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ELUCIDATION OF TERPENE REARRANGEMENTS 

USING DEUTERIUM LABELS

Abstract

The elucidation of mechanism of terpene 

rearrangements has been reviewed in this 

chapter. Since a vast literature on terpene 

rearrangements is available, the discussion 

is limited to only those terpenes uhose re­

arrangements have been studied using deuterium 

labels. The review covers thermal, photo­

chemical, acid.or base catalyzed rearrangements 

among terpenoidss which include camphane 

derivatives, verbenone, 10-isobornyl sultone, 

thujene, humulene, caryophyllene, thujopsene, 

manool, friedlin etc. The application of 

deuterium labels In establishing the mechanism 

of rearrangements has been brought out.



ELUCIDATION OF TERPENE. REARRANGEMENTS 
'USING DEUTERIUM LABELS

1. INTRODUCTION

The chemistry of terpenes abounds in bizarre .and 
fascinating .molecular 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 so that from a 
feu common precursors, a large number of diverse carbon 
skeletons arise. Elucidation of mechanism of such rearrange­
ments, apart from being intellectually stimulating, provides 
a clearer insight about the basic physico-chemical principles 
involved in organic reactions and can also serve as models 
for biosynthetic pathways occurring in nature. . Alternatively, 
in cases' uhere biosynthetic pathways have been elucidated 
in elaborate details, similar stereospecific rearrangements 
or cyclization have'been attempted in the laboratory. As

a result, regiospecific carbonium ion generation has been 
1 -2utilized • for the synthesis of naturally occurring poly­

cyclic terpenes by the aci.d catalysed rearrangements of other 
olefinic- terpenoids-like caryophyllene, humulerie, thujopsene, 
manool, citral etc. .



It is often possible to rationalize a rearrangement in

more than one ways. A number of methods are commonly used
3to ascertain the reaction mechanism . These methods often

4 5involve identification of products and intermediates ,
5 5 6stereochemical evidence , kinetic evidence ’ , isotope

7 . b ' 'effect , nature of catalyst,'.and iso.topic labelling . The
14 3radioactive isotopes such as C, _• H had been powerful tools 

for this purpose before the advent of neu spectroscopic 
techniques, but in recent years, considerable efforts have 
been directed to the use of nonradioactive isotopes such as 

13 2 18C, H, 0, since these isotopes are free from radiation 
hazards and are safer to handle.

Deuterium labels have been introduced in rearranged 
products mainly by two methods;

(a) by effecting the rearrangements of terpene 

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 unequivocally establish the reaction 

mechanisms.

A number of reagents and methods are available for the

synthesis of deuterium-tagged substrates and 'have been
9-11reviewed recently . In some cases very elaborate syntheses

' 1 2have been undertaken to prepare the required substrates 

(see below), Since vast literature is available on 

molecular rearrangements of terpenes, this discussion is 

limited to only those examples among monoterpene$, sesquiterpenes 

diterpenes, and triterpenes, where mechanisms have been 

elucidated with the aid of deuterium labels..

2. HQ NOTER PENES

flonoterpenes have long been known to undergo very diverse

and complicated rearrangements. Investigation of these

rearrangements have significantly contributed towards better

uride-rstanding of reaction mechanisms among terpenoids and have

also led to the development of neu theoretical concepts. For
14 15examples, the ideas of nonclassical bridged carbon'ium ion ’

^ 6 i 7developed through the study * of rearrangement of camphene 

hydrochloride to' isobornyl chloride. Rearrangements among 

mpnoterpenes of bicyc lo[2,-2,fjh eptane type have been extensively 

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

below
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2,1. Rearrangements in Camphane Class 

2.1.1* Classical vs Nonclassical Carbonium Ion

The formation of isobornyl chloride (2} from camphene
hydrochloride (l_) uas proposed by Wilson et al to proceed

through rapidly equilibrating pair of ions uhich were represented
by a cyclic intermediate 3. in preference to the carbonium C C&CNaA ~t)\
ion Later on, Winstein et al.- proposed' a nonclassical 
carbonium ion intermediate '6 for such bicyclo[2, 2,1 Jheptane 

system i.e, 2-norbornyl cation. The proposal for the bridged 
carbonium ion j5 involving ^-participation, in the solvolysis 
of 2-narbornyl derivative uas based on the follouing observa­

tions:
(a) Abnormally fast rate of solvolysis of the exo­

derivatives compared to 'that of t-butyl
18derivatives .

, . . .15(b) High exo/endo rate ratio
(c) Almost exclusive formation of exo-derivative

15 19in the solvolysis of both exo and endo derivatives ’

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 of 4 
and 5_. T-he subject has been treated in a greater length 
elsewhere133’20-23. It is still a matter of speculation if
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nondassical' carbonium ions do indeed exist as reactive 
intermediates and the discussion of all the evidence in favour 
or against'their existence is beyond the scope of this review. 
The present discussion will be confined to the examples uhere 
deuterium labelling has been utilized to. resolve- this issue.

(a) Rearrangement of 1-deuteriomethyl-2-methylene-norbornane:

'The hydrochlorination of 1-deuteriomethyl-2-methylenenorbornane
2 4-(?) to 1-methyl-2-methvl-,exo-norhornyl chloride (j?) proceeds^ 

only with 35-56/S scramblingiiX/wr. icontrast to 100^ scrambling 
expected if the reaction goes’ through bridged carbohium. ion 
intermediate (Chart I) .. Broun argued'that these- results are 

consistent uith -the intermediacy of a pair’of/rapidly 
equilibrating classical ions which react with chloride ion 
somewhat more rapidly than-they interconvert. The data could 
however also be explained by postulating initial formation of 
a classical 1,2-dimethyl-2-norbornyl cation, which reacts with 
the chloride ion and rearranges to the bridged ion 8 at a 
comparable rate-. Similar results have been obtained in the
.addition of DC1, AcOD and CF^COOD to 2-norbornene and addition

?5-?Rof HC1, HBr and PhOH/BF^ to 2,3-dideuterionorbornene . It
has been further demonstrated that initially formed classical 
c'arbonium ions also show’high stereoselectivity for capture 

of nucleophile from exo-si'de. '
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CHART 1- CLASSICAL vs NONCLASSICAL IONS
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(b) Face-protonation vs edqe-protonation in 6,2-hydride
14shifts: To explain the distribution of ' C in 2-norbornyl acetate

1 4formed in the acetolysis of exo-2-norbornylbrosylate-2,3- C^j
29Roberts et al. proposed nortricyclonium ion £1_ in‘which

carbon atoms 1,2 and 6 are equivalent instead of lass symmetrical
15bridged ion 1_2 proposed by Uinstein et al. earlier. Later

30 14Roberts et al, agreed with Uinstein that C scrambling
could also be interpreted as resulting from the interconversion 
of one bridged ion 1_2 to another bridged ion 1_3_‘ by means of

6,2-hydride shift. Uinstein et al f 'further suggested that 
an edge-protonated cyclopropane intermediate or transition 
state _14 might well be involved in the 6,2-hydride shift rather 
than the face-pyotonated .cyclopropane species 11.. The inter­

mediacy of edge-protonated cyclopropane derivative 1_4 in 
preference to face protonated cyclopropane species 1J_ receives 
further -support from the work of Berson et 'al- who have shown 
that lactone 1_6 formed from 15. by treatment with aqueous acid 
retains deuterium at C-2, consistent with the sequence of, 
reactions -depicted in Chart II.- The intermediate cation 1± 
would not discriminate, between exo- and endo configurations for
6.2- hydride shift, whereas, intermediate 12. would allow only
6.2- sndo-endo migration. The formation of 1_6 involves 
exclusive endo-endo intramolecular, transannular hydride shift. 

Face -protonated cyclopropane intermediate 17 would not be 
expected-to retain deuteriums at C-2 in lactone- 1_6and is
.therefore ruled out. Similar endo-endo 6,2-hydride shifts

' '3334.' *have been observed by Collins and Benjamin ’ , in the solvolysis
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CHART II endo, endo-6,2-HYDRIDE SHIFTS
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of norbornane dlol tosylates 1_8 and 1_9 to 20.-

2.1.2. 3,2-endo Migration in 2-norbornyl cations

endo-3-Phenyl~2i-3-exo. cis-bof-nanediol (21) undergoes0

pinacol rearrangement to exo-3-phenylcamphor (22) via endo-
3 4 3 6 3 7endo 3,2-hydride shift in contrast* * 3 * ’ to the rearrangement

of analogous endo-3-phenyl-2,3-exo.cis-norbornanediol (23)

to 2A which involves an exo-exo-2,3-hydride shift. Recently, ,
3 8it has also been shown that deamination of exo_-2-hydroxy-2- 

exo-aminobornane-2.3-d„ (25) yields camphor-3,3-d2 (26) which 

also involves endo-endo 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 betueen 7,7- 

gemdimethyl and hydroxyl group by making the hydroxyl bearing 
carbon planar, while there is no such interaction in 2J3 (see 

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

over endo-endo 3,2-hydride shift.

2*1 .3. Rearrangement o'f 10-Isobornyl 'Sultone

10-Isobornyl sultone (27) thermally' rearranges first 

to endo-camphene sultone . (2S)- and then slowly goes over to 
exo-camphens sultone (29)'^* Two mechanisms have been

proposed for this transformation. Pfeth a postulates an sxo-
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3.2- methyl shi'ft among a number of other steps and path b 

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

A nearly optically active sample of 27, when heated to , 

its melting point gives optically inactive 29• However, it 

is not possible to decide uhether racemization is a result 

of a 6,2-hydride shift or a nonselective methyl migration.

Dimmel et alf1 attempted to distinguish -paths a and Jb by 

studying the rearrangement of site-specifically labelled sultone .

30 • 30. were to rearrange via an endo methyl migration

the product should be 3_2; on the other hand, if an exp-methyl 

shift occurred, .the product will be 31. However, a rapid

6.2- hydride shift 'in the carbonium ion from 30 renders these 

two methyl groups identical and path a and path b indistingui-
41shable. To resolve the question, the same authors synthesized 

sultene-3,3-d2 21 successfully taking all «'care to avoid 

scrambling of deuterium atoms. Tjie expected positions of 

deuteriums in rearranged exo-camphene sultone-d2 from H have 

been shown in Chart. IV. Assuming that ion H undergoes rapid

6.2- hydride, shift to 35, the intermediate 34 and 35. on 

rearrangement via path a or path b will lead to products 3_6a 

to 36d in which distribution of labels uill be as shoun

in Chart IV. It can be inferred that an observation of 50# 

deuteriums at C—1 in exo—camphene sultone would establish an 

exo-methyl shift (path a) while no.deuteriums at C-1 would
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favour the endo-methyl shift mechanism path ~b. Similarly, 
deuteriums at C-7 would also favour erydo-methyl•migration.
In exo-carnphene sultone, deuterium content at C-1 was determined 
to be 0.41 (slightly less than expected 0.5) and very little 
deuterium ( 0,04) was detected at C-7-syn. position. Based 

on these results, it has been concluded that an exo~3.2-methyl 
prevails over endo shift in the formation of exo-camphene 
sultone. indo-flethyl migration, if at all taking place, must 
be only' a minor pathway. ' .

2.1.4 Homoenolization of Camphenilone, Fenchone and Camphor.
*

(+)-Camphenilone (37) is completely racemized when 
heated with t-BuOK/t-BuOH at 200° for 4 hr. Racemization was 

believed to occur via the horrioenolate ion 3J3 which on reopening 
can give two enantiomers 3_7 and 39. (.Chart V). The contention 

was borne out when the racemization was carried out in 
presence of t-Bu0K/t-Bu0D and it was found that in a number 

of runs, the percentage of racemization corresponded closely 
with percentage of molecules having.deuterium.

Fenchone^’ ^ (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 ratio of 3:1 upto'the extent of about
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CHART V-HOMOENOLIZATION OF FENCHONE a CAM PH ENi LONE

CHART VI •• DECOMPOSITION OF CAMPHOR TOSYLHYDRAZONE
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has been observed that camphor*^8 and 

incorporate deuteriums via homoenolizations.

2.1.5. Decomposition of Camphor tosvlhydrazone •

Camphor tosylhydrazone, (45) decomposes47’48 in the

presence of a base in aprotic solvents to tricyclene (46)
and camphene (47). The ratio of camphene to tricyclene

decreases with increasing base concentration and decreasing
49 5nsolvent polarity » . The formation of tricyclene has

been proposed to proceed through carbene _48 and carbonium ion
whereas camphene is presumed to arise only through carbonium 

ion intermediate 49_ as shown in Chart VI. Uhen the reaction 
is carried out in presence of sodium methoxide and deuterated 
methanol (ffleOD), tricyclene and camphene forming via the 

carbonium ion should incorporate one deuterium each, whereas, 
tricyclene generated through carbe'ne should not incorporate 
any. deuteriums. It has been shown that at higher concen­
trations of base, carbene formation predominates over 
carbonium ion formation and leads to the exclusive- formation 
of tricyclene devoid of deuterium, whereas at lower concen­
trations of base tricyclene -is formed in low yields and with 
the incorporation of deuterium in it. Similarly, carbene 
intermediate has been implicated in the oxidation of 
camphorhydrazone to tricyclene with, mercuric oxide, as it

Similarly, it 
longicamphor46 also
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51fails to incorporate deuterium in fleOD

Decomposition of camphor tosylhydrazone, on tr

with alkyllithium followed-'by quenching uith deuteri

gives 2-deuterio-2-bornene (50). These results hav
52accommodated by proposing a carhc/mion intermediate 

(Char t \1I) .

2.2. Rearrangement of ci-Bromocamohoric Anhydride

53A number of pathways had been proposed for ,the forma­
tion of monocyclic laurolenic acid^ ^ (53) from oCcbromo- 

camphoric anhydride (52) . Some of the routes proposed were 

discarded as they could not explain the•formation of optically 

active laurolenic acid (53) ; .however, paths a, b_ and _c 

could be expected to produce the same enantiomer as shown 

in Chart MIT. D (-) o(-B romocamphoriq ahhy dride-9, 9, 9-d3 (52a) 

produced 53 a - without methyl scrambling . - 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 la-2. However, 

which one of the carboxylic groups is lost during decarboxylation 

remains unresolved.

2.3. Photochemical Reaction of Carvonecamphor.

Carvonecamphor. (55) a photoproduct of carvone (54) when

eatment 

urn oxide 

e been

(51)



53 R-CH3 
53oR-CD3

CHART VII- REARRANGEMENT OF <L~ B ROMOC AMPHORIC ANHYDRIDE

->

56 a X - H,R = Me 
56b X- H,R - Et 
59 X-Dj, D2 R~Me

CHART VIII: PHOTOLYSIS OF CARVONECAMPHOR

U -



irradiated to high pressure mercury- lamp in aqueous or

alcoholic dioxane undergoes.photolytic cleavage to an acid

56a or an ester ’ (56b). The proposed mechanism involves

a homolytic cleavage of the bond between carbonyl group-and

more substituted carbon atom followed by intramolecular

hydrogen transfer to the tertiary,radical site leading to

the formation of saturated ket®ne 5J3 (Chart VIII).' The

'58validity of this mechanism has been checked by irradiation 

of carvonecamphor-3,S-d^ (57). which gave the expected product 

59. -with deuterium at C-5. When irradiation of 55; was carried 

out in D^O/dioxane, one deuterium- was incorporated..at position 

06 to carboxylic group and no deuterium was'incorporated at C-5, 

It has been further verified that only exo-hydrogen at C-3 

in is transferred to tertiary carbon. Intramolecular 

hydrogen transfer from the carbon atomOPto the carbonyl group to 

the tertiary carbon is in.sharp contrast to the usual hydrogen
, - £jQabstraction from the solvent in cyclic ketones .

2,^. Photoisomerization of Verbenone

The mechanism of photoisomerization of verbenone 60. 

to chrysanthenone 6J_ has been investigated , A number of

mechanisms e.g. 1,3-sigmatropIc rearrangement,path a and Path b 

have been proposed-for the isomerication, The stereochemical 

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

species -62. and other mechanistic aspects of rearrangement 

.have been established using specifically labelled methyl at
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C-9 in 60a63- Uarbsnone-9,9,9-d3 ('SOa) on irradiation aither 

in cyclohexane or in acetic acid gives 61 a and 61 b in a ratio 

of 1:1. The complete scrambling of methyl groups during 
formation of 61 a -and 61b indicates that transition state &2a 

is best represented as a discrete intermediate of diradical 

or dipolar nature which recyclizes to the racemized product 
61 a and 61 b which can arise from path a and/or path _b (Chart IX) 

Although no distinction is provided between path a. and path _b, 
a photochemical concerted 1,3-sigmatropic rearrangement of 
6Qa controlled by local symmetry is clearly ruled out as the 

latter would occur with retention-of stereochemistry at C-6 

to give chrysanthenone-8,8, S-d^tjjlji) as the only, product. 
Further, verbenone-d3 recovered after irradiation'gave PMR 

identical with that of verbenone before irradiation. Therefore, 

species 62 does not close to verbenone to cause the 

scrambling of methyls.

2.5. Ene Reaction64 with 0-Pinens

,65-67Four possible transition states have been proposed 
for the ene reaction betweenJJ-pinene (64) and maleic anhy­

dride (65) based on four different ways in which the enophile 

65 c.an approach_jg-pinen'e as shown in Chart X. In order to 
distinguish between the four possible intermediates A-I> it is
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important to know which of the allylic hydrogens (equitorial

or axial) at C-3 in J54_ is transferred to .65. and the absolute

configuration at the new asymmetric centre generated in the
adduct. When stereospecifically labelled ^-pinene endo-3-d^

64a was subjected to the ene reaction with maleic anhydride,
94 +. 6% of the deuterium was transferred to the enophile in

adduct which is expected only in the transition state' A or 
66 67C * , The configuration at .new asymmetric centre in the adduct

66has bean shown * RT by degradation to a product of known
■stereochemistry. Thus, the ene reaction proceeds almost entirely

67through the transition state ’C1. Arnold et al. have also 
studied the ene reaction of^-pinene (64) with methyIphenyl- 
glyoxylate (66). Since the reaction is reversible, the adduct 

66a on equillibration with D2O followed by thermolysis gives 
yg-pinene stereospecifically labelled at endo-3-d^ , 64a.

2.6.* Pyrolysis of Npoinol

Pyrolysis of nopinol (68) at 580° produces an aldehyde 
69 besides other normal products^8*69. The mechanism proposed 

for its isomerization is given in Chart XI, Pyrolysis of. 
three samples of manodeuterated nopinol 68a. 68b and 68c gives 
three monodeuterated aldehydes 69a. 69b and 69p respectively 
which is consistent with the proposed route. Thermal 
rearrangement of 2-deutereonorpinene has been proposed via
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a R| = R2=H, R= D c R(- D, R2"R3“H 69

CHART XI: PYROLYSIS OF NOPINOL

Path a : CONCERTED 8 SYMMETRY ALLOWED

Paths b, c and d : NONCONCERTED:HYPOTHETICALLY STEREOSPECIFIC

TOd (+) 70 b (+)

CHART XII : RACEMIZATION OF o£-THUJENE.
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. . 70concerted mechanism and has also been experimentally verified ,

2*7. Thermal Isomerization of oC-Thu.jene

71(-) Ot-Thujene (70a) racemizes slowly on being heated -
R n -73at 200 and rapidly at 255 C. Doering and Schmidt considered

four different mechanisms for this isomerization (Chart XII).

Path a involves a concerted symmetry-allowed process and should - 
lead to enantiomerization without transmutation of deuteriums 
which is not found to be true. Path b involves rearrangement 

by a hypothetically stereospecific vinylcyclopropane rearrange­
ment with retention of original chirality. This pathway 
should cause rearrangement of deuterium labels without racemi- 
zatlon. There is no theoretical justification for path b to 
operate and this can, at best, be only a minor pathway. Both

paths c and jdj involve symm.etry-disallowed nanconcerted
79vinylcycloprapane rearrangements , but differ from each other 

in the following respects.

In path c the transition state is isoconformational with 
the' starting material, whereas, in path d conformational 
inversion takes place ,at a small extra cost of 1,2-K cal/mol 
of energy. The stereochemical outcome of isomerization according 

-to path c and path d is shown -in Table 1_. Table 1_ also shows 
the sbserved 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 thpjenes established by Pf'IR. It is clear 
from the results that the major path followed is path c» 
However, the result can be better explained’ by a statistical 
combination of major path c and minor path d.

Table 1. Theoretical distribution of products
for rearrangement of (-)o6-thujene-^2,3-c!3 70a

Path (-■)0t-thu j en e- ( + )e>C-thujene- ( -)dC-thu j en e- ( + ) o6-thuj ene-
2, 2,3-d3 70a 2,2,3-d3 TQk 5,6,6-d3 70c 5,6, 6-d„ 70d

a - 100# - -

’ b - - 100# -

c 50# - - 50#

d 25# 25# 25% 25#

observed 65,5# 7.0# 8.1# 19.4#
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3. SESOIIETFRPFWFS

3.1. Cycliza'tion of Humulene

lhe acid catalysed rearrangement of humulene (72) with 

aqueous acids yields a secondary alcohol 73. besides other 

products consisting of hydrocarbons 74, 75 and 76 possessing 

the same skeleton as the tertiary alcohol 77^y^ (see Chart XIII)

3.1.1. 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'cyclization of 72_ in D^SO^/D^O followed by
n a

location of deuteriums in appolan-11-ol ( 73)‘.

3.1.2. Mechanism of Formation of Hydrocarbon 74

The formation’O f 74 requires ring closure to a -6, 7- 

bicyclic system followed by.ring contraction of six membered.

fThis alcohol was originally isolated when caryophyllene 
(containing 10-15/0 humulene) was treated with sulfuric acid 
and a trivial name viz QC-caryophyllene alcohol was given to 
it?9. Sukh Dev®^ obtained the same alcohol by hydration of 
humulene. This seems to be the first report of cyclization 
of humulene to alcohol 73. Nickon and coworkers'' have 
finally shown that iX-caryophyllene alcohol is derived only 
from humulene present in caryophyllene and- suggested a new 
name, appolan-11-ol for it.
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CHART XIII: FORMATION OF APPOLAN-ll-OL (73J

7480

CHART XiV : CYCL1ZAT10N OF HUMULENE
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74 7-6ring uith extrusion of isopropyl gro.up ’ . A detailed
*7 /study of the reaction by Dauben et al. reveals that oC-humulene 

(72), $ -humulene (79) and humulol (78) are rapidly intercon­
vertible under the reaction conditions (see Chart XII/).

Hum'ulol (28) appears to be a suitable intermediate for the 
formation of 74 because it'blocks Cg-C^ dpouble bond in 72. 
and allows the protonation of double bond, which leads
to bicyclic system 80. and then bo products as delineated in 
Chart XIV. Analysis of products of cyclizatioh of humulene 
with D2S04 shows74’75 major deuterium concentration at carbon 

C-2, C-6 and C-15 and very little amount at C-11, C-12 and C-13 
in 74* A small amount of deuterium (''•'10%) incorporated at 

C-11 indicates that product 74 arose via 1,2-hydride shift 
from C-10 to C-11 as setforth in the postulated mechanism,

0

3.2. Acid Catalysed Cyclization of Caryophyllene

■Caryophyllene (82.). with a highly reactive double bond, 
is prone to-undergo transannular ring closure in contact uith 
mild acid to yield caryolanol (82), clovene (83,) and 
neoclovene82’83 (84). Since caryophyllene is a flexible 
molecule containing a nine membered ring which is able to take 
up a number of conformations separated by small energy barriers, 

it behaves like acycLic diene. The products 82 and 8.3.
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belonging to two different stereochemical families, may be 

derived from tuo different conformers A and B of 82 or from 

tertiary cations C and D after protonation of endocyclic double 

bond as depicted in Chart XU. Conformation A in which olefinic 

methyl group projects upward (syn. to hydrogen at C-5) will 

close to 82, while conformation B with olefinic methyl group 

anti to C-5 proton will cyclizs to 83. However, cations C and 

D formed after the protonatioh of the endocyclic double bond 

may be interconvertible by conformational flipping. Further­

more, the addition of proton on the endocyclic double bond may

occur from either side, giving rise to net cis. or tr_ans_ addition.
84Thus six stereochemically distinct pathways are possible .

The actual pathways operating in the cyclization could be 

decided by determining the configuration of deuterium at C-9 

in product 82 and 8.3 derived from D catalysed cyclization 
of 81_. It has been found84’85 that D* catalysed cyclization of 

81 produces caryolanol-9,jfsl —-d^ (8 2a) , and clovene-9,®C-d,| (83a) » 

The results are compatible with trans addition of proton to 

endocyclic double bond in conformation A and 8 without inter­

vening flipping of C and D.

3.3. Rearrangement of Thujopsene

When thujopsene (85.) a’'tricyclic sesquiterpene 

to react with/aqueous acid, a bicyclic sesquiterpenic

is allowed 

alcohol,
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uiddrol (86)/ along with other products,is formed, whereas 

prolonged heating affords a 'nonconjugated diene 87.

3.3.1. Mechanism of Formation of Uiddrol 8_6

Enzell86 has proposed the formation of 86 from 85.

via hydration of double bond, followed by cyclopropane opening
after protonation as shown in Chart ,XVI, path a. Later Douben
et al.87 proposed one of the less probable mechanisms (path b)

via homoallylie cation 89. to a homoannular diene 90. - followed
by its hydration to uiddrol (E[6) • These mechanisms are

87-89electronically improbable,and were proved erroneous.
8 7 88Another proposed mechanism involves f cyclopropyl’Soarbinyl-

90 91cyclopropylcarbinyl-typa rearrangement * . The first step
is protonation of double bond to cyclopropylcarbinyl cation 88

. ~ riwhich rearranges to another cyclopropylcarbinyl cation 92.
92 collapses to a homoallylic cation 93 which on quenching 
gives uiddrol (86) as shown in Chart XVI, path c. This route 

was shown to be correct by using a labelled substrate. 
Thujopsene-6,6-d2 (85a), on rearrangement afforded widdrol-7,

7“cj2 (8 6a) as expected from path c; paths a and _b would have
88produced uiddrol-6-d,j , (86c) .

Stereospecifically labelled widdrol-7,^-d1 (8j5b) produces

thujopsena-§/8-d1 (85b) with. r etention of configuration of
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deuterium in it91’92. This result suggests that cyclopropyl- 

carbinyl-cyclopropylcarbinyl rearrangement has occured either 
by the participation of backside (small lobe) of the orbital 

of bond G5-S6 of cyclopropyl ring with the orbital at the 
cationic centre at C-8 as shown in 94, or uia puckered cyclo- 

butonium ion £1_; the latter appears more probable as an 

activated complex by molecular orbital calculations carried

out on less complicated systems 90, 93-97

3.3.2. Formation of Diene 87

Uhen thujopsene was allowed to react for longer time

with acid, the initially formed 'products including uiddrol
8 8disappear and a nonconjugated diene 8_7 is obtained - . The 

mechanism proposed for the formation of diene 87 from-uiddrol 

(8 6) is given in Chart XVI, path e. However, diene 87a

obtained from thujopsene-6, 6-d£ retained both deuteriums
1 ■ 8 8 in it, which is expected through path d in contrast to path e.

It has been concluded that cations 88, 91_, 92. and 93 are
interconvertible under the reaction condition. And once the

cation 89. is formed from thorn, it -undergoes elimination to

the stable diene 87.

3.4. Photbrearranoement of Santonehe Derivatives

Photolysis of 4,^-hydroxysantonene (95.) in presence of
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98-102triplet quencher affords a normal photoproduct , 9_6 which
'103under the reaction conditions rearranges to dilactone 97 .

Uhsn photolysis uas carried out in ffleOD, the resulting dilactone 

’97a incorporated one deuterium at the position and stereo­

chemistry as shaun in 9.7a. Similar results have been obtained

103when 4,ot-hydroxysantonene uas likewise irradiated . A number 

of, ro'utes via concerted pathways have bean proposed for this 

transformation but the stereochemistry and position of 

deuterium incorporated in the product can be best explained, 

if the reaction proceeds through a ket&ne intermediate 98_, which 

recyclizes to the dilactone - 97. When 4,/S or oC-deuterioacetoxy- 

santonene, J99 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. PIT ERPENENES . 7 ’

4.1. Rearrangement of Erythroxylol-A-Epoxide (105)

Epoxide 103 undergoes, a hibaene-type- rearrangement^06 ^ 88 

with dilute formic’acid but with concentrated formic acid, a
105-107more deep seated molecular'rearrangement takes place to give 

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 C-15, a hydride shift from’ C-11 to 

C-15 which then undergoes a number'of Uagner-fleerueih
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95 Rj-OH, RfCHZ
99 r1=CD3COO,R2CH3

100 r,=ch3, r2=cd3coo

101 Rj-CHy R2=CD3
102 R,-CD3, R^CH3

96

H

CHART XVII '■ PHOTO REARRANGEMENT OF SANTONENE DERIVATIVES

CHART XVIII •• REARRANGEMENT OF ERYTHROXYLOL” A - EPOXIDE
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1 08rearrangements to yield 104 . as depicted in Chart XUIII.
1 08This mechanism uas supported by subjecting the epoxide-14-d^ 

105a to rearrangement to produce 104a in -which the deuterium 

appeared OC-to* form ate ester at C-12 position in conformity with 

the above suggested mechanism.

4.2. Acid-Catalysed Cyclization of Manool

- Formolysis of manool (108) and isomanool (l05) with

formic acid in chloroform produces tricyclic dienes 106 and
109-112107 and tetracyclic formate 109 or corresponding alcohol

110. Manool (10B) has been suggested as a biogenetic precursor

for pimarane group of diterpenes viz..106 which further
112-114rearranges to rimuene group-of terpenes represented by

107. ' For the unusual acid catalysed double cyclization of

manool to tetracyclic alcohol, 14,QC-h,ibol (110) two mechanisms

110-111have bean advanced ; 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
115differentiate between these two mechanisms, Edward et al.

carried out rearrangement of manool-?,7,10,17,1 7-dg (108a)

and ascertained the position of deuterium in the product as

shown in 110b. These results corrotorate path b, whereas,-
111path a would have produced 110c. . Uehkert et al. 

the same results by using "i'somanool-14-^C^ .
also obtained
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CHART XIX: CYCLIZATION OF MANOOL
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5. ' TRUER,PENES

5.1. Photoreaction of friedlin

-Friedlin (111) on irradiation with a high pressure

mercury lamp in hexane or .ether undergoes an unusual photo-
11 7transformation by the loss of one carbon to aldehyde 112.

The proposed mechanism for this transformation involves a homolytic

cleavage of C4~C5 bond to diradical 113 followed by usual
1 1 flhydrogen transfer to form kete-ne 114. Ket&ie 114 forms

an, adduct with oxygen which decomposes to CO^ and aldehyde 112

as shown in Chart XX. Photolysis of deuterated substrate 111a

furnished .the photoproduct 112a -in which all the deuteriums
18were intact; furthermore friedlin- 0 after irradiation had

1 8shown the -total disappearance of .1 .p. Both these results

118support the proposed mechanism

5.2. Fried el ene-Oleanene. Rearrangement

It has been shown119 that acid catalysed rearrangement '

of A3-friedelene (115) into 3-oleanene (116) proceeds via

intermediate -glutenene (l I 7) and 2-oleanene • and

is a reversal of biogenetic route * . . With' the aid of

deut ereoacetic acid (AcOD/ZnCl^), it, has been" possible to determine

that Zl^^-glutenene (m) ^12-oleanene (lil) reaction is -

115essentially irreversible. It has been demonstrated that_ m
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PHOTOREACTION OF FRIEDLIN

CHART XXI: FR1EDELENE —OLEANENE REARRANGEMENT
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5the formation of friedlin and £ -glutinone, the enzyme 
system involved must be able to compensate for energy d&ficit 
apparent in reverse rearrangementj ^ ^-oleanene (l_1_8_) >
^5(10}_glutinene120"121 (117), (shown in Chart XXI) .
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