCl, CHCL,)*® was equally effective for this
HWE reaction. Reduction &1 with LiAIH , followed by Dess—
Martin oxidation gave32 in 97% yield.

guantitative yield. The C23 stereochemistryd8fwas secured by
X-ray crystallography of its 3-hydroxyl derivative tbe the
desiredR. Reaction at lower temperature (-20 °C) gave a 2/3
mixture favoring the unwante®4. Unable to achieve by
Mitsunobu inversion, convertin®4 into 33 was realized by
Dess—Martin oxidation and NaBHeduction in 43% yield (with
56% 34 recovered). The poor stereoselectivities obsehardin
indicated no dominant inherent facial bias in stist like32,
which were in agreement with the results reported Ush& and
Shair.

We then focused on the construction of the spiaikebiety

m 33. Mundy and co-workers have reported a tandem
oxymercuration-solvomercuration protocol to constrhicyclic
ketals from enol ethers (Scheme®3)Ve envisaged that a similar
procedure performed on cyclic enol ethers with ajkeside
chain at 2-position would provide best chance t&dyépiroketals

in single operation. As we expected, treatmenB8®fwith 2.2
equiv of mercuric acetate in a solution of degasdeH followed

by reduction with NaBRlin agueous NaOH solution afford88

in 93% vyield. The stereochemistries at C20 and G225 were
confirmed by X-ray crystallography of its 3-silyther derivative,
which were similar to those reported by Fuchs (vid-atediated
cyclization) and Shair (via a bromoetherificati@uuctive
debromination sequence). The observed stereochlemitzome

at C20 might result from oxymercuration from thesldindered
convex face of the dihydropyran E-ring. It was notetw that
reaction of34 under the same condition was much slower and
with poor selectivity, giving a mixture of many isers,
suggesting that the CR30H might play an important role on the
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formation of C22-configuration, presumably via theeraction = another Criegee intermedigié. Migration of the iodinated C23
between the C21 methyl group and the R-Z&H. in 51 led to the formation 02, which, upon hydrolysis, released
lactone8, iodide ion, and aldehyd®3. The iodide ion and3
were oxidized by peracid to regenerate iodine argfagide acid
54, respectively. Therefore, at least 3 equiv of preeacid was
needed.

Another observation on this reaction worth further
investigation was that only 50% 88 was transformed int85
when 1.1 equiv of Hg(OAg)was used. We assumed that the
reaction might not simply proceed via an oxymertaraof enol
ether-solvomercuration of the C25-C26 double bgricbketal HO—
formation sequence, but via some more complex mode. i

The C22 spiroketal of south pah is in a thermodynamically
favorable configuration, therefore, tf&configured C22 of35
could epimerize to the more staliteconfiguration under suitable
acidic conditions. After protecting its C23-OH as ate35 was north part
submitted to a series of acid-catalyzed equilibrattonditions. o A )
Some reagents (BfEL,O, Tr'BF, BBC, Dowex-50W, etc.) gave ﬂ

route b

complex mixtures of partially deprotected (of theiddabile

MOM ethers) and epimerized products, and some (RRTSA

in t-BuOH) resulted in partial deprotection of C23 aceetat
Finally, treating35 with LiBF, in refluxing aqueous acetonitrile

for 4 h removed the MOM ethers and epimerized th& C2
stereocenter in one pot, leading to an insepa&tlequilibrium
mixture of 40 (C22R) and its C22-epimer (28pi40, C22) in

93% yield. Longer reaction time or higher tempematould not
improve the ratio, indicating a relatively stabtpigibrium. Jones  Ho

oxidation of the mixture provided south patl (less polar H X =H, OH

product) and its C22-epimedA2 in 65% and 24% yield,

respectively. Our procedure for establishing theokgtal of41 E————> lactone8 {———— 1

from 33 required only four steps.

2.2.Synthesis of the North Part of Cephalostatin 1 Scheme 4. Synthesis Plans for North P&rfrom LactoneB

(protecting groups are omitted)
The north par6 exists in 18 cephalostatins and, indicated by

the structure-activity relationship (SAR) researdh, strongly ) L o )
associated with the most potent antitumor activify tiese Since the oxidation 010 could go both directions to give
natural products. An efficient synthesis is thus omant. As ~ @nd8, how could catalytic amount of iodine switch thectem
mentioned above, our synthetic studies started thighsteroidal ~ direction so thoroughly that n@ was detected? The accepted
lactone8, whose functionalities at C16 and C22 were consitleretW0-Stép mechanism of Baeyer-Villiger oxidation tefisat

as good handles to build the DEF-ring functionaditief 6. formation of (.an_%fe intermediate is reversible gmdrgﬂon is
During our course of studies, two routes have beeplossd 'ate determinind®®* We thus assumed that the migration of C23
(Scheme 4). In route a, we first introduced the @B-double 1N 51 was much faster than the migration of C204h As the
bond and C1&-OH, reaching another lactodd, from which we ~ 9enerations of Criegee |ntermed|at5’s,and51 were reversible,
established stepwise the needed C23-OH and F ringule b, the reaction was therefore driven to the formatib8. o

we tried to prepare a well-tailored substrafeand to construct  jth Jactone8 in hand, we first tried to introduce the required
the EF rings simultaneously from it. functional groups on its D ring. Its C3-OH and C12-OH aver

A robust method of preparing lactoBdrom hecogeni® was ~ Protected as MOM ethers under standard condition (MXOM
thus crucial for us. Dinorcholanic lactones, to wih&belongs, BWNI, i-PRLNEt, DCM, reflux) to affordS6, which could be
are versatile intermediates that preserve all taeescenters on €asily recrystallized from ethanol/hexane. Variownditions
the ring E of steroidal sapogenins, and thus receimuch Were |nvest|gqted to open the lactone ring dwectttwvevgr, all
attention from synthetic chemists. Several methagere of them.met with failure. Thereforg6 was redyced with L|Allzl.
reported®®* and our solution is an abnormal Baeyer—Villiger Th€ primary C22-OH of the resultant diol was seletjiv
oxidation of steroidal sapogenffisin the presence of a catalytic Protected as acetate, and the C16-OH was converted int
amount of iodine and 4$0,, oxidation of rockogenin diacetate Mesylate in pyridine, ~which, at elevated temperature
10 with freshly prepared peracetic acid afforded tiesigd8 spontaneously underwent elimination in the samet@durnish

after a sequential saponification on 200 g scatbiar84% yield  Steroid-16-en-22-acetatés7 in 76% yield. Attempting to
(Scheme 5). introduce a bromine atom at the allylic C15, weted&7 with

N-bromosuccinimide (NBS) and azobisisobutyronitriflBN)

A plausible mechanism of this oxidation is illusédtin  in refluxing tetrachloromethane for 10 hours, andnfd that the
Scheme 6. We reasoned that the iodination at C2Biglthe  reaction introduced not the allylic bromide but @njagated
reaction elevated the migratory aptitude at C28cbealtered the double bond at C14—-C15 via a one-pot allylic braation-
inherent regioselectivity of the oxidation. In acichedium, the F elimination process. Because the reaction releasgitogen
ring of steroidal sapogeniri@ as example) was opened to form promide that would pull the acid-sensitive MOM ethelown,
an oxonium iord6, to which the addition of peracid generated acyclohexene oxide was added as an acid scavengéds. Th
Criegee intermediaté7. Then migration of the tertiary C20 from improvement allowed us to obtain diene-22-acef®tdn 87%
carbon to oxygen gave 16,20-dib(as estersand acid48. In the  yjeld on the 20 g scale.
presence of iodine, howevet6 was first iodinated at the C23
and the resultanb0 was then attacked by peracid, forming



a. ACOzH, |2, H2$O4, 5h
b. KOH, EtOH, reflux, 5 h

rockogenin  ¢c. MOMCI, BugNI, i-ProNEt

O' 4. LiAlH, THF, 99%
e. Acy0, 0 °C; MsCl
py, 60 °C, 4 h, 76%

MOMO z

OAc OAc

f. NBS, AIBN

diacetate (10) >100 g scale, 80%

MOMO'

OAc

z 61
unstable, unisolatable
observed on TLC

h. LiOH, MeOH, rt, 1 h, 96%
i. Dess-Martin, t-BuOH, 10 h

k. Zn, HOAc, DCM
reflux, 30 min

77% for 3 steps

OH

W

H,SO4/HOAC

oxonium ion
formation

j. NaC|02, N3H2PO4
2-methyl-2-butene
0°Ctort,2h

AcOOH
HOC OR =]

cyclohexene
oxide, CCly
reflux, 87%

J elimination

OAc MOMO

20 g scale H
[4+2]-cycloaddition A

ca. 1/1 facial selectivity ~

OAc

g. O,, TPP, sunlamp
0°Ctort,7h

H 60 42%) 59

Zn, HOAc, CH,Cl,

MOMO

C23>C20 | migration

AcOCH (fast)

54 OR
- HO. C/\/k/OR o~ s
o s 48 workup : 53 OR
: \ H ‘ ° K { H 20 23
OH ]
o] I
3 C20>C23 5 >/: o
H 7 (tertiary>secondary) a 0~ o FI Hz0 or HOAc {D':gj;
(after hydrolysis) ~ Mmigration (slow) H 47 55 8 H 52

Scheme 6. Plausible mechanism of abnormal Baeyer—Villigadation of steroidal sapogenins

Selective oxidation of the C16—C17 double bondiend59,
either via direct epoxidation or with C22-OH as dimgtgroup,
suffered from low yield and poor selectivity. Treatmh of 59

Reduction of thea-adduct 60 with Zn/HOAc system in
CH,Cl, gave A" 160-OAc product63 in moderate yield. We
reasoned that an intermoleculag2Sreaction occurred at C16

with singlet oxygen (@ TPP, sunlamp) also exhibited poor facial between the resultant 14,16-diol and acetate anidine wanted
selectivity, giving the desired-adduct60 in 42% yield. The3- to make it intramolecular. Therefor60 was hydrolyzed with
adduct 61, however, disappeared during the reaction, and &iOH in MeOH/THF, then submitted to Dess—Martin oxidatio
rearrangement produ6 was isolated in 46% vyield instead. We and Pinnick oxidation to afford the correspondingda6b.
assumed that the O—O bond@if, with high structural tension, Treatment of65 with Zn/HOAc in reflux CHCI, triggered an
underwent homogeneous cleavage to generate two oxygémtramolecular §2' reaction, furnishing lactorg6 in 74% yield

radicals, which triggered the another homogeneoaakage of
C14-C8 and C17—C13 bonds to form ketones at C14C4Ad
and the union of resultant radicals at C8 and Girthéd this
exquisite tricyclic framework. We also tested thecidh
selectivity of the [4+2] cyclization on dienes wittifferent
protecting group at C22-OH and found that most ofmthe
(acetate, benzoate, benzyl ether, TBS ether, exbipited poor
selectivity. As the reaction could be performed atltigram
scale, we accepted this result.

from 60.°

We then investigated the installation of C23—C2a¥e sthain
on 66 via a nucleophilic addition witls7 (Scheme 7). A$6
enolizes easily under basic conditions, it resistleophilic
addition of metallic reagents. After much optimipati on
metallic reagents, the desiréd was isolated in low yield, along
with substantial amount of 28pi66 (61%). Treatment o068
with 65% aqueous solution of HOAc at room temperature
provided 5/5-spiroketal produ6® (26%), 5/6-spiroketal product
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70 (north part of cephalostatin 7 and ritterazine3k%), and
diketone71 (34%).

M = Li, Mg, Ce, etc
25%

66

NaNO,
BF3°Et20

HO—

69
26%

Scheme 7. Attempts of introducing ring F from lacto6é

70
34%

71
34%

Further treatment o069 with NaNQ/BF;*Et,O, a routine
process to introduce a ketone at C23 of steroidpbgening?
resulted in the excision of the F ring, returnimglactone66.
Although both 69 and 70 were useful in the cephalostatin
synthesis, the addition reaction was low-yielding #me product
distribution of the following cyclization was uncooiteble,
hence, prompting us to explore a more efficienteoWith these
concern, we went back to aldehy@efor further investigation.

Aldehyde 64 underwent nucleophilic addition with lithium
reagents derived from dithian® and iodide67 to provide73
and74 in moderate yields (Scheme 8). Because reducfitimed
O-0 bonds gave complex mixtures and deprotectidhketal
of 73 was problematic, we decided to adopt a stepwisesgirat
that introduces functional groups separately. Taiteration
would simplify the functional-group manipulationsdagive us

Zin 72, t-Buli, THF/HMPA
-78°C,4h; 64, 1h,51%

table 1

SnBU3
Y MgBr,+Et,O
DCM, rt, 3 h, 95%
79/23-epi-79 > 19/1

O a. 1,3-dithiane

\CHO

d. HgO, BF3+Et,0
THF/H,O, reflux, 2 h
-

f. 0504, K3Fe(CN)e, K2C03
then Ac,O, rt, 3 h, 76%

more candidate reactions and better control orstéreochemical
outcome.

Addition of aldehydes4 with the lithio anion of 1,3-dithiane
provided the desired Felkin—Anh addutd in 78% vyield over
two steps (from alcohol, &4 is unstable, it was used without
purification), on multigram scale. Treatment ab with
Zn/HOACc in CHCI, did not lead tar6 or 77, but gave a complex
mixture. We reasoned that the acidity of the reactnedium
might be the main cause, which could be buffered aatlvents
having certain Lewis basicity. As expected, carrymgf the
Zn/HOACc reduction of75 in ether or THF at room temperature
cleanly provided the 1417a-diol 76 in high vyield. It was
noteworthy that76 was stable enough in this reduction system
that it could stand refluxing for several hoursedting76 with
pyridinium p-toluenesulfonate (PPTS) or TMSCI in &H,
triggered the intramoleculary8 reaction to give the desired
cyclization producf77. The C22-stereochemistry was verified as
R through a 2D NOESY analysis.

Hydrolysis of 77 to aldehyde78 posed some difficulties.
Commonly reported conditions such as HCACQ, NBS,
NCS/AgNG;, PhI(TFA), and Mel/CaC@were unsuccessful and
failed to produce any aldehyde signal (NMR analyBisin 77.
When using PhI(TFA)and Mel conditionsy7 disappeared on
TLC but no aldehyde detected, presumably due tddahmeation
of corresponding oxidized and methylated derivatiwehich
resisted hydrolysis. Finally, the deprotection wasoaplished
in 95% yield by treating’7 with HgO/BR#Et,O in reflux THF®’
The stereochemistry at C22 retained during theateption step
and no isomerization was observed during severaltmstorage.

With aldehyder8 in hand, focus was turned to stereoselective
introduction of the C23-OH and the 25,26-vicinal dimiit. We
envisioned that a chelation-controlled methylaligla would
give 78, a a-chiral aldehyde, the chiral C23-OH, which in turn

b. Zn, HOAc, THF
rt, 1 h, 85-93%

BuLi, -78 °C, 1h
then 64, 2 h, 78%
—_———

intramolecular Sy2'

c. PPTS or TMSCI
0°Ctort,1h, 73%

95%

g. PhI(OAC),, 1,
_— =

K H 23-epi-79 (insparable)

(substrate-contolled)

79
(chelation-controlled)

Scheme 8. First-generation synthesis of the north part.

2/3 mixture of epimers

38%, mixture
of isomers

A 80



would serve as a handle to control the stereochemidtthe  configurations of these products were unable tayassiydroxyl
25,26-vicinal diol (Scheme 9). Treatment @B with 2-  group-directed epoxidation and intramolecular hefagion of
methylallylic Grignard reagent in THF at -78 °C affed an the homoallylic alcohol unit79), and Mukaiyama aldol o078
inseparable 1.0/3.3 mixture of isomers favoring thelesired  with hydroxyacetone derivative and asymmetric mettigh of
23S-stereoisomer 28pik79 in 90% vyield (Table 1, entry 1). the resultingB-chiral ketone also failed to achieve the desired
Elevating the reaction temperature or premixing #heehyde stereochemical control.

with MgBr, slightly improved the 2R-selectivity (entries 2—4),
but the inherited 23 product still dominated. A changeover of
the selectivity was made by performing the reaciiorDCM,
affording a 7.3/1 mixture of isomers favoring thesoled 2&-
isomer79.

Our stepwise strategy had all kinds of selectivisues, and
this detour provided an opportunity to scrutinizer @riginal
design concept. As depicted in Scheme 10, to estabtie EF-
spiroketal unit of 6 from intermediate 82, exchanging the
oxidation states at C22 and C23 was required, whathonly

Me ' oHMe brought about many unexpected difficulties but algas not
MOoMQ O?HO >0 M (metal ion) M 0N\ attractive in strategic level. To elevate the redomnomy’, we
A gy @ ivn!:, put on schedule the preparation of compou®/swvhich has the
78 78 correct oxidation states at C22 and C23, throtghcbupling of
/I\/x dithiane84 and a properly protectgdchiral aldehyde.
J (X = MgCl, SiMe3, SnMe3) J

reversed oxidation
state at C22, C23

- OH
2 H I

__________________________________ north part (6)

 2B-epi-79 ' 79 ' precursor of C22-ketone i
chelation-controlled product chelation-controlled product H easily umpolunged | correct oxidation H

Scheme 9. Methylallylation Models for Aldehyde8 MOMO  state at C22, C23

: 2,5 |

Table 1. Methylallylation of aldehyd&8 “Q S\;\ , 0
Entry  Conditions ﬁ&sg;ts RSby ‘a )

' MOMO -

1 methylallyl-MgCl, THF, -78 °C, 14 h 90% (1.0:3.3) : H 84
2 methylallyl-MgCl, THF, 0 °C, 10 h 100% (1.0:1.8) Scheme 10. Concerns about Oxidation States at C22, C23
3 methylallyl-MgCl, THF, reflux, 2 h 93% (1.0:1.3) ) ) )
hviallv-MACl. MaBreELO. THE. —78 Our preparation of th@-chiral aldehyde89 started with the
4 (r%etzyhioyéTg » MOBEELO, THF, =78 15094 (1.0:2.3) known diol86 (Scheme 11" The primary OH was protected as
' a TBDPS ether and the PMP group was removed by CAN
5 methylallyl-MgCl, DCM, =78 °C, 6 h 90% (1.0:1.0) oxidation. Then, the exposed OHs were protected & €fkers,
6 methylallyl-MgCl, MgBeE$,O, DCM, 83%.0 /D and the primary one was removed upon treating withSPmR
-78°C,6h 6 (7:3:1.0) MeOH/DCM (1/40). Dess—Martin oxidation of the resultigg
. methylallyl-TMS, MgBE-E%O, DCM, 6 i provided89 in 54% yield from86. Similar aldehydes with the
—78 °C t0 RT © Reaggon vicinal diol being protected as isopropylidene, logentylidene,
8 methylally-TMS, SnGl DCM, <78 °C 40% (5-6:1) or cyclohexylidene ketals were also prepared.
9 methylallyl-TMS, TiCl, DCM, ~78 °C < 20% (10:1) To prepare d|th|an6842 cor_npqund 60 was subjected to
hydrolysis and Dess—Martin oxidation. Treatmenthef tesultant
10 g‘;thsyf”yl'swa’ MgBr+ELO, DCM, 9504 (>10:1) 22-aldehyde85 with 1,3-propanedithiol in the presence of 0.1
' equiv of TsOH in CHCI, at 0 °C for 4 h, without affecting the
acid-labile MOM ethersafford 84 in 87% on the multigram
scale.
Sakurai allylation and Keck allylation were alsakwated, as . . .
shown in entries 7-10. Due to the low reactivity ahathyl(2- As the bulkiness of the steroidal skeleton might endke

methylallyl)silane, relatively strong Lewis acidsn(@, and metalation of84 difficult, to probe the efficiency of forming the
TiCl,)®® should be used to activate the aldehyde group, hwhicdesired lithiated derivative, we performed aODquenching
brought about deprotection of acid-labile MOM ethemsd  experiment, leading to the conclusion that theiditd species
epimerization of C22. On the other hand, underaittevation of ~ was short-lived and required quick trapping with tiaeleophilic
MgBr,*Et,0 in CH,Cl,, treating78 with trimethyl(2-methylallyl) ~ partners. After treating4 with n-BuLi at 0 °C for 5-10 ming9
stannane provide@® in high yield and stereoselectivity. was added to the reaction mixture, delivering aepasable 5-
. ) . 6/1 mixture of epimers. The major epimer was assigie 2R-
We then. evaluated several asymmetric dihydroxymatio configured by a late-stage intermediate; the stévemical
systems to install the last two hydroxyl groups ® and ,,tcome couid be rationalized by Cram—Reetz staodel %
dlsappomtln_gly founq_ that none of them ~gave usabléyhen other aldehydes (isopropylidene, cyclopengylal or
stereochemical selectivity and_the isomers wergpmmt?le (best cyclohexylidene ketals) were used, the reaction gave. 1/1
result: 2/3, the stereochemistry was not idenfifiedfter iy re of the inseparable diastereomeric alcohols.
acetylation of C23-OH and C26-OH, the inseparable uméxbf
epimers80 could undergo Suarez iodine(lll) oxidatfon® to
form a mixture of 5/5-spiroketals in moderate yjelut the
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z . 1,3-propanedithiol
a. K,CO3, MeOH, 97% .08 .
b. Dess-Martin [O], 91% " TsOH, CHyCly, 0°C b. n-BuLi, 0 °C
' ' \ % 4h,87% (20 g scale) 5 min, then 89
84
= 68%, 91% brsm
60 85 90

| OSiEt
* ¢ PhIOTFA),

OTBDPS . Ac,0
97%

OH
dr: 5-6/1

e. Oy, TPP, hv 62%
Nu f. Zn, HOAc, THF | 68% brsm
TBDPSO._|

Me H —OTBDPS
/T CFo Et;SI0—\
Et,SiO !

H

Cram-Reetz Steric Model

OAc
OH o,
a. TBDPSCI, imidazole c. TESCI, imidazole
w b. CAN, NaHCO3, 10 min OH d. PPTS, MeOH/DCM OSiEt;, e. Dess-Martin [O] OSiEty
{_OH /\>’\/OTBDPS U E—— _OTBDPS ™ _ — * /\>’\/OTBDPS
PMPO 84% HO 82% HO 79% o~
86 87 88 89

Scheme 11. Synthesis of the north part.

In a synthesis of cephalostatin 7, Fuchs and co-everk form hemiketal) to generate an E-ring hemik&&land its TES
submitted several substrates, represented by dieneScheme ether was deprotected and the F ring was closeclih9ji.
11, to [4+2] cycloaddition with singlet oxygen, afalnd that deorotectioETES reating with H.O*
h . . . I I wi
Cc22 ket_al rings could shlgld the upper face_ o_f[ﬂaeng dlene_s thepn H,0" 92 then rgmove T3Es
to achieve the exclusivea-facial selectivity control in Jpath A path Bl

cycloaddition reaction%. It was desirable to employ the C22
thioketal ring in90 to do the same job. Moreover, considering
that thioketal could also be unmasked with oxygerd an
irradiation (the cycloaddition condition), and thmith reductive
cleavage of the O-O bond and the EF-ring spirokettin
could take place in acidic medium, we hypothesitet these
steps could be compressed in one potcomvert 90 into 6
directly. But, the reality was not as attractivetlas hypothesis.
Treatment of diene€90 with singlet oxygen delivered a very
complex mixture. Reasoning that the complexnesshimlge
caused by incomplete oxidation of sulfur atoms, edggmed an
extra dethioketalization step but isolated no idiefole product.
We had to perform these reactions step by step.

Oxidative dethioketalization 080 (Phl(OCOCKE),, CaCQ,
MeCN/water) followed by acetylation of the C23-OH affedd
91 in 97% yield. The cycloaddition dd1 with singlet oxygen
(TPP in CHCI,, sunlamp, =78 °C) delivered a readily separable
2.5-4.5/1 mixture of isomers (B NMR analysis of the crude
product) favoring the desiregtadduct. In THF, reduction of the
crude product with Zn/HOAc gav@? (dr 10/1) in 62% yield on
the multigram scale. In order to improve the fasilectivity of ing F
the cycloaddition, we also tried to transform thaesthain o1 then ri'ng E
to cyclic systemdI-1V, an interesting attempt which proved
difficult and inefficient and was abandoned quickly.

TBDPSO—
Et;Si0—
= OH

ring E
then ring F

With multigram of92 in hand, we turned to construct the 5/5 protected north part (97)

spiroketal. As92 already contains all the functionalities that Scheme 12. Possible Paths of Spiroketal Formation
needed to build the desired spiroketal, we concetwedpaths to
reach the protected north pai, as depicted in Scheme 12. Path
A was an F-ring-then-E-ring tactic, where the TES ethas
selectively deprotected and, under acidic mediuma, éxposed
C25-0OH would attack the C22 ketone either to triggeascade
ketalization/intramolecular,\&' process to reacl7 (via 93), or
to form a F-ring hemiketal which reacted with C16-OH
generated by intermoleculag® reaction on D ring with water,
to form the E ring (vi®4). In contrast, path B featured an E-ring-
then-F-ring tactic, in whicl®2 initially underwent intramolecular
S\2' reaction (or intermolecular,\@’ reaction with water then

Selective deprotection of the TES ether @@ without
affecting the adjacent TBDPS ether proved quite lehging
(Table 2). Treatment 082 with tetrabutylammonium fluoride
(TBAF) in THF showed no selectivity, and running tieaction
at low temperature showed no improvement (entry lheiV
" buffering TBAF with acetic acid or employing othexpmtotection
conditions (EN-3HF, HF-pyridine, Si¢) etc.), we recoveredl2
completely (entries 2-5).



Table 2. Conditions for Spiroketal Formation

entry Conditions Resultd
TBAF (1.0-2.0 or 5.0 equiv), THF, . P
1 ~7810 0 °C nonselective desilylation
2 TBAF, HOAc, THF, rt, 24 h No Reaction
3 E&N- 3HF (22 equiv), THF, rt, 6 d No Reaction
4 EtsN- 3HF (22 equiv), THF, 55 °C, No Reaction
15h
5 Silica gel, DCM, rt, 24 h No Reaction
20 equiv HOAc, DCM or DCM/ .
6 PrOH, rt, 24 h No Reaction
. MeOH anticipated &',
7 PPTS, DCM/MeOH (20:1), rt TES retained
. o complex (R2', TES
8 2 equiv PPTS, THFAO, rt to 40 °C retained)
9 HOAC:THF:HO (8:1:1), rt complex96)
10 HOAC:THF:HO (3:3:1), rt clearf50% 96 isolated)
11 CHsCN, HF (1.2 to 12 equiv), 0 °C complex(96)
tort
12 CHCN, HF (12 equiv), 60 °C, 1.5 h 97 (23-OAc, mixture)
PPTS (10 to 20 equiv);BuOH, rt to
13 80 °C, 10 h complex, all PGs cleaved
1 M aqueous HCI/THF (1/10), 0 °C
14 tort, 2 h 96 (90%)
1 M aqueous HCI/THF (1/10), 0 °C
15 2 h: 45 °C, 27 h 97 (5/1 dr)
1 M aqueous HCI/THF (1/10), 45
16 °C. 40-50 h 97 (15/1 dr)
96, 1 M aqueous HCI/THF (1/10), 45
17 °C. 40-50 h 97 (15/1 dr)

®Based on thin layer chromatography (TLC) afid NMR
analysis of the crude product.

Several acidic conditions triggered the intramolacuor

intermolecular g2’ reaction with solvent (methanol and water)

on D ring, with the acid-labile protecting groups (MG#hers,
TES ether, and acetate) being deprotected in diffedegree,
therefore producing complex mixtures in most cggeedries 7—
13). Further optimization revealed that treatmen®® in THF
with 1 M HCI solution at 0 °C for two hours cleanlffaaded 96
in 90% isolated yield (entry 14, and Scheme 13gvéiing the
temperature to 45 °C produced a complex mixtureréntban
eight spots on TLC plate) in two hours; longer reexcttime
greatly simplified the reaction, showing two spotsTaC plate
after 24 hours. The major spot (more polar) wasgassi as an
inseparable mixture of C&lsomers 97/23-epi97: 5/1), and the
minor one an inseparable mixture of the former's2k2
counterparts (entry 15). Reacting for another 20kh@drs at 45
°C, the ratios of the products were improv8d23-epi97: up to
15/1,98 as aca. 1/1 mixture) and stayed stable (entries 16,°17).
Higher temperature and longer time would result iantatic
drop in yield; hence, the optimal condition was éfiere set as: 1
M aqueous HCI/THF (1/10), 45 °C, 40-45 h. The reectvas
performed on the multigram scale to g8&in 59-68% yield.

The stereochemistries d®7 was identified through 2D-
NOESY analysis of its triacetat®d to be C23- and C2®&-
configured. The crosspeak between C18-methyl graowpGR0-
H indicated that the configuration at C20 did noare. The
crosspeaks between C27-methyl group andpa24nd between

C22-H and C2d-H, along with the fact that the configuration of
C25 was known, confirmed that the C23 wasonfigured,
which also supported the structural assignment9@f The
crosspeaks between C21-methyl group and C23-H andebet
C16-H and C23-OAc led to the conclusion that the cpmétion

at C22 wasS These assignments were further confirmed by
comparing the'H NMR resonancssignals of methyl groups in
100 with those of the known sample and cephalostatin 1.

TBDPSO—
Et;Si0—

1.0 M HCI/THF (1/10)

0Ac 0°Ctort,2h, 90%

92

1.0 M HCITHF (1/10)
rt, 2 h; then 45 °C, 45 h

96

TBDPSO—,

* 0 / OH
RIS up
M (23s)(23R): 5/4 (225,23R) natural
15-21% 59-68%
TBAF, THF Acz0, DMAP
reflux, 4 h, 98% DCM, 92%
HO— 27 (s 1:65ppm) TBDPSO—,

(d, 1.35 ppm) 21

HO
(s, 1.32 ppm)

o

NOE analysis of 99
+C20 not changed
¢ C23 is R-configured
+ C22 is S-configured

Scheme 13. Synthesis of North Part

Having four acid-labile protecting groups (C26 TEthee,
C23 acetate, and C3/C12 MOM ethers) removed an&feng
spiroketal established in the correct configuratioar protocol
represented the most efficient way to this challeggstructural
unit.

Both the configurations of C23 and C25 contributethe
excellent stereochemical outcome of the spiroketahing step,
we anticipated, as illustrated in Scheme 14. Theegthemistry
of C23 would determine from which face of the E-ring
oxocarbenium ion the C25-OH would attack C22 to ckheeF
ring, which is the kinetic aspect of the reactiorheT2%
configured substrate prefers the lower-face attadkere the
repulsive force between the C21 methyl group and G228
acetate group is minimized, to form the R@nfigured
spiroketal (via upTS | to 98R), whereas its 23 counterpart
prefers the upper-face attack to form theS2anfigured
spiroketal (via downTS Il to 97). Since96 was mainly 28-
configured, the spiroketal would be mainly assembdsdthe
needed 28 On the other hand, the products would adopt
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conformations that better minimize the interactiaamong
substituents at C20, C22, and C25. To lower theraot®mn
between the C21 methyl group and the C26-OTBDPS gtbep,
C22S-configured isomers would adopt the bent confornmatio
which possesses two anomeric effects, and theR@#iners
adopt the extended conformation, which possessesmomeric
effect. As the 22-epimers were inseparableand98, and97R

Tetrahedron

substitution = of the resultant a-bromo ketone  with
tetramethylguanidinium azide (TMGA) in MeNO provided the
a-azido ketonelOl1 in good yield. In a similar way, we prepared
the a-amino methoximel02 in good vyield through a sequence
involving bromination at the C2 & with PTAB, substitution
with sodium azide in DMF, formation of the C3 methogi with
O-methylhydroxylamine, and Staudinger reduction teé tzide

and 98R were collected separately. According to our resultsgroup. Treatment of the pyrazine coupling partn&p4,and102,
compoundd7 is both the kinetic and the thermodynamic productwith polyvinylpyridine (PVP) and BisnCl in refluxing benzene

However, attempts to convert other isomer8%aould not give
97 in synthetically usable yields.

Selective hydrolysis of the C3 acetate in triace®®t failed
because the C23 acetate was also hydrolyzed easiby.
investigated selective oxidation of the C3-OH%n and found
that treatment 097 with freshly prepared A€O,/Celite in
refluxing toluene provided the north pd&tin 92% yield after
acetylation of other two secondary hydroxyl groupsheme 15).
In 13 steps with an overall yield of 18%, we accostpd the
synthesis of6é from 8 and prepared more than 2.5 g ®ffor
further exploration.

2.3.Completion of the Synthesis of Cephalostatin 1

delivered the protected cephalostatin 103} in 67% yield.
Removal of the TBDPS group with TBAF and hydrolysis o
three acetates with,KOy/MeOH gave (+)-cephalostatin 1)(in
86% vyield. The spectroscopic properties of our fsgtit 1 are
consistent with those reported in the literature.

3. Conclusion

To summary, we have developed efficient, gram-soalées
to south part42 and north part6, respectively, and thus
accomplished a synthesis of cephalostatin 1. Outhegis
presented two controllable and regiodivergent Ba®jiéiger
oxidations of steroidal sapogenins, which could cedfitly
convert hecogenin either to tetraobr to lactone8, both on more

With subunits42 and6 in hand, we reached the final stage of t"@n 100 g scale, hence laying a solid foundatmrstibsequent

the synthesis. Having been extensively investigatedl used by
Fuchs et al., the pyrazine synthesis was easy tforper as

exploration. In the latter oxidation, iodine traessly switches the
reaction direction: entering the reaction wm situ iodination,

illustrated in Scheme 1%.Adjacent to the easily enolized c3 P€INg released as iodide ion, and being recycledughn

ketone, the C2 of south pa2 was easily brominated by treating

with phenyltrimethylammonium tribromide (PTAB) in TH&nd

23S

TS1
- favored

M;<A°Q_

HO Me : (,'?)
/ k/ Sl
23R “® HO “-—OR

o
TS1 °

~SC)
L  disfavored s HO favored

% OR
/

=

#

oxidation of peracid. Our method provides not omyexcellent

98R (22,23-diepi-97)  7.2%

98 (23-epi-97)

3.9%

Me -
HO Me = )
R =
O O oy
~ AL

97R (22-epi-97)  8.9%

extended conformation
1 anomeric effects

97

bent conformation
2 anomeric effects

Scheme 14. Rational Pathways for Spiroketal Formation (R =DHES)

TBDPSO—

Ag,CO3 on celite, PhMe
reflux, 4-7 h; Ac,0, 92%

a. PhNMe3Br3, 15 min, 90%
b. NaN3, DMF, 2 h; MeONHeHCI
py, DCM, 4 h; PPh3, THF/H,O

TBDPSO—_

97

south part
(42)

a. PhNMe3Brs, THF, 10 min, 87% o
b. TMGN3, MeNO,, 4 h, 86%

50-69.5%

c. 102, PVP, PhH, Dean
-Stark trap, reflux, 6 h

67%

Scheme 15. Completion of the synthesis of cephalostatin 1.

then K,CO3, MeOH, reflux

d. TBAF, THF, reflux, 2 h
’ 3 h, 86%

cephalostatin 1
)




example of using chemical method to alter the iehemigratory
preference of Baeyer-Villiger oxidation without adglirextra
steps, but also a practical and scalable methodpfeparing
dinorcholanic lactones. The lactones prepared tirowur
method have been used in the syntheses of sevatalah
products by us and othe¥s!™*

Key steps in the south part synthesis include Rigialyzed

migration of the C15-C16 double bond to C14-C15 an

Hg(OAc),-mediated spiroketal formation of cyclic enol ether
with alkenyl side chain at 2-position. Key stepghie north part
synthesis include umpolung of steroidal moietydmf the C22—
C23 bond, [4+2]-cycloaddition of D-ring dienes witinglet
oxygen combined with intramolecular/intermoleculan2’S
process to establish the functional groups on B, riamd one-pot
construction of the DEF rings. Successful applicatib cascade
reactions (construction of both spiroketals) and-pat reactions
(removal of MOM ethers of35 together with spiroketal
epimerization, allylic bromination and eliminatiaf 57, etc.)
made our synthesis flask-economic and efficient.

In the course of our synthesis, two transformati@tthough
not used in the final route, are notable. First, @14—C15 double
bond, when there is a leaving group at C14, tendsnttergo
S\2' reaction, either inter- or intramolecularly (fnd®21 to 22 and
23, from 60 to 63, 65 to 66, 76 to 77, and92 to 96). Second, the
rearrangement of th@-adduct of D-ring diene with singlet
oxygen would form an unprecedented tricyclic streeiirom59
to 62).

4, Experimental section

General Methods: All reactions sensitive to air or moisture were
performed in flame-dried round bottom flasks withblvar
septum under a positive pressure of argon or retrog
atmosphere, unless otherwise noted. Air and moistensitive
liquids and solutions were transferred via syringd atainless
steel cannula. Tetrahydrofuran (THF) and diethyieet(EtO)
were distilled from sodium/benzophenone, methylehbride
(DCM), toluene, and 2,6-lutidine from calcium hydrjdN,N-
dimethylformamide (DMF) and dimethylsulfoxide froralcium
hydride under reduced pressure, acetone frog£C4 onto
activated 3A molecular sieves, others accordincheo standard
procedures described iurification of Laboratory Chemicals
Yields refer to chromatographically and spectroscaly (‘H
NMR) homogeneous materials,
Reactions were monitored by thin-layer chromatogyafifi.C)
carried out on silica gel plates using UV light asuilizing agent
and an ethanolic solution of phosphomolybic acit] &eat as
developing agents. NMR spectra were recorded on 30@
400 MHz instrument and calibrated using residualeunerated
solvent as an internal referenc¢el NMR: CHC}; (7.26), DMSO-
ds (2.50);"°C NMR: CDC} (77.16)]. The following abbreviations
were used to explain the multiplicities: s = singtet= doublet, t
= triplet, g = quartet, br = broad.

4.1.1.Enonel9

To a solution of alkenel8 (200 mg, 0.47 mmol) in
acetone/blO (1.8 mL/0.20 mL) were added N-
hydroxysuccinimide (59 mg, 0.51 mmol) and a solutid CrQ;
(186 mg, 1.86 mmol) in acetone® (5.6 mL/0.60 mL). The
mixture was stirred at 40-45 °C for 20 h, filterethd washed
with acetone. The filtrate was concentrated; thedtesiwas
dissolved with DCM and filtered through celite. Thikrdte was
washed with brine, dried over pBO,, filtered, and concentrated
under reduced pressure. Purification through flashumn
chromatography on silica gel (PE/EA: 2/1) gave eng®¢170

mg, 82%) as a white solid. Mp 175-176 °G]f° +6.3 € 1.05,
CHCLy); IR (KBr): 1767, 1747, 1729, 1713, 1614, 1234 triH

NMR (300 MHz, CDCY) 5 5.93 (m, 1H), 4.77 (dd] = 11.7, 6.8
Hz, 1H), 4.74 (m, 1H), 4.72 (m, 1H, 1H), 3.02 = 9.0 Hz,
1H), 2.88 (m, 1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.45)(d,5.9 Hz,
3H), 1.00 (s, 3H)**C NMR (75 MHz, CDCJ) 5 203.3, 181.1,
172.8, 171.3, 170.8, 129.3, 77.5, 76.5, 73.7, 68%3, 50.5,
44.6, 37.5, 37.1, 37.0, 34.4, 29.9, 28.1, 28.07,282.1, 21.8,

d_L8.3, 12.7; Anal calcd for gH3,0;: C, 67.55; H, 7.26. Found: C,

67.55; H, 7.24.

4.1.2.Allylic alcohol 22

A solution of18 (43 mg, 0.10 mmol), cyclohexene oxide (88
mg, 0.9 mmol), dibenzoyl peroxide (BPO, 1.2 mg, 8.6@mol)
and NBS (18 mg, 0.10 mmol) in dry CGGR.0 mL) was stirred at
reflux under an argon atmosphere for three hour€ Showed
the generation of a less polar product. The mixtuas subjected
to flash column chromatography on silica gel (PE/EAL) to
provide the more polar produg® (40 mg, 89%). d],>° -33
0.85, CHCY); 'H NMR (300 MHz, CDC}) 5 5.45 (m, 1H), 5.02
(brs, 1H), 4.91 (dd) = 11.4, 4.9 Hz, 1H), 4.69 (m, 1H), 4.68 (m,
1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.50 @5 5.9 Hz, 3H), 0.91 (s,
3H); LRMS-ESI (n/2): 325 ([M-H-2AcOH]J).

4.1.3. Allylic sulfide 23

A solution of18 (128 mg, 0.30 mmol), cyclohexene oxide (88
mg, 0.9 mmol), dibenzoyl peroxide (BPO, 4.0 mg, 6.6dmol)
and NBS (53 mg, 0.30 mmol) in dry CGQ#.0 mL) was stirred at
reflux under an argon atmosphere for 24 h. Anotleetign of
NBS (37 mg, 0.20 mmol) was added and the reactionkeaisat
reflux for 12 h. The mixture was cooled to 40 °CSHt(2.6 mL)
and DBU (0.03 mL) were added. The reaction was stiioed 8
h, then cooled to ambient temperature and filtexed washed
with CCl,. The filtrate was concentrated and purified through
flash column chromatography on silica gel (PE/EA) 16 afford
160-23 (55 mg, 37%) as a white solid andpiB3 (68 mg, 46%)
as a white solid. Compound d-@3: mp 108-109 °C;d]p*° -45
(c 0.60, CHC)); IR (KBr): 1746, 1726, 1540, 1246 cm'H
NMR (400 MHz, CDC}) 6 5.36 (m, 1H), 4.87 (dd] = 11.4, 4.9
Hz, 1H), 4.68 (m, 1H,), 4.67 (m, 1H), 3.96 (m, 1H), 2(Bkke, J
= 6.4 Hz, 1H), 2.55 (9J = 7.4 Hz, 1H), 2.07 (s, 3H), 2.02 (s,
3H), 1.47 (d,J = 6.6 Hz, 3H), 1.28 (t, J = 7.4 Hz, 3H), 0.92 (s,
3H); LRMS-El m/e 429 (4.2, M-SEt), 297 (100). Compound
16B-23: mp 99-100 °C; ¢]o™° -81 € 0.90, CHCJ); IR (KBr):

unless otherwise stated.745, 1732, 1540, 1234 ¢n'H NMR (400 MHz, CDCJ) &

5.45 (m, 1H), 4.75 (dd] = 10.4, 4.7 Hz, 1H), 4.73 (m, 1H), 4.68
(m, 1H), 3.96 (br dJ = 8.0 Hz, 1H), 3.11 (m, 1H), 2.53 (4=
7.5 Hz, 1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.72J& 6.9 Hz, 3H),
1.24 (t,J = 7.5 Hz, 3H), 0.92 (s, 3H); LRMS-E/e 430 (0.87,
M*-AcOH), 429 (2.52, MkSEt), 297 (100).

4.1.4.Dinorcholanic lactones and (R)-4-
methyldihydrofuran-2(3H)-one56)through iodine-
catalyzed abnormal Bayer-Villiger oxidation of
steroidal sapogenin: general procedure

To a 2000 mL flask was added HOAc (300 mL)SB)y (4.6
mL, cat.), iodine (2.60 g, 0.10 equiv.) and the tonig& was stirred
at room temperature for 30 min before substratésrgisial
sapogenin, 100 mmol) was added. A peracetic acidtisolu
(freshly preparedca. 1 M, 600 mL) was added. The temperature
of the mixture rose to ca. 60 °C in one hour andtler 3-4
hours was needed for fully consumption of the stgrthaterial
at this temperature (in some cases, an oil bathneeded). The
reaction was cooled with a water/ice bath and quenchesfully
by addition of a saturated aqueous,B{& solution, and then
concentrated in vacuo. The residue was filteredveaxshed with
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toluene and the filtrate was concentrated under cediu

Tetrahedron

1.07 (d, 3H,J = 8.1 Hz), 1.01 (s, 3H), 0.84 (s, 3HIc NMR (75

pressure do-evaporation with toluene would minimize the MHz, CDCk) 8 170.6, 170.0, 156.0, 117.1, 96.9, 94.3, 84.1,,81.7

residual HOAc, the presence of which would slow ydrdlysis
and increase the use of KQHhe crude was dissolved in EtOH
(400 mL) and KOH was added slowly (pH > 14). The reactio
was stirred vigorously at reflux for five hours andoled to
ambient temperature. A diluted aqueous HCI solutjd € 3)
was added to give a copious yellow-white precipitatee solid
was collected by filtration, washed by water, and tHeéed in
vacuo overnight. The crude lactone could be usdélddmext step
without further purification (typical yield: 80-95%7he analytic
sample was obtained by recrystallization with EtOH astenvh
microcrystal. The aqueous layer was extracted with DM
provide lactones5. 55: bp: 92-94 °C/16 mmHg]p>* + 27 €
0.64, CHC)); IR (film): 2971, 1780, 1460, 1242, 1174, 1018,
838, 601, 499 cil; *H NMR (400 MHz, CDC}J) 5 4.37 (ddJ =
8.9, 7.1 Hz, 1H), 3.83 (dd,= 8.9, 6.3 Hz, 1H), 2.69 — 2.50 (m,
2H), 2.10 (gq,J = 10.5 Hz, 1H), 1.11 (dJ = 6.5 Hz, 3H);"*C
NMR (100 MHz, CDC)) 6 177.5, 74.8, 36.1, 30.4, 17.9; Anal.
Calcd for GHgO,: C, 60.00; H, 8.00. Found: C, 60.05; H, 7.85.

4.1.5.Cycloaddition with singlet oxygen to adduct
60 and 62

A solution of 59 (3.113 g, 6.5 mmol) and 5,10,15,20-
tetraphenylporphine (TPP, 20 mg, 0.32 mmol, 0.5%)dh dry
CH,CI, (130 mL) was purged with oxygen at 0 °C for 5 niihe
reaction was stirred with irradiation by a sunlampQ(2V) at 0
°C for 7.5 h until TLC showed that th89 was completely
consumed. The reaction mixture was concentratedruadeced
pressure, purified though flash column chromatogyagn silica
gel (PE/EA: 12/1-10/1-7/1) to provideadduct60 (1.134 g,
42%) as a white crystal, ai® (1.242 g, 46%, more polar) as a
brownish 0il.60: mp 96-97 °C; {]»*° +30 € 0.90, CHC)); IR
(film): 3059, 2941, 2866, 1743, 1231, 1039, 917 tiH NMR
(300 MHz, CDC}) 6 6.14 (d, 1H,J = 2.1 Hz), 5.85 (dd, t like,
1H,J = 2.1 Hz), 4.70, 4.65 (AB, 2H,z= 6.6 Hz), 4.68 (s, 2H),
4.20 (m, 1H), 3.89 (m, 1H), 3.45 (m, 1H), 3.38 (s, 3BR7 (s,
3H), 3.07 (dd, 1HJ = 13.2, 6.6 Hz), 2.87 (dd, 1H,= 11.7, 4.2
Hz), 2.04 (s, 3H), 1.15 (d, 3H,= 6.9 Hz), 1.06 (s, 3H), 0.92 (s,
3H); Anal. Calcd for GH,Og C, 66.12; H, 8.72. Found: C,
66.15; H, 8.7262: [0]p’° —44.4 € 0.82, CHC)); IR (film): 2937,
2860, 1745, 1699, 1606, 1451, 1374, 1234, 1044;ciM NMR
(300 MHz, CDC}) 6 6.49 (d, 1HJ = 6.1 Hz), 6.44 (d, 1H] =
6.1 Hz), 4.68 (s, 2H), 4.62, 4.55 (AB, 18z= 6.6 Hz), 4.20 (dd,
1H,J = 11.0, 4.4 Hz), 4.06 (dd, 1H,= 10.7, 6.0 Hz), 3.45-3.55
(m, 2H), 3.36 (s, 3H), 3.32 (s, 3H), 2.32-2.43 (m, 1H}6 (s,
3H), 1.11 (d, 3HJ = 6.7 Hz), 1.06 (s, 3H), 0.85 (s, 3HJC
NMR (100 MHz, CDC})) § 203.7, 200.6, 170.8, 135.1, 134.5,
96.2, 94.7, 80.0, 76.4, 65.0, 58.8, 55.5, 55.21,5%1.0, 45.0,
44.4, 37.7, 35.4, 34.5, 32.2, 29.3, 28.4, 27.99,208.0, 13.3,
11.4; Anal. Calcd for H.Og: C, 66.12; H, 8.72. Found: C,
66.04; H, 8.78.

4.1.6.Compound63

To a solution of60 (80 mg, 0.16 mmol) in CKI, (15 mL)
was added zinc powder (103 mg, 1.6 mmol, 10 equitl)aaetic

75.8, 68.0, 57.9, 55.2, 54.9, 49.7, 43.8, 37.95,385.4, 34.8,
34.1, 295, 29.2, 28.4, 28.3, 27.9, 21.0, 20.84,152.9, 11.6;
HRMS-El (m/2: caled for GgH.,O.Na: 575.3191, found:
575.3190.

4.1.7.Aldehydeb4

To a solution of C22-OH (2.06 g, 4.42 mmol) in L1 (40
mL) was added Dess—Martin periodinane (2.44 g, Bifl, 1.3
equiv) and-BuOH (1.2 mL). the reaction mixture was stirred for
10 hours at room temperature, quenched with saturate
N&S,0/saturated NaHCE(v/v: 4/1) and diluted with ether (200
mL). The organic layer was separated, washed withe baimd
dried over Na&SQ,. Concentration in vacuum afforded the crude
aldehyde 64 (2.05 g, 100%). The aldehyde was partially
decomposed during flash column chromatography l@ragiel to
afford ap-elimination product. mp 101-102 °Cy]§*° +70 €
0.145, CHCly); IR (film): 2979, 2927, 2881, 1718, 1456, 1442,
1148, 1102, 1043, 915, 743, 709 ¢m'H NMR (300 MHz,
CDCly) 5 9.88 (d, 1H,J = 1.8 Hz), 6.44(s, 2H), 4.72, 4.71 (AB,
2H, Jag = 6.9 Hz), 4.68 (s, 2H), 4.08 (dd, 1Bi= 12, 4.8 Hz),
3.50 (m, 1H), 3.372 (s, 3H), 3.367 (s, 3H), 3.25 (M), 11.25 (d,
3H, J = 6.9 Hz), 0.94 (s, 3H), 0.83 (s, 3HJC NMR (75 MHz,
CDCly) 6 200.7, 134.1, 133.9, 98.4, 96.3, 94.5, 75.9, 76444,
55.8, 55.1, 45.6, 44.7, 44.0, 36.8, 35.6, 34.92,338.5, 28.4,
27.3, 26.7, 13.1, 115, 10.8; HRMS-ESin/Q: calcd for
CyeHa0O/Na': 487.2664, found: 487.2666.

4.1.8.Acid 65

To a solution of crude aldehyde (4.42 mmol}-BuOH/H,O
(v/v: 5/1, 78 mL) was added 2-methyl-2-butene (3r@B, 31
mmol, 7 equiv), NaCl® (0.594 g, 5.28 mmol, 1.2 equiv) and
NaH,PO,+2H,0 (1.373 g, 8.8 mmol, 2.0 equiv) sequentially. The
mixture was allowed to stir at room temperature foo hours
and diluted with ethyl acetate (300 mL). The orgdaiger was
separated, washed with brine and dried ovesSRa Filtration,
concentration under reduced pressure afforded ¢iok6a (2.18
g, 99%) which was used directly in the next step witho
purification. The analytic sample was obtained by
recrystallization with acetone as a white crystal. 1dg-144 °C
(acetone); ¢]p>° +33.6 € 0.176, CHCJ); IR (film): 3438, 3060,
2942, 2930, 2830, 1740, 1464, 1184, 1149, 11055,1927, 919
cm ™’ 'H NMR (300 MHz, CDC)) 4 6.66 (d, 1H,J = 6.0 Hz),
6.40 (d, 1HJ = 6.0 Hz), 4.77 (s, 2H), 4.69 (s, 2H), 4.09 (q, IH,
= 4.8 Hz), 3.46-3.55 (m, 1H), 3.43 (s, 3H), 3.38 (4),3.17
(dd, 1H,J =10.2, 6.9 Hz), 1.40 (d, 3H,= 6.6 Hz), 0.92 (s, 3H),
0.83 (s, 3H)*C NMR (75 MHz, CDCJ) 5 177.0, 134.4, 132.7,
98.4, 96.3, 96.2, 94.4, 75.9, 75.4, 64.6, 55.96,484.0, 37.6,
36.7, 35.6, 34.9, 33.4, 28.5, 28.4, 27.2, 26.69,142.1, 11.5;
HRMS-ESI (n/2: calecd for GH,OgNa" 503.2615, found:
503.2615.

4.1.9.C17-OH lactone66

To a solution of aci@é5 (1.80 g, 3.75 mmol) in DCM (35 mL)
was added acetic acid (1.50 mL, 26.0 mmol, 7 egang zinc

acid (20 uL, 2.5 equiv). The reaction was stired at roomPowder (1.50 g, 22.5 mmol, 6 equiv). The resultingpension

temperature for five hours, filtered through shaatl of silica and
washed with CHCl,. The filtrate was neutralized with saturated

was warm to reflux for 4 hours until the starting emitl was
fully consumed. The reaction mixture was filtratddough a

agueous NaHCQsolution, washed with brine and dried over Short pad of silica gel, and diluted with ethyl atet(150 mL).

N&SQ,. Concentration under reduced pressure and flalsimeo
chromatography on silica gel (PE/EA: 2/1) affords®(56 mg,
65%) as a pale yellow oila],”° —=41.9 € 0.56, CHCJ); IR (film):
3500, 2933, 2860, 1742, 1467, 1375, 1242, 1041,¢d7. H
NMR (300 MHz, CDCJ) 5.53 (d, 1HJ = 1.2 Hz), 5.24 (s, 1H),
4.81, 4.58 (AB, 2HJ = 6.3 Hz), 4.68 (s, 2H), 4.08 (m, 3H), 3.45
(m, 1H), 3.37 (s, 6H), 2.87 (s, 1H), 2.06 (s, 3H),52(8, 3H),

The organic layer was washed with diluted brine, sidar
aqueous NaHCP solution, brine, and dried over gD,

Filtration, concentration and flash column chrongaaphy on
silica gel (PE/EA: 8/1) furnished lactoité (1.10 g, 63%) as a
wax. The reaction was performed at 50 mg scale ® @iyield at
77%. p]p®° +40 € 0.11, DCM); IR (film): 3459, 2933, 1772,
1715, 1647, 1195, 1147, 1102, 1040, 915, 415" cthi NMR



(300 MHz, CDC}) 8 5.43 (s, 1H), 5.00 (s, 1H), 4.72, 4.62(AB,
2H, Jas = 6.0 Hz), 4.66 (s, 2H), 4.28 (s, 1H), 3.84 (dd, TH,
=11.1, 4.8 Hz), 3.44-3.53 (m, 1H), 3.39 (s, 3H), 3(843H),
2.76 (g, 1H,J = 7.5 Hz), 1.28 (d, 3H] = 7.5 Hz), 1.09 (s, 3H),
0.85 (s, 3H):¥C NMR (75 MHz, CDCJ) 3 179.0, 158.9, 117.1,
95.6, 94.5, 91.4, 87.1, 79.5, 75.7, 55.8, 55.21,551.7, 44.3,
42.0, 36.7, 36.0, 34.9, 34.3, 28.8, 28.4, 27.94,265.2, 11.9,
10.8; HRMS-ESI f/2: [M+Na]" calcd for GgHaO7: 487.2668,
found: 487.2666.

4.1.10.Addtion of lithium reagent to give addu68

To a solution of iodidé7 (82 mg, 0.32 mmol) in anhydrous
pentane/ether (1.5 mL, v/v: 3/2) under argon atrhesp was
slowly added-BuLi (1.5 M in pentane, 0.44 mL, 0.66 mmol) at
—78 °C. The resulting solution was stirred for amothour, and
added slowly a solution of lactor@ (49 mg, 0.11 mmol) in
anhydrous THF. Methanol (0.80 mL) was added to duehe
reaction after 15 minutes, and the mixture was eduwvith ethyl
acetate. The organic layer was washed with saturajedoas
NH,Cl solution and brine, dried over pBO, Filtration,
concentration and flash column chromatography dicasigel
(PE/EA: 3/1-1/1) furnished the desired add68t(7 mg, 25%
brsm) as a pale yellow oil, 2866 (8 mg), and the starting
material 66 (30 mg, 61%). Adduc$8: [o]p° +27 € 0.25,
CH.Cl,); IR (film): 3500, 2933, 1458, 1377,1214, 1148061
1044, 912, 41m™; *H NMR (300 MHz, CDCJ) 5 5.34 (s, 1H),
4.84 (brs, 1H), 4.76, 4.70 (AB, 2H,s = 6.6 Hz), 4.68 (s, 2H),
4.33 (s, 1H), 4.21 (s, 1H), 3.82, 3.71 (AB, 2Kz = 8.4 Hz),
3.76-3.84 (m, 1H), 3.43-3.56 (m, 1H), 3.42 (s, 3H373s, 3H),
1.40 (s, 6H), 1.29 (s, 3H), 1.12 (s, 3H), 1.08 (d, 3H,6.9 Hz),
0.87 (s, 3H);*C NMR (75 MHz, CDC}) 5 153.5, 119.7, 109.2,
108.6, 95.6, 94.6, 92.4, 92.1, 80.9, 80.7, 75.91,746.3, 55.2,
54.3, 52.6, 45.9, 44.6, 36.8, 36.2, 35.1, 33.92,331.5, 29.0,
28.6, 28.2, 27.3, 27.0, 26.6, 25.0, 14.5, 12.0; ABMS-ESI
(m/2): caled for GHsONa'": 631.3822, found: 631.3817. 2p
66: [a]p>° -9 (€ 1.00, CHCL); IR (film): 3459, 2929, 2859, 1775,
1716, 1558, 1379, 1216, 1189, 1147, 1104, 1041, 9684, 915,
820, 757 cr’; *H NMR (300 MHz, CDCJ) 5 5.51 (s, 1H), 4.89
(s, 1H), 4.77 (d, 1H) = 2.7 Hz), 4.71, 4.65 (AB, 2Hl;g = 7.5
Hz), 4.68 (s, 2H), 3.90 (dd, 1H,=11.7, 3.9 Hz), 3.44-3.55 (m,
1H), 3.41 (s, 3H), 3.37 (s, 3H), 3.13 (q, 1Hs 7.2 Hz), 1.44 (d,
3H,J = 7.2 Hz), 1.10 (s, 3H), 0.86 (s, 3H); HRMS-E&i/3:
calcd for GgH,gO;Na'": 487.2664, found: 487.2666.

4.1.11.Treatment of68 with HOAc

The solution of addu@8 (26 mg, 0.43 mmol) in HOAc (65%
aqueous solution, 2.0 mL) was stirred at room teatpez for 3
hours. The reaction was diluted with ethyl acetatesh@d with
saturated aqueous NaHgGolution and brine, dried over
Na,SQ,. Filtration, concentration and flash  column
chromatography on silica gel (PE/EA: 10/1) provid&d(6 mg,
26%),70 (8 mg, 34%), and1 (8 mg, 34%)69: [a]p™® +19.2 €
0.50, CHCIly); IR (film): 2451, 2927, 2858, 1462, 1374, 1210,
1147, 1109, 1045, 920 ¢'H NMR (500 MHz, CDC}) 3 5.31
(d, 1H,J = 1.8 Hz), 4.77, 4.67 (AB, 2Hl\s = 6.0 Hz), 4.72 (s,
1H), 4.68 (s, 2H), 3.80 (dd, 1H,= 11.7, 4.8 Hz), 3.60 (d, 1H,
= 11.4 Hz), 3.49 (m, 1H), 3.384 (s, 3H), 3.382 (d, 1H; 11.4
Hz), 3.37 (s, 3H), 1.18 (s, 3H), 1.11 (s, 3H), 1.033(d,J = 6.9
Hz), 0.86 (s, 3H);°C NMR (75 MHz, CDC)) & 155.9, 118.5,
118.1, 96.3, 94.6, 93.2, 91.0, 86.7, 80.4, 76.06,685.9, 55.2,
55.2, 52.1, 445, 44.1, 36.8, 36.0, 35.1, 34.42,330.3, 29.2,
28.6, 28.2, 27.7, 23.8, 15.6, 12.0, 7.7; HRMS-E8&/2
[M+Na]* calcd for GHsgOs: 573.3395, found: 573.33950:
[a]p® +17,5 € 0.50, CHCL,); IR (film): 3495, 2927, 1701, 1460,
1376, 1149, 1107, 1043, 936 ¢m'H NMR (500 MHz, CDCJ)

0 5.35 (s, 1H), 4.78, 4.66 (AB, 2H,s = 6.0 Hz), 4.68 (s, 2H),
4.62 (s, 1H), 3.83 (dd, 1Hl = 11.5, 8.0 Hz), 3.84 (d, 1H,=

11.5 Hz), 3.49 (m, 1H), 3.39 (d, 18l= 11.4 Hz), 3.38 (s, 3H),
3.37 (s, 3H), 3.30 (s, 1H), 1.13 (s, 3H), 1.09 (s, 3H)7 (d, 3H,
J = 7.0 Hz), 0.87 (s, 3H)*C NMR (75 MHz, CDC)) 5 157.0,
117.7, 107.4, 96.2, 94.6, 93.7, 90.8, 79.7, 76903,666.6, 58.6,
55.4, 55.2, 51.7, 47.5, 44.4, 36.9, 36.0, 35.12,332.3, 29.3,
28.6, 28.2, 27.7, 27.28, 24.8, 16.2, 12.0, 7.5; HRESS (M/2):
[M+Na]" calcd for GyHsQg: 573.3395, found: 573.33971:
[a]p™ +79.7 € 0.80, CHCL,); IR (film): 3450, 2964, 2932, 1692,
1637, 1609, 1376, 1262, 1147, 1102, 1031, 915:ciH NMR
(500 MHz, CDC}) 8 5.94 (s, 1H), 4.69, 4.62 (AB, 2H,s = 6.3
Hz), 4.68 (s, 2H), 3.42 (m, 4H), 3.37 (s, 3H), 3.363(d), 2.18
(s, 3H), 1.41 (s, 3H), 1.18 (s, 3H), 0.94 (s, 3HL NMR (75
MHz, CDCk) & 212.5, 194.6, 185.3, 148.1, 137.8, 125.6, 96.0,
94.6, 82.2, 75.8, 72.2, 69.7, 55.7, 55.2, 51.52,544.1, 36.7,
36.4, 35.4, 35.2, 34.9, 31.5, 29.0, 28.5, 27.84,223.6, 18.0,
15.8, 11.9; HRMS-ESIni/2: [M+Na]" calcd for G;H.Os:
571.3242, found: 571.3241.

4.1.12.Adduct73

To a solution of72 (372 mg, 1.5 mmol) in HMPA/THF (0.15
mL/2.5 mL) at -70 °C was slowly added a solutiont-&uLi in
pentane (1.50 M, 1.10 mL, 1.65 mmol) under argdre mixture
was stirred at -70 °C and a solution of aldeh§d€348 mg, 0.75
mmol) in THF was added slowly. After one hour, a ssed
aqueous NECI solution was added to quench the reaction and
the mixture was allowed to warm to ambient tempeeatiihe
mixture was diluted with ethyl acetate and separateglprganic
layer was washed with brine, dried over ,8@,, filtered,
concentrated under reduced pressure. Purificatioough flash
column chromatography on silica gel (PE/EA: 25/1 6f)
afforded 73 (250 mg, 51%) as a waxa][ztf + 35.7 € 0.66,
CHCly); IR (KBr film) 3464, 2982, 2931, 2863, 1466, 1374
1105, 1043, 914 cih 'H NMR (300 MHz, CDC}) 5 6.63 (d, 1H,
J=6.0 Hz), 6.31 (d, 1H]) = 5.7 Hz), 4.77 (s, 2H), 4.67 (s, 2H),
4.38 (s, 1H), 4.18 (d, 1H] = 4.2 Hz), 4.11 (dd, 1H) =11.4,
4.2Hz), 3.88 (d, 1H) = 8.1 Hz), 3.83 (d, 1HJ] =8.1 Hz), 3.50
(m, 1H), 3.37 (s, 3H), 3.35 (s, 3H), 3.06-2.65 (m, 6HQ8 (s,
3H), 0.80 (s, 3H); LRMS-ESIn{/2: 735.4 ([M+Na]); Anal.
Calcd for G/HgOsS,: C, 62.33; H, 8.48. Found: C, 62.22; H,
8.61.

4.1.13.Adduct74

At -70 °C, to a solution ofg)-4-(2-iodoethyl)-2,2,4-trimethyl-
1,3-dioxolane §7, 209 mg, 0.77 mmol) in ether/pentane (0.64
mL/0.96 mL) was added a solutionteBuLi in pentane (1.50 M,
1.0 mL, 1. 5 mmol) under argon. After 30 min, te tresulting
white suspension was added a solutiofbf232 mg, 0.50 mmol)
in THF (4.0 mL). After TLC showed complete consumptiof
64, a saturated aqueous R solution was added to quench the
reaction and the mixture was allowed to warm to antbien
temperature. The mixture was diluted with ethyl aeetand
separated; the organic layer was washed with briried cver
N&SQ, filtered, and concentrated under reduced pressure
Purification through flash column chromatography silica gel
(PE/EA: 5/1) afforded4 (145 mg, 48%) as a wax. IR (KBr film)
3437, 2934, 1380, 1260, 1211, 1148, 1039, 897" din NMR
(300 MHz, CDC}) 5 6.59 (1H, dJ = 6.0 Hz), 6.33 (1H, d] =
5.7 Hz), 4.69 (s, 2H), 4.68 (s, 2H), 4.05 (m, 1H), 3(382H),
3.51 (m, 1H), 3.39 (s, 3H), 3.36 (s, 3H), 1.11 (d, 3H,6.9 Hz),
1.07 (s, 3H), 0.83 (s, 3H); HRMS-ESh(2: [M+Na]" calcd for
C3/H5404: 631.3817, found: 631.3817.

4.1.14.Adduct75

To a solution of 1,3-dithiane (716 mg, 5.97 mmof)
anhydrous THF (30 mL) under argon atmosphere wasdaad
BuLi (3.50 mL, 1.60 M in hexane, 5.60 mmol) at —-8. The
resulting mixture was stirred for additional 40 mimen added a



16 Tetrahedron

solution of aldehydes4 (crude product from Dess—Martin ([M+Na]"); Anal. Calcd for GgH.06S,: C, 63.34; H, 8.51.
oxidation, 1.58 g, 3.29 mmol) in THF. The reactwas kept at Found: C, 61.24; H, 8.34.
—78 °C until the aldehyde was completely consumedT{bC),
and saturated NJ&I aqueous solution was added to quench the4'1'17"A‘Idehy(]|_e78 )
reaction. Brine (30 mL) was added to the mixturer@m To a suspension of red HgO (65.2 mg, 0.30 mmol) in
temperature and the solution was extracted withl etbstate for 1 HF/water (3.0 mL/3.0 mL) was added $E%O (27.5uL, 0.305
three times, the combined organic layer was driegt 84S0, mmol) at room temperature.. The mixture was stir@adlD min,
Filtration, concentration, and flash column chroogaaphy on then added a solution of dithian&@ (56.9 mg, 0.10 mmol) in
silica gel (PE/EA: 4/1) afforde@ (1.534 g, 78% from C22-OH) THF (3.0 mL) and the system was warmed to reflcir. The
as a white foam.o]% + 40.0 € 0.45, CHCJ); IR (KBr film) solid was flltc_ered, the filtrate was quenched withuszted
2036, 2857, 1466, 1449, 1388, 1245, 1147, 11033,1983 cm NaHCQ:, solution and extracted with ethyl ether for several
1; H NMR (300 MHz, CDCJ) 5 6.63 (d, 1H,J = 6.0 Hz), 6.30 times. The combineq organic layer was washed withebaind
(d, J = 6.0 Hz), 4.74 (d like, 2H] = 2.1 Hz), 4.68 (s, 2H), 4.32 dried over NgSO,. FI|!:I‘.atI0n, concentration, ano! flash cglumn
(d, 1H,J = 10.5 Hz), 4.07 (dd, 1H, = 10.4, 4.5 Hz), 3.73 (d, 1H, chromatography on silica gel (PE/EA: 3/1) provided desired
J=10.2 HZ), 3.46-3.57 (m, lH), 3.36 (S, 3H), 33’%)’ 1.12 aldehyde78 (456 mg, 95%) as a white foarn]f+ 60.7 (:052,
(s, 3H), 1.05 (d, 3HJ = 7.2 Hz), 0.83 (s, 3H)"C NMR (75  CHCL); IR (KBr film) 3511, 2930, 1721, 1648, 1467, 1450
MHz, CDCL) 5 135.9, 131.3, 99.6, 98.3, 96.9, 94.6, 76.5, 76,0385, 1311, 1149, 1103, 1037, 951, 937, 915;cHH NMR (500
68.1, 64.2, 555, 55.1, 47.8, 45.8, 44.1, 36.87,385.0, 332, MH2z, CDC) 3 9.76 (d, 1HJ = 3.0 Hz), 5.40 (s, 1H), 5.05 (s,
33.1, 287, 285, 27.3, 27.0, 26.6, 25.9, 25.20,121.6, 8.6; M) 4.75 (d, 1HJ = 6.6 Hz), 4.67 (d, 1H) = 6.6 Hz), 4.68 (s,
LRMS-ESI (n/2: 607.0 ((M+Nal); Anal. Calcd for GH,g0,S,; ~ 2H:J=2.1Hz),4.21 (dd, 1H1 = 3.0, 5.4 Hz), 3.79 (dd, 1K=

. (qui., 1H), 1.16 (s, 3H), 1.07 (d, 3d,= 7.2 Hz), 0.88 (s, 3H);
4.1.15.Triol 76 ¥C NMR (125 MHz, CDGCJ) § 203.95, 154.2, 119.8, 95.6, 95.5,

To a solution of peroxid@s (1.534 g, 2.62 mmol) in THF (35 94.6, 91.2, 87.7, 75.9, 56.2, 55.1, 54.0, 52.65,444.2, 36.8,
mL) embedded in an ice/water bath was added Zn pomié¢r 36.2, 35.0, 33.98, 28.9, 28.5, 28.1, 26.5, 13.9,125; LRMS-
activated, 1.712 g, 26.3 mmol) and acetic acid04rk, 4.68 g, ESI (m/2: 501.2 ([M+Na]), 533.3 ([M+MeOH +Na]); Anal.
78 mmol). The reaction was aged for 2 h to consumasstarting  Calcd for G/H,,0O;: C, 67.76; H, 8.84. Found: C, 67.65; H, 8.68.
material completely. The mixture was filtered thrbwgshort pad
of silica gel and washed with ethyl acetate (160 rihk filtrate
was washed with saturated aqueous Nakl€@ution (2 x 100 .
mL) and brine, dried over N&O,. Filtration, concentration, and  1© @ suspension of aldehyd® (95.7 mg, 0.20 mmol) and

flash column chromatography on silica gel (PE/EA.) &fforded MgBrZ-EFZO (153 mg, 0.60 mmol) in dry G#l, _(10 mL) was
the desired 14,17,22-tridl6 (1.433 g, 93%) as a white foam. added trimethyl(2-methylallyl)stannane. The mixtwas stirred

[aﬁ)‘q 37.8 € 0.40, CHC)); IR (KBr film) 3415, 2934, 2862, at ambient temperature for two hours and quenched Wit HCI
1468, 1415, 1385, 1148, 1104, 1042, 961, 934, 9n3: ¢H  @dueous solution, diluted with ether. The organigedawas
NMR (300 MHz, CDCJ) 5 6.29 (d, 1H,) = 5.7 Hz), 6.23 (dJ = separated and washed with brine, dried ove;SRa Filtration,
6.0 Hz), 4.68 (s, 2H) = 2.1 Hz), 4.78 (d, 1H] = 6.0 Hz), 4.62 concentration, and flash column chromatography iicasgel
(d, 1H,J= 6.0 Hz), 4.37-4.41 (m, 3H), 3.90 (d, 1H= 10.2 Hz), (PE/EA: _2/1-1/1) provided9 (101 mg, 95%) as a colorless oil.
3.44-3.55 (m, 1H), 3.38 (s, 3H), 3.37 (s, 3H), 2.8223m, 2H), NMR indicated that the aldehyde was completely cdredeand
2.69-2.76 (m, 2H), 2.32 (qu., 1H,= 7.0 Hz), 1.16 (s, 3H), 0.92 "O 23-epimer formeda], + 33.7 (¢ 1.00, CH ) IR (KBr film)
(d, 3H,J = 7.2 Hz), 0.87 (s, 3H); LRMS-ESIm(2: 609.0 3383, 2931, 1467, 1454, 1145, 1108, 1044 £ NMR (300

([M+Na]+), Anal. Calcd for CC;OHSOO7$: C, 6140, H, 8.59. MHz, CDCE) 6 5.36 (S, lH), 4,90 (S, lH), 4.84 (br S, 2H), 472

4.1.18.Methylallylation of aldehyde giving the
acetates of79 and 23-epi79

Found: C. 61.42- H. 8.41 (s, 2H), 4.67 (s, 2H), 4.62 (br s, 1H), 4.08 (br s,, 40 (d, 1H,
P T A J = 8.1 Hz), 3.75-3.82 (m, 2H), 3.42-3.56 (m, 1H), 3(883H),
4.1.16.Cyclization Product77 3.36 (s, 3H), 2.54 (p like, 1H,= 7.5 Hz), 2.42 (dd, 1H] = 8.1,

To a solution of diol76 (234 mg, 0.40 mmol) in dry G&l, 13.8 Hz, G,H,), 2.24 (dd, 1HJ = 5.1, 13.8 Hz, gH}), 1.78 (s,
(20 mL) immersed in an ice/water bath was added TMSG0  3H), 1.17 (s, 3H), 1.10 (d, 3H, = 6.9 Hz), 0.86 (s, 3H)'°C
puL, 0.40 mmol). The mixture was quenched with satdrate NMR (75 MHz, CDC}) § 153.7, 143.0, 120.4, 112.9, 95.6, 95.0,
aqueous NaHC@solution after TLC indicated that the diol was 94.6, 91.5, 85.2, 81.0, 75.9, 68.1, 56.1, 55.28,582.4, 44.5,
completely consumed. The solution was diluted withylet 42.3, 41.7, 36.7, 36.1, 35.0, 33.8, 28.9, 28.51,287.0, 22.6,
acetate (160 mL) and the organic layer was washed bwitte ~ 14.2, 12.0, 8.7; LRMS-ESIn{/2: 557.3 ([M+Na]); HRMS-
and dried over NSO, Filtration, concentration, and flash MALDI (m/2: calcd for GiHs(O/Na 557.3449. Found:
column chromatography on silica gel (PE/EA: 3/1paded the 557.3460.

cyclized product77 (164 mg, 72%) as a white foam. The C22 The crude product of aldehyd® (216 mg, 0.452 mmol) with

configuratiozr(]) was assigned Bsthrough’H-"H COSY and 2D (2-methylallyl)magnesium chloride (prepared fronti8ero-2-
NOESY. ], + 33.9 €0.86, CHCJ); IR (KBr film) 8513, 2932, methylprop-1-ene) was dissolved in dry £} (10 mL). To the

1466, 1449, 1375, 1147, 1103, 1044, 1027, 97&;6“1 NMR resulting solution were added AQ (0.16 mL, 1.7 mmol), BN

6, 19,9763 o) 470 5 1), 468 6, 29, 457 G s 201 2147m0) nd OMAP (6.0 ma 0 21 el
‘1108'2HI;)Z )éizz(ggy(:ﬁl;i)l%i’:é l;,ZH)) 33%(; (((i,d:g::?,g_ggz material. The mixture was directly concgr_ltrated qnuified
(rﬁ 4H), 2‘ 48-2. 53 (m' or d’q iH) i14 (’s éH) 1,012.C{H J': through flas_h column chromatography on S|I|c_a GHE/EA: 5/1-
7 2 Hz)yo '87 (s. 3H)C NMR, (75 ,MI-.|z CD’CJ) 6, 156 3 1,18 5 4/1) to provide 2B-acetate (_60.4 mg, 25%, white foam)_and}23
95.7, 94.5, 93.4, 91.6, 81.9, 81.1, 75.9, 56.00565.1, 51.4, cetate (146 mg, 59%, white foam). Acetatgd{23R-epimer).
47.4 243, 42.2,36.8, 35.97, 34.98, 34.1, 20942.20.0, 285, 1 NMR (400 MHz, CDC)) § 5.32 (s, 1H, GH), 5.18-5.25 (m,
28.1, 26.9, 25.9, 15.4, 11.99, 9.2 LRMS-ESW4: 591.0 L Gat), 4.77-4.82 (2H, &), 4.76 (s, 1H, GH), 4.73, 4.65
’ ’ ’ ' ’ ' (AB, 2H, J = 6.3Hz, 12-®1OM), 4.68 (s, 2H, 3-G10OM), 3.99



(dd, 1H,J = 4.5, 7.2 Hz, @H), 3.87 (dd, 1HJ = 4.5, 11.7 Hz, | 189.

CiH), 3.43-3.56 (m, 1H, @), 3.53 (s, 1H), 3.38 (s, 3H, 12-
OMOM), 3.36 (s, 3H, 3-OM®I), 2.48 (p like, 1H,]) = 7.2 Hz,

CoH), 2.24-2.38 (m, 1H, GH), 2.04 (s, 3H, 23kc), 1.77 (s, 3H, 20

27Me), 1.13 (s, 3H, 184e), 1.02 (d, 3HJ = 7.2 Hz, 21Me),

0.86 (s, 3H, 1Me); *C NMR (100 MHz, CDCJ)) & 170.5,
155.5, 141.5, 119.3, 113.7, 95.5, 94.6, 94.3, 98%4, 80.7,
76.0, 70.3, 56.0, 55.1, 51.8, 44.5, 41.5, 40.89,386.0, 35.0,
34.1,29.3, 28.5, 28.2, 26.8, 22.4, 21.4, 15.3),120; Acetate of

23epi-79 (23S-epimer):*H NMR (400 MHz, CDCJ) 5 5.37 (dt,  22.

“m” like, 1H, J = 2.7, 8.4 Hz, GH), 5.28 (s, 1H, GH), 4.63-
4.77 (TH, GH, CiH, 3/12-QMOM), 3.95 (t, 1H,J = 7.2 Hz,
C,:H), 3.84 (dd, 1H,] = 4.5, 8.2 Hz, GH), 3.64 (s, 1H), 3.41-
3.55 (m, 1H, GH), 3.38 (s, 3H, 12-OM®), 3.36 (s, 3H, 3-

OMOM), 2.47 (p-like, 1H,J = 7.2 Hz, GH), 2.49-2.56 (1H, 24.
CoHy), 2.22 (dd, 1HJ = 9.6, 14.1 Hz, GH,), 2.00 (s, 3H, 23-  25.

Ac), 1.77 (s, 3H, 2Me), 1.13 (s, 3H, 184e), 1.00 (d, 3HJ =
7.2 Hz, 21Me), 0.86 (s, 3H, 1Me); *C NMR (100 MHz,
CDCl) & 170.0, 155.6, 142.1, 119.0, 113.3, 95.6, 94.66,93. ,;

12.0, 8.7; LRMS-ESIra/2: 599.2 ([M+Na]).
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Highlights
Mercuric acetate promotes cyclic enol ethers with alkenyl side chain at
2-position to form spiroketals.
lodide-catalyzed abnormal Baeyer-Villiger oxidation of a steroidal
sapogenin deliveres the corresponding dinorcholanic lactone.
-Adduct of D-ring diene with singlet oxygen would rearrange to form an
unprecedented tricyclic structure.
When a leaving group present at C14, C14-C15 double bond tends to
undergo Sn2’ reaction inter- or intramolecularly.

Both spiroketals of cephalostatin 1 are thermodynamically favorable.



