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All of the synthetically important methods which have been
developed for the preparation of 4-substituted indoles are reviewed.
The use of these materials in the const;uction of the ergot alkalecids is

discussed.
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1. Summary of the pharmacologicel properties of the ergots.

The ergot alkaloids represent a structurally fascinating class of
compounds which possess a range of important biological properties. These compounds
are produced as the metabolie products of various species of the parasitie fungus
Claviceps.! The infamous hallucinogen lysergic acid diethylamide (1SD) has, of
course, been implemental in the development of the field of psychepharmacology. The
ergots alse presently find use in the treatment of postpartum hemorrhage (ergonovine
and methylergonovine ), hypertension, and of poor peripheral and cerebral blocd
eirculation (nicergoline), migraine attacks (methysergide), and prolactin-dependent
disorders such as galactorrhea, puerperal mastitls, and prolactin-dependent mammary
careinoma (2-bromo-u~ergokryptine and lergotrile).?

This group of compounds still holds & challenge for the practiecing
synthetic organic chemist. The development of new pathways to these products is

valuable in the search for new ergot-based agents that show new or improved
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pharmacological activity.

In this review, the various schemes that have been devised for
generating the important cless of precursor molecules tc these substances, the
f-substituted indcles, will be examined. The applicaticn of these compounds to

the eongtruetiion of the ergoline ring system will then be discussed in turn.

2., Methods of synthesis of 4-substituted indoles.

In planning a synthesis of the ergot alkaloids, one must eventually

decide how the bond 1linking carbon atoms 10 and 11 will be made., The direct

introduction of a carbon unit as an electrophile into the 4-position of indole is,
of course, diffiecult tc achieve, for this position is more electron deficient than
other available sites.? Kornfeld and Woodward were able to solve this problem in

an elegant manner simply by carrying out an intramolecular Friedel-Crafts acylation
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reaction on the reduced and N-protected derivative of 3-(indol-3-yl)propionic aecid,

the N-benzoylindoline %, thus avoiding competing acylation at C-2." This strategy
does require regeneraticn of the indole by oxidation during the final stages of the
ergoline synthesis, While such a strategy is effective for accomplishing funetion-
alization at the 4-position of the indole, it is ncnetheless limited iIn the sense that
diverse functionality camnct be introduced gasily into the £-10 position so as to gain
rapid access to the entire gamut of lmown ergot structures.

The more popular sclution to this problem of genereting C-4 functicnalized
indoles has involved direct synthesis from appropriately substituted arenes, One of
the earliest, workeble methods to be recorded was designed by Uhle and was baged on
an extension of the Reissert indole synthesis.>

The readily available dyestuff, 2.chloro-é6-nitrotcluene, was condensed

with ethyl oxslate to efford a pyruvic acid derivaetive p) which was then reduced with

ferrous hydroxide to 4-chloro-2-indolecarboxylie acdid (2). Decarhoxylation and

replacement of halogen by cyanide occurred on refluxing § with cuprous cyanide in
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quinoline. The resulting 4-cyanocindole (Z) was characterized by hydrolysis to indole-
4-carboxylie acld. Compound 7 was further transformed to tricyelie ketone Q, an
important ergot precursor that is generally designated as Uhle's ketone.

The Fischer indolization of phenylhydrazones containing a blocking chlorine
substituent at one of the ortho peositions has been shown to yield 4-substituted-7-

ehloreoindoles. Japp-Klingeman resction of the diazonium salt prepared from the amincacid
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2 with ethyl methylacetoacetate gave, for example, an azoester %Q which when refluxed
in ethanol containing sulfuric acid furnishedé hydrazones ]1 and 12. Fischer indolization
{ZnCly, 'AcOH, reflux, 14 h) of the hydrazones yielded the 4-substituted indoles 13 and
%é in pddition to the 6-gubstituted indole formed by the "abnormal" Fischer indolization.
Saponification of the mixture of 13 and 14, decarboxylation with Cu/quinoline, and
catalytic hydrogenation gave 3-(indol-4-yl)propionic acid {%2).6

A similar sequence of reactlons involving the Fischer indelization has been
carried out to produce 3,4-dihydrobens{cd}indol -5(1H}-one, Uhle's ketone.’ Thus,
condensation of 5-carboxy-2-chlorobenzenediazonium ehloride with ethyl 2-oxocyelopentane-

carboxylate ylelded azo compound kZ' which was hydrolyzed to the monocester kﬁ. Conversion
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to indole 12 was effected by treatment with concentrated sulfurie acid in glacial acetle
aeld, Transformation of the indole diacid moncester %2 in 67% overall yield to
3-(4~-carboxyindol-3-yl)propionic ecid (20} was accomplished by a "one-pot" procedure
involving hydrolysis and hydrogenolysis in alkaline sclution to remove hslogen,
followed, after removel of catelyst, by decarboxylation at 240°C. Indole acid %g was
further transformed intc Uhle's ketone % by reaction with scdium acetate in acetic

anhydride followed by N-deacetylation with 2N scdium hydroxide.
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A& report in 1972 provided a new route to indole-4-carboxylic acid stari-
ing from 3-nitrephthalic anhydride (%%).B Treatment of this compound with ammonium
sarbonate effected conversion to 4-nitrophthalimide (%%) which on reduction with
sodium borohydride gave 3-hydroxy-4-nitrophthalimidine (%2). Hydrolysis afforded 3-
hydroxy-4-nitrophthalide (%&) which on reaction with 2 equivalents of diazomethane gave

2-methoxycarbonyl-6-nitrostyrens oxide (%2) in good yield. The oxide 2§ was trans-
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formed to methyl 4-indolecarboxylate (%é) in cne step by reductive ecyclization over

platinum oxide.
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A relatively ingenicus approach to 4-substituied indoles was executed by
H. Plieninger in the mid 50's.? The starting compound, l-acetamido-4,8-dihydronaphthalene
(%Z), eagily prepared from a-naphthylamine by reduction and N-acetylation, was found to
undergo facile ozonolytic cleavage to generate after catalytic reduction and acid treat-
ment l-acetylindole-4-acetaldehyde (%ﬁ). Compound 28 was characterized as its
semicarbazone and was further transformed through its oxime to indole-4-acetonitrile

and indole-4-acetic acid,

CHpCHO
1,0
- S A\
2. Hp, Pd/C N
3. Ht Ac
HNAc
27 R

A gimilar sequence of reaciicns was carried out on 1-(tosylamino }-5,
g-dihydronaphthalene (%2) to generate the more stable l-tosylindcle-4-acetaldehyde

(ég).lu Reaction of %Q with various Witlig reagents gave chain elongated materials

(e.g., %%).
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A related route to a more advanced ergot precursor designed by Plieninger
started with the Diels-Alder cycloadduct %é prepared from 5-nitro-2-naphthol (%%) and
maleic anhydride.l! Conversion of 2& 1o ite corresponding diester, followed by carbonyl

group protection, ester hydrolysis and oxidative bis-decarboxylatlon afforded 35. The

HOC ‘
e
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nitro group was reduced, ihe resulting amine N-acetylated, and the bridging double bond
cleaved by ozonolysis to produce 37 on reductive workup. Subjeetion of 27 to acid
catalyzed dehydration completed the preparation of the trieyclie indole derivative

2%‘ The application of this chemistry to the synthesis of chancelavine I will be
digcussed in the next section.

A rather Interesting but inefficient route to the 4-substituted indoles
reported by M. Somei consisted of subjeeting l-substituted indolez to a photochemical
Fries-type rearrangement,? Thus, l-ethoxyearbonylindole (39) was irradiated with =
450 W Hanovia high-pressure mercury lamp to afford the 3-,4-,and 6-ethoxycarbonylindoles
and diindolylmethane in 46.5%, 8.8%, 23.1% and 1.4% yields, respectively. Other

examples of the reaction process have been studied., This route differs from the majority

CO,Et CO, Et
N —> Ny o+ Ny o+ \\ 4+ Other
N N N N products
COzEt 46.5% 8.8% 23.1%
39
~

of those discussed previously in that indole itself serves as the starting material.
An examination of & Biichi model of n-chlorotiglyl L-tryptophan methyl
ester 40 in its cis-form reveals that the tiglyl side chain can be placed directly

above C-4 of the indole. Prompted by the photochemical studies of Yonemitsu and
Witkop, R. G. Lawton prepared 40 and irradiated it at 2537 & for & n.'% The tiglyl

lactam 41 and the angelyl lactam 42 were produced in yields of 23.2% and 19.3%

0 o]
H HaC HaC
L I NH | H 3 ‘ NH
o]l ~CO»CH3 ™CO,CH3 X
A\ hy A\ + N
40 4 X = CO5CHx
Ly.v nn 1&£
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regpectively. These compounds have all the elements of the ergoline skeleton, with the
exception of the C-D ring fusion bond.

The synthesis of 3,4-disubstituted indoles has been sccomplished in a
novel way from 5-nitroiscquinoline.l® Accordingly, reduction of 2-methyl-5
nitroisoquinolinium iodide (43) with sodium borchydride followed by Vilsmeler reaction
afforded 4.formyl-1,2-dihydro-Z-methyl-5-nitroisoquinoline (ég). Treatment of éz
in turn with triethylphosphite followed by berane reduction and acid treatment gave
4-methyl-1, 3,4, 5-tetrahydropyrrole [4,3,2-delisoquinoline (éz), Fragmentation of
this materisl wasaceomplished by reacting Its methiodide with potassium cyanide to

give 3-cyancmethyl-4-dimethylaminomethylindole (49).
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A scheme which differs concepiually from the majority of those already
discussed in that 1% starts with a pyrrole ring to which is then fused the substituted
arene ring has been developed by B, Trost.l® The unstable alcohol ¢%: prepared from
aldehyde £+ and 2-lithic-N-methylpyrrole, was reacted with p-toluenesulfinic acid at

room temperature to give sulfone g3. Resubjection of this compound to p-toluenesulfinic
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acid at 50°C in acetonitrile effected eyelization with formation of 1-methyl-4-{ 3 -methyl-

2-butenyl Yindole (éé)-

SCHa
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CH3 SCH3 L, O
50 3, 2
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P-CoH7 50, 54
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A related synthesis of 4-alkylindoles starting from N-methoxycarbonylpyrrole
has been reported by M. Natsume.l® The pyrrole 55 was photooxygenated at low temperature,

and the endoperoxide éé cbtained was condensed with a nucleophile sueh as the trimethyl-

silyl enol ether of crotonaldehyde in the presence of stanncus ¢hloride %o afford the
2-subgtituted pyrrole g7 as £he major product. Lewis acid catalyzed cyclization of
this compound tock place to give g€ in 69% yield.

Alternatively, prior reaction of éz with the Grignard reagent g9, followed
by oxidation and stannic chleride catalyzed cyclization with concomitant cleavage of
the dioxolane provided the 4-substituted N-methoxyearbonylindole §1. The application
of this synthesis to the construction of a chancclavine precursor will be discussed

in the following section,
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We have reported a rather novel reorganization resctlon for the preparation
of 4-ethoxycarbonyloxindole (é@).17 The process involved treating the Diels-Alder pro-

duet &4 derived from the reaction of 1,3-dicarboethoxyalliene (63) and N-acetylpyrrole {62)

02C2Hs N
1/ \S + I N L
N l A / CO2CoHg
Ac CO,C2Hs
a2 \“"C02C 2Hs
2 8 4
CO,CoHg
N
H
9,9

— 278 —



HETERQCYCLES, Vol

with excess potassium hydride in tetrahydrofuran. By starting with N-acetyl-2-
methylpyrrole, the scheme can be used to prepare 5-methyl-4-ethoxycarbonyloxindole in a
regiospecifie faghion, Since oxindoles can be transformed te indoles by reduction,
the chemistry does constitute a new entry into this important class of compounds.
Perhaps the most convenient process for the synthesis of 4-subsiituted
indoles to have been develecped to date was that reported by Kozikowski, Ighida, and
Chen and by Ponticello and Baldwin at Merek, Sharp and Dohme.1® The commercially
available compound, 2-methyl-3-nitrobenzolc acid served as the starting material.
Conversion of the acid to its ester followed by treatment with excess N,N-dimethyli-
formamide dimethylacetal yielded the isolable enamine éz. Catalytic hydrogenatlon of

the nitro group gave 4-methoxycarbonylindcle (68) on acid workup.
group ¢ 8 p

GO2H COCHy
CH N
3 . CH3I S -\ HPd
\ ,OCH3 {or Fe,HOAc)
Nop & N NO2 '
66 OCH3 67
CO,CH CHO
1. Dibal
N\ - \)
N 2. MnQp N
H H
68 69

The ester could be converted to indole-4-carboxaldehyde (Q%) by reduction
to the alechol followed by oxidation to aldehyde with manganese dioxide., The aldehyde
was in turn transformed tc a host of other 4-substituted indoles by reaction with
phosphoranes and organclithium reagents. Some of these reactions are summarized in

the follewing scheme.
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The only procedure to have been developed that accomplishes the direct
fuctionalization of indole at its 4-position {in the intermclecular mode) was that
which relied on the activation of the indole nuclevs through formation of its m-chromium
complex.!? The reaction of N-methylindoletricarbonyl chromium with the anion of
isobutyronitrile led directly to the 4-substituted indole {8+ When 74 was reacted with
the anion derived from 1,3-dithiane, the 7-substituted indole ZQ was formed instead,
Copper (II) promoted hydrolysis of the dithisne group of Z% provided the indolecarbox-

sldehyde zz. The reglochemistry of the reaction process was thus dependent on the
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nature of the nucleophile employed. Further studies are, however, needed In order to

ascertain whether such chemistry can lead to serviceable types of 4-substituied indoles.

3. Elaboration to the ergots.

The Kornfeld group synthesis of lysergic acid relied on the use of the

N-benzoyl-2,3-dihydroindole % prepared by intremolecular Friedei-Crafts acylation as

“

outlined in the previous section. Since this synthesgls appears in many reviews, it

will not be repeated here. Likewise, the clagsical synthetic work of Stcll and Uhle
in the ergot area has been reviewed, and the reader is directed to these artieleg, 20

The cnly other important synthetic efforts on the ergots have heen
conducted by Juiia, Ramage, Cassady, Plieninger, Kozikowski, Rebek and Natsume. A
surmary of these endeavors follows,

The Julia synthesis commenced by condensing S-bremoisatin (Z%) with the
methyl ester of é-methylnieotinic acid (z%).zl Reduction of the oxindole derivative
to indoline and N-acetylation were then carried out. The pyridine ring was reduced
by treatment of the N-methylpyridinium selt with potassium borohydride , and the resulting

tetrahydropyridine Q% was reacted with sodium amide in ammonia to generate the key

tetracyclic system %Z in 15% yield. The synthetic scheme is thus related conceptually
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to that used by Kornfeld in that the bond bhetween atoms C-10 and C-11 was made by an

intramolecular mechanism. Here, however, the strategic reaction consisted of the
addition of a carbanion to an aryne. The synthesis of lysergic acid was completed by
an acid promoted ester hydrolysis and N-deacetylation followed by oxidation of

indoline to Indole,

CHz0,C

Br\@fL . CHx0-C N Br [
—>
N @ oo T

CH30C

Br

H
R 2 8
| ~ H
NaNHp , NHz
> Br H @ — > H
N N N
Ac Ac Ac
. 8
8 82 T
lysergic acid

4 mew synthetlc route to lysergic acid has been reported by a group
at the Robert Robinson Laboratorles.?? The unsaturated aldehyde 84, prepared
previously by Kornfeld and co-workers in the course of their synthetic studies towards
lyserglc acid, served as the starting material. Compound Q& was reacted with
phosphorane QZ to give diester ﬁé which was in iurn converied to the corresponding
acid ester through removal of the tert-butyl group by the action of trifluorocacetic
aeld. Curtiue degradation of the aeid to the primary amine QZ fellowed by N-methylation
gave a secondary amine which cyelized to a mixture of %ﬁ, %2 and 2%. Separation of
the mixture and subsequent treatment of pure Eé or & mixture of ﬁﬁ and %2 with
MeOH/HCL at reflux gave the same product which proved toc be identical to that used

in the first synthesis of lysergie acid., This sample was actually an epimeric mixture
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of 29 and 3. The formal synthesis of lysergic acid was thus completed by a route

which lends some credence to Woodward's proposal for the racemization of lysergic

acid.
9 CO3CH3
HC 93P +
CO
g °
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Ans
R| N/CH3
Ro \ et
— H
N
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= Co@
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90 R)=CO2CHz, Rz =H, Rz=H

3o

R|=H, R2= COECH3, R3= H

Cassady has designed a new strategy for constructlon of the ergoline ring

system based on an annelation process developed by Grob.23  The ketone A available

from Kornfeld's tricyclic ketone é by the carbonyl transposition process outlined

below, was reacted with methylamine and ethyl e-(bromomethyl)acrylate to afford

tetracycle 29. Enamine 2% is a likely intermediate in this reaction scheme.

Hydrogenation of 99 over Pt0z, removal of the N-benzoyl group, and oxidation with

mangenese dloxide to restore the indole gave rscemic methyl dihydrolsolysergate IT (}/{\)‘g).
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The research efforts of Plieninger have culminated in a2 total synthesis
of chanoclavine I.2% The trieyelic compound %Qk, available from the Diels-Alder product
of 5-nitro-2-naphthol and maleic anhydride as discussed earlier, was converted to its
phenylhydrazone 10¢ and reduced with activated aluminum to the diamine. This
intermediate was treated with ethyl chloroformate in pyridine to generate the diurethanes
103 and 104 as a 1:3 mixture. The major isomer 104 was separated and ozenized to give
the unstable gldehyde %QZ on reductive workup. The aldehyde was immediately treated with
ethyl 2-(triphenylphosphoranyiidene )propionate to give the unsaturated ester %QQ as a
mixture of isomers at C-2. Oxalic acid promoted dehydration of %QQ and reducticn of
ester to alcohol with concomitant deprotection of the indelie nitrogen and reduction of

the urethane to the H-methyl group completed the synthesis of chancelavine T {107).

g [
— Nm .
NO»

NO2
101 102
AN e a"d
©‘~ HHCOZEt N ‘i. H s
NHCO,E}
NHCO,Et NHCO,Et
193 104
NHCOREt E10,C NHCO,E!
.-H
OH —_—
COLEY N
o5 2 C(%EEY
105 19-9 !93 Chanoclavine I

Our own work in this area has led to the development of a very general
scheme for ergot synthesis, a scheme by which many of the lmown ergot siructures can be
efficiently assembled.?5 The work has presently led to a total synthesis of chancelavine
I. The scheme differs from those already discussed in that the strategic step involves

pond formation between carbon atoms 5 and 10. Indole-4-carboxaldehyde, prepared as
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deseribed previously from 2-methyl-3-nitrobenzole acid, served as the starting
material. This aldehyde was converted to %Qﬁ by reaction with the anion of ethyl
diethylphosphonoacetate followed by aluminum hydride reduction and O-acetylstion.
Reaction of winylindole %QQ sequentially with N,N-dimethyliminium chloride and
nitromethane in the presence of excess dimethyl acetylenedicarboxylate gave the
3,4=~disvbstituted indecle 102 in good yleld. O{n stirring with phenyl isocyanate, the
nitro group of 109 was converted to a nitrile oxide which was intercepted by the
neighboring unsaturated linkege to afford an isoxazoline. After interchange of the
hydroxyl protecting group (%%Q - %k%), the isoxazeline was transformed +to isoxezolidine
%%% by N-methylation followed by sodium borohydride reduction. Selssion of the N-O bond
of 112 by catalytie reduction, ascetyliation of the amine, and periodate cleavage of the
diol unit gave the sensitive key aldehyde 114. Condensation of this aldehyde with
ethyl 2—(triphenylphosphoranylidene)propionate, N-deacetylation and aluminum hydride

reduction of the ester completed the synthesis.

Chonoclavine T
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An extension of the Kornfeld ergot strategy has been carried out by

Rebek to prepare the tricyclie compound %%% from tryptophan.zs Reformatsky reaction of
the Kornfeld compound 3 with ethyl o-{bromomethyl)acrylate had previously been shown to
provide the methylenelactone %%Q.27 Application of this same chemistiry to %%Q, followed
by isomerization of methylenelactone 119 to butenolide 120 (Rh013-3H;0), N-methylation
of the amine group, deprotection of the indoline by mild base hydrolysis, and oxidation
of indoline to indole gave the N-benzoylrugulovasine %%%. The N-benzoyl group was
removed by the Gassman precedure (XO0t-Bu, NaOH, THF /DMSQ) to provide rugulovasine A

(122), an erget first isolated frem strains of Penielllium concavo-rugulosum.
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" 2.CHZI, NaH Y ZMn0z >
cow coQ

KOt-Bu,NaOH .
THF/DMSO  ~

— 287 —




The novel procedure for the preparation of 4-allkylindoles from
N-methoxycarbonylpyrroles has been used by Natsume to synthesize z fully functionalized
precursor to the chanoclavines.2® The 4-(3-oxo-1-butyl)indole Q% was brominated with
N-bremosucceinimide and then passed through an glumina column to give the corresponding
encne %%%. Conjugate addition of nitromethane to the encne followed by protection
of the ketone group as its ethylene ketal and deprotection of the indolic nitrogen
by hydrolysis with mild alkali yielded %%&. Formylation of intermedlate %Eé with
the Vilsmeler-Hasack reagent and eyclization with base afforded the tricyelic product
iz4- Reduction of this material with lithium aluminum hydride and derivatization of
the amino growp as itg carbamate ylelded two separable isomers %%ég and 126b.
Deprotection of the ketone gave compounds %%Zg and 127k, Extension of the carbonyl
group by one carbon atom followed by a few other functional group menipulations should

complete & synthesis of chancelavines I and IT.2%
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N N —> N s
N N I'\_I1

CO,CH3 CO2CH3
6l 123 124

NOs
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4. Puture prospects.

To date, ergot alkaloids afe produced by fermentation of the erpgot fungus,
by isolation from field-eultivated ergot and by partial synthesis. While chemical
modification of lysergic acid is used to produce many commercial products, the total
gynthesis approach has not presentiy become feasible for economic reasons.

The generation of gfficient total synthesis routes to the ergots is thus
valusble in accomplishing several objeetives: (a) The intermediates generated during
the course of the synthesis offer a new source of materials for biologieal screening.
These intermediates may show new types of activity or greater selectivity; (b) The
new procedures which eﬁerge as an outgrowth of the synthetic efforts may find use in
chemically modifying the naturally derived ergots; (e} A truly short and high yielding
ergot synthesis could well supplant the scmewhat erratic and low ylelding fermentation
process; and (d) The new chemistry devised in pursuit of a totsl synthesis strategy

may find use in other areas of synthesis design.
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