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Abstract- Syntheses of l-azaspiro(5.5]undecane derivatives, which
may be potential candidates for the therapeutic application and
the promising precursors for the histrionicotoxins syntheses, are
described. Stereoselective syntheses of racemic octahydro- and

perhydrohistricnicotoxin are alsc presented.
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II. Syntheses of l-Azaspirc[5.5]undecane Framework

III. 8ynthetic Investigations of Isomers of Perhydrohistrionico-

toxin
Iv. Formal Total Syntheses of Perhydrohistrionicotoxin
v. Total Syntheses of Perhydro- and Octahydrohistrionico-
toxin
VI. References and Footnotes
I. Introeduction

Recent studies of Witkop and his co-workers on the toxic constituents of skin

extracts of Neotropical arrow poison frogs, Dendrobates histrionicus and other

dendrobates species, have led to the isolation of a series of alkaleids designated
histrionicotoxins along with the other types of alkaloids and it has been clari-

fied that histrionicotoxins contain the unique l-azaspiro[5.5]undecane ring

system {1).1_8) The structures and the stereochemistries at C-2, C-6, C-7 and

C-8 positions of histrionicotoxin (2) and of the congener isocdihydrohistricnico=
toxin (3) have been elucidated by X-ray diffraction analyses of single crystals

2,3

of their hydrochloride salts. In earlier papers, the term, "histricnictoxin"
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has been applied only to the Clg-alkaloids (Cs— and C4—side chains at C-2 and C-7

positions, respectively), but nowadays the histrionicotoxin class of alkaloids
includes also the lower homologs such as alkaloids 2353 {11} and 259 gég).T’S)
Other alkaloids possessing the l-azaspiro({5.5]undecane skeleton are desoxy-
histrionicotoxins such as alkaloids 21%A E&E)' 243 9&1?' and 269B g&é).j)
Although histrionicotoxins are characterized, in part, by the unique allenic
and acetylenic moieties, these unsaturated groups have been recently found to
occur alsc in the pumiliotoxin C and gephyrotoxin class alkaloids.4) These
unsaturated side chains of the Neotropical poisonous frog toxins may be the first
example of acetylenic and allenic moieties appearing in the animal kingdom.l—a)
The biological activity of histrionicotoxins on vertebrate neuromuscular
junctions has been studied by Albuquerque by the use of both competitive binding

experiments and electrophysiology.7-15)

Qualitatively, all histrionicotoxins had
a similar action to that of acetylcholine on the acetylcholine receptor-ICM (ion
conductance modulator) complex, i.e., prolongation of the falling phase, or
delayed rectification of the action potential and an induced densitization to
Yepeated acetylcholine applications with concomitant neuromuscular block.7_15)
Although the O-N atomic distance resembles that in acetylcholine closely, the

i _sinding site for the histrionicotoxins is distinct from that of acetylcholine.
These toxins emerged as powerful tools for the studies on the fundamental
processes of neurophysiological ion transport and these spiropiperidines become
candidates for the therapeutic applications.

The scarcity of natural histrionicotoxins and the unusual l-azaspiro-
piperidine framework associated with the potent bioclogical activity have made the
alkaloids highly attractive target for the synthesis. Although histrionicotoxin
£§2 has resisted synthetic efforts to date due to the labile cis-enyne side chains,
it has been revealed that the biclogical activity was not associated with the
unsaturated side chains since perhydrohistrionicotoxin t&g) still retains the

biological activity.g)
Despite a large number of synthetic methods for the synthesis of simple

l-azaspirol[5,.5]undecanes had appeared in the literatures, stereoselective synthetic
routes to this ring system, which allow further elaboration of functionalizations,

e.g., the hydroxyl group at C-8 and the side chains at C-2 and C-7 in the l-aza-

16,17) 18-20) 21,22)

spirane framework, were reported by Kishi, Corey, Evans,

23,24) 25,26)

Speckamp, Inubushi, and Cvetovichzv)groups.
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Due to page limitation, simple azaspiranes which may be not suitable

for further elaboration to the synthesis of histrionicotoxins are excluded from
the present review and the authors will focus the survey on the syntheses of
the useful intermediates for histrionicotoxins, the isomer of perhydrohistrionico-

toxin, the formal syntheses of perhydrchistridnicotoxin, and the total syntheses

of perhydro- and octahydrohistrionicotoxin:36):‘““

¢ -

II. Syntheses of l-Azaspiro[5.5]undecane Framework

[

Recently, interest in the synthesis of l-azaspiro[5.5]undecanes increased
due to the unusual spiropiperidine structure associated with the analgetic,

23)anci the anti-

antipyretic, and antiphlogistic activities of simp}e l-azaspiranes
cholinergic activity of histrionicotoxins., Stereoselective and nonstereo-
controlled syntheses of simple l-azaspiranes, which have a ¢lue such as the double
bond, the carbonyl group, or the hydroxyl group on the spirane skeleton for the

further elaboration on the synthesis of histrionicotoxins, were described in this

section, .

1I-A. Synthesis and Synthetic Approach by Intramolecular Oxidative Cyclization

of Nitrone

The use of nitrone in ring formation by intramolecular oxidative cyclization

with an activated olefin has been well documented by many workers.37_44)

The model study on the synthesis of histrionicotoxins by intramolecular

45)  oxidation of the

cyclization was reported by Wehrli and his co-workers.
hydroxylamine ng) with mercuric oxide gave a mixture of the aldonitrone (17) (1
part) and the ketonitrone (18) (9 parts). Without separation, the mixture was

refluxed in toluene to yield a separable mixture of the isoxazole derivatives

(19, 8%), (20, 64%), and (21, 1.2%). The undesired compound EEE) was transformed

+
N X +
CH t
{16) (}l)
(1)
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into the desired ocne (21) by heating in toluene in a sealed tube at 195°,
Catalytic hydrogenolysis of 21 over Raney nickel afforded rel-(65,85)-8-hydroxy-
l-azaspiro(5.5]undecane (22).
Ea ot
The same principle for the synthesis of perhydrochistrionicotoxin (10) was
not utilized because the regiochemical control in the cyclization proved to be

difficult. Thus, the nitrone {23) furnished the undesired isoxazolidine g&i).

which could not be transformed into the isomeric isoxazolidine (25).45)
O— N
+ .
qu = *
& L1 )
Bu
(23)

Another synthetic approach to histrionicotoxins by intramclecular nitrone

46}

cyclization has been reported by Tufariello and Trybulski. There have been

precedents which suggest that the nitrones (26} could add to the unsaturated

37-40,47) Unfortunately, treatment of

esters EEQ to yield the isoxazolidines Eﬂy'
the nitro compound Qaa}, a precursor of the nitrone gﬁl), with zinc-ammonium
chloride yielded the undesired isoxazolidine (31). In this 1,3-dipolar intra-
molecular cyclization, the desired product &22), an intermediate required for the

histrionicotexin synthesis, was not obtained.

HYRZ HIcozma Rr? COaMe
Rl’§‘o' + R3 H - — - Rl’N‘-OI R3
(26) 27) (28)
——— B v Pt ]
’J,A:J\V/J/4§ﬁ [Tﬁ;l\w/J,<§ﬁ
COoM +
OZN (8] 2 e Ilq Cone ’N
' o
2
129 (30) MeO,C- :
H éOZMe
(31) (32)

II-B. Synthesis by the [3,3]-Sigmatropic Rearrangement of Allylic Trichloro-

imidate

B)

The [3,3]-sigmatropic rearrangement of an allylic trichloroimidate4 as a key

step was successfully applied to the synthesis of the spirc lactam (38} by

43}

Overman. Thus, reaction of the enone ﬁé&! with 4-ethylenedioxybutylmagnesium

chloride followed by an acidic treatment yielded the keto-acetal (34). Reduction
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(36) (37) (38)

———~

of 34 with lithium aluminum hydride gave an allylic alcochol, which was treated
with sodium hydride-trichloroacetonitrile to yield the allylic trichloroimidate
(35}. The [3,3]-sigmatropic rearrangement of 35 by heating at 69° gave the amide
Eﬁg which was successively treated with oxalic acid and then silver oxide to
afford the acid (37). The acid (37) was converted to the spirc-lactam (38) by a
conventional method. The spiro-lactam {353 contains synthetic clues for the
further elaboration of functionalization at carbons 2, 7, and 8 for the synthesis
of histrionicotoxins. Unfortunately, the yield of the lactam Qé&) from the

imidate (35) is low.

II-C. Palladium Catalyzed Synthesis of l-azaspirocycle

A new general route to l-azaspirccycles via a m-allyl palladium complex as

a key cyclization step has been employed for the synthesis of l-azaspiro[5.5]-

undecan~7-ene by Godleski and his co-workers.so)

Addition of the Normant reagent5l)

to the enone (33), followed by an acidic
workup yielded the keto-alcohol gig). Tosylation of ggJ followed by DIBAL-H
reduction provided the allylic aleohol (40). This synthetic route for 40 is

49)

similar to that reported hy Overman. Acetylation of 52! followed by a sodium(
iodide catalyzed displacement of the p-Ts0O group by benzylamine gave the amino-
acetate (41). Treatment of 4] with tetrakistriphenylphosphine palladium(0) in

acetonitrile in the presence of triethylamine gave the l-azaspirocycle %&) over

2
o rlo R Ph” N Pd.Ly
rPh
——E— ——
O
(CHy) 4
(33} R=0OEt (40) Rle, r%=01s (,53) (43)
(39) R =(CH2)4OH @i} R1=Ac, R2=NHCH2Ph
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95% vield presumably via the bisphosphine allyl cation (43). The compound (42)

may be served as an intermediate for the synthesis of histrionicotoxins.

II-D. Synthesis via Organciron Complex

Recently, spirocyclization of some tricarbonyldienyliumiron hexafluoro-

52-55) aApplication of the procedure to

56)

phosphates has been reported by Pearson.
the synthesis of l-azaspirocycle derivative (50) has been uncovered.
The tricarbonylcyclohexadienyliumiron complex (45), prepared from the ester

52'53)in dibutyl ether, was reduced with DIBAL-H to the

Lii! and pentacarbonyliron
alcohol (46}, which was then treated with p-TsCl-pyridine to afford the tosylate
g&l}. Regiospecific hydride Qbstraction with triphenylmethylium tetrafluorcborate-
ammonium hexafluorophosphate gave the hexafluorophosphate Qﬂﬁ)' which was then
treated with benzylamine in nitromethane to yield the l-azaspirocycle {323.
Neither this type of reaction, nor the synthesis of cyclohexadienylium complex
with this degree of functionality, has been previously reported. Removal of
tricarbonyliron in 4% with trimethylamine-N-oxide, followed by an acidic hydro-

lysis afforded the l-azaspirocyclic enone (50), which may be a useful intermediate
R ard

for the histrionicotoxins synthesis,

OMe ph’h‘N Ph/\N
Fe (CO) 3 — ——
e Fe (CO}
@ 3 ‘/PFG MeO 0
CH,) ,CH,0T Fe (CO)
(CH,} ,CO Me CH,) 3=R (CH,) 5 s 3
{44) (45) R=CO,Me (48) (49) (50)

(46) R=CH,OH

e 2

{47) R=CH_OTs

pd 2

II-E. BSynthesis by the Beckmann or the Schmidt Reaction

Kissing and Witkop have reported the synthesis of the l-azaspiro compound as
57) y

outlined below by the Schmidt or the Beckmann reaction, Thus, potassium enolate
of the keto-ester (51)58) was alkylated with ethyl 5-bromovalerate in dry DMSO to

yield the diester ggg). The Schmidt reaction of‘ég‘with hydrazoic acid in CHCl3
afforded the lactam (53) which was treated with sodium hydride in HMPA to give the
spiro-lactam {54) . By similar reaction sequences, the cyanospiro-lactam gééj was
also synthesized starting from the keto-ester (55} and 5-bromovaleronitrile.

Treatment of the lactam (54) with agueous NaOH, followed by treatment with
e q
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(51) R=Et {32) (53) (54) R=CO,EL
{55) R=Me - (56) R=CN
R C4Hg
o o™y 0™y CoH. o ol
E g " 5711
(57) R=0 (38) (59) (10)

(’5\"?) R=N-NH-Ts
p-toluenesulfonic acid in xylene under reflux yielded the dione {57) which already
was converted to perhydrochistrionicotoxin (,El.,g‘) by Kishi and his co-workers.ls)
ErToluenesulfonyl hydrazone (58) of 57 was reacted with butyllithium in THF at 0°
to yield the lactam Eég]r whereas reaction of 58 with sodium hydride in HMPA at

1809 afforded the olefin (59) as a major product. The spiro-lactam (38) is the

same as that prepared by an independent route by Overman,49)

II-F. Synthesis by the Beckmann Rearrangement

Bond and his co-workers made use of the keto-acid (60), prepared from

58,60)

2-ethoxycarbonylcyclohexanone, as a starting material for the simple

synthesis of l-azaspiro[5.5]undecane-2,7-dione (57), an intermediate in Kishi's

16)

synthesis of perhydrohistrionicotoxin EBD- The synthesis of.§1 is based on

35)

the Hill's route to the ring system, with suitable modification to allow

functionalizaticn of the ring. 59)

Reaction of the keto-acid (60) with polyphosphoric acid (PPA) acceording

to the method of Muller61)

yvielded the spiro-diketone gé}), which was mono-
acetalized to yield the acetal-ketone (62). The acetal-oxime (§3) derived from

ﬁa was treated with PPA to furnish l-azaspiro[5.5]undecane-2,7-dione ng).

The dione (57} has been converted to perhydrohistrionicotoxin (10) by Kishi.ls)
N-OH o}
2 HN
COZH
o - _ o
. (61) R=0 (63) ®= <y ] (57)
o (62) B= 9 (64) R=0
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II-G. Synthesis of l-Azaspirane by the Michael Reaction

The Model experiment in the synthesis of perhydrohistrionicotoxin (10} based

18) has recently been published by Husson.sz)

on a similar strategy to that of Corey
Reaction of an anion derived from the nitrile (63) with 2-ethylenedioxy-5-icdo-
pentane, followed by an acidic workup gave the ketone (66). The cyano-ketone (67),
obtained by catalytic hydrogenation of EE\over 10% palladium on charcoal, was

treated with p-TsOH in refluxing benzene to furnish the amino-enone (70},

presumably via the intermediates (68) and (69). It has already been demonstrated

by Coreyls)that the isclation of the desired product of the type (69) was rather
difficult. 1In order to avoid the undesired retro-Michael reaction, the enone gﬂy

was refluxed in benzene with ethylene glycol in the presence of p-TsOH to give a
mixture of the l-azaspirocycle (71, 22%) and the ketal (72, 39%).

A similar synthetic route to the synthesis of perhydrohistrionicotoxin has

63)

also been proposed by Winterfeldt. This report, however, lacks the experimental

details. C§:H
Me
OM
Me we ey “OMe e cn  coMe In")
N._.CN N N ¥
- s + —
= Me ZMe Me Me
(65) (66) (,El) (68)
0 f
NH-Me Me 0. ¢ NH-Me

Me
! o]
N N o
Me Me

Me Me
(69) (70) y (72)
II-H. Synthesis via the Acylimmonium Ion Intermediate

The model experiment for the perhydrohistrionicotoxin (,,1-9._) synthesis has

64)

been reported by Schoemaker and Speckamp. ' The method invelves the formic acid-

induced cyclization as a key step.

The crude amide {1&),65)

prepared from N-methylglutarimide (73} and 4~
pentenylmagnesium iodide, was treated with formic acid to yield a mixture of
l-azaspiranes, the formate (75, 45% yield} and the iodide (76, 15% yield). These
two products (75 and 76) were presumably formed via the transition state (77) with
synchronous formation of the new C-C and C-0 bonds. Another reaction pathway via

the transition state (78) is considered less likely because of steric interactions
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(73) (76)

between the N-methyl group and the hydrogens at C-3 and C-5.

III. Synthetic Investigations of Isomers of Perhydrohistrionicotoxin

The potential biological activity of histrionicotoxins led to postulate the

5,7}

fellowing hypothesis. The close proximity of the two heteroatoms, a nitrogen

atom and an oxygen atom of hydroxyl at C-8, would make histrionicotoxins a
potential candidate for cholinergic activity or possible interaction with
cholinergic or other receptor proteins.5’7)(see Figure 1}

Acetyl- N
77T AcO §(Me)3

choline Lo
—3 3A ‘=

HO HN/j"R
H

H ", 6-Epi-isomer (89)
R
Figure 1

In view of the intrinsically unique structures of histrionicotoxins and

6)

several simple l-azaspiranes,6 synthetic works had been directed only towards

the synthesis of the natural type (68,7S,85)-7-alkyl-8-hydroxy-l-azaspiranes.
However, stereoselective synthesis of 2,7-epi-, 6-epi, and 7-epi-l-azaspiranes

67) 5) 24)

has now been reported by Corey, the present authors,2 and Speckamp,

respectively.

IlI-A. synthetic Approach to 6-Epi-perhydrohistrionicotoxin

For the purpose of pharmacclegical studies on the structure-activity relation-
ship, a highly stereoselective synthesis of the rel- (6R,75,8S) lactam (89} has
recently been accomplished by the present authors.zs)

Reaction of the hydroxy-ester (79) with 2,3-dihydrofuran in the presence of
Ea et
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COzEt
€O Me
~CO,Me
. —— ————
Bu *-Bu
OR
(79) ”= (81) R
(‘_gg) R=THF gg?l) R=THF
CO,Et
*COoMe
——— RN ————
OTHF QTHF
(84) (85) R=CO,Et (88) R=Ts
P d
(86) Ren (89) Re
68)

pyridinium p-toluenesulfonte gave the ester SEE), which was alkylated with
high stereoselectivity by successive treatments with KN(TMS)2 in THF, allyl
bromide, and then 5% HCl to furnish the alkylated product ggég in 65% yield. The
tetrahydrofuranyl ether gga} of E& was allowed to react with 0504—N3104—N-methy1—
morpholine—N-oxideGg) and the resulting aldehyde was subjected to the Wadsworth-
Emmons reaction to yield the encate (83). The diester ggg) resulted from 83 was

subjected to the Dieckmann reaction with KH in THF70)

to yield the spirane Q§a,
which on decarboxylation gave the five-membered ketone Qﬁa + Oximation of 86
furnished the oxime ngl, which was reacted with p-TsCl-pyridine to yield the
lactam-tosylate Sﬁg}, and a single crystal X-ray analysis of Eg\provided
convincing evidence for the 6-epi- structure. Removal of p-tosyl group in B§
was achieved by using sodium-naphthalene to yield rel-(6R,7S,8S)-7-butyl-8-hydroxy-

l-azaspiro{5.5]undecan~2-one (89).

1II-B. Synthetic Route to 2,7-Epi-histrionicotoxins

A synthetic route to 2,7-epi-histricnicotoxin series has been developed by

Corey and his co-workers.67)
The ester EE}], obtained from the nitrile &282 by a conventional method, was

treated with pyrrolidine-AcOH in benzene to yield the enamine (92) in B6% yield.

1)

Glycolation of Eg‘followed by oxidation with Agzco3 on celite7 gave the keto-
aldehyde (83), which was converted to the enoate (94) by treatment with the anion
of triethyl phosphonoacetate. The imine EEQ, prepared from‘gg‘by reaction with
liquid ammonia in a sealed tube, was treated with_E—TsDH to afford the spirane

(96), which was immediately reduced with sodium borohydride to yield an oily

mixture containing 8-hydroxy-l-azaspirane (97). This mixture was allowed to react
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@”Cﬂéd§g@”gﬂ 'Y

N
copee (]

' 1) R=0H
(90) ¢
m :;) R -y Q) r=0 23
(92 N, (94) R= CH.CO,Et
CH,-R
CO,Me —
EtD,C R 5
N 'l'!n
— — [R——
H R
OH
(96) R=0 1.2 =
138) o ) (101) R™=R CH,0H (100) R=Bu
R4=CO
(97) R=< ks (102) R*=R%-CH,OEt  (103) R=CH
H 1 .2 [t 2 P |2
. (99) R"=R"=Bu OEt
with Coclz-pyridine to yield the urethane-diester {98) in rather low yield after

column chromatographic separaéion and the structure of 23 was ascertained by a
single crystal X-ray analysis. The urethane ggg) was obtained from 98 by the
following successive operations; 1) selective DIBAL-H reduction: 2} the Wittig
olefination using a ylide prepared from allyldimethylphenylphosphonium bromide
and potassium methylsulfinylmethylide: 3) catalytic hydrogenation over Pd-C.
Cleavage of the urethane group was effected with Li—MeNH2 to afford 2,7-epi-
perhydrohistrionicotoxin (100) in 11.3% yield from 98. ’

The dicl {101), obtained from 98 by reduction with LiBH,, was treated with
P e e~

4

KH-EtI in HMPA to furnish the ether (102), which was converted to dioxa-2,7-epi-

perhydrohistrionicotoxin (103) as described above for 99-+100. Interestingly,
P S P

the dioxa analeg (103) possesses ca. one-fourth of the biological activity of

naturally derived perhydrohistrioniccotoxin.

I1I-C. Synthetic Approach to T7-Epi-perhydrohistrionicotoxin

The stereoisomer (106} of the natural type hydroxy-lactam g&gﬁ) has been
prepared via the acylimmonium ion intermediate by Speckamp.24) '
Thus, treatment of glutarimide &59}) with (Z)-4-nonenylmagnesium bromide
followed by the formic acid-catalyzed cyclization reaction yielded the formate-
lactam (105, 22% yield), which on hydrolysis furnished rel-(6s,7R,85)-7-butyl-
B-hydroxy~l-azaspiro[5.5]undecan-2-one (}Qg). The hydroxy-lactam S&QE’ is a

stereoisomer at C-7 position of the perhydrohistricnicotoxin precursor (108).
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0 o) )
= HN HN
J:ﬁjl 1) Bnga—/\/r—gu HN/iJ /Tj /T]
0™~y-~0 - .
H 2) HCOOH [::1“Bu <<:j\r5u [::1-Bu
OR OH OH
(104 (105) R=CHO (107) (108)

(106) R=H
From a mixture of the hydrolyzed products, a crystalline isomeric compound,

tentatively assigned the structure (107), was also isolated in 0.5% yield.

Iv. Formal Synthesis of Perhydrohistrionicotoxin

Highly stereoselective synthesis of l-azaspirane intermediates for the

synthesis of perhydrohistrionicotoxin (10) has been undertaken in many laboratories

o Cst1l
HN)j HN/j HN/J
-. el S5
Iy C4Hg r CyHg L& 419
(108) R=H {111) (10)
(ﬁ) R=CHO T e
Ql&g) R=Ac

with a great variety of the synthetic schemes. Since the lactams (108-110} and

the amine (111} have been transformed into perhydrchistrionicotoxin (10} by

Kishi,ls'lT)Corey,lg) and Evans,zz) synthesis of the lactams (108-110) or the

amine (111) constitutes a formal synthesis of perhydrohistrionicotoxin.

IV-h. Synthesis via Acylimmonium Ion Intermediate

A formal synthesis of perhydrohistrionicotoxin glgl via acylimmonium ion has
been presented by Speckamp.24)(see also Section V-D)

Glutarimide (&gi)was reacted with {E}-4—-nonenylmagnesium bromide in THF and
the crude product was treated with formic acid. Because of the presence of
unreacted glutarimide in the crude product, the reaction was repeated with a large
excess of the Grignard reagent. Chromatographic separation furnished the formate
(109) in 30% yield and a by-product tentatively assigned the structure E&i&) was

also isolated in 0.5% vield. Hydrolysis of 109 with KOH-E+OH-H.O yieided the

2

hydroxy=-lactam (108). Since both the formate (109)22) and the hydroxy-lactam
P N

(108)16’17'19)have been converted into perhydrchistrionicotoxin (10}, the present

synthesis constitutes a formal total synthesis of perhydrohistricnicotoxin.
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H “Bu
(104} OR OCHO
{108} R=H (112)
ATy Nt

{109) R=CHO
P

IV-B. Synthesis via [2.3]-Sigmatropic Rearrangement of a Sulfilimine

Recently a highly stereoselective multistep synthetic route to histrionico-

27)

toxins has been reported by Cvetovich. The method involves the [2.3]-sigma-

tropic rearrangement of the sulfilimine intermediate as a key step.

B PhS5 H
o —
™~ 0-'0Me ™0 'OMe
H H
(113) (114) (116}
v Pt e
(\HNH-TS

[/\L,Ts f/\L'TS R-N
. @:'j‘ ————— ’ -"; e e ..,
0 10Me “Bu
H OH OH

(121) (122} (-J-C?\i) R=Ts
{111) R=H

The epoxide (113) was allowed to react with the lithium anion of 2-(N,N-
dimethylaminc)ethyl allyl ether and the resulting enamine was treated with
methanolic acid to yield the pyran (114), which was oxidized with ozone to furnish
the keto-pyran (115) in over B85% yield. The keto-pyran (115) was successively

L) Patand
treated with vinylmagnesium bromide, phosphorous tribromide, and then sodium
thiophenoxide to yield the allyl thicether (116) in 45% yield. Reaction of 116
with chloramine-T produced the amine (118} as a single product via the [2.3]-
sigmatropic rearrangement of the sulfilimine (117). Ozonelysis of 118 followed
. o o~
by successive treatments with vinylmagnesium bromide, iodomethyltributyltin, and

then butyllithium afforded the homoallyl alcochol (120) via the aldehyde (119) in
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58% overall yield.
Successive reactions of 120; catalytic hydrogenation, mesylation, and then
sodium hydride treatment, produced the l-azaspirane (121). Hydrolysis of the

acetal group in 121 and then the Wittig reaction with Ph P=CH, gave rel-(65,75,88) -

3
7- (3-butenyl) ~8-hydroxy-1-tosyl-l-azaspiro[5.5]undecane (122). The n-butyl
derivative (123), obtained by catalytic hydrogenation of 122, was treated with

sodium-naphthalene to furnish the amine (111}, which was previously been converted

into perhydrohistrionicotoxin (10) by Corey.lg)

Iv-C, Synthesis via Acyloin Intermediates

A simple stereoselective synthetic route to perhydrohistrionicotoxin has

25) The method involves the acyloin

been recently developed by the present authors,
condensation reaction for the formation of the spirocycle.
The butylated ketone (125}, cobtained by the conjugate addition of the enone

{124) with a new reagent BuCu.AlCl ,73_76)
e~ 3

was converted to the ester L&%ﬁ)in 96%
yield by a conventional method. Treatment of lgg with LDA followed by carboxy-
lation with carbon dioxide vielded the acid gagz), which was allowed to react

with diazomethane and diazoethane to give the diesters Q&%ﬁ) and &%ay,
respectively, The sterecochemistry of the carboxyl group in iﬁl was assigned on

the basis of the fact that dil. HC1l treatment of both the esters (}Eﬁ and 129)
vielded the same lactone (130). Reaction of 130 with DIBAL-H followed by oxidation
with pyridinium chlorocchromate gave the aldehyde Q&zl), which was successively

treated with (MeO)z(O)P=CHCO Me and then H2/Pt0 to furnish the lactone-ester

2
77-79) : i
was effectively employed for the spiro-

2
(132). The acyloin condensation
il

cyclization. Thus, treatment of 132 with sodium in the presence of TMSCl, followed

by successive treatments with 5% HCl and then Ac.,O-pyridine gave the spiranes

2
(133, 16% yield) and (iiﬁ, 44% yield). The acetoxy-ketone (134) was readily
reduced with Zn-AcOH to furnish the ketone (}22). The acetoxy-oxime (iii),
obtained by a conventional method from 133, was treated with p-TsCl-pyridine to
yield the l-azaspirane (222), which on hydrolysis with NaOMe in MeOH gave rel-
(65,78,88)-7-butyl-8-hydroxy-l-azaspiro[5.5]undecan-2-one (108) constituting a

formal synthesis of perhydrohistrionicotoxin (10).
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CO,R o

COMe COR " COpMe =R
——— . ——————— . '-.Bu ——
“Bu BuU Ty
OSi(Me)zﬂut OSi(Me)zBut OSi(Me)zBut H
(124) (123) R=Me {127) R=H (130) R=COMe
(126) R=0Me (128) R=Me (131) R=CHO
(L29) Rzt
r2 0
HN
Co,Me ’Tj ’i]
e —— P -
1" Bu “Bu
a B OAC OAc OH
(132) (133) RY=0, R%=m (110} (108}
(134) R™=0, R“=0Ac
(135) RI=NOH, R%=H
Iv-D. Synthesis of Spirocycle by the Dieckmann Condensation
CO,Et
OTMS
CO,Et Me
2 Me
+ — 0 —
OTMS u
QAc AcO
{136) (137) {138) (139) R1l=H, R2=QAc
Pt Pt ] el PP 2
(140) R =0Ac, R“=H
Et 0
CO,Et o) o Me
Me d Me d Me OH
+ ————
S OH
rO H B pH it
(141) R=Ac (143) (144) (145)
P —— .
(142) R=H
P
G 0
' Me o
~r . \W"COZMe
O JS—— )
Me I8
— CHO 2 ) /Q’}-‘f’ H Bu
D i
H
~ Matuid (149) R=H,
(150) R=CO,Me {152) (108)
E T Y V] fata'ad PN

(151} R=H
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Based on the retrosynthetic analysis, the authors have stereoselectively
synthesized the key intermediate for the synthesis of perhydrohistriOnicotoxin.26)
By using the Diels-Alder reaction of the acetoxy-ester E&éé) with the diene &5{@,
three chiral centers were constructed in the first step.

)followed

The Diels-Alder reaction of the ester (EEE) with the diene (}21)80
by hydrolysis with 5% HC1l gave an inseparable mixture of the enone Eéég). Thio-
acetalization of iﬁi and subsequent silica gel column chromatographic separation
afforded two crystalline thioacetals (139, 85% yield) and (%gg, 12% yield).
Desulfurization of the major acetal (139) afforded the acetoxy-ester (141) which

was subseguently treated with KOH-H_O-EtOH to yield the hydroxy-ester (142) in

2
97% yield. Treatment of 142 in toluene with a catalytic amount of B—TSOH under
reflux for 20 min gave a mixture of lactones g&iﬁ, major) and g%ii, minor), but
prolonged refluxing of the mixture afforded the thermodynamically stable lactone
(144) as a single product. The glycel (145), obtained by oxidation with 0s0,-
N-methylmorpholine-N-oxide,81) was subjected to HIO, oxidation to furnish the
keto-aldehyde 9&13) in 98% yield. The next task was a chemoselective C-C bond
formation at the aldehyde group in iiﬁ. The Wittig reaction of 146 with tri-
phenylphesphine ethylidene {1.14 equiv.) afforded the keto-lactone (147).
Catalytic hydrogenation of }il over Ptoz, followed by methoxycarbonylation

according to the method of Whitlocksz)

gave the keto-ester (148), which was
reduced in the usual way to afford the ester (149%) in 97% yield.

The Dieckmann reaction of 149 with KH provided the spirane {150}, and the
product was treated with 1l,4-diazabicyclo([2.2.2)octane in refluxing xylenesa) to
yield the hydroxy-ketone (151). Oximation of 151 gave the hydroxy-oxime (132}
which was subjected to the Beckmann rearrangement to afford the spiro—lactam (108),

one of the key intermediate for perhydrohistrionicotoxin, constituting a formal

synthesis of perhydrchistrionicotoxin.

IV-E. Synthesis via Spiro[4.5ldec-6-en-l-one Intermediate

Starting from the ester (153), a formal synthesis of perhydrchistrionico-

20,84) The two key steps

toxin has been achieved by Corey and his co-workers.
involve a regiospecific addition of HOBr to the olefin (157) and the alkylation
of the bromc-oxime ngé) with 1-lithio-l-butyne.

The diester (154). ohtained from the ester Q&é&), was successively treated

with sodium hydride in THF and then THF—H20—HZSO4 {8:2:1) to furnish the ketone
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R COzEt
R Br

H

(153} R=H (155} R=0 (158)
(154) R=(CH2)3C02Et {156) R=NOH M
{157) R=NOCI-I2Ph J

Br
PhCH20N H
PhCH,,ON H
1
(159) (l60) (161)
E PhCH,ON
RON ., s
‘H—O0—H
(162)
PhCH, 0N RON HON
— e, ———
NOH OH
{l64) R=C=C.Et (166} R=CH2Ph (152) ~
{165) R=Bu (167) R=H
P L v )
(155), which was reacted with hydroxylamine to yield the oxime (156). Reaction
N R )

of the benzyl ether (}21) with NBS took place with high regioselectivity in the
desired direction to yield the bromohydrin (158) as a major product in 72% yield.
Two by-products, the bromcohydrin (}22} ca, 10%} and the bromoketone {559- ca. 10%),
were also isolated by chromatographic separation. The isomeric ketone (}2}) of
}’E’Q' was cobtained from },5,.8, by coxidation with the Jones reagent. The predominant
formation of the bromohydrin E&EE) may be due to the oxime-assisted bromonium

ion formation and/or the reaction as depicted in 162. The dioxime (’%’6\;\’) was
treated with 1-lithio-l-butyne in THF to furnish the acetylenic~oxime w , which
was immediately subjected to catalytic hydrogenation to yield the oxime (igg).
Removal of the free oxime function in 165 with TiC13—NH4OAc afforded the ketone
Qéé), which on catalytic hydrogenation over palladium on charcoal furnished

the keto-oxime (%Ez). Stereoselective reduction of the carbonyl group in 167 was
successfully achieved by using sodium in liquid ammonia in the presense of iso-

propanol to yield the hydroxy-oxime (152), and the compound (152} is convertible
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to perhydrohistrionicotoxin (10) in a straightforward way.lg)
V. Total Syntheses of Perhydro- and Octahydrohistrionicotoxin

V-A., GStereoselective Synthesis by Photo-induced Rearrangement of a Nitrite

Group as a key step

In the reviewer's view, the key step in the synthesis of perhydro-

histrionicotoxin (10) by Corey is rearrangement of the O-nitrite group derived

from the alcoheol (172) to the oxime (152) by irradiation.lg)

86)

The pinacol (168), prepared in 65% yield by a modification ~"of the

Mukaiyama method,87)

was converted to the spiro-ketone 2592) by an acid catalyzed
rearrangement. The tertiary alcchol Q&lg), yielded by reaction of the ketone
E&gz) with butyllithium, was dehydrated with thionyl chloride-pyridine to afford
the olefin ££Z$)' which was converted to the alcochol &azg) by the hydroboration-
oxidation reaction in 78% yield. Irradiation of the nitrite, obtained by reaction
of ilz with nitrosyl chloride-pyridine, afforded the oxime E&ég) in ca. 20%
yield, which on treatment with p-TsCl-pyridine afforded the lactam (108). Lithiunm
aluminum hydride reduction of 108 gave the amine (}}}), and the hydroxyl group
in 11l was protected by the t-butyldimethylsilyl group to furnish the amine {153).
The synthesis of perhydrochistrionicotoxin E&El from 153 was completed without
iselation of intermediates by treatments with the following reagents: 1) NBS in

t

THF at 0°%; 2) KOC_H B in hexane at 25°%; 4)

5711
(nBu)4NF in THF at 250, 88)

OH OH
: : ——tme ——T
0

. —ano. .
in THF at —-40°; 3) LLCSHll

—
OH Bu
(168} Bu
A
{170) (171)
2
o 3
HN"j HN
2 . JUS—
“Bu - Bu
OH OH
(172) (108) (111) r1=r%=n
(153) R'=si (Me),Bu",
2 =H
1_ 2
(10) R7=H, R"=CgH,,
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V-B. Synthesis ¢f l-Azaspirocycle by the Michael Reaction as a Key Step

The first total synthesis of octahydrohistrionicotoxin, one of the natural
toxins, and a practical synthesis of perhydrohistrionicotoxin have been achieved

by spirocyclization of the o,f-unsaturated keto-amide as a key step by Kishi.l7)

o] (?Hz)z
R R R CONHp
0] 0 Q

{154a,b) i (155a,b) (156a,b)
0 o) 0
HN)j HN):, HN)D
. + T J—- -, e
R ~R "R
0 0 HO
{157a,b) (158a,b) (159a,b)
s RrR' rR'
EN :
9 ) P
-
HO - o
{160a,b) (161a,b) {162a,b)
i . = L™
’3 series: R C4H9 r R CSHll
5 - — - | Ry -
b series: R=CH,CH,CH=CH, , R'=CH,CH,CH,CH=CH,

(15%a)=(108); (162a)={(10)

The vinyleyclohexenone (155a}, obtained from the diketone glgig) by successive
treatments with EtOH—H+ and then vinylmagnesium bromide, was reacted with methyl
malonamate to yield the ester amide, which was subjected to hydrolytic decarboxy-
lation to yield the keto-amide {%gge). Spirocyclization of 2525 was effectively
achieved by treatment with ethyl orthoformate in ethanol containing camphorsulfonic
acid to yield the epimeric keto-lactams (&213)(two parts) and (}3&3)(one part).

Parallel experiments, starting from the diketone Q&Eﬁh)r afforded the
corresponding vinylcyclohexenone (iéég), the keto-amide (%2&%), and the Michael
reaction of iigg gave the spiro-lactams t%ézsg(two parts) and (%Eﬁs)(one part) in
45% overall yield.

The epimeric mixture of the spiro-lactams(}éli)and QEES) was transformed to
perhydrohistrionicotoxin (162a)=(10). by the established method.ls)(see Section
v-C).

Equilibration of the mixture (157b and 158b) with sodium methoxide gave a new
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mixture of L;élg) (one part) and EAEEE) {four parts). The mixture of %ézg and
3239 was reduced with lithium in ammonia to furnish the lactam alcohol anay
and its C-7 epimer. The thiolactam (iggg), resulted from the lactam (iégg), was
converted to the imine g&g}k) by four successive operations [l) protection of
the hydroxyl group as the THP derivative, 2) thioimino ether formation with the
Meewein reagent, 3) DIBAL-catalyzed alkylation with pentenyllithium, 4)
deprotection of the THP ether]. Reduction of the imine (161b) with aluminum
hydride gave a mixture of octahydrohistrionicotoxin (lsaa) {six parts) and
its C-2 epimer ({(one part}.

It is also possible fto apply the present procedure for the synthesis of
decahydrohistrionicotoxin.

v-C. Stereocontrolled Synthesis via Acylaziridine

A stereocontrolled synthesis of perhydrohistrionicotoxin (10) was achieved
by using a reaction of acylaziridine {(166) with lithium dibutylcuprate as a key
step.le)

The nitro-ester (164), prepared from the nitro-acetal (163) in five steps by

Laaa B el
a conventional method, was hydrogenated over Raney nickel and then deacetalization

57) Stereocontrolled synthesis of the

of the product afforded the spirane QZD‘

intermediate (&él} from 37 was achieved by the following reaction sequences.
Thus, the mesylate (122) was stereospecifically synthesized from 32 in 35%

overall yield by six successive operations [1) (Et0)3CH - H+, 2) A, 3) Brz,

4) NaBH,, 5) 1PrOH-‘ProNa, 6) MesCi-pyridine]. Sodium hydride treatment of 165

a4
in wet benzene afforded the aziridine (166), which on treatment with lithium
dibutylcuprate afforded the lactam (167) in 15% yield from 165. One of the
undesired products (n30%) in this reaction was the olefin (38).

The thiolgctam (&Eﬁ), derived from the lactam (1&3), was converted to the
imine (16%) by two steps [1} thioimino ether formation with the Meerwein reagent,
2) alkylation with pentyllithium in the presence of DIBAL]. Boron tribromide
treatment of 16% gave the imine (%glf), which was reduced with aluminum hydride
to vield a mixture of perhydrochistrionicotoxin GEQ (six parts) and 2-epi-perhydro-
histrionicotoxin (170) (one part}. Stereochemistry of aluminum hydride reduction
is controlled by a complex formation of the reducing agent with the hydroxyl
group in }gig, bacause NaBH4 reduction of %ﬁl? or aluminum hydride reduction of
169 gave the epimer Qézg) or its isopropyl ether, respectively, as a major

product. (see also Section V-D for the reduction of imines with aluminum hydride).
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Another more efficient route to perhydrohistrionicotoxin (10) was as follows.

Phenylsulfenyl chloride treatment of the enol ether (171) afforded the thio-

phenylenone (172), which was reacted with butylmagnesium chloride to give the

carbinol (173} in 80% overall vield. Treatment of 173 with thionyl chloride
Pt L and

afforded the chloride (174), which was reduced to the thiophenylenol (175) with

Zn-HC1. Hydrolysis of 175 with conc. hydrobromic acid yielded a mixture of the

lactams (158a) (three parts) and (157a) {(one part). Reduction of 158a with lithium
or calcium in armmonia gave the desired alcohol (108)=(159a), which is convertible
to perhydrohistrionicotoxin (10) in a straightforward way according to the method

established above.

0 0
NO, opn  COxMe HN)'j HN/j
O/ P e e e Q"- —_—
o o] " OMs
\/ o/ oPri
(163} (164) {(57) (165)
Pt Pt Faa™) P
CsHyq rl g2 o}
”D ’) “>) T
N0 o ..
P
opri oprl {38)
(166) {167) R=0 (169) R—Pr (10)R =H, R =CgHyq ——
(168) R=S (161a} R=H 2
(170)r' =CgHy,, R=H
0 o 0 0
HN/j m’ﬁ HN)j HN)j
OEt 0 Bu R Bu
SPh phs OH Phs
(171) (172) (173) (174) R=Cl
P P r—— et T
(175) R=H
0 Q " 2
P ”ﬁ ‘9
* Bu Bu *Bu
0 0 HO
(l58a) (157a) {108)={159a)
T A P
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V-D. Stereoselective Spirocyclization via the Acylimmonium Ion Intermediate

A practical simple synthesis of perhydrohistrionicotoxin and its congener

via the acylimmonium ion intermediate has been presented by Evans.zl'ZZ}
Ho
CH -CONH
(I 2)3 2 {CH,)
R — =  C=D CH + NH 23 _
0N 0 O~ NZOMgl (CH]__/_49 %
H 2'3 o C4H,
(104} (176} (177} /V///, (178)
o]

l,"u OH OH
{181) M=H (183) 84 1 2 -
P P Ro= =
(182) M=MgCl (x84 H, R (u 23
e CH=CH
2
- (185) R'=(CH,). , R2=H
Following the established precedent, (E)-4-nonenyl- o ) 23
CH=CH
R : . 2
magnesium bromide was treated with iodomagnesium 1 2
89,90) (10) R7=H, R"=CgH),
salt (176) ! of glutarimide {(104) in ether to 1
= 2_
vield the ketec-amide (177) and the carbinol-amide (},?,é) R7=H, R —O(/CHZ)S
(178) as a 1:1 mixture. If a sclution of the NOZ
N
3

glutarimide salt Q%zg) is prepared in CH2C12, the
addition reaction of the Grignard reagent proceeded in nearly quantitative yield to
afford the carbinol-amide (178) uncontaminated by the keto~amide (177) {compare
with the method of Speckamp described in the Section IV-3A). A solution of the
mixture of 177 and 178 in toluene-DMF was refluxed in the presence of p-TsOH to
give a separable 9:1 mixture of the enamides (179) and (180) in 75% yield. The
enamide Q%lg) was treated with formic acid to afford lactam cyclization products,
from which the lactam E%QE) was isolated in 408 yield.

For the practical synthesis of 109, the unpurified carbinol-amide (178),
prepared in CH2C12 by reaction of 176 with the Grignard reagent, was subjected to

the formic acid-catalyzed cyclization to yield the formate (109) in 33% yield.
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Both the enamide (179) and the carbinol-amide (178) were convertible to the

formate (109) by the formic acid treatment.

Hydrolysis of 109 with NaCMe in MeOH yielded the lactam QLRQJr a key inter-
mediate for the synthesis of perhydrohistrionicotoxin (10) . Other by-products
in the formic acid-catalyzed reaction were 6-azaspiro[4.5)decane derivatives
(112) {two diastereomers at the carbon atom marked with star).

Elaboration of the lactam (%22) to histrionicotoxins is as follows.,
Successive treatments of 109 with phosphorous pentasulfide, sodium hydroxide, and
then methyl iodide afforded the methyl thioimidate {5§$). Pretreatment of 181
with magnesium chloride gave the presumed chelate (iﬁi), which was reacted with
4-pentenylmagnesium chloride to furnish the imine (kﬁi) in 67% yield. Aluminum
hydride reducticn of 183 in toluene gave the desired olefin (lgi) and its
epimer (l’vgé) (}'gé:m=93:7) . Catalytic hydrogenation of }_’?’é vielded perhydro-
histrionicotoxin (10). Elaboration of 184 to the photoaffinity labeled toxin

congener (186) was also presented in the manuscript.zz)

V-E. Synthesis via the Michael Adduct or the Aziridine Intermediate

Variations on a synthetic approach to perhydrohistrionicotoxin {(10) have been

18)

reported by Corey and Balanson.

CgHyg
10

NH2
CgHy
(190)
The synthetic routes based on the assumption that perhydrohistrionicotoxin

Qﬂl might be formed stereospecifically by reduction of the carbonyl group in the
amino-ketone (187), an intermediate which might be derived in a simple way using
either of two standard reactions. The first is the intramolecular Mannich
reaction of a ketone and an imine (structures (igg)—a-(igg)—*- (lgz)). The
second approach involves the intramolecular 1,4-addition of an amine to an enone

(structures (190} —=(187)).
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V-E-1. The Mannich Approach

3L the anion of the tetrahydropyridine

Following the procedure of Evans,
Q&g&) was allowed to react with the iodide (ig;) to yield the imino-acetal ngg)
in 63% yield. Hydrolysis of the compound (133) was expected to give the desired
ketone (igz) by a rapid extraction, but the ketone (189) was found to be unstable.
On exposure to a wide range of acidic conditions, 189 was converted to the
undesired dienamine (égﬁ). In an effort to suppress this side reaction, 221 was

treated with methyl fluorosulfeonate to yield the enamino-acetal (194), which on

hydrolysis gave another undesired cyclization product, the dienamine (195).

0. .0

Me N C_H 2 0.0

5711 )Q/\ ’O\/\)(
U v G5ty " YT Cshy1

CgHyy

(191 (192) (193)
CgHyy L
=

’ s
CgHyg CgHy Cgllp N N
Me Cgiyy G5ty
(194} {195) (196)
P L P
V-E-2. The Michael Addition Approach

Since formation of the l-azaspirane via the Mannich reaction route had not

been achieved, the use of the Michael addition reaction was investigated,

0 e (o] NH
Bu oms @B/U\AN.? Bu 2
r———————— —
CeH
C5Hll CSH]_]_ 5711
{197} (198) (190)
/%j € H11
:; Yo : CqHly
(199) QQ)

The azide (198), obtained from the mesylate (197) by reaction with lithium
——— A
azide, was hydrogenated over Lindlar catalyst to furnish the amine (190) in high
yield from 197. Unfortunately, no evidence for the formation of the Michael
adduct {(187) was obtained. When the mesylate (197) was treated with ammonia in
a9 Eara v "

a sealed tube, the infrared spectrum of the crude reaction mixture indicated ca.
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40% conversion of 197 to the ketone mixture (19%). Due to labile nature of 199,
the crude mixture was immediately treated with sodium borohydride to yield a
complex mixture of alcchols. One of the products isoclated in 5% yield was

indistinguishable from perhydrohistrionicotoxin {(10) by TLC and mass spectrum.

V-E-3. The Aziridine Approach

It is well known that photolysis of an azide affords a nitrene intermediate,
which can add to an clefin to form an aziridine or can undergc hydrogen shift te
give an imine,

Thus, irradiation of lgg gave the undesired imine gag&) presumably via the
nitrene intermediate QESE)- When 198 was heated in refluxing xylene, a mixture
of the aziridines (203 and 204) was isolated. The aziridines may be arisen from
the intermediate Q%gg}. The agziridine ring cleavage of zgg was carried ocut
with lithium in ammonia in the absence of proton source and the resulting
product was immediately reduced with sodium borchydride to yield 2,7-epi-
perhydrohistrionicotoxin Q&gg}. Similar two step reductions of (Egé) afforded

perhydrohistrionicotoxin (10} in ca. 15% yield.

rl r? . )
(203) R™=C_H  , R°=H
J (204) rRl=H, ®%=C_ H

5711

Jj \ Cshiyy
C:-H
(20L) 5711 ;"' C4Hg $

o (200)

(100) o
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