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ELUCIDATION OF TERPENE REARRANGEMENTS
"USING DEUTERIUM LABELS

Abstract

The elucidation of mechanism of terééne
rearrangements has béen revieved in this
chapter. Since a vast literature on terpens
rearrangements is available, the discussion

is limited to only thOSé terpenes uﬁose Te-
arrangements have beéﬁ studied using deuterium
labels. The revieu'coueré thermal, photo-
.chemical, acid or base catalyzed rearrangements
among terpenoidz2s which include camphane
derivatives, verbenone, 10—isof30rnyl sultone,
thujene, humulene, céryophyllene, thujopsene,
manool, friedlin etc. The appiicatinn of
déuterium Tabels in establishiné the mechanism

of rearrangements has been brought out.



ELUC IDATION OF TERPENE. REARRANGEMENTS
"USING DEUTERIUM LABELS

1. INTROCUCTION

The chemistry of terpenes abounds in bizarre .and
fascinating.ﬁoleqular rearrangements which occur under a
variety of reaction conditions like acid or base catalysis,
photoirradiations or heat. Similar rearrangements also
occur in vivo under enzymatic conditions 56 that from a
FTeuwu commom,pfedursoré, a large number of diverée carbon
skeletons égise. Eiucidafion of mecﬁanism of such rearr;nge—
ments, apart from being intellectually stimulating; provides
a ciearer insight abopt’the basic physico-chemical principles
involved in.Drganic reactions and can also serve as models
for biosynthetic pathways occurring in nature. . Alternatively,
in cases where biosynthetic pathways have been elucidated
in elabarafe details, similar sterebspeciﬁic rearrangements
or cyclization have been attémﬁ%ed in the laboratory. As
a result, regiospecific carbonium iqn gengration has been

-2 for the synthesis of naturally occurring poly-

utilized
cyclic terpenes by the abid catalysed reafrangements of other
olefinic teppenoidsllike oaryoﬁhylleme,_humqleﬁe, thujopsene,

manool, citral etc. .



It is often possible to rationalize a rearrangement in
more than one ways. A number of methods are commonly used
to ascertain the reaction mechanism3. These methods often
involve identification of products4 and intermediatesS,
sterecchemical evidenceS, kinetic evidences’é, isotope
EFFect7, nature of catalyst, .and isotopic labellings, The

Tae 3

radiocactive isotopes such as H had been powerful tools
Fbr this qupose before thé advent o? new spectroscopic
techniques, but in recent yeafs, considerable efforts have
been directed to the use of nonradicactive isotopes such as
138, 2H, 180, since thess isotopes are free from radiation

hazards and are safer to handle.:

Deuterium labels have been introducad in rearranged

products mainly by two methods;

(a) by effecting the rearrangements of terpens

substrates with deuterated reagents

(b) by subjecting site-specifically labelled
substrates to rearrangements under suitable

reaction conditions.

The number, position and stereochemistry of the deuterium
atoms incorporated in rearranged products are established by

spectroscopic and chemical means and the data obtained are



often sufficient to uneguivocally gstablisﬁ the‘reaétion

mechanisms.

A number of reagents and methods are available for the
synthesis of deuterium-tagged substrates and have been

revieuwed recently9m11. In some cases very elaborate syntheses

have been undertaken to prepare the required sUbstpateéTz
(see below). Since vast literature > is available on
molecular rearrangements of terpenes, this discussion is

limited to only those examples among monoterpenes, sesquiterpenes,

diterpenes, and triterpenes, wheres mechanisms have been

elucidated with the aid of deuterium labels.

2. MONGTERPENES ’ -

Monoterpenes have long been knoun to Qndergo véry diverse
and complicated rearrangements. Investigation of these
fearrangements have significantly contributed towards better
uhde%standing of reaction mechanisms among terpenoids and have
also led to the development of new theoretical concepts. For

e%amplee, the ideas of nonclassical bridged carbonium ion14’15

16,17 of rearrangement of camphene

developed through the study
hydrochloride tod isobornyl chloride., Rearrangements among
monoterpenes of bicyolo[?yZ,f]heptaﬂe type have been extensively.

studied in the last few years and some of these are discussed

helow,



2.1; Rearrangements in Camphane Class

2.1+1. Classical vs Nonclassical Carbonium Ion

The formation of isobornyl chloride (2) from camphene

hydrochloride (1) was proposed by Wilson gt all? g praoceed

e
through rapidly equilibrating pair of ions which were represented
by a2 cyclic intermediate 3 in preference to the carbonium
CCAanr T ) -
ion 5/ Later on, Winstein E£~§£f15 proposed a nonclassigal
carbonium ion intermediate 6 for such 5icysl§[§,2,1jheptane
system i.e. 2-norbornyl cation. The proposal for the bridged
carbonium ién 6 involving @ ~-participation, in the solvolysis
of 2-norbornyl derivative was based on the following observa-
tions:
(a) Abnormally fast rate of solvolysis of the exo-
derivatives campared to that of t-butyl
18

derivatives ~,

(b) High exo/endo rate ratiold,

(c) Almost exclusive formation of gxo~derivative

in the solvolysis of both exo and gndo derivatives15’19.

Through the last decade.controversy has raged over
whether ions such as 6 have a finite existence or merely
represent a transition state in the rapid interconversion 6f 4
and 5. The subject has been treated in a greater length

13a,20-23

glsswhere Tt is still a matter of speculation if



ndnclaésicai‘carbonium iens do indeed exis%(és reactive

intermediates and the discussion of all thé gvidence in favour
or against:their existence is beyond the scape of this revieu,
The present discussion will be confined to the examples uheré

deuterium labelling has been utili;ed to resdlve-this issue,

(é)' Rearranqement of 1= deuterlomethyl ~2~methylene-norbornane:

‘The nydrochlorlnatlon of 1~ deuterlomethyl 2-methylenenorbornane
(7) to 1-methyl-2-methyl-~gxo-norhornyl chloride (9) proceeds 24
only with 35~ 5 6% scrambllng“: mogontrast to 108% scrambllng
expected if the reaction goes through bridged carbonlum ion
lntermedlate (Chart I).. Bromn arguad that thesefresults are
consistent uithwfhe intermédiacy of a pair’cf,rapi@ly
equilibrating classical ions which react with chloride ion
somewhat more rapidly than-they interconvert. The data could
however élsb be explained gy postulating initial formation of
a classical 1,2~dime£hyl—2—norbornyl cation, which reacts with
the chloride ion and rearramges to the bridgéd ion 8 at a
comparable rate. Similar results have been obtained in the
~addition of DC1, ACODﬁand CF,C00D to 2-norbornene and addition

-3
of HCl, HBr and PhOH/BF, to 2,S—dideuterionorbornen825—28.

It
has been further demonstrated that initially formed classical
carbonium ions also show high sterenselectivity for capture

of nucleophile from exo-side.
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(b) Face-protonation vs ednpe-protonation in S,Z—hydride
14,

shifts: To explain the distribution of C in 2= norbOrnyl acetate

14

formed in the dcetolysis of exo-2-norbornylbrosylate-2,3-" 'C

2’
Roberts g§~g£.29 proposed nortricyclonium ion 41 in‘which
carbon atoms 1,2 and 6 are'équivalent instead of less symmetrical
bridged ion 12 proposed by Winstein g;ﬁgi.?s earlier, Later
Roberts g;wgitzo agfeedvuith Uinstein thatl14C scrambling

could also be interpreted as resulting from the interconversion
of one bridged iﬁn lg to another bridged ion 13 by means of
6y2-hydride shift. Uinstein gﬁ»@iﬁ5’31 ‘further suggested that
an edje-protonated cycloprgpane intermediate or transition
state 14 might well be involved in the 6,2~hydride shift rather
than the face-protonated cyclopropane species'll. The inter-
mediacy of edée—protcnated cyclopropane derivative 14 in-
preference to face protonated cyclopropane species 11 reaceives
further .support from the work of Berson gg_gi?z who have shouwn
ﬁhat lactone 16 formed from ig by treatment with aq@eous acid
retains deuterium at C-Z,\consisteﬁf with the sequence of
reactlcns -depicted in Chart II. The intermediate cation 11

uould not discriminate. betueen £x0 . and enda conflguratlons for

6y 2~hydride shift, whereas} intermediate 12 would allou only

6,2~gndo-endo migration. ‘The éormation of 16 involves
lexclusiQQ gggésgggg intramolecular, transannular hydride shift.
Face~protoqateé cyclopropgne intermediate 17 would not be
expected to retain deuteriuﬁs-at C-2 in‘lactona-16, and 1is
_therg?ore ruled out, Simila? endo endo 6, 2% hydrlde shlfts
33,34

have been ohbserved by Collins and Ben}amln in the solvolysils
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of norbornane diol tosylateé 18 and 18 to 20.-

2.1.2. 342-gndo Migration in 2-norbornyl cations

endo=-3-Phenyl-2y3-ex0, cis-bornanediol (21) undergoesgs

pinacol rearrangement to ex0—3~phenyl§amphor (22) via endo-

34,36,37 to the rearrangement

endo 3,2-hydride shift in contrast
of analogous endo—3~phenyl—2,S—exo,gggfnorbo;nanediol (23)
to 24 which involves an exo—exb-Z,S—hydride shift. Recently,

it has also been shoun38

that deamination of gxo~2-hydroxy-2-
exp-aminobornane-2,3-d, (25) yields camphor-3,3-d, (26) which
also involves endo-gndo 3,2-hydride shift in the intermediate
carbonium ion. In both 21 and 25 endo-endo-3,2-hydride
migration provides relief to steric interaction betusen 7,7-
gemdimethyl and hydréxyl group by making the hydroxyl bearing
cérboq planar, while tﬁepe is Ho such interaction in 23 (see

Chart III) and endo-gndo-6,2~hydride transfer takes precedence

over endo~endm 3,2~hydride shift.

2.7.3. Rearranagement of 10-Isobornyl Sultone

10-Isobornyl sultone (27) thermally rearranges first

to enagfcamphené sultone (28) .and then slouly goes over to

)39, 40

exo~camphene sultone (29 . Two mechanisms hate been

proposed for this transformation. Path a pdsfulateé an exo-



OH oH
_ 0
D — > p endo—endg
OH © 32 shft Ph
P D

Ph h

21
D OH D OH
H* ¥
D > D H
OH . ® ® D
Ph Ph Ph
23 ’
D
H
D

HO_ _H

D
0 *
" 7/ _ exo —exo HO
D 3,2—shift D < D
oL Ph Pph O ®
D
OH OH
D N D
———
NH, HCI 5 D
D D

CHART lil: endo, endo —3,2-HYDRIDE SHIFTS

24

D
25



12

3,2-methyl shift among a number of other steps and path b

involves an endo-3,2-methyl shift (Chart IV).

A nearly optically active samﬁle of 27, when heated to
its melting point‘gives optically inactive gg. HoueQer, it
is not possible to decide uhethér racemization is alresult
of a 6,2-hydride shift or a nonselective methyl migfatian.
Dimmel et al. 41 aﬁtempted to distinguish paths a and b by

studying the rearrangsment of site-specifically labelled sultone .

f9-d1 30. If 30 uef; to rearrangs via an endo metth migration
the product should be 32; on the other hand, if an exo-methyl
shift occurred, the product will be 31. However, a rapid ‘
6,é;hydride shift 'in the carbonium ion from 30 renders éhese

two methyl groups identical and path z and path b indistingui-

shable. To resolve the question, the same authors syhthesizedéT

sultene-3,3-d, 33 successfully faking all ecare to avoid

2
scrambling of deuterium atoms. The expecﬁed positions of
deuteriums inyrearranged gégfcampheﬁe sultone*d2 from 33 have
been éhown in Chart IV. Assuming thatkion Zﬁ_undergbes rapid
6,2~ hydrlde shift to 35, the intermediate 34 and 35 on
rearrangemeﬁt via path a or path b will lead to products 36a
to 36d in which distribution of labels will be as shown

in Chart IV, t can be inferred thét an observation of 50%

deuteriums at c-1"in exo-camphene sultone would establish an

exa-methyl shift (path a) while no.deuteriuns at C~1 would
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favour the endo-methyl shift mechanism path b. Similarly,

deuteriums at C-7 would alsp favour -endo-methyl migration.

In exo-camphene sultone, deﬁte;ium content at C-1 Qas'determined

to be 0.41 (slightly less tﬁan expected 0,5) aﬁd Véry little
déuterium ( O.Qé) wvas detected ét Q~7-§xg. bosition.‘ Based

DH these results, 1t has been concluded that an‘ggg~j,2—methylwﬁbw““\
prevails over gndo shift in the formation of gﬁgncaﬁphene |
sultone. Bndo~-Methyl migration, if at all taking place, must

be only a minor pathway.

2.17.4 Homoenolizatlion OFHCamDhenilone, Fendhone and Camphor.

‘ (+);Cam§heniloned2 (37) is completely racemized when
.heated with t-BuOK/t-BulH at 200° for 4 hr. Racemization uas
believed to occ@r_gig the homoenolate ion 38 mhi&h on reopening
‘can give‘fuo enéntiomers 37 and 39 (Chart V). The contention
Qas borne out when the racemizatioﬁ pas.carried out in
presence of t-BuOK/t-BulOD and it maé found that in a number
‘af runs, the percentage of racemization corregpondéd'closely

with percentage of molecules having.deuterium.

Fenchonetd744 (40) under similar conditions not only gives
the 6-monodeuterio and 6,6~dideuterio derivatives 41 and 42
but also undergoes skeltal rearrangement to 43 and 44 which

are formed in the ratioc of 3:71 upto’the extent of about 6%.



CHART V. HOMOENOUZATION OF FENCHONE & CAMPHENILONE
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CHART VI : DECOMPOSITION OF CAMPHOR TOSYLHYDRAZONE



Similarly, it has been observed that camphor45 and

. 46 . . . . .
longlpamphor also .incorporate deuteriums via homoenolizations.

2.1.5. Degomposition of Camphor tosylhydrazone

Camphor tosylhydrazone (45) decomposas™’748

ia the
presence of a base 1In aprotic soluénts to triecyclene (gg)
antd camphene (éz). The ratio of ;amphene to tricyclene
decreases with increasing base concentration and decreasing

solvent polarity49’5D

« The formation of tricyclene has

been proposed to proceed through carbéne ﬁgiana»carbonium ion
43, whereas camphene is presumed to arise anly through carbonium
ion intsrmediate 49 as shown in Chart VI. UWhen the rteaction
is carried out in presence of sodium methoxide and deuterated
methanol (MeGD), tricyclene and camphene forming via the
carbonium ion should incorporate one deuterium each, whereas,
tricyclene generated through carbene should not incorporate
any. deuteriums, It has heen shouggthat at higher concen-
trations of base, carbene formation predominates over
carbonium ion formation and leads to the exclusive formation
of tricyclsné devoid of deuterium, wheresas at lerr concen-
trations of base tricyclens is formed in low yields and with
the incorporation of deuterium in it. Siﬁiiarly, carbene
intermediate has been implicated in the oxidation of

camphorhydrazone to tricyclene with mercuric oxide, as it
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fails to incofporate deyterium in MeDD51.

Decomposition of camphor tOsylhydrazons, on treatment
with alkyllithium followed-by guenching with deuterium oxide
gives 2—deuterio—2~bornen852(59). These results have been
accommodated by proposing a carbenion intermediatesz (51)

(chart VI).

2.2, Rearrangement of ol-Bromocamphoric Anhydride

R number of pathways had been pfoposed53

_For.thenfdfma~
tion of monocyclic laurolenic acig® 456 (53) Féom;tébromo—
camphoric anhydride (52). Some of the routes proposed were
discarded as they could not explain the. formation of optically
active laurolenic.acid53 (Egj;‘ﬁoueuer, pafhs a, b and g
could be exéedted to prodﬁce the same enantﬁomer as shown

in Chart UII; D(-)%rBromOcamphoric'ahhydride-9,9;§4d3 (52a)

produced 53a -without methyl scramblin953

. - Evidently, it is
the 8-methyl group (indicated by heavy dot) trans to departing
group bromine in 52b that migrates in a stereospecific manner

in the rearrangement following path a-1 and/or 2-2. Houwever,

. whigh one of the carhoxylic groups is lost during decarboxylation

remains unresclved.

2.3. Photorhemical Reaction of CarvonecamphoTe

Carvonecamphor. (55) a photoproduct of carvone (54) when -
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CHART VII: REARRANGEMENT OF «-BROMOCAMPHORIC ANHYDRIDE
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irradiated to high pressure mercury lamp in agueous or.
alcoholic diogane undergoss. photolytic cleavage to an acid
56a or an ester57’58.(§§g). The proposed mechanism involves

a homolytic cleavage of the bond between carbonyl gpoup»énd
more substituted carbon atom folicﬁed by,intfamgleéplér
hydrogen tfans?er to the tertiar?,radiéal site‘leading to

the Fdrma%ion of saturaéed ketene 58 {Chart VIII). The
validity of this mechanism has heen checkedSB by irfédiation
of carvénecamphor—E,S—dé (gz){ which gave the expected product
58 ‘with deuterium at C-5. When irradiation of 55- was carried
out in Dzﬂ/dioxane, one deutegiuq~uas incorpofatedﬂat‘pos%tion

o, to carboxylic group and no deuterium was incorporated at C~5.
h 59

It has been further verlfied™” that only exo-hydrogen at C-3

in ‘55 is transferred to tertiary carSOn.. Inframolecular
hydrogen transfer from the carbon atom®to the carbonyl group to
the-tertiary carbon is.in,sharp contrast towfhs usual hydrogen

ahstraction from the solvent in c%clib ketones60.

2.4, Photoisomsrization of Verbenone

The mechanism of photoisomerization of verbenone 60

61—63. A number of

‘ﬁo chrysanthenone 61 has been investigated
‘mschanisés 2.9 1,3-sigmatropic rearfangemenﬁ,paﬁh a and path b
have been proposed-for the isoherication. The stereochsmical

fate of the migrating carbon atom C~6, the nature of transient

species -62 and other mechanistic aspectg of rearrangement

have been established using specifically labelled methyl at



C-9 in §g§63. Verbenone=9,9, 9~d, (60a) on irradiation either
in cyclohexane or in acetic acid gives 6la and 61b in a ratio
of 1:1., The complete scrambling of methyl gfoups during
formation of 61a -and 6tb indicates that transition state 62a
is best represented as a discrete intermediate of diradical

or dipolar‘nature which recyclizes to the racemized product

£1a and 61b which can arise from path a and/or path b (Chart IX)

Although no distinction is provided betuween path a and path b,

a photochemical concerted 1,3-sigmatropic rearrangement of

60a controlled by local symmetry is clearly ruled out as the
latter would occcur with retention-of stereochemistry at C-86

to give chrysanthenone-B,8;8-d361§1§)‘as the only préddct.
Further, verbenone-d3 recovered after irradiationxgave PMR
identical with that of verbenone before irradiation. Therefore,
species 62 does not clésé to verbenone to cause the

scrambling of methyls.

2.5. Ene Reacticn64 with B-Pinene
hdd

5-67
Four possible transition states .have been proposed6

for the ene reaction between p-pinene (64) and maleic anhy-
dride (65) based on four different ways in which the enophile
65 can approach @-pinene as shoun in Chart X, In order to

distinguish bekween the four possible intermediates A-D it is
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important to know which of the allylic hydrogens (equitorial

or axial) at C-3 in 64 is transferred to 65 and the absolute
configuration at the new asymmetric centre generated in the
adduct. When sterecsspecifically labelled Pp-pinene endo-3-~d,

Qﬁg was subjected to the ene reaction with maleic anhydride,

94 j.ﬁ% of the deubterium was transferred to the enophile in
adduct which is expectéd only in the transition state A or
C66’67. The configuration at new asymmetric centre in the adduct
has beean shown®6 tRY by degradation to a product of known
stereochemistry. Thus, the ene reaction proceeds almost entirely
throﬁgh the transition state 'C', Arnolg gﬁ_gi.67 have also
studied ti’xé ene reaction of‘ﬁ-pinsne (@_) with methylphenyl-
glyoxylate (Qﬁ). Since the reaction is reversible, the adduct
Qgg on equillibration with DZD followed by thermolysis gives

ﬁ—pinene stereospecifically labelled at endo~3—d1,643.

2.6. Pyrolysis of Neoninaol

Pyrolysis of nppinol (68) at 580° produces an aldehyde
69 besides other normal pfoductsss’ﬁg. The mechanism proposed
for its isomerization is given in Chart XI. Pyrolysis of,

three samples of monodeuterated nopinol 68a, 68b and 6Bc gives

three monodeuterated aldehydes 6%a, 69b and 69¢ respectively
vhich is consistent with the proposed route., Thermal

rearrangement of 2-deuterecnorpinene has been proposed yia
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concerted mechanism and has also been experimentally verified70.

2e7e Thermai Isomerization of &EThujene

(<) otThujene (70a) racemizes’| slowly on being heated .
at 2008 and rapidly at 255°C, Doering"and Schmidt’® considered
four different mechanisms for this isomerization (Chart XII).
Path a involves a conqerted symmetry-alloued process and should
lead to enantiomerization without transmutation of deuteriums
which is not found to be true. Path b iﬁvolVee rearrangement
by‘a hypothetically stereospgciﬁic uinylcycloprcpane rearrange-
ment with rgﬁention of original chirality. This pathuway
should cause rear&angement of deuterium labels without rébemi~.
zation, There is no theoretical justification for path b to
cperate and this can, at best, be only a minor pathua&. Baoth
paths é and d, invglve symmstry—diéalioueﬂ ﬁapccncerted
vinylcyclmpropane‘rearrangéments72, but differ from each other

>

in the following respects. S

In path c the transition state is isocomforﬁational with
the starting material, whereas, in path d conformational
invérsicn takes place .at é small extra cost of 1.2 K cal/mol
of energy. The sterecchemical putcome of isomerization according

-to path ¢ and path d is shown -in Table 1. Table 1 alsc shous

the aebserved product composition of .the reaction when it is
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interrupted short of complete racemization followed by
isolation of the enantiomers and proportions of isotopically
distinguishable thujenes established by PMR., It is clear
from the results that the major bath followed is path c.
However, -the result can be better axplained'by a statistical

combination of major path ¢ and minor path d. -

Table 1. Theoretical distribution of products

for rearrangement of (—)dkthujene?g,3~d 70a

3-——.——

~J0-thujene-  (+)&K-thujene-

Path ( (=)(-thujene- (+)o-thujene-
2,2,3-d, 10a 2,2,3-d5 70y 5,6,6-d, Z0c 5,6,6~d, 700
a - 100% - -
b - - 100% -
c 50% . - ‘ 50%
d 25% 25% 25% 25%

observed 65 5%  7.0% 8.1% 19.4%




3. SESQUETERPENES

3.1 Cyclization of Humulene

The acid catalysed rearrangement of humulene (72) with
*
aqueous acids yields a secondary alcohol 73 besides other
products consisting of hydroéarbohs 74, 75 and 76 pﬁssessing'

3 ;
- the same skelton as the tertiary alcohol 2274578 (see Chart XIII)

347170 Mechanism of Formations of Alcohol 73 ¢ The mechanism

of genesis of 73 is not known but the most plausible route
proposed is depicted in Chart XIII, and has been verified by-

conducting the'cyclizafion of 72 in D 804/020 followed by

2
location of deuteriums in appoian-’i'l-—ola1 (zg);

3.17.2., Mechanism of Formation of Hydrocarbon 74

The Formatlon of 74 requires ring closure to a 6,7~

blcycllc system Folloued by ring contractlon of six membered

¥This alcohol was orlglnally isolated whenh caryophyllene
(containing 10-15%) humulene) was treated with sulfuric acid
and a trivial name yiz ®X~caryophyllene algohol was given to
it79. Sukh DevBU obtained the same alcohol by hydration of
humulene, This seems to be the first report aof ggclization
of humulene to alcohol 73. Nickon and coworkers’’ have
Finally shouwn thatOC—caryophyllene alcohol is derived only
from humulens present in caryophyllene and suggested a neu
‘name, appolan-11-0l for it.
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ring with extrusion of isopfopyl group74’76,

A'detailed

study of the reaction by Dauben gi_gi.?a reveals that o-humulene
(72), B -humulene (79) and humulol (78) are rapicly intercon-
vertible undér the reaction conditions (see Chart XIV).

Humulol (Zﬁj appears to be a suitable intermediate for the
formation of 74 because it blocks CG-C? dcouble bond in 72

and allous the protonation of CZ—CZ double bond, which leads

to bicyclic system 88 and then to products as delineated in
Chart XIV. Analysislof products of cyclization of humulené

744y 75 '

with DZSU4 shous

c;z, C-6 and C-15 and very little amount at C~11, C-12 and C-13

major deuterium concentration at carbon

in 74. A ‘small amount of deuterium (~10%) inéO;porated at
C-11 indicates that product 74 atose yia 1,2-hydride shift

from C-10 to C-=-11 as setforth in the postulated mechanism,.

3.2, .Aoid Catalysed Cyclization of Caryophyllene

Caryophyllene (81) with a highly reactive double bond,
is prone to-undergo transannular ring closure in contact with
mild acid to yield caryalépol (B2), clovene (83) and
neoclovene 2?83 (B4). Since caryoﬁhyllene is a flexible
molecule containing a nine membered ring which is able to take
up a numbér of gonformatiods separated by small energy barriers,

it behaves like acydic diene. The products B2 and 83



belonging to two different stereochemical families, may be
derived %rom two different conformers A and B of B2 or from
tertiary cations C and D after protonation of endocyclic double
bond as depicted in Chart XV, Conformation A in which olefinic
methyl group projects upward (syn. to hydrogen at C-5) will
close to gg, while conFofmation B with olefiﬁic methyl group
anti to C-5 proton will cyclize to 83, However, cations C ang
D formed aftér the protonation of the endocyclic double bond
may be intérconvertible by conformational flippinge. Further-
more, the addition of proton on the endocyclic double bond may
occur from either side.giving gise to nmet cis or trans addition.
Thus six sterecchemically distinct pathuays are possibleaa.

The actual pathuays operating in the cyclization could be
decided by determining the configuration of deuterium at C-9

in product 82 and 83 derived from ot catalysed cyclization

of 81. It has'been Foundal]"a5 that D" catalysed cyc;ization of
81 produces caryolanol«@ﬁ‘-é; (ggg),and clovené—g,drd1 (83a).
The results are compatible with trans addition of proton to
endocyclic double bond in conformation A and B’uithout inter-

vening flipping of C and D.

3.3, Rearrangement of Thujopsene

WYhen thujopsene (§§) a“tricyclic sesquiterpene is allouwed

M » - » - . ¥,
to react withjagueous acid, a bicyclic sesquiterpenic algohol,
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widdrol (86), along with other products,is formed, whereas

prolonged heating affords a nonconjugated diene 87.

3,3.1. Mechanism of Formation of Widdrol 86

En291186 has proposed the Foymation of 86 from 85
Qia.'hydration of double bond; Followed by cyclopropane opening

after protonation as shown in Chart XVI, aéth a. Later Douben

et a1087

proposed one of the less probable mechanisms {path b)
via homoallylic cation 89 +to a homoannular diene 30 - folloued

by its hydration to widdrol (86). These mechanisms are

electronically improbable and were pfoved87“89 2rronesus,

87,88

Another proposed mechanism involves cyclopropylfcarbinyl-

cyclopropylcarbinyl-type rearrangehentgg’gq. The first step
is protonation of double bﬁnd to ;yclgpropylcérbinyl cation 88
which rearranges to énoiher cycloﬁfcp;lcarbinyl cation 92,

92 collapses to a homoallylic cation 93 which on quenching
gives widdrol (86) as shoun in Chart” XVI, path c.- This route

yas shown to be correct by using a labelled substrate.

ThUjopsene-6,6—d2 (85a), on rearrangement afforded widdrol-7,

7-d2 (86a) as expected From path c§ paths a and b uguld have

" nrodused uiddral~6~d18§ (86a) .

Stereospecifically labelled widdrol-7,p-d; (B6b) produces

thujapsene—@ﬁ—d1 (85b) with.tetention of configuration of
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91992 This result suggests that cyclopropyl-

deuterium in it
carbinyl-cyclopropylcarbinyi rearrangement has occured either
by the participation of backside (small lobe) of the orbital
of bond G5-G6 of cyclopropyl ring with the orbital at the
cationic centre at C-8 as shoun in 94 or yia puckered cyclo-
butonium ion 913 the latter appears moré probable as an
activated complex by molecular orbital calculations carried

out on less complicated systemsgg’93797.

3.,2.2. Formation of Diens 8

o—

When thujopseﬁe was allowed to react for longer time
with acid, the initially formed -products including widdrol
diéappear and a nonconjugated diéne 87 1is obtainedag; The
mechanism proposed for the formation of diene 87 from-widdrol
(§§) is given in Chart XVI, path e. Houwever, diene QZQ
obtained from thujopsene-6,6-d, (B5a) retained both deuteriums
in it, which is expected througﬁ path d in contrast to path88 Be
It has been concluded that cations 88, 891, 32 and 83 are
interconvertible under the reaction condition. And once the
cation 89 is formed from them, 1t .undergoes elimination to

the stable diene 87.

3,4, Photorearrangement of Santonene Derivatives

Photolysis of A,P-hydroxysantanene (95) in presence of

=0
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98-102

“triplet guencher affords a normal photoproduct y 36 which
under the reacticn»éonditibns rearranges to dilact0n5183 87 .

Uhén photolysis was carried-oub in medb, the resulting dilactone
'97a incorporated one deuterium at the pasitiqn and stereo-
chemistry as shown in 87a. Similar results have been obtained
wnen 4,X~-hydroxysantonene Qas likeuwisse irpadiatedqog. A number
of routes via concerted pathways have been proposed for this
ltransformgtion but the sterebchemistry and position of

deuter;um‘in@orporated in the product can bg best explained,

if the reaction proceeds thﬁmugh a keteéne intermediate 98, uwhich
103

recyéliées to the dilactone 97. When 4,8c0r o« -deuterioacetoxy-
santonene, 39 or 100 was irradiated under the same reaction
conditions, the reaction follows a different route and either

of the two gives 101 and 102 in the ratio of 3:1 (see Chart XVII),

4, DITERPENENES

4,1, Rearfangementyo? Erythroxylol—&—ipoxide (103)

Epoxide 103 undergoes, a higgéhe_typeuréarrangémenti06-1Ds

with dilute formic acid but wiﬁh concentrated formic acid, a

more deep seated molestular rearrangement takes place fo give105~107

104. The mechanism proposed for the formation of 104 involves
opening of epoxide ring in 103 followed by protonation of the
developing carbonium ion at 8-15; a hydride shift Frém'E~j1 to

C-1% yhich then undergoes a rumber of wagnef—méerueiﬁ
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108 104  as depicted in Chart XVIII.

This mechanism was supportéd108

rearrangements to yield

by subjecting the epoxide-14-d,

1032 to rearrangement to produce 104a in-which the deuterium

appearecd &~to~formate ester at C-12 position in conformity with

the above suggested mechanism.,

4e2. Acid-Catalysed Cyeclization of Manool

- Formolysis of manool (108) and isomanool (105) with
formic acid in chloroform produces tricyclic dienes 106 and
107 and tetracyclic FormateAlgg or corresponding alcohol109“112
118. Manool (1Q§) has been §ug§ested as a biogenetic precussor

for pimarane group of diterpenes viz,. 106 which further

112-114

rearranges tO rimuene group. of terpenes represented by

107, For the unusual acid catalysed double cyclization of

manool to tetracyclic.alcohol, 14,%-hibol (110) two mechanisms

have been advanced110-111; path a based on biogenetic consi-

derations and path b an intuitively preferable but chemically

less precedented route as given in Chart XIX. In order to
differentiate between these two mechanisms, Edward §§“§;.1]S
carried out reafrangemeqt of manool—7,7,10,17,17-d5 (108a)

and ascertained the position of deuterium in the product as

shown in 110b. These results corroborate path b, whereas,.

path a would have pfaduced 110c. . Wenkert et al217 alsoc obtained

the same results by using‘isomanoo;~14—14p1.



108 109 R=CHO

°\ 10 R=H

CHART XiX: CYCLIZATION OF MANOOL



38

5. TRITERPENES

5.1, Photoreaction of Friedlin

Ffriedlin (111) on ‘irradiation with a high pressure

mercury lamp ih hexane or .ether undergoes an unusual photo-

transformation by the loss 0f one carbon to aldehyde117 112.

The proposed mechanism for this transformation involves a homdlytic

cleavage of CaTCS bond to diradical 11

118

followed by usual

hydrogen transfer to form ketene

w——

3
114. Ket€ne 114 forms
an. adduct with oxygen which decomposes to CDz‘and aldehyde 112
as shoun in Chart XX. Photolysié of deuterated substrate 11la
furnished .the photoproduct 112a -in which ail thé deuteriuﬁs
Qére intacts; furthermore ?riedlin—qao after irradiation had
sﬁoun the total diséppearance of JSQ. Both these results

support the proposed meohanism118.

5.7, Friedelene-Dleanene. Rearrangement

119

It has been shoun that acid catalysed rearrangement

of AP«Friedelene (115) intao £§8(18)—oleanene (116) proceeds via

intermediate 435(1D)~glutenéne (117) and»‘ A§2~cleanene' and

$ 120,121

is a reversal of bibgenetic routs . With the aid of

deutereoacetic acid (ACGD/ZnClZ), it has been possible to determine

that 215(1G)~glutenene (112) 4§2~olean§ne (118) readfion is

essentially irreversible. It has been demonstrated115 that in
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CHART XXI: FRIEDELENE — OLEANENE REARRANGEMENT



the formation of friedlin and As~glutinoné, the enzyme
system involved must be able to compensate fOor energy deficit
apparent in reverse rearrangemen’c; A’!Z—-Dleanene (118) —

ASUU)-—glutinene?zO“?m (117), (shouwn in Chart XXI).
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