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ABSTRACT: Acidic hydrolysis and cyclization were studied in vincoside glycosides (‘natural’ series) and their
dihydro derivatives (‘dihydro’ series) in which either one or both N atoms were free or blocked by an alkyl group. For
interpretation of the results, a graph was constructed in which 25 points (actually circles) represent a maximum of 81
aglycone types and 40 arrows indicate 131 possible cyclizations. The reaction matrix of the graph was under
thermodynamic control and in most cases afforded the thermodynamically most stable product aglycones. In addition
to the deglycosylation, two types of cyclization were observed. In azacyclizations, the preferred nucleophilic site is N-
4 over N-1, and the preferred electrophilic site is C-22 in the glycosides, C-21 over C-19 and C-17 in aglycones. In
oxacyclizations, the preferred nucleophilic site is O-17 over C-18 and C-21, and the preferred electrophilic site is C-
19 over C-21 and C-17 in the ‘natural’ series, C-21 over C-17 in the ‘dihydro’ series. In one case, the kinetically
favoured aglycone types which had been generated in the reaction mixture were trapped in a subsequent reaction
(outside the graph) before thermodynamic equilibrium was attained. With the help of graphical analysis it was
possible to justify the formation of the most favourable and actually isolated products and pathways out of a large
number of possibilities. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Vincoside (03b) is an alkaloid glycoside, which was
isolated from Catharanthus roseusL.2,3 and first
prepared, together with the epimer strictosidine (03c),
by Battersby and Parsons2 in the coupling reaction of
secologanin (01a) and tryptamine (02a). [The cyclic
skeleton of the vincoside derivatives was numbered
according to the biogenetic numbering system. The
structures are shown or represented in this paper
according to the following principles: aglycone types of
the graph are indicated by serial number without any
prefix (e.g.21), educts and products of deglycosylation
and/or cyclization are labeled by the substitution pattern
of the eductpreceded by prefixE or P (e.g. E-1U4P),
other compounds (in Scheme 1) are shown by numbers
starting with0 (e.g. 03b).] Vincoside easily lactamizes
into vincosamide (04a). Strictosidine (03c) is the
precursor of a large number of indole alkaloids.4,5 The
key step in the biogenesis is deglycosylation, which
opens the way to manifold structural and stereoisome-
rizations, and gives rise by further transformations to

different types of indole alkaloids.6 In a previous paper7

we reported the acidic deglycosylation of simple lactam
derivatives of secologanin, and analysed graphically the
complicated situation after deglycosylation. If the
tryptamine unit is built into the structure of the
secologanin derivatives, the possibilities are multiplied.
The aim of this work was to extend these investigations to
the tryptamine derivatives of secologanin. Up to now,
only enzymatic deglycosylation has been investi-
gated.8–10 As the 1- and 4-substituted derivatives of
vincoside can be more easily prepared, studies were
carried out in the vincoside series.

PREPARATION OF THE EDUCTS

Two series of the educts were studied depending on the
presence (‘natural’) or absence (‘dihydro’, indicated by
H) of the double bond between C-18 and C-19. In both
series four types of derivatives were prepared, in which
either one or both N atoms (N-1, N-4) were unprotected
(U) (having an H atom) or protected (P) (by a methyl or
benzyl group).

Vincoside [E-1U4U(= 03b)], together with strictosi-
dine (03a), was prepared by the coupling reaction of
secologanin (01a) and tryptamine (02a) in slightly acidic
aqueous solution. Under such conditions vincoside
lactamized spontaneously to vincosamide (04a), which,
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after precipitation from the reactionmixture, was iso-
latedby filtration.11 18,19-Dihydrovincoside[E-1U4UH
(= 03c)] waspreparedfrom 4-benzyl-18,19-dihydrovin-
coside(E-1U4PH) by catalytichydrogenolysisin dilute
hydrochloric acid. The compoundspontaneouslylacta-
mized in the slightly acidic medium to 18,19-dihydro-
vincosamide(04b). For studieson the cyclizationof the
aglycones,the lactamswereusedimmediately.

4-Benzylvincoside(E-1U4P) and 4-benzyl-1-methyl-
vincoside(E-1P4P) and their 18,19-dihydroderivatives
(E-1U4PHandE-1P4PH) werepreparedby thecoupling
reactionof secologanin(01a) or 8,10-dihydrosecologanin
(01b) andN(b)-benzyltryptamine(02b) or N(b)-benzyl-
N(a)-methyltryptamine(02c), respectively.As 1-methyl-
vincoside and its 18,19-dihydroderivative lactamized
rapidly, for studiesof thecyclizationtheir aglycones(E-
1P4U andE-1P4UH) werepreparedin situ by catalytic
hydrogenolysisof the appropriatebenzylderivatives,P-
1P4PandP-1P4PH, andusedimmediately.[All isolated
aglyconeswere purified by chromatographyand their
structures(in mostcasesalsoincluding the stereochem-
istry) wereprovedby NMR spectroscopy.Experimental
detailswill bedescribedin a separatepaper.]

RESULTS OF ACIDIC HYDROLYSIS AND
CYCLIZATION

The acid-catalysedhydrolysis of educt glycosideswas
carried out in 2 M aqueousor aqueousmethanolic
hydrochloricacidat 100°C for 2 h.

The eductsand the isolated product aglyconesand
their aglycone types correspondingto the graph (see
Scheme8) areshownin Schemes2 and3. It canbeseen
thatin the‘dihydro’ seriesthesecologaninsubunitof the
isolatedaglyconesretainedits structureafter cleavage
andre-formationof the dihydropyranring, andonly the
configurationof C-21 epimerizedpartially. However,in
theisolatedaglyconesof the‘natural’ series,thecleaved
dihydropyranring recessedto C-19 ratherthan to C-21
with the appropriatestereochemicalconsequences.This
meansthatthestructureof thesecologaninsubunitof our
aglyconeswascompletelyanalogousto aglycones06and
07 which were preparedpreviously under the same
reactionconditionsfrom bakankosines,i.e.simplelactam
derivativesof secologanin.7

In eductsof 1P4PwherebothN atomswereprotected
(E-1P4P and E-1P4PH), the acid-catalysedhydrolytic

Scheme 1
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Scheme 2. Products of acidic hydrolysis of `natural' glycosides.
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Scheme 3. Products of acidic hydrolysis of `dihydro' glycosides.
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cyclizationwasblockedat the tetracycliclevel andgave
P-1P4P (= 7) and P-1P4PH (= 5H), respectively.In
educts of type 1U4U, where lactamization preceded
deglycosylation(E-1U4U andE-1U4UH), theprocesses

were stoppedat the lactam level, and the appropriate
aglyconesP-1U4U-B(= 20-B) andP-1U4UH-B (= 15H-
B) wereisolated.

In eductsof 1U4Pand1P4Uwhereonly oneof theN

Scheme 4. Types of cyclization.

Scheme 5. Types of cyclization between N-1 and the secologanin unit.
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atomswasunprotected,two subsequentcyclizations,one
of them involving an N atom, afforded pentacyclic
aglycones. From E-1U4P and E-1U4PH the final
productsP-1U4P-A and P-1U4PH-A were formed by
acid-catalyticremovalof onemoleculeof water, in the
first casein a subsequenteliminationreactionandin the
secondby directsubstitution.As theeductsof type1P4U
could not be prepared in glycoside form, only the
subsequentcyclizations could be studiedon the agly-
cones prepared in situ. The structure of the final
aglycones showed that aglycones E-1P4U and E-
1P4UH cyclized to N-4, but the primary productswere
immediately further reducedto the final aglyconesP-
1P4U-BandP-1P4UH-Bwith simultaneouselimination
of onemoleculeof water.

DESCRIPTION AND PROPERTIES OF THE
GRAPH

Thealkaloidaglycone1 (Scheme4) hasfour nucleophilic
andfour electrophiliccentreswhich definetwo typesof
cyclizations,eachof them in four variations.The first
typerunsbetweenthesecologaninsubunitandoneof the
N atomsof the tryptaminesubunit, and results in the
formation of an azacycle (‘N-cyclization’). In these
cyclizations,N-1 or N-4 is the nucleophiliccentre,and
theaglyconetypesof thetwo seriesaredistinguishedby

the lettersA and B, respectively,when necessary.The
electrophiliccentresareC-22, C-21, C-17 andC-19 (in
the vinyl–ethylidene isomerizededuct 1a). Individual
cyclizationsareshownin Schemes5 and6. The second
type of cyclization takes place inside the secologanin
subunitand resultsin the formation of an oxacycleor
carbacycle(‘O/C-cyclization’). In this case,the nucleo-
philic centresare O-17 and O-21 (oxacycle)and C-18
(vinylogousactivemethylgroupin 1a) (carbacycle);the
electrophiliccentresareC-17, C-21 andC-19 (againin
the vinyl–ethylideneisomerizededuct 1a). The corre-
spondingindividual reactionsare shown in Scheme7.
Thepentacyclicaglyconetypescouldbederivedfrom the
combinationof thesetwo typesof cyclization. Double
cyclizationsin whichtheelectrophilicsiteof theaza-and
oxacyclizationsis thesameinvolve substitutionwith the
formation of a bridgedring system(indicatedby * in
Scheme 8). A bridged system is also formed by
subsequentintramolecularaddition if the electrophilic
site of the aza- and the nucleophilic site of the
oxacyclizationarepartof thesameC=C or C=O double
bond (indicated by * in Scheme8). The other eight
aglyconetypeshavea fusedring systemwhich is formed
by additionwhentheelectrophilicsiteof theaza-andthe
nucleophilicsiteof theoxacyclizationbelongto different
doublebonds.

Foranalysisof theexperimentalresultsin theframeof
thepossibleaglyconetypesandcyclizations,agraphwas

Scheme 6. Types of cyclization between N-4 and the secologanin unit.
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constructed(Scheme8). The ‘points’ (actually large
circles) on the graph representin symbolic form the
possibleaglyconetypeswhich can be derivedfrom the
tricyclic typealkaloidaglycone1(H) by singleor double
cyclization. The connectionsbetweenthe ‘points’ are
shownby arrowscorrespondingto possiblecyclizations
which should be considered,at least in principle, as
equilibria. The total number and distribution of the
aglyconetypesareshownin Table 1. The structuresof
the educt glycosidesand the actually isolatedproduct
aglyconesarenot shownon thegraph,but in Schemes2
and3. On the graph,the aglyconetypesaresymbolized
by circlescontaininga serialnumberwithout anyprefix,
thelocantsof andtheelectronflow betweenatomswhich
take immediately part in cyclization, as well as the
structure of the leaving molecule (water, methanol,
methane)in the substitution reactions.However, the
aglyconeswhich are identicalwith or correspondto the
isolated aglyconesare representedby the substitution
patternof theappropriateeduct(e.g.1U4P) on thegraph,
and their detailedstructuresare includedin Schemes2
and3.

The ‘N-cyclized’ tetracyclic aglycone types are
representedon the inner part of the graph in the
horizontal and vertical diagonals, the ‘O/C-cyclized’
tetracyclicaglyconetypeson the obliquediagonalsand
the pentacyclicaglyconetypeson the peripheryof the

graph.Onecanseethateachpentacyclicaglyconecanbe
derived(andin somecasesis really formed)in two ways,
dependingon the orderof the cyclizations.Bold arrows
show the most probablepathways.Thesecyclizations
maybefollowedby furthertransformations(elimination,
reduction)affording the isolatedaglycones.

Our graphicalanalysisis basedon theassumptionthat
the ‘primary aglycone’ 05 immediately formed during
acidic deglycosylationmay exist in equilibrium with a
further11structuralisomers.8 All of themarerepresented
by thesingletricyclic oxo formula1 (‘alkaloid aglycone’
on thegraph).Its structureis shown[togetherwith some
further isomers,1a, 3(H), 5(H), 7 and 9] in Scheme7.
Likewise,thetetracyclicaglyconetypes2(H), 4(H), 6(H)
and8 areshownby theappropriateoxo form in Schemes
5 and6. In someaglyconetypes,which areindicatedby
VE on thegraph,theeventuallypresentvinyl groupcan
andreally doesisomerizeinto themorestableethylidene
group(seeisomerization1→1a in Schemes5–7).Many
cyclizations can be derived from these izomerized
aglycone types (see below). Aglycone types derived
from boththe‘natural’ andthe‘dihydro’ glycosides(and
also13 and14) arerepresentedon the upperpart of the
graphand thosederived from the ‘natural’ glycosides,
only, (except 13 and 14) on the lower part. Stereo-
chemistryin the constructionof the graphcould not be
considered.

Scheme 7. Types of cyclization inside the secologanin unit.
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As Table 1 shows, 81 tri-, tetra- and pentacyclic
aglyconetypesarerepresentedby 25circlesonthegraph.
However,in their formationthereare limitations. Some
of them are rigorous and dependon the absenceof
structuralconditions,othersmakecyclizationsenergeti-
cally moredifficult andlessprobable.

1. Theparticipationof C-18asanucleophile(in theform

of a vinylogousactivemethylgroupin thecyclization
C-18→ C-17) andC-19 asan electrophile(activated
by a conjugatedcarbonylgroupin the cyclizationO-
17→ C-19) requirethe presenceof a doublebondin
theC-19–C-20positionformedby isomerizationof the
vinyl to the ethylidenegroup. As in the ‘dihydro’
glycosidesthis doublebondis absent,all cyclizations
dependingon it andindicatedby H in smallcircleson

Scheme 8. Graph of the alkaloid aglycone types. For explanation of the labels, see text.

Table 1. Number of aglycone types represented on the graph

Typeof aglycone ‘Natural’ series ‘Dihydro’ series Together Cyclizations

Tricyclic 1 1 2
O/C-Tetracyclic(� VE) 4 (� 1) 2 7 7
N-TetracyclicA � B(� VE) 4� 4 (� 3� 3) 3� 3 20 20
PentacyclicA � B (� VE) 16� 16 (� 4� 4) 6� 6 52 2� 52
Total 60 21 81 131
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the arrowsare blocked,and neither of the aglycone
typesrepresentedon thelower partof thegraph,or 13
and14, canbe formed.

2. If in the‘natural’ seriestheactivationof C-18or C-19
wassuspendedin thefirst cyclizationby additionto C-
21 or C-19, the secondcyclization indicated by a
minussign in a small circle on thearrow is blocked.

3. A specialcaseis the aglyconetype 19. Its formation
would involve in either way elimination of methane
(indicatedby X in a small circle). As the C-methyl
groupcannotbealeavinggroup,theformationof 19 is
unrealandnecessarilydisregarded.

4. Aglycone types in which the energeticallyfavorable
andthereforestabilizing,‘mutually heteroconjugated’
b-oxyacryloyl (O=C—C=C—O) systemis retained,
are indicated by a small partial substructureat the
symbolsof the aglyconetypes,and found [together
with 17(H) and 18] on the right side of the graph.
Cyclizationsin which C-17 takespart as an electro-
phile saturatethe C=C doublebondof this substruc-
ture, and the appropriateaglycone types are less
favourable.It shouldbeemphasizedthatthislimitation
doesnot excludetheselatter aglyconetypesfrom the
equilibrium(in bakankosinederivativestheir presence
wasdemonstrated), but theyarelessprobableasfinal
aglycones.

GRAPHICAL ANALYSIS OF THE DEGLYCOSY-
LATION AND ACIDIC REARRANGEMENT

At the beginningof our analysis,it shouldbe remem-
bered that the primary aglycone05 is one of the 12
structural isomers which are present in the reaction
mixture of the deglycosylationequilibrium, and neither
of themshouldbe neglected,at leastin principle, in the
subsequentcyclizations.

All aglycone types which are identical with or
correspondto the actually isolatedaglyconesare found
on the right side of the graph, the ‘dihydro’ aglycone
typesontheupperpartandthe‘natural’ aglyconetypesin
the lower quadrant.The direction of the cyclization
inside the secologaninsubunit is O-17→ C-19 in the
‘natural’ seriesandO-17→ C-21in the ‘dihydro’ series.
The samepatternof oxacyclizationcanbe found in the
bakankosine aglycones 06 and 07. In the acidic
deglycosylationof the bakankosinederivatives it has
beendemonstratedby H–D exchangeandsupportedby
theoreticalconsiderationsandalsoby estimationof free
enthalpiesof formation that the deglycosylationwas
underthermodynamiccontrol,andtheisolated06and07
proved to be most stable.7 The analogy suggeststhat
O17→ C-19 (in the ‘natural’ series)and O-17→ C-21
(in the ‘dihydro’ series) are the energetically most
preferredoxacyclizationsin vincosidederivativesalso.

In eductsE-1P4P and E-1P4PH, in which both N
atomsareprotected,thehydrolytic processis necessarily

blockedat the tetracycliclevel andgavethe moststable
isomersP-1P4P (= 7) and P-1P4PH (= 5H), respec-
tively.

In all other types of educts,the hydrolytic process
couldgive pentacyclicaglycones.In the ‘dihydro’ series
four (right upperquadrant),in the ‘natural’ serieseight
aglyconetypes(right half of the graph)canbe derived.
However,aglyconetypes17 and18 asfinal productsare
less probablein both seriesaccordingto limitation 4.
Aglycone type 19 should be consideredas unrealistic
accordingto limitation 3. In the‘dihydro’ seriesaglycone
type14 cannotbeformed,asbothpathwaysareblocked
(through8 accordingto limitation 1, through5 according
to limitations 1 and 2). Even in the ‘natural’ series,
aglyconetype 14 is lessprobableas the final aglycone,
becauseits formationwould involve cyclizationstepO-
17→ C-21,giving riseto a secologaninsubunitwhich is
less stable under the applied experimentalconditions.
Hencein the ‘dihydro’ seriesaglyconetypes15 and16
andin ‘natural’ seriesalsothe sameaglyconetypesand
20 and21 may beexpectedto be formed.

In theeductsE-1U4UandE-1U4UH, in whichbothN
atomsare unprotected,the azacyclizationis faster than
the deglycosylation, and the subsequenthydrolysis
affordedthe lactamaglyconesP-1U4U-B (= 20-B) and
P-1U4UH-B (= 15H-B), respectively,againin theirmost
stable form in the secologaninsubunit. The fact that
lactamization prefers N-4 rather than N-1 was also
expectedbecauseN-4 hasa highernucleophilicity than
N-1 and a six-memberedring is formed faster than a
seven-memberedring. Even from the thermodynamic
point of view, lactamization to N-1 would be less
preferred,as the amide group could not take up the
stableplanararrangement.In the formationof aglycone
types1P4P(H) and1U4U(H) the shortestpathwaysare
unequivocalandindicatedby bold arrowson thegraph.

The acidic hydrolysisof the eductsE-1U4P and E-
1U4PH has alternativesboth in the direction of the
azacyclizationandin the pathway.As N-4 is protected,
only N-1 can take part in it as a nucleophile,and the
formation of A-type aglyconesis expected.However,
participationof bothelectrophiliccentresC-21andC-22
are real possibilities. The structure of the isolated
aglyconesP-1U4P-A and P-1U4PH-A correspondto
aglycone types 21-A and 16H-A, respectively. The
cyclizationwasaccompaniedby theentropicallyfavour-
ableremovalof onemoleculeof water,in the ‘dihydro’
aglyconesimultaneouslyby substitution,in the ‘natural’
aglyconein asubsequentreactionby elimination.In both
aglyconetypes,thesecologaninsubunittookupthemore
stablestate,but the N-1 atom cyclized to C-21, rather
than to C-22. The direction of the azacyclizationcan
easily be interpretedby the well known fact that the
reactivity of the formyl group is higher against
nucleophilesthanthatof theethoxycarbonylgroup.This
cyclization seemsto be even thermodynamicallymore
favourable.The alternativecyclization to C-22 would
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give the tetrahedricintermediatewhich, however,could
not be stabilizedinto a lactambecausethe amidegroup
could not obtain the energeticallymore stable planar
arrangementin the seven-memberedfused or bridged
ring.Thegraphclearlyshowsthattheshortestpathwayto
aglyconetype 21-A is unequivocalthrough 7, as the
secondstep of the alternative pathway through 4 is
blocked according to limitation 2. However, for the
formationof aglyconetype16H-A, two realpathwaysare
open, through either 5H or 4H. No experimentaldata
couldbe found to makea decision.

As 1-methylvincosideandits dihydroderivativecould
not be prepared,the acidic rearrangementswerestudied
on theaglyconesE-1P4UandE-1P4UH generatedfrom
1-methyl-4-benzylvincoside aglycone P-1P4P and its
dihydro derivative P-1P4PH and used immediately
without isolation. (If reduction of C-21 had preceded
debenzylation,cyclization to C-21 could not havebeen
expected.)Of course,theeductaglyconesalreadyhadthe
secologaninsubunitin its moststableform,butstudieson
bakankosinederivativesproved that the manifold iso-
merizationswerestill possibleat this level. In fact, these
isomerizationsproceededin the acidic medium of the
catalytic debenzylationandgavethe isolatedaglycones
P-1P4U-BandP-1P4UH-B, respectively.Thestepscan
be easily reconstructed.In both cases,N-4 as the only
free N nucleophile and C-21 as the more reactive
electrophiletook part in the azacyclization,giving the
intermediateaglycone types 21-B and 4H-B, respec-
tively, which affordedthe isolatedaglyconesby further
hydrogenationand elimination of water.Cyclization to
C-22 would have given the thermodynamicallymore
stablelactamaglycones20 and15H; however,themore
rapidly formed aglycone types 21-B and 4H-B were
trapped by subsequenthydrogenationbefore having
reachedthe completethermodynamicequilibrium. The
shortestpathwayof the formationof 21-B is straightfor-
ward through7, asthe alternativepathwaythrough4 is
blocked according to limitation 2. Formation of the
aglycone type 4H-B involves the cleavage of the
hemiacetalic oxacycle and recyclization through the
tricyclic alkaloid aglycone 1(H) to the more stable
hemiaminal 4H-B which was trapped as mentioned
previously.In thiscase,of course,theoxacyclecouldnot
be regenerated.

The resultsof the graphicalanalysiscanbe summar-
ized as follows. The reactionmatrix representedby the
graph is under thermodynamiccontrol and with one
exceptionafforded the thermodynamically most stable
productaglycones.WhenN-1 wasblocked,butN-4 free,
andthe aglyconewasgeneratedin the reactionmixture,
thekinetically favouredaglyconetypesweretrappedin a
subsequentreactionbefore thermodynamicequilibrium

wasattained.WhenN-4 wasblocked,but N-1 free, the
moststableaglyconeswereformedby thecyclizationN-
1 → C-21, because lactamization (N-1 → C-22) was
hinderedby lack of obtaining the planar form of the
amidegroup.WhenbothN atomswerefree,azacycliza-
tion precededdeglycosylation,and the preferredsite of
lactamizationwas N-4 with the formation of a lactam
which provedto be the most stablesubstructureduring
deglycosylationalso.WhenbothN atomswereblocked,
the cyclizationwasstoppedat the tetracycliclevel. The
secologaninsubunit of all vincoside aglycones was
stabilizedin its thermodynamicallymostfavouredstate,
i.e. according to the cyclization O-17→ C-19 in the
‘natural’ seriesandO-17→ C-21 in the ‘dihydro’ series
(except for the aglycone type in which the cleaved
oxacyclecouldnotberegeneratedbecauseof theabsence
of anappropriatefunctionalgroup).With thehelpof the
graphicalanalysis,it waspossibleto justify theformation
of all actuallyisolatedproductsandtheshortestpathways
out of a largenumberof possibilities.
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