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ABSTRACT

The pyrolysis of a number of C2, C3 and CU4 oxygenated
pinanes has been studied, Substituents at C2 or C4 signif-
icantly affect the mode of cleavage of the plnane cyclobutane
ring. All pyrolysis reactlons previously reported proceeded
exclusively via initial 1,6-bond cleavage. For several
compounds in this study an additional reaction path was
identified, which involved the initial cleavage of the four
membered ring by fisslon of the 5,6-bond.

OH OH

(a) (112)

(v)
The relative effectiveness of substituents in inducing
initlal cleavage at the adjacent C-C bond of the cyclobutane
ring (either 1,6- or 5,6-bonds) is in the order C=C > C=0
b CH3 7y OH ¥ H. ’
- Substlituents also‘influence the subsequent reactions of
the 1,4-diradicals (e.g. (a) and (b) ) formed by cleavage of

the 1,6~ or 5,6-bonds. Isopropenylcyclohexane derivatives



were observed as products only when the pinane substrate

2

contained an sp®-hybridised centre at C2 or Cl, immediamtely

adjacent to the cyclobutane ring.
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For pinane derivatives with hydroxyl groups at C2 or C4,

=~

an acyclic dlenol formed as a primary product may lead to the
-formation of carbonyl compounds via a l-hydroxy-2-isopropenyl-

cyclopentane derivative.

HO




In addition, cis-pinocarveol (97), on pyrolysis,
undergoes a fragmentation reaction involving the C3 hydroxyl
group and leading, after recombination of radlicals, to a

rearranged aldehyde (102) and a diene (91).
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INTRODUCTION

Turpentine

Pinane monoterpenes occur naturally as turpentine
which is the mixture of volatile hydrocarbons contailned in
the wood of Qoniferous trees. In recent years the Kraft
- wood pulping process has provided most of the world's
turpentine, with current production at 70% of the total
8 x 107 gallon/year, New Zealand's turpentiné (= 1% of

world total) is produced from Pinus radiata, and contains

as its main constituents a-pinene (i) and g-pinene (2).
New Zealand turpentine contains 65% of p-pinene (the most
valuable component commercially) whereas the turpentines

of other countries contain only 2-20%.

The Pinane Skeleton

The basic pinane nucleus is a -bicyclo [3.1.1] heptane
with two methyl groups at C6é and one at C2. The most
common pinanes, namely a-pinene (1) and p-pinene (2),
involve unsaturation at the 2,3 and 2,10 positions. The
absolute configurations of (-)a-pinene and (=-)g-pinene are
as drawn in FPig. 1 where the gem dimethyl group on C6 is

closer to the reader than the carbon at C7.
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(2)

a=pinene g-pinene
Fig. 1

The pinanes used in this study are of the above
absolute configuration. The plnane nucleus is somewhat
. flexible and can exist in two basic oonformations; one
with the C3 up, as in Flg. 2a, and the other wlth C3 down
as in Plg. 2b. The energetically most favoured conformat-
lon of any particular compound will depend on the substit-
“uents on the pinane nucleus. The structures of several

pinanes have been determined by x-fay analysis.i-B

. Pig. 2



Thermal Reactlions of Plnane Derivatives

Interest in thermal reactions of pinéne derivatives
began in 1841 when Gay-Lussac and Lériveres found that
when heated, turpentine produced some o0ils more volatile,
and others less volatile, than the starting tufpentine.
Twelve years later, Berthelot® heated turpentine at 250°
for 10 hr in sealed tubes and observed polymerlsation
accompanied by a change in optical rotation. In 1885,
Wallach? heated a-pinene at 250-270° and isolated polymers

& pinene vapour was

and dipenﬁene (3a). In the same year
passed through an iron tube, almost at red heat, resulting
in a gas rich in hydrogen, pentene or pentadiene, as well
as alliphatic hydrocarbons.

It was not until 1927 that Smith9 put Berthelot's
observations onto a quantitative basis by measuring the
rate of a-pinene racemisation, in the gas and liquid phase,
at temperatureé up to 2370. From his meaéurements he
calculated the activation énergy for pyrolysls of a=-pinene
to be 44 kcal/mole. This result has subsequently been
confirmed.,t? | |

Conant and Carlson23 suggested that Smith was not
measuring the rate of racemlisgation of a~pinene, but rather,
the rate of rearrangement and that the loss of optical

actlivity was a result of the formation of optically inactive

dipentene (3a). Thelr argument is incorrect, as dipentene
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is not the sole product of reaction. It is also signific-
ant that a-pinene recovered from pyrolysis at 19Om285Ol
has a greatly reduced optical rotation. Although Smith
was aware that racemiéation was not the only reaction
occﬁrring on pyrolysls, he underestimated the extent of the
competling rearrangement.

The first significant isolation of the products of
a-pinene,pyfolysis was made by Dupont11 in 1935.
a-Pinene was passed over copper gauze at:300-3500, resulting
in products identified as dipentene (3a), alloocimene (4a)
and a- and g-pyronene (5a, 6a). (see Fig. 5, p 8) |
Seven years later, u-plnene was passed over an electrically
heated platinum spiral to produce isoprene (7, 26%).
The authors of this work then concluded? that it was
impossible to transform a-pinene into dipentene. (Most
terpene hydrocarbons can be convertgd into isoprene (7) at

14-25 varied the

high temperatures.13). Many other workers
conditions of pyrolysis in attempts to‘produce a reaction of
industriél applicabllity. The only other product isolated

in this work2H

was the precursor of alloocimine (&4a),
namely ocimine (8). Some typical results are summarised

in Table 1.
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Table 1

- Products (%) from a-Pinene Pyrolysls

reference 18 21 24 17 25
conditions 190-285° 4600 1759 375° 6000
25 days 2 sec recycled recycled 16 hr
-0¢5 hr
 a-pinene 50 10 8 3 14
dipentene (3a) \ 63-57 36 35 L2 | 18
. ,ocimene (8) - - 29 - 33
~alloocimine (4a) Yol 5 50 28 L0 11
/ dimer of ‘
allooclimine Y 25-19 - - - -
a-pyronene (5a?jﬁk’ 1-4 - - -
B-pyronene (6a)\?4%'2-5 - - L2 -
polymer ‘ - l : - 3 2l
26

Early studies of the pyrolysis of B-pinene (2) led

to confusion because of the difficulty of obtaining g-pinene
free from a-pinene. However, in 1941, pure B-plnene was
pyrolysed27 (at 375°) and the two maln products were ident-
ified as myrcene (9, 67%), and limonene (3a, 13%).

(dipentene =41 1imonene).‘ Two minor products of the reactlon
were not 1lsolated until 1964, namely, 1(7).8-B~mehthadiene_
(10) isoiated28 in 5% yield, and a-myrcene (11), also

formed®? in low yield; (Fig. 3)
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(9) (3a) (10) (11)
myrcene limonene A-myreene .
Fig. 3

The pyrolysis of g-plnene as a commeroialvprocess wés
‘flrst patented in 195030, although at this time little was
known of the reaction mechanism. At high temperature and
short contact time, myrcene (9) is produced from a continuous
pyrolysis process in 85% yield, Tonnage quantlties of
nyrcene (9) are used for the production of perfumery
compounds such as geranlol (12), nerol (13), linalool (i4)
and cltronellol (15). Large quantities are also used to »
produce citral (16, 17), which is used as a flavouring agent
and also as a precursor in the production of vitamin A.

(Fig. &)
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Many’flavourlng and perfumery compounds are oxygenated
monocyclic and acyclic monoterpenes. The péssibility of
producing this type of compound by the pyrolysls of oxygen-
ated Pinanes has resulted in industrial chemlists undertaking
these studies. As a result of the limited technlques which
were avallable before 1960, and theé industrial rather than
academic interest in the pyrolysis of pinanes, some reactions
have been incompletely studlied and consequently the reactlon
pathway has not been understood. The compounds which have
been pyrolysed in industrial laboratories are all readily

produced by various oxidations of u-pinene.

R R R
D
—_— *
_
(3) (5)
a, R CH3 (a=pinene)
b, B CH,0H (myrtenol)
R R
¢, R CHO (myrtenal)

FPig. 5



The pyrolysis of C10 deriVativés of u-plinene, e.g.
ayrtenol (18) and myrtenal (19), closely resemble that of
1-pinene.  Myrtenol (18) passed down an iron pipe at 400° -
gave31 perillyl alconol (3b, 36%), the triene-alconol (4b,
15%), and a- and ﬁ-pyrénol (5b, 6b; 25%). Myrfenal (19),
pyrolysed under simllar conditions, gave perillyl aldehyde
(3¢, 31%), the trlene-aldehyde (4c¢, 2%), and a- and 3-
pyrenal (504 6c; 28%). (Fig. 5) |
‘The pyrolysis of a similar compound, nopol (20), in the
liquid phase, under pressure for 5 ar at 290°, has been

32

reported to give a mixture of isomeric denthadiene—?-
carbinols (21).

| a-Pinene-oxide (22) has been pyrolysed33 in an iron
Ppipe at 200-400° to glve a useful perfumery compound
trans-carveol (23, 10-2%), pinocémphone (24, 11-57%) and
starting material (79—25%)0

Pinanes oxygensted at C4 can be prodﬁoed on an industrial

scale by auto-oxidation of a-pinene. Pyrolysis of cis- and
ggggg-verbénol (26, 2§) under varying oonditions34"36 gives
as products a varlety of alcohols, aldehydes and ketones.
(Fig. 6) Ltrans-Verbenol (25), heated34 for 4 hr at 250°
in an autoclave, gave trans-isopiperitenocl (27), cis- and
trans-limonen-5-0l (28, 29) (total 27, 28, 29; 32%), ou-
and g-pseudotagetone (30, 31; 12.7%) and pseudocyclocitral
(32, 16.5%), whereas trans-verbenol (25) passed down an iron

plpe at 400° géve35 limonene alcohols (28, 29; 12.5%),

a~- and p-pseudotagetone (30, 31; 20%), pseudocyclocltral



(32, 40%) and cltral (17, 9%). Similar products were

produoedBuby pyrolysis of cis-verbenol 026)‘1n an autoclave,

—>
H o"‘® H o«'iy H o’ H 0“‘@?
/

trans-verbenol

(25) | (29)
@ &
HO
: 0 |

Fig. 6
The pyrolysis of verbenone (33) in an iron pipe at

4000 gave35’36 1soplperitenone (34) and piperitenone (35)

(total 47%) as the only identified products. cls-Verbanone
(36), pyroiysed in the same manner at 490—5100, gave37 Eiﬁ“
o=-menth-8-en-3-one (37, 22%), conjugated carbonyl compounds
(30%) and non-conjugated carbonyl compounds (21%).

Similarly, isoverbanol (38), pyrolysed at 450-470°, gave 30
3,7-dimethyl-1,6~0ctadien=5-0l (39, 26%), an acyclic aldehyde
(19%) and an unidentified alcohol (10%). Recently, the
acyclic aldehyde was identifled as 3,4,6-trimethyl-5-
heptenal (40), by hydrogenation to the known 2,4, 5~
trimethylheptane (41), although no stereochemistry was

specified,
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In 1929 Conant and Carlson pyrolysed clils-pinsne at

2859 gnd isolated a mixture of isomeric monocyclic
compounds and acyclic dienes. The first patent on the

h in 1945 when dinydromyrcene (48)

reaction was taken out
was ldentified in the products. More pyrolysis products
were isolated Iin the early 1950t's and ldentified as

3,7-dimethyl~1l,6-0ctadiene (48, 13%), trans-2, 3-dlmethyl-
-y sopropenylcyclopentane (49, 57%) and cis-2,3-dimethyl-

A-isopropenylcyclopentane (50, 19%). 5,46 (Fig. 7)

wH
- W
cis=pinane
(49)

(k7) (48)

(51) (52)
" Flg. 7
The reaction was reinvestigated47 in 19?1 when the
ma jor product was found to be the cyclopentane (51) and the
minor products were proposed‘as the cyclopentanes, in the
relative yields (50) > (49) ¥ (52). (Fig. 7) The
stereochemistry of the cyclopentanone (48) was originally

established by ozonolysls followed by conversion of the



ketone produced to a known hydrocarbon. However, the
recent ilnvestigation revealed that decomposltion of the
ozonide with agueous sodium carbonate and hydrogen peroxide
resulted in eplmerisation to give struotﬁre (a) instead of

structure (b). (Fig. 8)

pa!

=0 1%;
(a) (b)
Fig. 8

A similar error was made49 in identifying the products
of 10-norpinane (53) pyrolysis as 7-methyl-i,6-octadiene |
(54, 50%) and E;ggg—l-methyl-2-isbpropenyloyclopentane (55,
20%), instead”’ of the cig-cyclopentane,

As with p-pinene, thé pyrolysis of cis-pinane (475 was
utilised commercially before the reaction was fully
understood. Under controlled conditions high ylelds (60-
80%) of dihydromyrcene (48) are produoed.50;5l' This
compound 1s as versatile as myrcene (9) in its reactions to
produce numerous valuable perfumery compounds. (e.g.

Fig. 9) Controlled hydration and dehydrogenation convert
dihydromyrcene (48) into citfonellol (57), and then %o
citronellal (58). Catalytic ring closure produces a
mixture of 1sopulegol (59) isomers which on hydrogenation

glve mainly l-menthol (60).
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I -tz caty 2,
2y CHOH CHO
| | | noE
N PN
(48) (57) (58) (59) (60)
citronéllol , l-menthol
Fig. 9

The other pinane derivatlives that have been pyrolysed
have been studled in the course of other work., Ohloff and
Kleinuo pyrolysed both 10a- and 10B-plnan-2-ol (42, 43) in an
attempt to establish the absolute configuration of linalool
(L44), 10a~Pinan-2-0l (42), after passage though a quartz
tube at 600°, gave R-linalool (4%, 62%), a-terpineol (46,
13%), a méthyl ketone (5%) and 8% unknowns. Apart from
slight changes in product ylelds, the pyrolysis of
loﬁ-pinan—z—ol (43) was similar.

Recently, Ohloff and coworkerso? pyrolysed verbenene
(61) in an attempt to synthesiée 1(7),8-g-menthadiene
derivatives to assist in assigning absolute configurations
to carquejol and other naturally occurring o-menthane
derivatives., The pfodupts from injecting verbenene (61)
into a very hot inlet system on a g.l.c. were identified as
1(7),2,8-0-menthatriene (62, 29%), the trienes (63, 39%;
64, 14%; 65, 9%) and p-isopropenyltoluene (66, trace).

(Fig. 10)



1,

= ~
N
— + 4
(61) (62) (63) (64)
| S
+ +
(65) (66)
Fig. 10

Requiring a synthetic route to 7-methyl-1,6-octadien-
3-one (68), Mayer and Crandall53 pyrolysed nopinone (67),
hoping that it would parallel B~pinene and produce a high
yield of acyclic product. On passing nopinone (67) down
a quartz tube at 600°, howevever, only 39% of the dienone
(68) was produced, the other products being 4-lsopropenyl-
cyclohexanone (69, 27%) and cis- and trans-2-methyl-3-
isopropenylcyclopentanone (70,‘14%; 71, 5%). (See Fig. 48
p 95)
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The Mechanlsm of a-Pinene Pyrolysis

After Arbusovi® identified alloocimene (4a) as a
product of a-~plnene pyrolysis, he proposed54 a mechanism

to explain its formation. (Fig. 11)

G=-pinene alloocimine

Fig. 11

However, when Dupont11 isolated dipentene (3a) and the
pyronenes (5a, 6a) as well as alloocimine, he suggested

that the pyrolysis occurred by cleavage of two bonds (a)
and (b). (Pig. 12)
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Cleavage at (a) leads to a- and g-pyronene (5a, ba), while
cleavage at (b) forms dipentene (3a). Cleavage at both
(a) and (b) results in the formation of alloocimine (4a),

Later he 1noluded55

ocimine (8) in the products formed by

cleavage at both (a) and (b), but Lt is hotvclear whether

this was from theoretlical considerations or if he actually
isolated the compound.

Pyrolysls of a-pinene is 1lst order ;n a—pineneSé, and
the rafe is unaffected57 by the addition of benzolc éoid,
antioxidants or dipentene, The mechanism 1s therefore
unlikely to involve protonation of the olefin. Similarly,
catalysis by peroxides or radical chain reaction inltiators
does not occur. The most commonly accepted mechanisnm
which fits the kinetlc data was proposed by Burwell58 in
1951. He envisaged the process as involving cleavage of
the 1,6 bond to give the diradical (72) which subsequently
collapses to the products. (Fig° 13)' This mechanism
explains the racemlisation of a-pinene, the formation of
dipentene rather than.limonene (3a)., and predicted the
intermediacy of ocimene (8) in the formation of alloocimine
(4a). |

Rice and Rice59 suggested that'a-pinene should pyrolyse
to form ocimine (8) in 1935, and subsequently they patented

a reaction which produced the triene (8).60
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nams Ao
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(72)
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0 -y

dipentene ocimine alloocimine
Pig. 13

Two @onths after Burwell's‘communication was published,
Hunt and Hawkinsél published a paper in which they prediéted
that ocimine (8) should be a primary product of a=pinene
pyrolysis. (Their paper was received by the publisher
nine days before Burwell's communication). By employing a
recycling procedure they ensured that ohly unreacted o=
Plnene came 1lnto contact with the resaction zone and were
able to obtain ocimine in 25-37% yield. Ocimine had not
been observed in prevlous‘high temperature pyrolyses since

1t has a half-life of only 3 min at 204,5°.
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In 1944, Dupont's mechanism for the formation of a-
62

and g-pyronene (5a, 6a) was shown to be incorrect as
pyrolysis of alloocimine (4a) at 400° resulted in the form-
ation of a- and p-pyronene (30% and 45%). The structure’
assigned to g-pyronene (5a) by Dupont has been questionedeé3
It was claimed, from the results of permanganéte oxldatlons,
that the g-pyronene of Dupont was actually a mixture of 20%~
B-pyronene and 30% of another pyronene (73) whioh_contained
an exocyclic double bond. Although the interpretation of
the chenlcal evidence does not appear to bg at fault, it 1is
difficult to envisage a cyclisation of alloocimine that
results in the formation of an exocyclic double bond.

Alloocimine (4a) has four isomeric forms resulting from

isomerisation at the 4,5 and 6,7 double bonds. (Fig., 14)

Pig. 14

The alloocimine from a-pinene pyrolysis has been64 distilled

into two fractions which gave the same adduct with maleic
anhydride (m;p. 83-84°), but had slight differences in other
physical propertles. The structure A (Flg. 14) was éssign-
ed to the major fraction and the structure B (Fig. 14) to

the minor fraction. In Crowley'sé5 sumﬁary of the literature



19.

on alloocimine, the structure (A) had maleic anhydride
adducts with melting points ranging from 32-40°.,  The
plcture 1ls further confused by recent work66 on the lsomer-
isation of ocimine (8) to alloocimine. Ocimine was heated
at 185-190O for 30 min and resulted in a product mixture
containing only'starting material (43%) and alloociminé
(57%), identified as having structure (A). This isomeris-
ation involves a suprafacial [1,5] proton sigmatropic
rearrangement;72 in which two transition states can be drawn.

(Fig. 15)

Fig. 15
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The ratlo of the products of such an isomerlisation 1S
a consequence of sterlc interactlons in the transition state
and is dependent on the temperaﬁure at thoh the reactlon 1s
performed., An increase in the reaction temperature and‘a
reduction of the sterlc differences between the two transit-
lon states wlll bring the ratio of the products closer to
unity. This latter effect i1s apparent in the cyclisations

67

of dienes (a) and (b) '. .(Fig. 16)

(//jjjf\\“//“\\ 2300 (//ﬂ//ttbr//“\\ . X
| (a) :

9% . 2%

Z AN AN
Qo= oL
(b) Ly 29%
Fig. 16

Compound (bh) (Flg. 16) has an extra substituent on the
carbon containing the migrating hydrogen, relative to
compound (®) (Fig. 16), resulting in a decrease in the diffo
erence between the two transltion states as evidenced by the
loss 1n stereoselectivity of the reaction. As isomerisation

of oclmine (8)’at 185-190O forms only allodcimine A (Fig. 15),
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the minor alloocimine isomer which forms at much higher
temperatures in the pyrolysls of a-pinene should be the
isomer C. (Fig. 15)

Although the diradical mechanism 1s generally accepted,
the possibllity of concefted electronle reorganisation
leading directly to ocimine (8) is a possibiliﬁy.68 Such
s postulate should be examined in the light of orbital
symmetry conservatlion rules. The concerted cleavage of the
four membered ring in a pinane, leading to a 1,6 octadiene,
would be an example of a [2 + 2] ‘cyoloreveréion. Orbital
symmetry oonsefvation require569 that one of the bonds must
be broken in an antarafacial manner and thé other 1in a

suprafacilal manner. (Fig. 17)

suprafacial

/4
.

~ , »

\f u’”—”‘-// | A.__.. . ;\

S >—\
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©
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) 4
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| | / B
R A | ):_—4
{ B

Fig. 17
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In the [28 + Za] reaction, the stereochemical require-
ments of the transition state are severef the ethylenic
components must become orthogonal to each other. A twq
dimensional projection of cyclobutane with opposite bonds
orthogonal shows a distortion from pianarity of =« 105°,

The same projectlon for pinanes shows a diétortion of 35-400

(from crystallographic data ),2

O .

whlle cyclobutane itself hes

a 20° distortion.’ (Fig. 18)

‘ . _—7/
1050\\~\ 400 \ .7 200 -~

A}
]

[2S-f Za] pinanes cyclobutane
transition state

Fig. 18

Hoffmenn and co-workers, ! recently stated "there is
little reason to believe that in the parent reaction of
cyclobutane to two ethylenes there. exists any preference
for the symmetry-allowed process.m Therefore, although
there 1s considerably more distortion in the pinane four
membered ring than in cyclobutane itself, the concerted
cycloreversion will not contribute significantly to the
pyrolysis mechanism,

Recently, a concerted mechanism for the formation of
dipentene (3a) from the pyrolysis of a-pinene was proposed,llo

involving a multi-centre transition state, (Fig. 19)
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20

I—(l)

—> dipentene

Fig. 19

The mechanism allows for migration of the hydrogen to either
the C1 or‘CB positions, thus forming dipentene. Migration
of the hydrogen to the Cl carbon is a suprafacial concerted
[1,3] shift which is thermally forbidden. Therefore, if
this mechanism was operating, limonene and not dipentene (3a)
would be expected.

The racemisatiorn of a-pinene, whilch occurs during its
pyrolysis, was explained in Burwell's diradicsl mechanism as
a recombination of the tertiary radical with e;ther end of
the allylic system. (see Fig. 13 p 17) A sigmatropic
shift would also account for the racemisation, Such &
suprafacial [1,3j shift must, however, involve inversion at
the migrating carbon, with consequent high energy steric
interactions. As re-formation of the four membered ring is
also & high energy process, the concerted pathway could be
expected to compete with radical recombination. |

Burwell's58 diradical mechanism can be usefully applied

to pinanes in general, as shown for g-pinene.  (Fig. 20)
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This diradical mechanism is consistent with the forma%ion27
of limonene (3a) of high optical purity, and with the form-
ation29 of 1(7)—8-B~menthadiene (10), a product which was 1nb
fact not isolated until 1964, some thirteen years efter the
mechanism was filrst suggested.

46

A radicsl mechanism was not only proposed for the
initial cleavage in the pyrolysis of cis-pinane (47), but
also for the subsequent reactions. (Fig. 21)

The mechanism of cyclisation of the dlene (49) was
disputed7u by workers who claimed that kinetic data demon-
strated the impossibllity of a radical chain reactlion belng

involved. They proposed an intramoclecular mechanism

involving a cyclic transition state. (Fig. 22)

Flg. 22

This type of mechanism was developed by.Ohloff and co—wofkersuS‘
who argued that, for the cyclisation of linalool (44), (a 1,5~
octadiene), there are six transition states pdssible and they
were able to prgdict the relative favourablility of each of

these from steric considerations.48
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DISCUSSION

By the mid 1950'svthe pyrolysis reactions of a- and
p=-pinene were well documented. Work since this time has
been concentrated on industrial studles of pinane derivat-
ives, pursuing commerciélly exploitable products.

The preéent study was undertaken to examine the effects
of substituents on the course of the pyrolysis reaction.
Substituents might be expected to 1nfluencevthe reaction
course by affecting both the direction of cleavage of the
four membered ring and the subsequent reéction pathways.
Four maln types‘of Pinane derivatives were studied, namely
oxygenated pinanes containing an endocyclic double bond,

- oxygenated pinanes containing an exocyclic double bond,

pinanols and finally, pinanones.

The Pyrolysls Technique

A Vafiety of procedures have been used to pyrolyse
pinane derivatives in the vapour phase. Closed vessels
have been used but they are unsatisfactory for large scale
reactions and under these conditlions polymer formation can
become excessive. The pyrolysls reaction has most effect-
ively been carried out in a continuous flow apparatus using'
low contact times. . Continuous systems are usually

éonstruoted of pyrex, quartz, or metal, and high temperatures
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can readlly be achleved using an electrical heating sjstem.
The contact time and reaction vessel materiél usually only
affect the ratio of the products formed, but some metals,
in particular copper, have a tendency to produce aromsftic
compounds.

The pyrolysis apparatus used for this work conslsted of
a stainless steel tube, 2.3 mm in internal diameter,
containing a steel rod, 1.6 mm in diameter. The stalinless
steel tube was housed in a solid steel rod, 50 cm long.
This arrangement gave a free space in the reaction chamber
of 1.075 cmz, and a contact time of 4 0.1 sec. For example,
an injection rate of 250 #l/min at 500° gives a contact time
of 0.06 sec. In most cases, to obtain optimum pyrolysis
conditions, oxygen free nitrogen was used as a carrier gas
with flow rates of 15-30m1l/min. The apparatﬁs was heated
in an electricsal, tubular‘oven, equipped with a voltage
regulator. The température wés measufed by a thermocoupie
placed alongside the steel rod in the oven. The injection
rate was controlled by using a micrometer syringe. The
syringe was equipped with electrical heating facilities for
use with crystalline samples. The appafatus is shown

~schematically‘1n Fig. 23,
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Chapter 1

THE PYROLYSIS OF OXYGENATED PINANES CONTAINING

AN ENDOCYCLIC DOUBLE BOND

The pinanes studied in this class are derivatives of
a-pinene, oxygenated at C3. Compounds such as myrtenol (18)
and myrtenal (19) where the oxygen substituent is at C10
31

have been shown to pyrolyse to products analogous to those
obtained from a-pinene. Bing substituted oxygen functions
are more likely to hdve an effect on the pyrolysis and were

therefore chosen for this study.

The Pyrolysis of 2-Acetoxy-10-norpin-2-ene (76)

2=Acetoxy-10=norpin-2-ene was prepared by reaction ofv
nopinone (67) with isopropenyl acetate. The enol acetate
(76) was pyrolysed at'250¢Al/min with a carrier gas flow of
30 ml/min in the temperature range 465-5500, to give a crude
product (90%) shown by g.l.c. to consist of nine compounds.
Five of these were isolated by fractional disﬁillation and
preparative g.l.c. and identified as m-ethyltoluene (86)
and the isomeric enol acetates (78, 80, 82 and 83).
(Table 2, Fig. 25, p 35)

The enol acetate (78) which was found to be racemic
(o.r.d.) had abs&rptions in its 1nfrar¢d spectrum due to an

enol acetate.(.)maX 1760, 1220 cn™t) and a vinylidene group
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(Jmax 892 cm'l). The.n.m.r. spectrum exhiblted the olefinic
methyl as a triplet at & 1.73" coupled (J 1.2 Hz) to the CB8
olefinic protons which appeared as a quartet at § 4,74
(J 1.2 Hz).l The C2 olefinic proﬁon appeared as a multiplet
(W 12 Hz) at § 5.38. The structure of the enol acetate (78)
was confirmed by its conversion on alumina to @—isopfopenyl-
‘cyclohexanone (69), which was isolated53’93 from the pyrolysis
of nopinone (67). |

The enol acetates (82) and (83) disblayed diene

chromophores in their ultraviolet spectra (} 266 nm,

max
& 3700) and (a_,, 259.2 nu & 3350) and thelr structures
were consistent with thelr i.r. and h.m.r,lspectra. They
were distinguished by the integrals in thelr n.m.r. spectra,
as enol acetate (82) has three olefinic protons, whereas enol
acetate (83) only has two. Also, enol aoétate (82) has =
methyl group on a proton ( § 0.95, J 6.5 Hz) while enol
écetate (83) has a mefhyl on a double bond ( § 1.58).

The enol acetates (82) and (83) were hydrolysed on

alumina to the same conjugated ketone (87) (J 1685 cm‘l;

“max

A max 227.5 nm, & 5960) in which the olefinic protons appeared

as doublets of triplets in the n.m.r. spectrum, coupled to
each other (J 10.1 Hz) and to the C4 methylene protons (J small).
Double irradiation of the Cu protons collapsed the multiplets

3 ‘ .
All n.m.r. parameters are in ppm.. Multiplets are described

by their width at half height (Wyh/2) for well-defined peaks,
and by their width (W) for broad peaks of low intensity.
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to an AB quartet. The C6 methyl appeared as a doublet at
S 1.05, coupled (J 6.5 Hz) to the C6 proton. The geminal
methyl groups appeared at § 0.90 and 1.06.

The ultraviolet spectrum of the ma jor enol acetate (80),
indicated the presence of a conjugated triene (hmax 277.5 nm,
.é 9200). The n.m.r. spectrum exhibited signals due to
three methyls on double bonds, namely the gemlinal methyl
groups at § 1.78 (wh/2 4,5 Hz) and the C1 methyl which
appeared as a doublet at § 1.79 coupled'(J 7.5 Hz) £o the
C2 proton, a quartet at § 5.23 (J 7.5 Hz). The configur-
atlon of the Aﬁ_double bond 1s apparently cis as demonstrated
by the magnitude of the coupling constant, J4’5 10 Hz.
However, it is thought, on mechanistic grounds, that thils
product may have a trans 4,5 double bond. (see p 33)

Hydrolysis on alumina converted the enol acetate (80)
into trienone (88). The structure followed from its 1.r.

(Vgax 1670, 963 em™l), u.v. (a 278 nm, € 19,900) and

max
n.m.r. speotfa. The ethyl group was apparent from the
characteristic quartet at S 2.56, coupled (J 7.3 Hz) to a
triplet at § l;lO (J 7.3 Hz). The geminal'methyl groups
appeared as a doublet at § 1.89, ooupléd (J 1.1 Hz) to the
C6 proton which was itself coupled (J 11.5 Hz) to the C5
proton, resuiting in 1ts appearance as a doublet of septets
at § 5.14, The C5 proton appeared as a quartet at § 7.46
coupled to the C6 proton and to the C4 proton (J 15.3 Hz),

which appeared as a doublet at § 6.06. = The magnitude of
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the coupling constant (Jy s 15.3 Hz) demonstrated the trans
nature of the double bond.
.
The 1solation of m-ethyltolunene (86) was conflrmed9b by

comparison with an authentic sample.

Table 2

Yields (%) of Products from Pyrolysis of

2-Acetoxy~10-norpin-2-ene (76)

Products (86) (80) (82) (83) (78) (76) ~ others

4650 6 140 3 y 38 6 3
5100 22 9 15 B2 1 7
55009 L2 2 - 13 38 - 5

As the reaction temperature is increased, the yleld of
the enol acetate (80) drops markedly while the yield of the
benzene derivative (86) shows a comparable increase,

(Table 2) The enol acetate (83) has a 1ess dramatic rise
in yleld with lncreasing temperature and the lsopropenyl-
cyclohexene (78) derivative 1s unaffected, A reaction
scheme which rationalizes these resﬁlts is shown in Fig. 25.

Cleavage of the 1,6 bond in the four membered ring of
acetoxy-pinene (76) gives the most stable of the four poss-

ible diradicals. The diradical (77) can elther undergo a

1,5 hydrogen shift to give enol acetate (78) or collapse to
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the enol acetate (79), a compound not isolated. The
compound (79) is analogous to the unstable compound oclmine
(8), isolated from a~-pinene pyrolysis, and can also undergo
a suprafacial [1,5] élgmatropic proton shift. As with
ocimine (8), two products are possible, namely the c¢is and
trans isomers (81) and (80). As the trans double bond in
enol acetate (80) prevents cyclisation from occurring, the
cyclic enol.acetates (82) and (83) arise solely from the
cls enol acetate (81). Also, the trans enol acetate (80)
should be produced in greater yleld than the cls compound
(81), due to sterlc effects in the transition state.

(see p 19) It therefore seems most probable that the
acyclic enol acetate (80) isolated has the trans configur-
ation at the disubstituted double bond and has an abnormélly
low coupling constant. (J4’5 10 Hz)

The hydrolysis product (88) has a trans disubstituted
double bond, but as it could have arisen elther from the
trans enol acetate (80) or from the cls enol écetate (81)
by enolisétion of the hydrolysis product, it does not prove

the stereochemistry of its precursor. (Fig. 24)

0 | H : OH
| D d
I
/" . 72
hydrolysis product ‘ ' ‘ (88)

of enol acetate (81)

Fig. 24
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The enol acetate (81), as well as cyclising to gilve
the enol acetate (82) (which undergoes a [1,5] sigmatroplic
shift to yleld the 1someric enol acetate (83) ) can rearrange
to compound (9ZJ by an antarafacial [1,7] sigmatropic
hydrogen shift. Cyclisation of enol acetate, followed by
loss of acetlc acid, yilelds the aromatic pfoduot (86),

At low temperatures, the stereospecificlty of the
initial [1,5] Siématropio shift to glve cis and trans
enol acetates (81) and (80), is greatest, and hence the
yield of trans enol acetate (80) is high. As the temperature
of the pyrolysis is increased, more ggg enol acetate (81) is
formed. All the pericyclic reactions are reversible,
however the loss of acetlc acid 1s not, and the reaction
results in a high yield of m-ethyltoluene (86)., This latter
regction course 1ls not available to a-pinene, but with this
exception, pyrolysis of 2-acetoxy—10-norpin-z;ene (76)

parallels that of a-pinene.
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The Pyrolysis of 2-Hydroxy-i10g-pin-3-ene (89)

Oxidation of a-~pinene with lead teuéacetate usglng the
method of Waltham,? yielded 2-acetoxy-10g-pin-3-ene (90).

As hydrolysis of the acetate (90) using équeous methanol/
potassiun hydroiide was found to be domplicated by rearrange-
ment.occurring, the reaction was effected Ey the use of
lithium alunirvilum hydride which gave pure 2-hydroxy-iOg-pin-
3-ene (89).

The hydroxy-plnene (89) was pyrolysed at 5@00 by melting
the crystals in the electrically heated syringe and 1nje¢t1ng
fhe liquid at 200 m1l/min with a carrier gas flow of 15 m 1l/min,
In additlion to eleven low boiling compounds (9.5%) and a small
amount of starting material (1.5%), six compounds were 1sol-
ated by fractional distillation and preparative g.l.c. and
identified as the diene (91, 7%).‘the vinyl ketone (92, 3%),
the methyl ketone (93, 12%), the conjugated methyl ketones
(94, 25%) and (95, 21%), and the inseparable methyl ketones
(96a, 96b; 21%). (Fig. 26)

The structure of the diene (91) followed from an infrared
band characteristic of a trisubstituted double bond (9 pax
833 cm“l), a parent lon in the mass spectrum of MY 138, and
from i1ts n.m.r. spectrum (four methyls on double bonds at

§ 1.68 and 1.60, two protons on the same double bonds at

§ 5.13, and four methylene protons at § 2.00).



37

S
. <§>j? ZQO | :
LD
3
| | 1,
(89) (91) (92) (93)
7% 3% 12%
| 0
0!
2 745 X AN
* * N s +, others
7 6 HEC’ 0
l | | l
(95) (96a) (96b)
21% 217% 11%

The extenslvely rearranged vinyl ketone (92) was isomeric
(elemental analysis) with the starting material. Its
structure was assigned on the basis of a vinyl group (Omax

999, 920 cm'l), a trisubstituted double bond (9 8137 om'l)

max

and a carbonyl group.(V 1715 cmTl) visible'in the L.r.

max
spectrum and from its n.m.r. spectrum. The geminal methyl
groups appeared as broad singlets at § 1.66 and 1.61,(wh/2
3.5 Hz) which were coupled (J small) to the C5 olefinic
proton at § 5.03, 1ltself a broad multiplet (W 14 Hz) coupled
to the C4 methylene protons at § 2.22. The vinyl group
protons appeared as a multiplet, § 5.10-6.12, and the acyl

methyl as a singlet at § 2.12.  The C3 proton appeared as a
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quartet at § 3.13, coupled (J 7.5 Hz) to the Cl' proton and
the protons of the C4 methylene group.
The methyl ketone (93) showed the presence of a carbonyl

group (v 1712 cm~l) and a cis disubstituted double bond

max
(v 737 cm'l) in its 1.r. spectrum, The n.m.r. spectrum

max
exnibited the C3 proton as a doublet at § 5.33 coupled
(J 10 Hz) to the C4 proton, Ltself a doublet of multiplets
at § 5.57 which collapsed to a doublet (J 10 Hz) on double
irradiation of the methylene protons. The C1 proton
appeared as a multiplet at §2.54 (W 19 Hz) while the acyl
methyl gave a singlet at § 2.17. The geminal methyl groups
appeared as singlets at § 1.13 and 0,96.

The dienone (94) was identified as a conjugated ketone

by its il.r. (JmaX 1697) and w.v. épectra (“max 228 nm, |

€ 7150). The n.m.r. spectrum éxhibited broad slnglets.at

§ 1.68 and 1.62 (wh/2 3.5 Hz) coupled (small J) to the C7
- olefinic proton, itself'ooﬁpled (J 6.5 Hz) to'the CH methylene
group resulting in Lts appearance as a triplet of multiplets
at § 5.14. The acyl methyl gave a sharp singlet at § 2.18.
The cis character of the 3,4 double bond could not be deduced
from the n.m.r. spectrum of dienone (94) as the C3 and Ci4

olefinic protons were superimposed at § 6.10. The cis

stereochemlstry 1ls assigned from the band in its i.r. spectrum

at J oy 668 cm™l which is a chafracteristic absorption of a

96

cls C-H wag.
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Ketone (95) was also shown to be a conjugated ketone

from its L.r. (V 1680 om"i) and u.v. spectra (a 223 nn,

max max

€ 8500). The n.m.r. spectrum showed sgignals at § 1.62 and
1.70 (wh/2 3.5 Hz) due to the geminal methyl groups, which
were coupled (small J) to the C7 proton, a multiplet (W 21 Hz)
centred at § 5.11. The sharp singlet at §2.23 was due to
the acyl methyl resonance. The C3 prdton'appeared at § 6.08
as a doublet, coupled (J 16 Hz) to the C4 olefinic proton,
itself coupled (J 6.5 Hz) to the C5 methylene group resulting
in its appearance as a doublet of triplets centred at 5§ 6.62,
The trsns stereochemistry of the disubstltuted double bond
was assigned on the basis of the large vicinal coﬁpling
constant,97 (J 16 Hz) and the band in the i.r. spectrum

(v 977 cm'i) corresponding to trans C-H wag,96

max
In methyl ketone (96), the disubstituted double bond

was asslgned the A4

position, since the u.v. spectrum showed
no absorption characteristic of a conjugated systen. Also,

the 1.r. spectrum showed the carbonyl group (J 1715 cm“i)

max
to be non—conjugated. The n.m.r. spectrum displayed broad
singlets at 5,1.63 and.1.70 (wh/2 4.5 Hz), due to the

geminal methyl groups. The C7 proton appeared at § 5.17 as
& multiplet (W 22Hz), which collapsed to a triplet on double
irradiation of the geminal methyl groups; and to a broad
singlet on double irradiation of the Cé ﬁethylene. The C6
methylene, also a mﬁltiplet at § 2.73 (W 21 Hz), collapsed

to a doublet on double irradiation of the C5 proton. The
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Cl and C5 plefinic protons were superimposed at § 5.57.

The acyl methyl appeared as a sharp singlet at § 2.15,

ad jacent to a shar?, but less intense signal at § 2.13.

The appearance of these two peaks in the region character~ .
istic for an acyl methyl group, coupled with the fact that
the i.r. spectrum shows bands at both 709 cm™! and 968 cm~1,
suggests that methyl ketone (96) is an inseparable miiture.
of ¢ls and trans lsomers. ‘

Pyrolysis of the trans conjugated ketone (95) at 540°
resulted in its paftial conversion to diene (91, 6%), the
rearranged ketone (92, 5%), the cis oonj;gated ketone (94,
9%) and the non-conjugated ketones (95a, 95b; 17%).

Similar pyrolysis of the cis conjugated ketone (94) resulted
in its partial conversion to the trans conjugated ketone (95,
24%) and the non-conjugated ketones (96&} 96b; 42%). - The
non-conjugated ketones (95a) and (95b) were unchanged under
the reaction conditions.

The only product of the original reactlon not observed
in these secondary reactions is the ketone (93). A
mechanlstic pathway consistent with these obsgservatlions is

shown in Pig. 27.
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» There are two ways of forming the C7 substituted‘pinehe
(97) from the hydroxy-pinene (89). Thése are recombination
of the inltlally formed diradicel (89a) or a [1,3] sigma-
tropic alkyl shift. The latter procesé was discusgsed in
connection with the racemisation of d—pinene (see‘p 23).
Assuning that radical recombination'producés equal amounts of
starting material (89) andbpinene (97), then to produce 12%
of the ketone (93), 20% of the diradical initially formed
mast recombine. As the effect of the ﬁertiary alcohol will
be to disfavour formation of pinene (97), 207 radical |
‘reoombination 1s a conservative figure. Therefore, as at
least twice as much radlcal recombination as [1,37] alkyl
shift must occur to produce the same amount of ketone (93),
participation of the concerted process cannot be ruled out,
The stereochemistry of the alcohol function in pinene
(97) is such that the ketone (93) can be formed directly by
a 1,5 hydrogen shift. The [1,5] sigmatropic proton shift
in this cis conjugated ketone (94) to form the cis and trans
non-conjugated ketones (95a) and (95b) is analogous to the
rearrangement of ocimine (8) discussed earlier. (see p 19)
Therefore, the trans ketone (95b) can be assigned as the
ma jor product, (The relative yield is 2:1 from n.m.r.)
The formation of the rearranged ketone (92) from the radical
fragments of the trans ketone (96) is substantiated by the
isolation .of diene (91) a product of dimerisation of the

hydrocarbon radical fragment.
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Although the formation of the diradical (89a) and the
pinene (97) parallel the initial steps in the pyrolysis of
a—pinene, the subsequent reaction pathway 1s dramatically
altered by the tertiary alcohol substituent allowing the

formation of methyl ketones.



Wy,

Chapter 2

THE PYROLYSIS OF OXYGENATED PINANES CONTAINING

AN EXOCYCLIC DOUBLE BOND

The pinanes studied in this class, cls- and trans-
p%pooarveol (97, 98) and trans-pinocarvyl scetate (106),
are derivatives of g-plnene, oxygenated at the C3 position.
Although/the pyrolysis of g-pinene has been extensively

studied, 1ts oxygenated derivatives have been lgnored,

The Pyrolysis of cis~ and trans-Pinocarveol (97, 98)

trans-Pinocarveol (98) was used as supplied by Ivon
Watkins Dow Ltd. Oxidation of trans-pinocarveol by
gctivated mangariese dioxide98 gave a high yleld of pinocarvone
(99). cis-Pinocarveol (9%) was produced99 by the bromination
of pinocarvone followed by debrominatioh'and reduction using
zinc/acetic acid.

Pyrolysis of cis-pinocarveol at 510° and 250/xl/min,
with a carrier gas flow of 15 ml/min, gave a crude product
(92%), the major products of which were isolated by fractional
distillation, prepaiative g.l.c. and oolumn'ohromatography,

and identified as the diene (91, 9%), the hydroxy-triene

(100, 42%), cis-pinocarveol (97, 3%), cis=-carveol (101, 16%)
and the rearranged aldehyde (102, 14%). (Fig. 28)
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The diene (91) had spectra identical to the symmetrical
olefin isolated from 2-hydroxy-103-pin-3-ene (89) pyrolysis.
The structure of the hydroxy-triene (100) followed from its
W.v. (h_ 225.5 om, € 9100), and its n.m.r. spectra, waich
were very similar<? to those for myrcene (9). The C1, C3!
and the C6 olefinic protons appeared as a complex multiplet
(§ 4.94-5.51). The C2 vinyl proton appeared as a quartet
at § 6.38, coupled (J 17.6 Hz) to the trans C1 proton and |
(J 11 Hz) to the cis Cl proton. The position of the C4
proton, § 4.41, pointed to its being allylic to a double
bond‘as well as being geminal to a hyd:oxyl group and the

nature of the signal, a triplet (J 6 Hz), required that it
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be adjacent to two protons. The geminal methyl groups'
appeared as a singlet at § 1.65 and a doublet at § 1.74
(J 1 Hz) resulting from coupling'between the C6 proton‘and
the cis methyl group.
ggg—Carveoi (101) was 1dentifiedbby comparison with an
authentic sample, prepared by lithium aluminium hydride
reduction of carvone (103).

Thé structure of the fearranged aldehyde (102) was
determined by a consideration of its u.v., i.r. and n.m.r,
spectra. The u.v. spectrum showed the presence of a conjug-

ated system (p 218.5 nn, € 5694) while the i.r. spectrum

max

exhibited bands characteristic of a conjugated aldehyde
Ve
aldehyde proton as a singlet at § 9.55. The methylene

_ 2720, 1696 cu™).  The n.m.r. spectrum exhibited the
proton C2', appeared as a doublet at § 5.98 with a small
coupling (J 0.6 Hz) to the C2t_ proton, itself a triplet at
56.22, as a result of coupling (J 0.6 Hz) to the C3 protons,

bThe C3 methyl group appeared as a doublet at § 1.06, coupled
(J 6.8 Hz) to the C3 proton, itself.coupled to the C4
methyleﬁe protons, resulting in its appearance as a sextet

at § 2.76. The C5 olefinic proton resonance at § 5.05 appear-
ed as a triplet of multiplets due to coupling (J 7.3 Hz) with
the Curmethylene protons and a small coupling (J 1 Hz) with

the c¢ls geminal methyl, which appeared as a doublet at § 1.67.
The trans geminal methyl appeared as & singlet at § 1.59.

The pyrolyéis of Ezggﬁ—pinocarveol‘(98) undef the same

conditions as for cis-pinocdarveol (97), gave a crude product
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(90%) shown by g.l.c. to consist of thirteen compounds,

Six of these were 1lsolated by fractional distillation?
preparative g.l.c., and column chromatography and identified
as the diene (91, 3.5%), trans-pinocarveol (98, 9.5%), the
aldehyde (102, 4.7%), hydroxy-triene (100, 62.2%), trans-
isocarveol (104, 6.2%) and trans-carveol (105, 5.2%), by
comparison with authentic samples. The hydroxy-triene
(100, o]y -35°) produced from trans-pinocarveol was
,enanﬁiomorphio with the hydroxy-triene (100, [a]D + 36.7°)
produced from cis-pinocarveol,

The formation of the hydroxy-trienes (100) and the
carveols (101, 103, 104, 105) follows the pattern‘found in
the pyrolysis of p-pinene (see Fig. 3, p 6), but some drastic
skeletal reérrangement must have occurred to produce the
aldehyde (102).

In an attenpt to elucidate the mode of formation of the
aldehyde (102), three specifically deuterated cis-pinocarveols
were prepared and pyrolysed. Rapid mixing of D,0 and cls-
Pinocarveol gave O-deuterated cis~pinocarveol (95% D) which
on pyrolysis gave the aldehyde (102) with deuterium in the
C3 methyl, as indicated by the integral of the n.m.r. signals
assigned to thisg group ( = 30% reduction). Lithiunm élumin~ |
fum deuteride reduction of pinooarvéne (99) gave 3-deutero-
cls-pinocarveol ( 7 98% D) which on pyrolysis gave the
aldehyde (102), essentially completely deuterated at C1, .as

shown by the absence of the aldehyde proton in the n.m.r.
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spectrun, Base catalysed exchange of pinocarvone in DZO/
tetrahydrofuran gave 4-deuteropinocarvone (D1 64%, Do 15%,
after 14 days) which on reduction with lithium alumliniunm
hydride gave H4-deutero~cis-pinocarveol. The aldehyde (102),
iéolated from pyrolysis of.this deuterated giﬁ—pinocérveol,
was shown by a consideration of n.m.r. and mass spectra, .to
be deuterated at CU. The results of these deuteriun

labelling experliments are summarisged in Flg. 29.

Fig. 29

From the results, a mechanism for the formation of
aldehyde (102) was proposed which was consistent with the
formation of the diene (91) and the racemic nature of the
aldehyde. (FPig. 30)

| The hydroxyl proton is able to migrate to the carbon
across the ring when the diradical (a) is in a boat conform-
ation. The accompanying electron shifts result in the
diradical (a) cleaving intc two fragments (c) and (d).
Dimerisation of fragment (c¢) forms the diene (91) while
combination 6f fragments (¢) and (d) results in the formation

of aldehyde (102).
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The difference in the yield of aldehyde (102) from

cls-pinocarveol (14%) and trans-pinocarveol (4.7%) can he

accounted for by a consideration of the translitlon state

required for aldehyde formation.

The transition state

formed from gcis~pinocarveol (diradical (a), Fig. 30) has

the 1sopropyl radical group equatorial while the transition
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state formed from trans-pinocarveol (diradical (b), Fig. 30)
has this group in an aXial position. Although the energy
differences between the two different conformations 1s small
at 5109, diradical (b) must be of higher energy than diradical
(a), résulting in a lower yield of aldehyde (102) from

trans-plnocarveol.

The Pyrolysis of trans-Pinocarvyl Acetate (106)

trans-Pinocarvyl acetate (106) was prepared by base
catalysed acetylation of trans-pinocarveol (98) with acetic
annydride., Pyrolysis of the acetate (106) at‘4900 at a
rate of 250/%1/min with a carrier gas flow of 30 ml/min gave
a complex mixture of over thirty compounds. - The filve major
products were isolated by preparative g.l.c. and ldentified
as the trienes (62, 9%) and (63, 11%), perillyl acetate (107,
9%) and the isomeric acetoxy-trienes (108, 27%) and (109, 8%).
(Fig. 31, p 54)

The trieres (62) and (63) were identified by comparison
with authentic samples and are considered to arise by the
initial loss of acetic acid from trans-pinocarvyl acetate to
give verbenene (61), which on pyrolysis52 yields the trienes
(62, 63) as the major products.

The i.r. épectrumiof perillyl acetate (107) showed the

presence of a trisubstituted double bond (J 812 cm‘l) and

naXx

a vinylidene double bond (v 885 om'l). The n.m,r. spect-

max

rum showed the presence of an isopropenyl group as a methyl
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on a double bond at § 1.72 with small couplings to the
olefinic protons at § 4.68 (wh/2 3 Hz). .| The proton on the
trisubstituted double bond appeared as a broad singlet ét
§ 5.72 (Wh/2 8 Hz), and the methylene protons vicinal to the
acetate group appeared as a singlet at § 4.38. The ident-
ifioationjof compound (107) as perillyl acetate was éonfirmed
by its hydrolysis to perillyl alcohol (%&b) which 1s the
ma jor product from the pyrolysis of myrtenol (_18).31

The acetoxy-triene (108) was identified as a myrcene
(9)derivative by a consideration of its u.v. and n.m.r.
spectra. The u,v. gpectrum showed the presence of a diene

chromophore () 223 nm, € 10,220). In the n.m.r. spectrum

max
the proton geminal to the acetate group and all olefinic
protons, except the C2 proton, apﬁeared.superimposed as g
multiplet at § 4.95-5.60, The C2 vinyl proton appeared as
a quartet at § 6.36, coupled (J 18 Hz) to the trans Ci
" proton and (J 11 Hz) to the c¢cis Cl proton. The C5 methylene
appeared as a triplet at § 2.42, coupled (J 7 Hz) to the
proton geminal to the acetate group and the C6 olefinic
proton. The geminal methyl groups appeared as broad singlets
(wh/2 3 Hz) at § 1.61 and 1.69. | |

The acetoxy-triene (109) had an intense absorption in

the ultraviolet (3 278, € 21.000) due to the conjugated

max
triene chromophoree The n.m.r. spectrum exhibited the C2
methyl as a doublet at.§ 1.81, coupled (J 7 Hz) to the

olefinic proton. This doublet was superimposed on the broad



52,

singlet at § 1.80 due to the geminal met@yl gZroups. The
'C3% methylene protons appeared as a singiet-(wh/z 3 Hz) at
S 4.66. The C2, C5 and C6 olefinic protons were superimposed
in a multiplet (§ 5.42-6.22). The C4 olefinic proton
appeared as a doublet at § 6.38, coupled: (J 9 Hz) to the C5
olefinic proton. This 1s another case where the stersochem-
istry of the double bond, indicated by the magnitude of the
coupling constant, is not consistent with the mechanism of
1ts formation., (¢.f. enol acetate (80), p 33) Although
the n.m.r. data suggests a c¢is configuration for ﬁhe Agudouble
bond the mechanlism 1ﬁvolvlng a suprafaclal [1,5] sigmatroplc
proton shift predicts a trans conflguration for the triene
(109) isolated. (Fig. 31) A mechanistic scheme for the
formation of the products 1s?presented in Fig. 31.

The cleavage of the 1,6 bond in trans-pinocarvyl acetate
(106) to form the diradical (111) is competling with eliminat-
ton of acetic acid to give verbenene (61) which itself
pyrolyses as previously desoribed.52 (p 13) The trienes
(62, 63) are produced from verbenene pyrolysis in 68% yield.
‘Therefore, the amount.of the trlenes lsolated from frans-
plnocarvyl acetate pyrolysis (20%), is only 68% of the
verbenene pyrolysis products oresent, 1i.e. Verbenené was
initially formed from trans-plnocarvyl acetate in 29% yield.

The diradical (11i1) decomposes in two different ways,
The myrcene derivative (108) 1s produced by the normal mode

of collapse of the diradical. Migration of the acetate
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from C2 to C7 resuvults in the formation of a diradical
analogous to the diradical (72) formed in o-pinene py?olysis‘
Decomposition of thils diradical Torms perillyl acetate (107)
on nigration of a hydrogen, and the ocimine derivative.(ilo)
on cleavage of the bohd adjacent to the Llsopropyl radical
group. The acetoxy-trienes (109) and (109a) are formed by
a suprafaclal [1,5] sigmatroplc proton shlft in the ocimine
derivative (110) giving the trans compound (109) as the major
product. (see p 19)

These reactiong of pg-pinene derivatives parallel closely
the pyrolysis of p-plnene itself, however some products are

forued which are a consequence of the substituted oxygen

function.,.
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Chapter 3

THE PYROLYSIS OF PINANOLS

In the pyrolysis of pinane derilvatlives contalning a
carbon-carbon double bond adjacent to the four membered
ring, i.e. derivatives of a- and B-plnene, the cyclobutane
cleaved to produce the diradical where the secondary radlcal

is allylic to the double bond, (Fig. 32)

AN\

Fig. 32

In saturated pinanes, the energy differehce between the two
diradioals will not bve so great, therefore c;eavage of the
four membered ring may not be so specific.

Alcohol substlituents on saturated pinanes allow pathWays
to some new products. An unidentified methyl ketone from
the pyrolysis of 10a- and 105~p1nan—2~ol‘(42,‘43)40 and an
unknown aldehyde from the pyrolysis of isoverbanol (38)38

have been reported.



The Pyrolysis of g-Nopinol (112)

Nopinol (112) was preparedloo by reduction of nopinone
(67) with lithium aluminium hydride. The reactlion was
cafried out at low temperature (-?Oo), increasing the
stereoselectivity of the reactlon compared with reduction
at room temperature. |

Nopinol crystals were liquified and injected at 20041/
min with a oérrier gas flow of 15 ml/min, into the pyrolysis
tube at 580-630°, In addition to thirteen low bolling
conpounds and five unknowns, seven ma jor products were formed
which were isolated by fractional distillation and'preparative
g.l.c. and identified as the aldenyde (113), the hydroxy-
dienes (114) and (115), and the cyclopentanols (116, 117,
118 and 119). (Fig. 33 and Table 3)

H | OH

N
~ 4 &
(112)
OH H H
b . AN . . st
I § I
(117) (118) (119)
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The structure of the rearranged aldehyde (113) was
elucidated from a consideration of its i;r. and n.m.r.
spectra. The i,r. spectrum showed‘the presence of the
‘aldenyde (9., 1725, 2730 on™ ) and the trisubstituted

double bond 8lq cm"l)a In the n.m.r. spectrum the

(Upax
aldehyde proton appeared as a triplet at § 9.75, coupled
(J 1.6 Hz) to the C2 methylene protons., The geminal methyl
groups appéared as doublets at § 1.58 and 1.67, coupled
(J 1.3 Hz) to the C5 olefinic proton, 1tself coupled (J
9.5 Hz) to thebcb proton, resulting in its appearance as a
doublet of multiplets at § 4.85. The C4 methyl signal
appeared as a doublet at § 0.95, coupled (J 6.5 Hz) . to the
c4 proton,

The hyd:oiy«diene (114) showed bands in its 1l.r. spectrum

characteristic of a trisubstituted double bond (v 847 cm"l)

max
and a vianyl group (Omax 911, 922 cm™t), In the n.m.r.
spectrum the Ci vinyl protons and the C6' olefinic proton were
‘superimposed at § 4.78-5.32, The C2 viﬁyl proton appeared
as a mulbiplet at § 5.87 due to extensive coupling with the

Cl vinyl protons and the C3 methylene protons. The proton
geminal to the hydroxyl group was couple& (J 9 Hz) to the Cb
olefinic proton and (J=J' 6.5 Hz) to the C4 methylene protons
resulting in its appearance as a sextet at § 4.35. The
geminal methyl groups appeared as doublets at § 1.71 and 1.66,
coupled (J 1.3 Hz) to the Cé olefinic proton. The assigned

struoture of hydroxy-dlene (114) was further supported by
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oxidation with manganese dloxide to the dienone (155), a
compound also isolated from pyrolysis of nopinone (67).
(see Fig. 48, p 95)

| The l.r. spectrum‘of the lsomerlc hydroxy-diene (115)
also showed the presénoe of a vinyl group énd a trisubstit-
uted double bond (V.. 931, 991, 841 cn~!), In the n.m.r..
spectrum, the CiL vinyl ?rotons‘and the C6 blefinié proton
were again superimposed in a multiplet ( § 4.97-5.42),
The geminal methyl groups appeared as broad singlets at
§1.70 (wh/2 5;5 Hz) and §1.63 (W yp 35 Hz), coupled
(small J) to the C6 olefinic proﬁéna The C2 vinyl proton
appeared as an octet cenbtred at § 5.93, and coupled (J
17.3 H;) to the trans Cl proton, the cis Cl proton (J 9.8 Hz)
“and to the proton geminel to the hydroxyl group (J 5.9 Hz).
The CH-OH proton was also coupled (J 5.9 Hz) to the C4
methylene protons resulting in its appearance as a quartet
at o 4.12. The structure of hydroxy-diene (115) was fﬁrther
substantiated by 1ts oxidation with manganese dioxlide to
dienone (68), a product also isolated from the pyrolysis of
nopinone (67). (see Fig. 48, p 95)

The four isomeric cyclopentanols (116-119) were idenﬁn
ified by a consideration of their i.r. and n.m.r. spectra,
and by the results of further chenical transformations. All
the lsomers showed the presence of a vinylidene double bond
by thé band in their il.r. spectra at 888'c>m'1 for (116) and

(117) and 887 cun™l ror (118) and (119).
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In the n.m.r. spectrum of cyclopentanol {(116) the

olefinic protons appeared s a multiplet (W 3 Hz) at

h/2
S L.73, The olefinic methyl group signal was spliﬁ by‘
sméll couplings (J 1 Hz) with the olefinic protons which
resulted in its appearance as a triplet at § 1.66. The CZ'
methyl appeared as a doublet at § 0.95, coupled (J 6.5 Hz)
to the Cerroton, while the Cl proton appeared as a tripleﬁ
at & 4.12, coupled (J 4 Hz) to the C2 proton and one of the
C5 protons. Similarly, in cyclopentanol (117), the olefinic
methyl appeared‘as a triplef at §1.68, coupled (J 1 Hz) to
the olefinic protons, which appeared as % multipleﬁ (wh/z
3 Hz) at § 4.73. The C2 methyl appeared as a doublet at
5 0.99, coupled (J 6 Hz) to the C2 proton and the proton
geminal to the hydroxyl group appeared as a qﬁartet at § 3.75,
coupled (J 7 Hz) to the C2 proton and boﬁh of the C5 protons.,
In the n.m.r. spectrum of cyclopentanol (118), the
resonance of the olefinlc protons appeared as two multiplets
(wh/2 5 Hz) at § 4.81 and 4.68 with small couplings to the
olefinic methyl, itself a broad singlet (wh/z 3 Hz) at §1.72.
The C2 methyl appeared as a doublet at § 0.70 coupled (J
6.9 Hz) to the C2 proton and the Cli proton appeared as =a
broad multiplet (W 23 Hz) at § 4.30. Similarly, in cyclo-
pentanol (119) the olefinic protons appeared as multiplets
(wh/2 5 Hz) at § 4.81 and 4.68, coupled (small J) to the-
olefinic methyl, itself a'broad singlet (wh/z 3.5 Hz) at

§1.73.. The C2 methyl appeared as a doublet at § 0.64
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coupled (J 6.9 Hz) to the C2 proton and the Cl proton ap-
peared as a multiplet (W 13 Hz) at § 3.98. )
Oxidatlon of cyclopentanols (116) and (117) with chromic
acid in ether8? produced trans-cyclopentanone (71), aﬁoompoﬁnd
isolated from the pyrolysils of nopinone (67) (see FPig. 48),
demonstrating the trans relationship of the isopropenyl and
the methyl groups in cyclopentanols (116) and (117).
Similar oxidations of cyclopentanols (118) and (119) produced
cis-cyclopentanone (70), establishing the relétive stereo-
chemlstry of the methyl and isopropenyl groups as cls.
Lithium aluminium hydride reduction of trans-cyclopentarione
(71) gave cyclopentanol (117), where the.hydrgxyl group 1is
trans to the C2 methyl group. The identity of this reduction
product follows from the known stereochemistry of L1AlH,

103% 1y cyclopentanol

reduction of 2-methylcyclopentanone.
(119) the C3 proton (§ 2.75) is IZCGS ppm downfield from the
corresponding proton .in cyclopentanol (118). This deshield-
ing is a consequence of the 1,3 deshielding effect of the
hydroxyl group in a §Xﬁ rélationshlp with the.proton.lo2

| As the temperature of the pyrolysis is increased, the
yleld of the hydroxy-dienes (i14) and (115) decreases, while
the yield of the aldehyde (113) and cyclopentanols (116-119)

increases. In a separate experiment, hydroxy-diene (115)

pyrolysed to give only the cyclopentanols (116-119). (Table 3)

LiAlH, reduction of Z-methyloyclopentandne gives trans-2-
‘methyl-cyclopentanol (76%) and cis-2-methyleyclopentanol (24%).
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Table 73

Yields (%) of Products from the Pyrolysis of Nopinol (112)

and Hydroxy-diene (115)

Nopinol ‘ Hydroxy-diene (115)

580° - 630° 640°

aldenyde (113) 6 14 .
hydroxy-diene (114) 10 3 -
" " (115) 2 9 . 27
cyclopentanocl (116) 6 Vi | 3
" & (117) 7 10 9

" " (118) 8 14 16

L 3 (119) 12 20 29

" nopinol (11i2) L - -
others : 23 23 ‘ i1

When a mixture of hydronydienes (114, 26%) and (115,74%)
was pyrolysed at 640°, the reaction products contalined aldehyde
(113, 9%). Therefore, 1t appears that the hydroxy-dienes
(114)land‘(ii5) are tﬁe primary products of the reaction;
dienol (1il) reacting further to produce the aldehyde (113),
and dlenol (115) cycllsing to produce the cyclopentanols
(116-119).  (Fig. 34)
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OH

Fig. 34

This cyolisation‘is an 1ntramqlecular veréion of thé
‘ggg synthesis°103 If this reaction is considered in the
light of orbital symmetry conservation rules, 1t is a
{42 +w2 +42] cycloaddition reaction and, as an all supra-
facial cyclisation, i.e. [y2g5 * 42+ 42,] 1t ls a thermally
allowed process. In the transition state of the cyclisation
of dienol (115), C1l must be close to the migrating hydrogen
and C2 and C6 must be within bonding distance.

Using Dreiding models, six transition states leading to

the four cyclopentanols are possible. (Fig. 36) From an
examination of the models of—thre—medelrs of the transition

states, tThe ease of formation of the cyclopentanols should

follow the order (119) » (118) v (117) = (i16).



OH

(119)

Fig. 36
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When Ohloff and co-workers’O cyclised R-linalool (44),
the yleld of the cyclopentanol corresponding to (119), (1.e.

a methyl Ls substltuted for the proton geminal to the hydroxyl
gréup) was lower than the cyolopentanol‘corresponding to (118).-
AS a methyl group has more ster1c buik than a hydroxyl group,
its steric interactlons in the transition étate are more
severe. Therefore, substitution of‘a methyl for the proton
geminal to the hydroxyl group in dienol (115) changés the
relative energies of the transition staﬁes and hence the
yvields.

The rearranged aldehyde (113) is formed from further
reaction of hydroxy-diene (11L4). In order to elucldate the
mechanism of the aldehydel!s formatlon, three specifically
deuterated nopinols were prepared and pyrolysed., Reduction
of nopinone (67) with lithium aluminium deuteride gave 20=
deuteronopinol ( 7 98% deuterium incorporation by f.m.T.)
which on pyrolysis gave the aldehyde (113), wiﬁhout a
resonance due to an aldehyde proton.in its n.m.r. spectrum.
Rapid stlrring of nopinol (ii2) and DZO exchanged thé
hydroxyl proton for deuterium (93% D by mass spectra). The
aldehyde isolated (65% D by m.s.) from this deuterated nopinol
was shown Dy n.m.r. to be deuterated at C7 and C8 by a 20%

reduction in the C6 methyl and C7-H., signals. Also, the

3
individual components of the C5 proton resonance were
broadened -by interaction with the deuterium in the gemlnal

methyl groups. 3=Deuteronopinol was prepared by the base
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catalysed deuterolysis of 2-acetoxy-iQ-norpin-2-ene (76).
Pyrolysis of this deuterated nopinol (82% D by mnsa) gave
2-deutero-aldehyde (113, 82% D by m.s.). The aldehyde
proton, a triplet in the n.m.r. spectrum of the parent
aldehyde (iiB)g appeared as a broad doublet due to the
deuterium at C2, and also a reduction in the integral of
the methylene region was observed. The results of these

deuterium lasbelling experiments are summarised in Fig. 37,

Fig. 37
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A mechanism consistent with these results 1s shown in

Fig. 38.
OH | H o<
| e
| .l
> —
(112) ] (116-119)
(114) //// .
0 ¥
il '
~SH
(113)
Pig. 38

Although the hydroxyl deuterium migrates specifically
to the unsaturated carbon in the cyclopentanol, it is
scrambléd between the geminal methil groups in the é,idehyde°

yThis is‘a result of the double bond presenting both faces
to the incoming deuterium atom as a consequence of the
'isopropenyl group rotating so that the double bond is elther

cls or trans to the C2 proton in the cyclopentanol.

(Fig. 39)
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The Pyrolysis of 10a~ and 103-Pinan-2-ol (42, 43)

Pyrolysis of the pinan-2-ols (42) and (43) has been

s to give linalool (44), a-terpineol (46), a methyl

reported
ketone, and an‘unidentified alcohol, The reaétion was
therefore reinvestigated to determine the‘structure of the
methyl ketone and to examine the formation of a-terpineocl
(B6).

100-Pinan-2-0l (42) was prepared by reactlon of methyl
magnesium lodide on nopinone (67). 105~Pinah-2—ol (473)
has been previously reporteleLL as the lithium aluminium
hydride reduction product of 2,10-epoxy-103-pinane (120),
A more convenient methodio5 was found té be lithium/ethylamine
reduction of w-pinene oxide (22) which gave, in additlion to
isopinocampheol (121, 69%), the required alcohol (43, 3i%).

Crystals of 10a-pinan-2-o0l (42) were melted and'injedted
at 1OO/Al/min, with a carrier gas flow of 15 ml/min, into the
pyrolysis tube at 58Oe6100. The crude product (% 85%)
contained, in addition to eight low bolling compounds and
four unknowns in low‘yield, slx major products which were
isolated by fractional distillation and preparative g.l.c.
and identified as R-linalool (44), the cyclopentanols (122~
125), and the methyl kétone (i26). (Fig. 4O, Table 4)
Similar pyrolysis of.ioafpinan—z—ol (43) gave the same (but 
enantiomeric) major products. (Table 4) No a-terpineol
was detected in contrast to the earlier report of Ohloff

490
and Klein.
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vt

(124) (125) (126)
Fig. 40

Linalool (44) was identified by comparison with an
authentic sample. |

The n.m.r. spectrum of cyclopentanol (122) exhibited
the tertiary methyl at § 1.27 and the adjacent secondary
methyl as a doublet at § 0.87 (J 6.5 Hz). The olefinic
methyl appeared at § 1.67 (wh/2 3 Hz) with small couplings

to the olefinic protons which appeared at § 4.73 (W 2.5 Hz).

. h/2
Similarly, the cyclopentanol (123) exhiblited the tertiary

methyl at § 1.15 and the C2 methyl at §0.87 (J 6.5 Hz).

The olefinic methyl appeared at §1.72 (W 3 Hz) coupled

h/2
(small J) to the olefinic protons which appeared at b,7i

(Wh/2 3 Hz).
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The cis cyclopentanol (124) exhibited n.m.r. signals
at § 1.28, due to the tertiary methyl, at §0.61 (J 7.4 Hz)
due to the €2 methyl and at § 3.07 (W 21 Hz) due to the C3
proton, The olefinic methyl appeared at § 1.72 (wh/2 3 Hz)
with small couplings to the olefinic prdtons which appeared

at §4.08 (w 5 Hz) and 8'4082 <Wh/2 L,5 Hz). Similarly,

h/2
the c¢cis cyclopentanol (125) exhibited the teftiary methyl at
§ 0.78 (J 7.1 Hz) and the C3 proton at §2.56 (W 19 Hz).
The olefinic methyl appeared at § 1.73 (wh/./2 3 Hz) with
small couplings to the olefinlc protpns,‘which appeared gt

§ .72 (wh/gbf Hz) and § 4.85 (W L,5 Hz).

h/2 ,

Comparison of the n.m.r. spectra of cyclopentanols (124)
and (125) revealed that the C2 methyl signal occurred at
iower field ( § 0.78 for (125) compared wlth §0.,6i for
(128) ) for isomer (125), consistent with the ¢is hydroxyl-
C2 methyl stereochenmistry. Also, the C3 proion occurred at
lower field ( § 3.07 for (124) compared with § 2.56 for
(125) ) for ilsomer (i24), consistent with the syn hydroxyl-
C3 proton stereochemistryloz°

The Tour oyclopentanbls (122-125) were also independently
synthesised by the reactlion of methyl magnesium iodide on the
cyclopentanones (70) and (71). The cis-cyclopentanone (70)
gave, on grignard reduction, a mixture (4:96) of cyclopentanols
(124) and (125) respectively. The assignment of the Ci

stereoéhemistry from the grignard reaction is based106‘on

the preference for the grignard reagent to attack trans to
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an ammethyl'in a cyclopentanoneo* Reaction of the trans-
cyclopentanone (71) with methyl magnesium iodlde gave a
mixture (2:3) of the cyclopentanols (122) and (123)
reépeotively@

The structure of the methyl ketone’(izé) was asslgned

by consideration of its i.r. spectrum (V 8L7, 1717 om"i)

mna X
and its n.m.r. spectrunm, The acyl methyl slgnal appeared

at § 2.10 as a sharp singlet and the C5 methyl as a doublet
at § 0.93, coupled (J 604 Hz) to the C5 préton, The geminal
methyl groups appeared as doublets at § 1.58 (J 1.4 Hz) and

§ 1.68 (J 1.2 Bz), coupled to the C6 olefinic proton, itself
coupled (J 9 Hz) to the C5 proton resultiné in its appearance
as a doublet of multiplets at § 4.84,

| The formation of methyl ketone (126) can be rationalized

by employing a mechanlsm analogous to the one proposed for

he formation of aldehyde (113) from the pyrolysis of nopinol

(<)

(112).

) .
. (3Hm
i o \2"\)
EtMgBr 75% 25%
CH,=CH-1gC1 90% 10%

CH 4L - 70% - 30%
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This regulres the cleavage of the 5,6 bond in the pinan-2-o0l -

and subsequent cyclisation of the hydroxy-diene formed, (Fig.41)

NP ‘
PN

< > N N
Il

O

]

“ e,

({_—__..
P
g
(126)
Fig., 41
10

assigned to the compound of m.p. 38°
o 107

Ohloff and Klein
the structure of a~terpineol (46, m.p. 36.9 ) e As there
was no trace of a=terpineol it appears that the compound |
Ohloff and Klein isolated was the cyclopentanol (125, m.p.
38.5-39.5°).

When the temperature is increased in the pyrolysis of
10a=-pinan~-a-0l (42), an increase in yield of the cyclopentanols
(122-125) occurrs with a corresponding decrease in the yield
of Linalool (44), indicating that the intramolecular ene
reactlon of linalool is responsible for the formation of the

cyclopentanols (122-=125). (Table &)



73

Table L

Yields (%) of Products from Pyrolysis of 10a-Pinan-2-ol (b2,

10p-Pinan-2-0l (43) and R=Linalool (L4)

10a~pinan~2-0l R~linalcocol 103-Pinan-
2-01l (43)
Product 580° 610° 610° 580°
linalool
(L) ul 17 22 8
(S=linalool)
cyclopentanol
(122) 2 Ly 5 L
(123) 3.5 8- - 8.5 6
(124) 9 16 20 17
(125) 19 27 31 30
ketone
(126) b5 10 -6

others 18 18 13.5 19
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The Pyrolysis of Isoplnocsmpheol (121)

Isopinocampheol was prepared108'by nhydiroboration of
t-pinene, followed by hydrogen peroxide oxidatlon. Molten
isépinocampheol was pyrolysed at 520m6000, with a carrier
gas flow of 20 ml/min, at a rate of ZOO}Ll/mihu fhe crude
product ( ~ 90%) contained a large nunber of low boiling |

- compounds, starting materlial, and six major products, which
were'isolated by fractional distillation and prepérative
g.l.c, The compounds were identified as the hydroxy—dienes
(128) and (129), and the isomeric cyclopentanols (130-133).
(Fig, 42, Table 5)

F%Q%,/L\\ HO
(121)
H Om

The i.r. spectrum of the hydroxy-diene (128) had bands

which indicated the presence of a trisubstltuted double bond

-1 . ) . -1
(V gy 83% cm™) and a vinyl group (Jmax $13, 994 cm™™).

The n.m.r. spectrum exhlblted the C3 methyl signal as a



doublet at § 1.05, coupled (J 6.8 Hz) to the C3 protorn.
The geminal methyl group trans to the C6 proton appeared as
e singlet at § 1.64 while the cis geminal methyl group
appéared as a doublet at § 1.73, coupled (J 1.3 Hz) to the‘
C6 olefinic proton, which appeared in a multiplet with the
Ci protons (§ 4.88-5.39). The C2 vinyl proton appeared as
an 6otet at § 5.87, coupled (J 18 Hz) to the trans Ci'proton,,
and (J 9.5, 7.2 Hé) to the cis C1 proton?and the C3 proton.
The proton geminal to the hydroxyl group appeéred as a sextet
at § 3.49, coupled (J 7.5 Hz) to the C3 proton and (J 5.5 Hz)
to the C5 methylene protons.

The isomeric hydroxy=-diene (129) shéwed similar structural

features in its i.r. spectrum (J 843, 914, 987 cn™l) to

max
dienol (1285o The n.m.r. spectrum exhibited doublets due

to the C5 methyl at § 1.00, coupled (J 6.5 Hz) to the C5
proton, and due to the geminal methyl groups at § 1.64 and
i.72, both coupled (J 1.4 Hz) to the C6 olefinic proton,

The Cl1 vinyl protons appeared as multiplets at § 5098 (wh/2

L Hz) and § 5.23 (Wh/z h,5 Hz), The C2 vinyl proton appeared.
as a broad multiplet ( § 5955w6{25) due to extensive coupling
with the CL and C3 protons. The C6 olefinic proton appeared
as a doublet of multiplets at § 4.97, due to coupling (J 5 Hz)
with the C5 proton and s@all couplings with the geminal methyl
groups, The proton geminal to the hydrbxyl group appeared

as an octet, coupled (J 8.9, 6.9, 4 Hz) to the C5 proton and

the C3 methylene protons.
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In the n.m,r. spectrum of cyclopentanol (130) the C2
and C3 methyls, which appeared as doublets at § 0.97 (J 7 Hz)
and § 1,05 (J 7 Hz), were not distinguishable, The olelinic
methyl appeared as a triplet at § 1.65 with small couplings
(J 1 ﬁz) to the olefinic'protonsgwwhich‘appeaﬁed ag a mulii-

plet (wh 2.5 Hz) at § 4.73, The proton geminal to the

/2
hydroxyl group éppeared as a quartet of multiplets at § 3.78,
‘coupled (J 6 Hz) to the C2 proton and the C5 methylene
protons, with small couplings broadening the slgnals.
Similarly, cyclopentanol (13i) exhiblted n.m.r: signals due
to the C2 and C3 methyls at § 0.83 (J’664 Hz) and § 1.02 (J
5;8 Hz) which could not be assigned. The olefinic methyl
appeared as a broad singlet at §1.70 (wh/2 3 Hz) with small
couplings to the olefinic protons which appeared at § 4.65

(wh/2 4 Hz) and § 4.92 (W L Hz). The proton geminal to

h/2
the hydroxyl group appeared as a gquartet at § 3.72, coupled
(J 7.6 Hz) to the C2 proton and the C5 methylene protons.

The cis-cyclopentanol (132) exhibited n.m.r. signals
due to the C2 and C3 methyls at § 0.54 (J 6.8 Hz) and § 0,98
(F 6.5 Hdz), The olefinio‘methjl appeared at § 1.73 (wh/z
3 Hz) with small couplings to the olefinic protons at § 4.75
(wh/2 b Hz), The C1 proton appeared at § 3.33 as a multiplet
(W 18 Hz), The na jor cyclopentanoi product (133), exhibited
its €2 and C3 methyl signals as doublets at § 0.83 (J 6.3 Hz)
and § 1.07 (J 5.5 Hz). The olefinic methyl appeared at

§1.70 (W 3 Hz) with small.oouplings to the olelinic protons

h/?2

at § 4,71 (wh/2 4 Hz) and § 4,82 (W /2 L,5 Hz). The proton

h
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Table 5

Yield (%) of Products from the Pyrolysis of Isopinocampheol(121)

and Hydroxy=diene (128)

Isoplnocampheol Hydroxy-
diene (128)
Products - 520° 5809 6006 5900
‘dienals
(128) 28 10 3 13
(129) 3 2 trace -
cyclopentanocls |
(130) trace 3 Lo i
(131) ' trace 5 6 Ly
(132) 5.5 15 17 i5
(133) 8 2L 26 32
igopinocampheol 48 ) 13 - -
low bollers 5 18 33 32
others 2.5 0 i1 -

geminal to the hydroxyl group appeared as a sexbet at § 3.73.
~coupled-(J 8.8 Hz) to the C2 proton and KJ 6.6 Hz) to the C§5
methylene protons., |

The four cyclopentanols (i30~133) were shown to arise

from cyclisation of hydroxy-diene (128) by a separate
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. ER)

experiment., (Table 5) The stereochemistry of the
cyclopentanols (130-133) was assigned by a comparison of
thelr relative ylelds with the relative yields of the

cyclisation products of the 1,b-cctadlienes (44) and (115).

63}

73, 61) The assigned stereochemistry of each

b T

(sce
alcohol was Qonfirmed by chromlc acid/ether oxidation to
the corresponding cyclopentanone (150-153) formed in the
pyrolysis of isopinocamphone (1734). (see p 89, Fig, 46)
The hydroxyl group at the C3 position on the saturated
pPilnane ring hes had no effect on the pyrolysis reaction at
all, The cyclopentanols which have been observed to
rearrange, have had the alcohol function ad Jacent to the
isopropenyl group. {see p 66) Neither the cyclopentancls
(130=~133) 1solated, nor the cyclopentanols (of.the type in
Fig, 43, which were not lsolated) arising from the presumed
‘oycll sation of hydroxy-diene (129), have the necessary

Juxtaposition of groups for aldehyde formation.

’ ‘O’“/HW . H &NQA:K
| |

(129)

Fig. 43



The Pyrolysis of Neo~isoverbanol (135)

Isoverbanol (38) has been pyrolysedfby an lundustriasl
chemist38 who identified only the major product of the
reaction és the 1,6mootadiene (39). Also isolated, but not
identified, was an acyclic aldehyde which.was formed in high
yield (19%). As isoverbanol (38) can be considered a
derivative of nopinol (1i2), it was thought that fhe unident-
ifled aldehyde may have been formed in a Simllar manner to
- the aldehyde (113). The acyclic aldehyde was later identw
ified39 as 3,4,6=-trimethyl-5-heptenal (40), buﬁ its stereo=
chemlistry was vndefined and Lts node of ?ormation unknowrn.

trang-Verbenol (25), prepared by auto-oxidation of
a=pinene or lead tetraacetate oxidation of a=plinene, wasg
nydrogenated over platinum dloxide to give a mixture of
igoverbanol (38, 91%) and verbanol (136, 9%). As this
mixture could not be sgeparated Dy fractlional distillation,
1t is ‘thought that the previous work (where the same preparat-
ion was used) was done using impure isoverbanol. Neo- |

isoverbanol (135) can be obtainedt®?

pure Trom hydrogenation
.0f verbenone (33) over Pt02 and; as the stereochenlistry of
the alcohol group does not affect the strﬁcture of the
aldenyde, the reaction was reinvestigated using this altern-

ative compound.
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L0 “, | material
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low

bollers
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Neo-igoverbanol (135) was pyrolysed at 570-600°, at a
rate of 300 M1/min, to give a crude product ( = 90%) which
contained, among starting materlial and low bolling compouﬁds,
seven majof productg, which were isolated by fractional
distillation and preparative g.l.c. The compounds were
identified from a consideration of their 1.7, and n.m.r.
spectra s the acyclic aldenyde (138), citronellsl (58)9
the hydroxy-dienes (141) and (i42), and the cyclopentanols
(139, 143 and 144), (Fig. bLh)

pectrum of the aldehyde (138) exhibited bands
1
)

The 1.7,

n

indlcating the presence of an aldenyde (V. 1728, 2720 cm
and a trisubstituted double bond (Jp,, 852 cm“i)o The
eldehyde proton appeared in the n.m.r. spectrum és a triplet
at § 9.72, coupled (J 1.4 Hz) to the C2 methylene protons,
The C3 and C4 methyls appeared as a doublet at § 0.95,
coupléd (J 6 Hz) to the C3 and C4 protons respectively,
The geminal méﬁhyl groups appeared as doubiets at § 1.59 and
1.66, with small couplings‘(J 1.3 Hz) to the C5 olefinic
proton, itself coupled (J 9.5 Hz) to the C4 proton, resulting
in its appearance at § 4.93 as a doublet of muitiplets.
The relative stercochemistry of the C3 and Cl methyls was
established by a separate experiment, (see p 86)

The hydroxyadiene (141) showed bands in its i1, spéotrum
max 217
988 cn™) and a trisubstituted double bond (J ___ 838 ci™l),

which indlcated the presence of a vinyl group (VY

In its n.m.r spectrum, the C1 and C6 protons appeared as a
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multplet (§ 4.73-5.38), as did the proton geminal to the
hydroxyl group ( § #4.07, W 23 Hz), and the C5 proton ( § 2.63,
W 34 Hz). The geminal methyl group trans to the C6 proton

appeared as a doublet at § 1.63 (J 1.1 Hz) while the cis

geminal methyl group appeared at § 1.68, and had a larger
coupling (J 1.4 Hz) with the C6 proton. The C5 methyl

appeared as a doublet ét § 0.93, coupled (J 6.5 Hz) to the
C5 proton, | The C2 vinyl proton appeared as an octet at
§ 5.88, coupled (J 17.3 Hz) to the trans Ci proton and (J 5.4,
9.8 Hz) to the cis C1 proton and the C3 proton.

The isomeric hydroxy-diene (L42) had very similar spectra
to dienol (141), The 1.r. spectrum showed the presence of
the vinyl group (Jmax 912, 993 cm“i) and the trisubstlituted

double bond (v 833 om“i). In the n.m.r. spectrum the Ci

mnax
vinyl protons and the C6 proton appeared as a multiplet

{8 4.81-5.32), as did the C3 proton ( § 2.32, W 34 Hz), but
the proton geminal to the hydrozyl group appeared as an bctet
at § 4.39, coupled (J 8.8, 5.9 and 7.5 Hz) to the C6 olefinic
proton and the Ch nethylene protons., The geminal methyl
groups appeared as doublets at § 1.65 and 1.69, both coupled

(JF 1.5 Hz) to the Cb olefinic proton, The C3 methyl appear-
ed as a doublet at § 1.00, coupled (J 6.5 Hz) to the C3 proton.
The C2 vinyl proton appeared as an octet at § 5.74, coupled

(J 17.4 Hz) to the trans Ci proton, to the cis Ci protoh

(J 9.6 Hz), and to the C3 proton (J 7.2 Hz). This structural

assignment was confirmed by chromic acid/ether oxidation of
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the dienol (142) to the dienone (156), a product isolated
from the pyrolysis of cis~ verbanone (Bé), - -(see Pig., 49,
» 100)

" The n.m.r. spectrum of cyclopentanol (139) exhibited
doublets at § 0.93 (J 5 Hz) and § 1.07 (J &4 Hz) due to the
C3 and C 4 methyls which were indistlnguishable. The
olefinic methyl appeared at § 1.79 as a doublet, coupled

(J 1.3 Hz) to the cls olefinic proton, which appeared as a
J 1.5

quartet at § 5.09 (J i Hz). The trans olefinic proton

appeared as a singlet at § 4.79 (Wh/2 b Hz), and the proton
geminal To tThe hydroiyl group appeared.as 2 multipl@t (W

16 Hz) at § bhoi3.

The isomeric cyclopeﬁtanol (143) exhibited doublets at

§ O.74 (J 6.7 Hz) and § 1.07 (j 5.5 Hz) due to the indisting-
wishable C3 and C4 methyls. The olefinic methyl appeared as
a double% at § 1.73, coupled (J 1.2 Hz) to the cis olefinic
proton, which appeared as a quartet at § #.93 (J 1.4 Hz).

The trans olefinic proton appeared as a éinglet at § 4°73
(wh/2 3.5 Hz)., ~ The proton geminal to the hydroxyl group
.appeared as a sextet at § 4.22, coupled (J ?cé, 7.9 and

6.7 Hz) to the C2 proton and the ¢5 methylene protons,

Only two (139 and 143) of the four possible cyclopentanols
from hydroxy-diene (142) were formed in isolatable yleld,

The isopropenyl groups and the adjacent C3 methyls were
assigned the cls orlentation on the basis of the known

preferred modes of cyclisation of 1,6-octadienes. (see p 62)
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Similarly, as cyclbpenﬁanol (143) is formed in greater yleld
than cyclopentanol (139), the C3 methyl must be Ezggg to the
Cl methyl in the foruer compound. The structure of cyolo—
pentanol (143) was confirmed by chromlc acid/ether oxidation
to cyclopentanone (158), a compound isoléted from the pyrolysis
of cis-verbanone (36). (see p 100) |

The n.m.r. spectrum of oydlopentanoi (144) exhibited
doublets due Lo the indistinguishable C2 and CU methyls at
§ 0.70 (J 6.7 Hz) and §1.03 (J 5.5 Hz). The olefinic
methyl appeared as a doublet at § 1,71, coupled (J 1 Hz) to
the cis olefinic proton. The olefinic protons, which could
not be di;tinguished, appeared at § 4.66(wh/2 4 Hz) and

§ 4.88 (u 4.5 Hz).  The proton geminal to the hydroxyl

h/2
group appeared as a multiplet (W 14 Hz) at § 3.90. The
structure of cyclopentanol (144) was confirmed by chromic
acld/ether oxidation to cyplopentanone‘(159).‘a product
isolated from the pyrolysis of cis-verbanone (36). (see

p 100)

The lsomeric cyclopentanols (145) could not be obtained
pure, but an n.m.r. spectrum of the mixture exhlblted signals
due to methyls coupled to one protdn, methyls on double bonds,
geminal olefinic protons, and protons geminal to hydroxyl
groups.

The spectra of citronellal (58) were identical to those
of an suthentic sample, prepared by the chromic acld oxidat-

ion of commercial citronellol (57). There are two reasonable

mechanisms for the formation of citronellal (58). (Fig. 45)
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Fig. 45 (58)

Mechanism (a) implies that in the pyrolysis of every saturated
Pinane there should be formed an lsopropenylcyclohexane
derivative; a process which has not been observed. Mech-
anism (b) operates only because the hydroxyl group 1is
adjaoent‘to the isopropyl radical group.

Pyroysis of hydroxy-diene (141) at 600° gave the cyclo-
pentanone (144) in high yileld (45%), along with the mixture
of isomeric cyclopentanols (145, 19%), low bolling compounds
(18%) and starting material (18%). Pyrolysis of hydroxy-
diene (142) at 600° gave the postulated aldehyde (137, 1i%),
aldehyde (138, 43%), the cyclopentanols (139, 8%; 143, 6% )
along with low bolling compounds (28%) and starﬁing material

(14%).  Pyrolysis of cyclopentanol (143) at 600° gave
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aldehyde (138, 40.5%) along with low bolling compounds
(20.5%) and starting aaterial (39%). fhe stereochemistry
of the adjacent methyl groups in the aldehyde (138) 1s trans
as a consequence of the stereoohemistry‘of the C3 and C4 |
methyls in its precursor, cyclopentanol (143).

The formation of aldehyde (138) from éyclopentanol
(143), and its formation from hydroxy-diene (142), confirm
the mechanism postulated for the formation of carbonyl
compounds.from the pyrol&sis of'pinanols wlth an alcohol
adjacent to a ring junctlon. (see p 66)
| The formation of the isomeric aldehydé (137) was
indicated by the presence of a g.l.c. peak with a retention
time close to that of aldehyde (138), in the pyrolysis
products of neo-isoverbanol. The same compound is formed‘
in 1% yield from the pyrolysis of hydroxy~-diene (142).
Pyrolysis at 600O of a mixture (83:17) of aldehyde (138) and
-cyclopentanocl (139).'gave‘a mixture (5.5:83:11.5) of the

postulated aldenyde (137), aldehyde.(138) and cyclopentanol

[

(139).
In all of the plnanols studied, cleavage of both the

1,6 and 5,6 bonds has occurred on pyrolysis. This pfocess
nas not previously been observed in the pyrolysis of pinanes,

presumably due to the difficulty in separating the isomeric
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1

did not report the isolation of 1,6-octadiene (146) (or

its cyclisation products) which would be formed by cleavage

of the 5,6 bond in cis-pinane (47).
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Chapter b

THE PYROLYSYTS OF PINANONES

The compounds in this class of pinane studled were
Lsopinocamphone (147), cis-verbanone (36) and nopinone (67).
A carbonyl group substituted on the pinane ring could be

expected to exert a directing influence on the cleavage of

tne Tour membered ring if 1T 1ls adjacent to a ring junctlon.

The Pyrolysis of Isopinocamphone (147)

The carbonyl group ia isopinocasmphone is at the C3
posiﬁion, l.e. midway between the two ring junctions and
therefore cannot influence the relative preférence for 1,6
or 5,6 bond cleavage.

Isopinocamphone (147) was prepared by Jones oxidation108
of isopinocampheol (12i) and was pyrolysed at 590-650° at a
rate of 300 M1/min with a carrier gas flow of 20 ml/min,
The orude‘produot ( &2 90%) contained low boiling compounds,
two unidentified compounds in low yield and seven major
products which were isblated by fractional distillation and
preparative g.l.c. and identified as the dienones (148) and
(149), the isomeric cyclopentanones (150~153) and the
cyclopentanone (154). (Pig. U6, Table 5)
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ward O\v//L\\ d\r \HL§
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The 1.r. spectrum of dienone (148) had bands which
1
)

¥

indicated the presence of a vinyl group (umax 921, 996 cm

a trisubstituted double bond (J 846 cn~t) and a non-

mnax
conjugated carbonyl group (Omax 1718-cm"1). In the n.m.r.
spectrum the geminal vinyl protons and the C6 olefinlc proton
appeared as a multiplet ( § 4.97-5.37). The C2 vinyl proton
"appeared as a septet at § 5.87, oouéled (J 17.5 Hz) to ﬁhe
trans Ci proton, to the cis Cl proton (J 9 Hz) and to the C3
proton (J 8 Hz). The C3 proton was also coupled (J 6.9.Hz)
to the C3 methyl, resuiting in its appearance as a gquintet
(three peaks superimposed) at § 3.27. The C3 methyl appeared
as a doublet at § 1.16 (J 6.9 Hz). The C5 methylene protons
appeared as a doublet of multiplets at § 3.20, the large

coupling (J 7 Hz) being with the Cé olefinlic proton. The
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geminal methyl group cis to tThe C6 proton appeared as a
doublet at § 1.73 (J 1 Hz) while the trans geminal methyl
group appeared as a singlet at § 1.642 (wh/2 3 Hz). |

The 1.r. spectrum of the isomeric‘dienone (149) showed
bands due to =z vinyl group, a trisubstituted double bond and
a non-conjugated carbonyl groud (Omax 918, 993, 8u4, 1719‘cm"1).
The n.m.r. spectrun eihibited the C1 vinyl protons (§ 4.98-
5.28), and the C5 proton‘( § 3.45, Wx 25 Hz), as multiplets.
The C2 vinyl proton aléo appeared as a multiplet ( § 5.58-
6.30) due to extensive coupling with the C1 arid the C3 protons.
The C3 methylene protons appeared as a doublet of multiplets
at § 3.18 due to coupling (J 6.6 Hz) with the C2 proton énd
another small couplingv(J 1.25 Hz). The C5 methyl appeared
as a doublet ( § 1.10, J 6.8 Hz) as did the geminal methyl
groups ( § 1.69 and 1.72), which were both coupled (J 1.5 Hz)
to the C6 olefinic proton, itself coupled (J 8 Hz) to the
C5 proton, résulting in its appearance as a doublet of
multiplets at § 5.00,

The four lilsomeric cyolopentandhes (150~153) all had an
il.r. band characteristic of a carbonyl group on a five |
membered ring (Jmax 1743, 1742, 1745, 1743 respectively),
and all had similar n.m.r. spectra. (Table 6)

The stereochemistry of the cyclopentanones (150~153)
was deduced from the relative ylelds of thevcompounds

(Table 7) using the results of 1,6-octadiene cyclisatlions’
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NMR Data for Cyclopentanones (i50-153)

C2 and C3 methyls

olefinic methyls

olefinic protons

(150)

(151)

(152)

(153)

0.95 (J 6.5 Hz)
1.09 (J 7 Hz)

0.77 (J 6.5 Hz)
1.03 (J 6.5 Hz)

1.08 (J 5 Hz)

(superimposed)

0.80 (J 6.5 Hz)

1.06 (J 7 Hz)

1.78 (W 5 4 Hz)

h/
1.81 (Wh/z 3 HZ)

1.69 (J 1 Hz)

1.?8 (Wh/z 4 HZ)

4.90 (W, /p 4.5 Hz)

h,67 (W b5 Hz)

h/2

.95 (U, /, 4 Hz)
4,69 (wh/2 L Hz)

L, 86 (Wh/2 3 Hz)

(superimposed)

5.00 (wh/Z 5 Hz)

(superimposed)

previously discussed.

These asslignments were confirmed by the

results of base catalysed ilsoumerisations performed on.the

cyclopentanones.

(Fig. 47)
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L HeOH 77/
(150) enantiomer of (151)
77% 23%
O\ \\\\ OH“ “ O\;‘ gt
MeOH
/ T
(152) . enantiomer of (153)
92% ‘ 8%
Fig, 47

In both cases the equllibrium lies towards the cyclopentanone
with the least humber of adjacent cis substituents.

The i.r. spectrum of cyclopentanone (154) had bands
characteristic of a vinylidene group (Vp 4 894 enl) and a
carbonyl group'on a five membered ring (Jm;x 1746 om'i).

The n.m.r. spectrum exhibited two doublets at § 1.03 (J 6 Hz)
and § 0.99 (J 6 Hz) due to the indistinguishable C2 and Cb
methyls. The olefinic methyl appeared as a triplet at

§ 1.69, coupled (J 1 Hz) to the olefinlic protons, which

appeared as a multiplet at § 4.88 (W

/2 6 Hz).
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Table

93

Yield (%) of Products from Isopinocamphone (1i47) and

Dienone (148) Pyrolysis

Isopihocamphone Dienone (148)
590° 620° 650° 650°
dienone

(148) 17 10 5 11
cyclopentanones

(150) 27 36 37 39

(151) 12 14 15 16

(152) 2 k.5 7 13

(153) - 3 b b
dlenone

(149) 5 4 3 -

- cyclopentanone :

(154) 1 2 3 -
low bollers 6 18 22 17
unknowns 2 5 by -
(147) 28 k.5 - -
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From the variation of product yields with teﬁperature
(Table 7), it can be seen that the yileld of cyclopentanone
(154).indreases as the yield of dienone (149) decreases.
As‘all the other cyclopentanones (150~153) arlise from the
cyclisation of dienone (148), the cyclopentanone (154)
must be formed by cyclisation of diénone (149) and, as»it
is the only cyclopentanone of this type present in lsolatable
yield, it must be the major product of dienone (149)

cyclisation and have the stereochemistry assigned.

The Pyrolysis of Nopinone (67)

In the pyrolysis of g-pinene (see p 6), only products
.resulting from oleavagé of the 1,6 bond have been isolated.
As noplnone is analogous ﬁo B=-pinene, a similar preference
for this cleavage should be observed on pyrolysis.

Noplinone was Qrepared by the ozonolysis of g-plnens.
Pyrolysis was carried out at 580»6300 at a rate of 300 m1/
‘min with no carrier gas {low. The crude product ( = 90%)
contained, in addition to starting material, low boiling
compounds and five unknowns, five najor producfs whioh were
isolated by fractlional distillation and preparative gelfo.;‘
and identified as the isomeric dienones (68) and (155), the
cyclopentanones (70) and (71), and cyclohexanone (69).

(Fig., 48)



95.

o
(67) (155) (68) (69)
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Fig. 48

The conjugated enone ohroﬁ%hore in dienone (68) was
indicated by the i.v. (J___ 1688 en™t) and the u.v. spectra
(Amax 215 nm, € 4970), In the n.m.r. spectrum the Cl vinyl
protons appeared as a multiplet ( § 6.20-6.42), The C6
olefinio proton also appeared as a multiplet ( § 5.10, W
21 Hz), but double irradiation of the geminal methyl groups -
removed the small couplings, leaving a Triplet due to coupling
(J 6 Hz) with the C5 methylene protons. The C2 vinyl proton
appeared as a quartet at § 5.78, coupled (J 8 Hz) to the
trans Ci protoh and to the cis Ci proton (J 4 Hz).  The
geminal methyl group cis to the C6 protonbappeared at § 1.68
as a doublet (J 1.2 Hz) while the trens geminal methyl group

appeared as a broad singlet at § 1.63 (wh/2 x4 HZ).

/
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In the isomeric dienone (155) the 1.r. spectrum indlcated
4 o . - . . b 1
the presence of a conjugated carbonyl group (Jmaw 1694 cm ~)
and the u.v., spectrum showed that the chromophore had two

alkyl substituents on 1t (ﬂmax 237, & 5000). The N.m.t.

VAL h

nibited

e

spectrum ex the geminal methyl group trans to the cé
proton as a doublet at §2.15 (J 1.1 Hz), downfield from its
oharacteristlo positlion due to deshlelding by the carbonyl
Zroup. The other gemninal nethyl group; cis to the_dé'
;olefinio proton, appeared as a doublet at § 1.88, also
coupled (J 1.1 Hz) to the Cé proton. This resulted in the
appearance of the dé proton as a multip}et at § 6.08 (wh/2
4,5 Hz). The C1 vinyl protons appeared as a multiplet

( § 4.82-5.28) as did the C2 vinyl proton ( § 5.75, W 25 Hz)
due to coupling Qith the Ci and the C3 protons.

The i.r. spectrum of cyclohexanone (69) had a band
characteristic of a carbonyl group on a silx membered ring
(Upay 1720 cm"i), The n.m.r. spectrum exhibited signals
due to elght methylene protons and an isopropenyl group ( the
methyl as a triplet at § 1.77, coupled (J 1.1 Hz) to the
olefinic protons which appeared at § 4.78 (J 1.1 Hz) as a
quartet).,

There are two routes to the cyclohexanone (69):

(a)  hydrogen transfer in the'initially formed diradical
from a methyl to C2, and (b) cyclisation of the dienorie
(68). The latter route became apparent when oyolohéxanone

(69) was produced as a product of dienone (68) pyrolysis.

(Table 8), However, as the cyclisation gave only 8%
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cyclohexanone (68) and 61% of the cyclopentanones (70 and

71), less than 4% of the cyclohexanone (68) produced in the

pyrolysis of nopinone (67) would have been formed by route (D).
The i.r. spectum of cis-cyclopentanone (70) had a band

characteristic of é carbonyl group on a five‘membered ring

(V.

— 1745 om“l)o In the n.m.r. spectrum the olefinic

methyl appeared as a broad singlet at § 1.71 (wh/2 3.5 Hz),
with small couplings to the olefinic protons whlch appeared
as multiplets at § 4.89 and 4.73 (both Wy
methyl appeared as a doublet at § 0.89, coupled (J 7.4 Hz)

/2 b Hz). The C2

Lo the C2 proton, itself coupled (J 7.4 Hz) to the C3 proton,
resulting in its appearance as a quintet at § 2985;

The trans=cyclopentanone (71 ) exnhibited simllar speétral
features in the i.r. spectrunm (Jmax 1745 cm;i) and in the
n.m.r, spectrum, where the olefinic methyl appearesd at § 1.76
as a triplet, coupled (J 1 Hz) to the olefinic protons which
appeared at § 4.84 as a multiplet (wh/2 3.5 Hz). The C2
methyl appeared as a doublet at § 1.05, coupled (J 6 Hz) to
the C2 proton, which was located at § 2.05 by double irrad-
iation experiments.

In the é;§~cyclopentanone (70) the C2 proton 1s forced
into the deshielding cone of the carbonyl group, compared to
the trans-cyclopentanone (71), as a consequence of the methyl-
lsopropenyl interaction, This results;in the C2 proton, in
the cis-ketone (70), appearing 0.80 ppm downfield from the
C2 proton in the trans-ketone (71). The stereochemistry of

the cyclopentanones (70) and (71) was confirmed by base



Yields (%) of Products from Pyrolysis of

Table 8

. Nopinone (67) and Dienone (68)

Nopinone

98,

£

| Dienone (68)
580° 600° 630° 630°

dienone

(155) L L,5 4.5 -

(68) 33 24, 5 16 17
}cyclopentanone

(71) 7 9 11 24

(705 10 15 17 37
cyclohexanone

(69) 28 28 27.5 8
low boilers L 7 13 12‘
5uMmmms 2 5.5 9.5 2
(67) 12 6.5 1.5 -

catalysed isomerisation of 'the cis-cyclopentanone (70) to

Ao

the trans-cyclopentanone (71, 98%).

Both cyclopentanones

(70 and 71) were produced by cyclisation of the dlenone (68),

as evidenced by the variation in product composition with

temperature, and by a separate experiment, where dienone

(68) was pyrolysed.

(Table 8)
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In the pyrolysis of B-pninene, cleavage of the 1;6 bond
was exclusive, The.appearance of dienone (155) in the
pyrolysis of nopinone indicates that, in thls case, sone
5,6 bond cleavage is also occurring. . There is no substituent
at Cl in nopinone which strongly influences the directlon of
ring cleavage, therefore a carbonyl group must have considerably
lesgs influence than an exocyclic double bond in determining
the pyrolysis pathway.

After the work on nopinone pyrolysls had been completed,
the reaction appeared in the literature,53 These &uthors
employed a quartz tﬁbe and low pressures to effect the
pyrolysis, but at 6009, they obtained the same products as
above,‘in approximately the same products as above, in
approximately the same relative yleld, although they did not

1solate the dienone (155).

The Pyrolysis of cis=Verbanone (36)

cls=Verbanone can be conslidered as a derivative of
nopinone (67) where a methyl has been substituted at the c4
positlon, which ls adjscent to a ring junction. In pinane
derivatives, which have a tertiary carbon adjacent to one
ring junctlon and a secondary carbon adjacent to the other,
(e.g. isopinocamphone (1i34) and isopinocampheol (121) ) the
me jor pyrolysis products have arisen from cleavage of the

four membered ring adjacent to the tertiary carbon. There-

fore, 1if, as in nopinone, a secondary carbon can compete

THE LIBRARY
URIVERSITY OF CANTERBURY
CHU)ISTCHURCH, N2,
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with a carbonyl in influencing the directlion of rlng opening,
then a tertiary carbon should compste more strongly.
Therefore, in the pyrolysls of cis-verbanone (36)‘a larger
percentage of products arising from cleavage of the cyclo-
butane ring adjacent to the methyl substituent should be
obhserved.

Partial nydrogenation over PtO, of verbenone (33)

2
resulted in a mixture of giémverbanone (80%) and neo-isoverb-
anol (20%). Chromic acid/ether oxidation of the mixture

gave cls-verbanone. The previous work done37 on the pyrolysis
of cis-verbanone identified only the main product of the
reaction as cisg-o-menth-8-en-3-one (37) and reported the

remaining products as conjugated and non-conjugated carbonyl

compounds.
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Pyrolyslis of clsg-verbanone under The same conditlons
as for pyrolysis of nopinone (67) gave, at 6£00°, low boiling
compounds (6%), six unidentified compounds (total 9%), startm
ing material (11%) and Tive major products, ilsolated by
fractidnal distillation and preparative g.l.c. and ldentified
as the isomeric conjugated dienones (1567 15%) and (157, 16%),
the cyclopentanones (158,‘8%) and (159, 15%), and cyclohex-
anone (37, 20%).  (Fig. 49)
| Dienone (156) was shown to be conjugated, by its i.r.
(Jmax 1690 cm“l) and u.v. spectra (hmax 208 nm € 9050).,
In the n.m.r. spectrum the C2 vinyl proton appéared a8 a
quartet at § 5.77, coupled (J 8.4 Hz) to the trans Cl proton
and to the c¢cis Cl proton (j 3.9 Hz). The C1 vinyl protons
appeared as a maltiplet ( § 6.18-6.41). The geminal methyl
éroups appeared as doublets at § 1.63 and 1.64, both coupled
(J 1.5 Hz) to the C6 olefinic proton, itself coupled (J 9 dz)
to the C5 proton, resulting in its appearance at § 4.93 as a
doublet of multiplets. The C5 proton appeared as a broad
multiplet at § 2.97 (W 27 Hz) due to coupling with the C5
methyl (a doublet at § 0.97, J 6.5 Hz),‘the C6 proton and the

Ch methylene protons.

The i.r. spectrum of the isomeric dlenone (157) was

Ly,

again characteristic of a conjugated ketone'(dmax 1690 cm

while the u.v. spectrum demonstrated the substltution of

two alkyl groups on the chromophore (a 234 nm, € 7460),

max

In the n.m.r. spectrum the Cl vinyl protons appeared as a
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multiplet (S L, 78-5,17). The C2 vinyl proton appeared as
an octet at § 5.80, due to coupling (J 17.9 Hz) with the
trans C1 proton and (J 9.8, 6.3 Hz) with the cis Cl proton
and the C3 proton. The C6 olefinic proton appeared as a
multiplet at § 6.06 (Wh/2 L,5 Hz), due to small couplings
wlth the cls geminal methyl group ( a doublet at §1.87, J
1.3 Hz)pand the trans geminal methyl group which, due to
deshiélding by the carbonyl group,wappeared at § 2.12
(J i.1 Hz).

The cyclopentanone (158) had a band in its i,ra‘spectrum
‘characteristic of a éarbonyl group on a Tive membered ring

\
W nax
methyl as a doublet at § 1.69, coupled (J 1.1 Hz) to the cis

P

) -1 A , s
1754 cm 7)., The n.m.r. spectrum exhibited the olefinic

olefinic proton which appeared superimposed on the trans
olefinic proton at § 4.90 (wh/2 %5 dz). The CBAand ch
methyls, which were indistinguishable, appeared as doublets
at §1.00 (J 6 Hz) and § 1.05 (J 5 Hz).
| The cyclopentanone (159) showed similar structural
features in Llts 1.7, (omax 1744 om“;) and n.m.r. spectra.
The olefinic methyl appeared as a doublet at § 1.70, coupled
(J 1.3 Hz) to the cis olefinlic proton which appeared as a
quartet at § 4.96 (J 1.3 Hz). The trans olefinic proton
appeared at § 4.73, as a singlet (wh/2 3.5 Hz). The C2 and
C4 methyls, which were indistinguishable, appeared as doublets
at § 0,12 (J 5 Hz) and § 0.87 (J 7 Hz).

The i.r. spectrum of cyclohexanbne (37) showed a band

characteristic of a carbonyl group on a six membered ring
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(O 1715 omwi)n
max

due to an isopropenyl group (a methyl at § 1.79, wh/z 3 Hz,

The n.m.r. spectrum exniblted signals

and olefinic protons at § 4.88 and 4.65, both W b Hz),

h/2
and & methyl geminal to a proton ( § 0.77, J 7 Hz).
The sbtereochemistry of the cyclopentanones (158) and
(159) Tollowed from their mode of formation, as both ketones

were the major cyclisation product of the dienones (157).and
(156) respectively. Pyrolysis of dienone (156) at 6109,
gave cyclopentanone (159, 50,5%), three unidentified compounds
(i4%), low boiling compounds (12%) and starting material
(2305%)9 . Similarly; the dienone (157), on pyrolysis et
61 0°, zave cyclopentanone (158, 28%), three unidentified
compounds'(21%), low boiling compounds (13%) and starting
material (38%).

In the pyrolysis of cis-verbanone, large amounts of the
diradicals %;ising from cleavage of both the 1,6 and 5,6
bonds are formed. (Fig. 50) Diradical (structure (b)
Fig. 50) decomposes to two primary produots, namely dilenone
(156) and cyclohexanone (37), whereas diradical (structure (a)
Fig; 50) decomposes only to dien@ne (157).  (If eny of the
cyclohexanone (structure (¢) Pig. 50) is formed, it is in

L0.5% yield).
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(c) (Ls6)  (37)
2k . 5% - 30% 20%

(157)

Flg. 50
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CONCLUSIONS

Substituents on the plnane nucleus ﬁave & marked effect
on the direotion of thermal bond cleavage in the four membered
ring., Pyrolysis of a pinane derivative'generally results in
initial cleavage of the 1,6 or 5,6 bdnds to form diradioals.
‘which collapse tobgive the products,: The‘formation of thése
products depends on the nature and the position of the
substituents on the pinane nucléus°

To determine the amounts of each primafy product (1,6-
octadlenes and isopropenyleyclohexanes) formed in a pyrolysis
feaotion, gecondary products derived by further reaction of
the 1,6~octadien§s have to be 1included in the percentages
calculated for the di;nesa When the relétivevyields of the
primary products are corrected in this manner (Table 9), the
relative effects of‘substituents on the thermal fragmentafion
of the cyclobutane ring in pinanes .can be examined. - The
me jor primery scyclic diene is, in each case, labelled as
diene (b). The only isopropenylcyclohexane derivative (c¢)
formed in each case studied.\arises from the same diradical
ag does the major diene (b). Therefore, the sum of the
diene (b) and the isopropenylcyclohexane (c¢) (column b + ¢)
compared to the amount of diene (a) 1s a measure of how the
fragmentation of the fourlmembered ring 1is partitiéned

between the initial cleavage of the 1,6 and 5,6 bonds.
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Table 9

Primary Products of Pinane Pyrolysis Under Optimum Conditions

Ry Ry Ry
| |
R
A T (N
=
Pinane =R, =R, su (a) (b) (c) (brc)
Nopinol (112) OH H Lo 16 57 - 57
3! H
1 00=pinan-2-0l (L2) Ciy H - h 77 - 77
‘ OH H
103~pinan-2-0l (43) CHy H - & 75 - 75
OH H
neo-isoverbanol (135) CH3 OH 18 21 wg(3)*¥ - 51
' T H H
Lsopinocampheol (121) ‘CHB H 13 2 57 - 57
H H .
isopinooambhone (134) CH3 H 28 6 58 - 58
H H ’ .
nopinone (€7) =0 H 12 L 50 28 78
H
cis-verbanone (36) c=0 cH, 11 24 30 20 50
‘ H
cis-pinocarveol - (97) ©=C H 3 - b2t 16 72
H
Egéggmpinoéarveol (98) C=C H 9 -~ 62(5)" 11 78 .
H ‘
trans-pinocarvyl- (106) C=C H - - 2(8)” 9 )
acetate H

“Minor primary products formed from the same diradical as diene
(b)o l‘
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The relative eflfectliveness of substituents in inducling
cyclobutane ring cleaVagé at the adjacent ring Junction can
be estimeted by a comparison of the amount of each diradical
formed in the presence of the substituenfs, Ry and R,.
From the results of nopinoi (112) pyrolysis, it can be seen
that a hydroxyl group has a greater influence than hydrogen,
and from neo-isoverbanol (135), a methyl group has unore
influence than a hydroxyl group. Prom theyresults for gig—
verbanone (36) it is‘evidént thaﬁ a carbbnyl group 1ls more V
effective than a methyl group. Although a carbonyl groﬁp
has a much greater (but not completely dominant) influence
than hydrogen (nopinone (67) ), an exocyclic double bond
induces cleavage exclusively at the adjacent ring Jjunction
when in competition with hydrogen (cis- and trans-pinocarveol
(97, 98) and trans-pinocarvyl acetate (106) ). Therefore,
1t appears that in the cleavage of a pinane cyclobutane ring,
an exocyclle double bond has a more powerful directing effect

\
than a carbonyl group. From these .results the following
order of substituent effectiveness .can be deduced: |
C=C 7~ C=0 7 CH3 y OH » H.

The relative influence of exocyclic and endocyclic
double bonds can not be assessed from Table 9 since all the
Plnanes studied that contalned a carbon-~carbon double bond
gave excluglive cleavage of one cyclobutane bond. However,

in the pyrolysis of verbenene (61)52, a comparison can be

made, as an exocyclic double bond is adjacent to one of the
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ring junctions and an endocyclic double bond adjacent to the
- other. The pyrolysis products observed (see p 14) arise
only from cleavage of the cyclobutane bond adjacent to the
endocyclic double bond.

The pinane derivatives studled may be divided into two

2—hybridised carbon. adjacent

classes, namely those with an sp
to a ring junction and those with only spo-carbong adjacent

to the ring Jjunctions. ' Only in éhe former class of plnanes
‘does any isopropenylcyclohexane derivative form on pyrolysis.

.The reason for this divislon can be seen In the pyrolysis of

" cls-verbanone (36).

Pyrolysis of cls-verbanone ylelds large quantitles of the
1,6-0ctadienes (156) and (157) and the isopropenylcyclohexan-—
one (37). However, there 1s a notable absenoe of any
isopropenylcyclohexanone derivative formed froum the same
diradical as dienone (157). (Fig. 50)

 To form the dienones (156) and (157), cleavage of the
carbon-carbon bond positioned between the tertiary and the
secondary radicals must occur., This process occurs most
readlily when thls C-C bond i1s eclipsed with both of the singly
occupled orbitals in the diradical. When the secondary
redical in the diradical formed from a pinane is adjacent to
carbon atoms which are spBehybridised, the diradical can
adopt a conformation in which the C-C bond which is golng to

cléeave, and the radicals,are nearly eclipsed.
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/
(157) (156) (37)
2k, 5% - 30% 20

Flg. 50

This sltuatiocn arises in diradical (a) (Fig. 51), és
shown in the Newmen projectiong Howevef, when a seqondary
radical is adjacent to a spz—hybridised carbon atom, the
unpalred electron can be delocalised through the r-systen.
The stereochemical reguirements for the sr-delocalisation
impose/conformational congtraints on the.system and, consequ-
ently, decomposition of the diradical to a 1,6-dlene becomes
a relatively high energy process. This allows the alternative
1,5 hydrogen transfer from a methyl of the isopropyl radical,

to become a competing reaction.
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almost
eclipsed

Plg. 51

This situation is illustrated for diene (b) in Fig. 51,

where, when the secondary radical is delocalised, the

.required eclipsing cannot occur, as shown in the Newnman

rrojection.

The only compound which does not lead to the expected

pattern of primary products is 2-hydroxy-108~pin-3-ene (89).

Although it 1s the type of pinane which could be expected
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to give, on pyrolysis, a 1,6-octadiene and an isopropenyl-
¢cyclohexane, via diradical (89a) (Fig. 52), this does not

occur, since an alternative reactlon pathway is possible.

\\‘O}bi

. [

(89)

HG//,

FPilg. 52 Expected decomposlition pathways

of diradical (89a) to primary products.

The diradical (89a) can adopt a conformation in which
the tertlaxry radical, the carbon-oxygen bond and the carbon-
carbon bond between these two groups are coplanar. (Fig. 53)
This errangement satlsfies the steric requirements for
cleavage of the carbon-carbon bond to give the dienone (94),

as the major primary reasctlon product.
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In every pilnanol where the hydroxyl group is adjacent
to the ring Jjunction, a carbonyl compound is observed in the
pyrolysis.produotsw These oompounds afe formed from
rearrangement of isopropenylcyclopentanols wheré the hydfoxyl
and lsopropenyl groups are adjacent. This structural feature
arises in the cyclopentanols by cyclisation of only one of
the two possible 1,6-octadienols, the other giving a 1,3-
hydroxyl-isopropenyl structure. The requlred dienol 1is
Tormed when the four membered ring in the pinanol initially
cleaves between the gem dimethyl group and the ring Jjunction
more remote from the hydrbxyl group.

Substltuents at C3 on the pinane ring cannot influence
the direction of cyclobutane cleavage as the C3 position is
equidistant from the two ring Jjunctlions. There 1s no
general way in which they affect the formation of secondary
products, An effect of a C3 substituent was, however,

observed in the pyrolysis of c¢cls- and trans-pinocarveol (97)
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and (98). As well as Formatlon of the normel 1,6-occtadiencl
and lsopropenylcyclohexanol products, the hydrogen of the
hydroxyl group was able to migrate to a carbon on the
opposite side of the six membered ring, resulting in
fragmentation of the molecule into two radicals which on

combination lead to the diene (91) and the aldehyde (102),
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APPENDIX A

The Photolyslis of Conjugated Pinanes

Verbenone (33) is the only pinane contalning a conjugated

10-113 The ma jor

chromophore which has been photolysédl
product of the photolysis L1s ohrysant’nenone.(?S)i a product
involving.a [1,3] sigmatropic shift.

Verbenecne (61) was prepared by the basefoatalysed elim-
lanation of acetic acidbfrom trans-verbenyl acetate (74).
Verbenene (61) was stable to direct photolysils. However, with
benzophenone as a sensitizer, triene (62) was formed almost
quantiﬁativelyq

The w.v., spectrum of triene (62) indlcated the presence

of a conjugated diene chromophore (i 232 nm, € 18,000),

max
In the n.m.r, spectrum the olefinic methyl appeared as a
doublet at § 1.71, coupled (J 1.5 HZ) to the cis isopropenyl
olefinic proton, which appeared superimposed on the signal

for the trans olefinic proton at § 4.78 (W 3.5 Hdz). The

h/2
Ci' olefinic protons appeared as a multiplet at § 4.88 (W

h/2
bo5 Hz). The proton under the ilsopropenyl group appeared/

as a triplet at § 3.02, coupled (J 6.5 Hz) to the C5 methylene
protous. The C2 oléfinic proton appeared as a doublet of
multiplets at § 6017, the large coupling (J 9.5 Hz) being

with the C3 olefinic proton which appeared as a multiplet at

§ 5.82 (W 21 Hz).
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The structure of triene (62) was further substantiated
by nydrogenstion to a mixture (60:40 by g.l.c.) of o-menthanes.
The major product was ldentified as cls-o-menthane by compar-
lson with an authentic samp1689; The triene (62) was also
Ldentical with the major product isolated52 from the pyrolyéis
of verbenene, which appeared in the literature after thils
photolysis was conpleted,

LeMethyl~verbenene (161) was prepared by reaction of
verbenone (33) with methyl magnesium iodide, followed by
careful hydrolysis of thé complex, The tertlary alcohol
formed by ﬁhe‘grignard reaction underwent dehydration durlng
the work up. The diene (161) was extracted wltn pentane,

o

and was very sensitive to heat, rearrvanging at 41000 Co
2,h~dimethyl-cumene (163). In the photolysls of the dlene
(161) in pentane, under the same condltions as for verbenene
(61), after 1 hr no further changes occurred in thé Compo S~

b

ition of the reaction mixture, the benzophenone having been
converted into benzplnacol. Analysis of the reaction

mixture by g.l.c. and preparative g.l.c. showed the presence

5

of starting material (67%) and 2v4—diméthylisopropenylbenzene
(162, 33%).

The 1.v. spectrum of the aromatic compound (162) showed
bands due té the C-H bending of two adjacent hydrogens on a

) "1 ‘
benzene ring (Jm 5 823 cm ~), due to one hydrogen on a

a2

benzene ring (v 877 cm"i), and due to a vinylldene group

max

(Jmax 897 cm"l)° The n.m.r. spectrum exhibitéd the €2 and



Clh methyl groups as a singlet at § 2.29. The olefinic
methyl appeared as a broad singlet (wh/2 2.5 Hz) at § 2.01,
inic protons whlch appeared as

i

e 4

to the ole

L)

coupled (small J)

m&ltiplets at § 5.15 and 4.81 (both W 5 Hz). The aromatic

h/2

orotons appeared as a singlet at § 6.97.

{D
w
9]

The aromatic compound (162) contains two hydrogens 1

L1

than the

w

tarting material (161); the benzophenone was

correspondingly reduced to benzplnacol.

APPENDIX B

The Preparation of Apoverbenone (167)

Apoverbenone, which was requlred for the pyrolysis

edliLL to be formed by collidine

studies, has bsen report
dehydrobromination of 3g-bromonopinone (164). Direct
bromination of nopinone (67) gave, in contrast to previous

15

workl , & mixture of 33- and 3a-bromonopinone (164, 165)
wnhich could not be smoothly dehydrobrominated with collidine.
The formation and attempted denhydrobromination of each
bromonopinone was therefore examined.

Bromination of the enol acetate (76), using bromine‘in
carbon tetrachloride, gave 3§—bromon0pin0ne (164), The C3
Q= proton n.m.r. resonance of 3g-bromonopinone appeared as
a quartet at § 4.83, coupled (J 11 Hz) to the C4 3~ proton

\

and to the Cb a- proton (J 8 Hz).  The magnitude of these
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coupling constvants indicates that, as in the solld phase,
the 3p-bromonopinone exists in solutlon in the "down"

conformation with the bromine atom equatorial., (FPig. 54) .

Fig, 54

Addition of anhydrous sodium ogrbonate to the bromination
system resulted Ln the conversion of the enol acetate (76)
exclusively into 3a-bromonopinone (165)., In its n.m.r.
spectrum &hé C3 proton appeared as a quartet at § 4.68,
coupled (J 7.5 Hz) to the C4 g- proton and to the C4 a- proton

(J 3.5 Hz). The magnitude of these coupling constants

ON

suggestsii a conformation in which ring carbon atoms 1-5

are esgentlally coplanar.  Although the product (165) of
kinetic control epimerized to the prbduct (164) of thermo-
dynamic control when acid was allowed to accumulste during

the bromination reaction, the acid catalysed isomerisation

0f 3u-bromonoplnone to 3¢~bromonopinone using hydrogen bromide~

acetic acid (20%) in carbon tetrachloride was inefficlent

( X 33%) and also gave p-isopropylphenol (166, 30%) and 11
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minor components, Lower hydrogen bromlide concentration
resulted in correspondingly lower conversion of 3u-bromonopin-
one into the same products.

From the conformations of the ketones (L64) and (165)
shown in Fig. 54, 1€ can be seen that 3§~brombn0pin0ne cannot
undergo an anti-coplanar elimination of hydrogen bromide but
Bambromonopinqne can undergo a syn-planar gliminatibné
Reactlion of 3ce-bromonopinone with collid@ne gave apoverbenone
,(167) in low yield (7%). The other‘products, besides start-
ing material, were Bﬁmbromonopinone (50%) and nopinoﬁe (13%).
ttenpted denhydrobromination using lithium oarbonate/dimethyl
formanlde resulted only in partial eplmerization at C3.
Reaction of 3a~bromonopinone with elther sodium methoxide/
methanol or potassium t-butoxide/t-butanol, fesulted mainly
in debromihation to nopinone (67).

Some aboverbenone was eventually prepared by lead
tetraacetate oxidation of apoplnene (169). (Fig. 55)
Reaction of nopinone (67) and benzene sulphonylhydrazine gave
a high yield of the hydrazone (168). Decomposition gf the
sodium salt of hydrazone (168) in digol resulted in a mixture
of 4nisopropényloyclohexene (170, 19%) and apopinene (169,
81%), When water was added to the digol, no difference was
observed in the course of the reactlon. : Decomposition-of

the solid salt gave only apopinene (167Y;
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Lead tetraacetate oxidation of apopinene gave (c.f.

/

ref, 86), after distillation, starting material (5%), trons-
apoverbenyl acetate (171, 37%4) and the dlacetate (172; 12%).
Hydrolysis of the acetéte (171) and the diacetate (172)

gave trans-apoverbenol (173) and the diol (175) respectivelye

-

Oxidation of trens-apoverbenol (173) with activated manganese

dioxide gave apoverbernione (167). Lithium aluminiuvm hydride
reduction of apoverbenone gave cls-apoverbenol (174). In

the n.m.r. spectrum of cils-apoverbenol (174) the C9 methyl

[

group appeared at § 1.12 in contrast to § 0.91 for the C9

k]

rethyl resonance in

ct

trans~-apoverbenol (173). The deshielding
~of 0,21 ppm of the C9 methyl in cis-apoverbenol 1ls consistent

with the syrn hydroxyl-methyl sterecchemistry,

APPENDIX C-

The Mechanlism of the Base Catalysed Rearrangement of 2,10-

enoxy-~i0p-pinan-33-0l (176)

Reaction of both 2,10-epoxy-10g=-pinan-3-cls (176) and

(178) with sodium hydroxide in agueous methanol have been

7

repor’ced“&"L to gilve plnocarvone (99) in essentlally guantit-

ative yleld ( » 98% by g.l.c.). The rearrangement of each
' 104

epoxide (176 and 178) has been determined™ as approximately
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=
FJ—
w
[

arrangement of epoxide (176):epoxide (178) (10:1)

rates of re
11

~2

heve been

£

‘of the C3 proton in the epoxides (176 and 178) to attack

by hydroxide ion. The mechanlstic scheme (Fig. 56)

J
involving slow, lrreversible proton abstractlion by hydroxide

Lon, followed by rapid reaction of the carbanion (179), is

°
f

consistent with the kinetic data.

H.' "Om;
/e
» O\\T//”\\x
slow A AN
> <
irreversible }
: pinocarvone
Fig. 56
(99)

The cis-pinocarveol (97) deuterated at C3, already
rrepared in the course of pyrolysis studles, was converted
into the corresponding epoxide, Kinetlc studies were
undertaken to deterulne whether the loss. of the C3 proton is
involved in the rate determining step in the rearrangement,
A deuterium isofope effect should be observed in the range

kH/kD = 4i-2 as the mechanism proposed is an Elcdh elimination'

t order in both [epoxide] and [OH™] . Also the relative

rationalized in terms of the relative sccessiblil-

118
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The deuterated epoxide (177) was prepared by m-chloro-

peroxybenzolc acld epoxidation of CJl-deuterated clisg-plnocarveol,

The optical density readings for the Kinetic runs were plotted
by the Guggenheim119 method and gave excellent linear"ploté.
Comparison of the pseudo first order rate constants for the
undeuterated (176) and deuterated (177) epoxides, allowed

the evaluation of the primary lsoptope effect, kH/kD = 1.56

( & 0.,04) for the reaction. Furthermore, isolation and

da 2 2 A o 120
examination of unchanged epoxide at =50% reactlorn, showed
that no C3-D exchange had occurred, thus excluding reversib-

ility in the initlal proton abstraction step.
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FEXPERIMENTAL

Speclific fotation measureaments were carried out in
chlorofora solutions in a lem cell. Infrared spectra
“were recorded on a Shimadzu IR27G spectrophotometer; and
are for 1iquid\films‘for dils and nujol mulls for solids
unless otherwlse stated. Ultraviolet spectra were
recorded on a Shimadzu MPS~50L spectrometer.

NMR spectra were obtained on a Varian A 60 spectro-
meter for CDCl3 golutions with CHCl3 zand THMS as internal
standards.  NMR parameters were derived by flrst order
analysis and confirmed wherever possible by double

lrradiation experiments.

Re)

Analytical gas ohromatography was performed on a
fficroTek 2500 11 R using 2% FRAP, Se30 and Carbowax 201
on Aeropak 30, in 1/8" stainless steel columns.
Preparative g.1l.c. was performed on a‘Variah Autoprep 705
using 7% FFAP and 20% Se30 on Chrémosorb—w 80/100
(DMCS treated, acid washed) in 3/8" aluminium columns.

Practional distillations were darried out using
Nester-Faust annular teflon and spianing baihd columns.

Alumina (P. Spence, grade H) and silica (Crosfield
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Sobsil) was used 1n column chromatography. Melting polnts

are uncorrected.

Nopinone (67)
s-Pinene (20 g) was dissolved in absolute methanol (180 ml)
in a 250 ml vessel Titted with a bubbler tube, and the vessel

kept at M?Oov Ozone in oxygen generated by a silent dis-

cherge apparatus was passed through the solution until the
effluent gas gave a strong colouration with molst starch-iodlde
paper (= 30 hrs). The solution was poured into water (1 1)

and left for 24 hrs. Extraction with diethyl ether (3 x 100 ml)
and subseguent washing with water, gave, after evaporation

and fraotional distillation, nopinone (14 g). .[aJD.+32040

(c, 1.01);5 9 1715cm“1;'?1maY 285 (& 15); cC.0.Q6+1.77

i
(282 ), net 0.16 (208); n.m.r. § 1.33 (08—}13), 0.85 (C9—H3),

{

max

Enol Acetylastion of Nopinone (67)

Nopinone (10 g) and toluene-p-sulphonic acid (1 g) in
lgopropenyl acetate (200 ml) were heated to reflux and the
acetone formed in the reaction fractionally distillled from
- the sgystem through a 1Z-in. column packed with glass helices.
After 5 nr, during which time 30 ml of distillate had been
collected, the femaining isopropenyl acetate was removed
under reduced pressure. The residue was diluted with ether

(400 ml), washed with water, snd dried. Fractional
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distillation allowed Tthe ilsolation of LeaCceloxy-10-nor-pin-

2-ene (76, 9.4 g), b.p. 729 /L. 6 g nD20 1.4689; [q]D ~18.6°
(¢, 1.05); J
2.08 (OAc), 1.31 (CB—HB)y 0.96 (C9~H3); Found: C, 73.3;

“ ""1‘, N . I o W P AT )
wax 1760 cn™"5  n.m.r. 5,18 (Jh/Z 6 Hz; C3-H),

B, 9.0, CyqH;g0, requires C, 73.3; H, 8.95%).

m-FEthyl toluene (86)

5 -1 L ]
J maxbsoa 780 cu ~; n.m.r.§ 7.08 (multiplet, Nh/z 30 Hz;
aromatic H), 2.77, 1.22 (ethyl), 2.31, identical with an

authentic sauple.

i-Acetoxy=5,5,6-trimethyleyclohexa~1,3-dlene (82)
1761, 1200 em™t (enol acetate); N\

\) max
(e 3700); wn.m.r.$ 5.87 (multiplet 3H, W 42 Hz; H2, H3, HY),

nax (Eton) 26§nm

2.14 (0Ac), 1.13, 0.99 (6H, C5 methyls), 0.95 (doublet 3H,
J 6.5 Hz; €6 methyl); Found; C, 73.0; H,.8.6. 01131602

requires C;A73°3; H, 8.95%.

C
Hydrolysis of the enol acetate (82, 50 mg) by adsorption

on alumina (5 g) and elutlon with ether after 16 hr pave

5,5, 6-trimethyleyclohex-2-enone (87, 40 mg); O nay 1685 em~1;

ax
Amax (ELOH) 227.5 nm (¢ 5950); n.m.r.§ 6.78 (doublet of
triplets 1H, Jq , 10.1 Bz, J5 ) 3.5 Hzi H3), 5.96 (douvlet
~of triplets 1H, Jz 5 10.1 Hz, J2 y 15 Hz; H2), 2.25 (multi-
plet 3H; H4, H6), 1.06, 0.90 (6H, C5 methyls), 1.05 (doublet

94, J 6.5 Hz; €6 methyl); Found: C, 77.9: H, 10,0,
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093140 reguires C, 786.2; H, 10.2%

2-Acetoxy-1,6,b6-trimethyleyclohexa~1, 3-diene (83)

‘O1nax 1758, 1200 cm~1 (enol acetate); A (Et01) 259.2 ni

max
(e 3350): n.m.r. §5.70 (singlet 2, W, p 2.5 Hz; H3, BA),
2.16 (0Ac), 1.58 (singlet 3H; Ci methyl), 1.02 (singlet 6H;
C6 methyls); Found: ¢, 72.85; H, 8.50. 011H1602 requires
C, 73.3; H, 8.95%. |
Hydrolysis of the enol acetate (83) as above gave the

conjugated ketone (87).

1-Acetoxy=f-isopropenylcyclohex-l~ene (78)

'Ea]D £ 0° (¢, 1.01), o.r.d,. ¢ 500 £ O3 J max 1760, 1220,
892 en~l; n.m.r. § 5.83 (multiplet 1H, Wy/p 12 Hz; H2),
LP.?LL (quartet ? 2H; C=CH,), 2.10 (0Ac), 1.73 (triplet ? 3H;
C:C-CHB). Found: C, 73.1;‘ H, 38.55. C11H160 requires
C, 73.3; H, 8.95%.

Hydrolysis of enol acetate (78) as above gave

4-3gopropenyleyclohexanone (69); ;)max 1720, 890 om'l; n.m.r.
(t

§ 4.78 (quartet ? 2H; C=CHp), 1.77 (triplet ? 3H; C=C-Cilz);

Found: C,'77.8; H, 10.3. C93140 requires C, 78.2; 'H, 10.2%.

3-Acetoxy-7-methylocta=-2,4,6-triene (80)

\

Jmax 1765, 1190 (enol acetate), 1640, 680 cm~1;

Npax (ETOH) 277.5 nm (e 9200){ n.m.r. § 6.33 (doublet 1H,
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Jy, g 10 Hz; H4), 5.93 (multiplet 280, W 20 Hz; H5, HS),
5 wel+5 HZ; H2), 2.20 (OAc), 1.79
(doublet 3H, Jye 2 7.5 Hz; CH3), 1.78 (singlet 6H; C7-

5.23 (quartet 1H, J

methyl, C8-H3); Found: C, 72.9; H, 8.5.  CyyH, 40,

requires C, 73.3; H, 8.95%.

Hydrolysis of the enol scetate (80) as above gave

1670, 963 cm™t;

max

7nmeﬁhyloota~(E)@?éndien-B—one (88);
 Amay (Cyclohexane) 278 mm (¢ 19,900); n.m.r. § 7.46 (quartet
1H, J4'5 15.3 Hz;- H4); 5.97 (doublet of multipleté 1H,

Jg,5 11.5 HZ, Jg ye (app.) 1.1 Hz; H6), 2.56 (quartet 2H,

Ty we 7-3 Hzi Hp2), 1.89 (doublet ? 6H, Jyo g 1.1 Hz; C7
methyl, C8-H3), 1.10 (triplet 3H, Jye,2 7-3 Hz; Cl-Hg);

Found: C, 77.8; H 9.85. CoHq 40 requires C, 78.2;. H, 10.2%.

2-Acetoxy~-10s-pin-3-ene (90)

Freshly prepared lead tetraacetate76,(90‘g, dried over
P205), was addedrduring 10 mins to a stirred soln of a-pinene
(26 g) and dryvbenzene (300 ml). ‘The mixture was stirred at
60-65° for 2 hfs, cooled and the resultinghlead diacetate
filtered. Water was added to the filtrate ahd the preclp-
itated lead dioxide/filterede Evaporation of the dried
benzene sohn fo%lowed by fractional distillation gave 2u-
acetoxy-103-pin-3-ene (23 g). J puy 700, 1732 cm~l, n.m.r.

§ 6.3 (quartet, 18, J), 5 8.9 Hz, 5.8 Hz; HU), 6.03

J4,5
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(doublet of multiplets, 1H, J L 8.9 Hz, H3), 1.93 (acetate),

3
1959 (CZ—me‘chyl). 1.37 (C8"‘H3)n 0097 (C9—H3)-

2-Hydroxy-10p-pin-3-ene (89)

The acetate (90, 13 g) in dry ether (50 ml) was added to
e stirred soln of L1AlH,) (2 g) in dry ether (150 ml).at OO?
over 10 nins. The mixture was stirred for another 15 mins
as it came to room témp, then worked up by the careful
addition of NaZSOu.ioﬂzo and water. The soln was decanted,
dried and evaporated to give 2a-hydroxy-103-pin-3-ene (9.8 g).

m.p. 47-49°, ) 7540, 3390 cm“i} n.m,r. § 6.28 (gquartet of

max

multiplets, 1H, Iy, 3 9Hz, J4’5'5 Hz; H4), 5.51 (doublet of
multiplets, 1H, Jg j 9Hz; H3), 1.36 (C2-methyl), 1.30 (C8-il5),
0.96 {C9-H3).

1,7-Dimethyl-2,6-octadiene (91)

C=CH), 2.00 (4H, W

max 1676, 833 cm“i; n.m.r. § 5.13 (24, wh/2‘22 Hz,

n/2 L% Hz, -CHp-CzC), 1.68 (singlet, 6H,

methyls); identical with an authentic sample77.

1=}ethylketone-2,2=-dimethyl-3-cyclohexene (93)

| Dmax 737, 1712 om"l, n.m.r. § 5.57 (doublet of multiplets,
14, J4,3 10Hz, HA4), 5.33 (doublet of multiplets 1H, J3,n 10 Hz,
H3), 2.54% (multiplet, 1H, # 19 Hz; Hi), 2.17 (CO-CHB), 1.13,
0.96 (C2-dimethyl). Found: C, 78.56; H, 10.81; G o, (O
requires C, 78.90; H, 10.59.
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3-Vinyl-5-hepten-2~one (92)

.., 1715, 995, 920, 837 en™'; n.m.r. §6.12-5.10

(multiplet, 3H; C3 vinyl group protons), 5.03 (multiplet, 1H

W 14 Hz; H5), 3.13 (quartet, 1H, J3’1v JB,L,,a JB,)J,b

7.5 Hz; H3), 2.12 (singlet, 34; CO«CHB), 1.66, 1.61 (singlets,

total 6H, W, s, 3.5 Hz; C6 methyl, C7-H,). Found: C, 78.5;

H, 10.8. C H ,O0 requires C, 78.9; H, 10.6%.

10716

- 8~Methyl=-37,7-nonadien-2-one (94)

1

Onmx 1697, 827, 668 cm , » 228 nn (e 7150); n.m.o.

$ 6.10 (multiplet, 2H, W 12 Hz; H1, H2), 5.14 (triplet of

max

. l,ilt , I."" J = J 6- H ] =
mltiplets, 1H 9. 6a 7. 6b 5 He J7,8-methyl J7,C9~H3

small; H7), 2.65 (multiplet, 2H, W 23 Hz; H,5) 2.18 (singlet,
3H; COACHB), 2.11 (H26, located by double irradiation experi-

ments), 1.68, 1.63 (singlets, total 6H, wh/

Found: C, 78.6; H, 10.9. Cy o0 requires C,

5 3.5 Hz; CB'methyl,

C9~H3).

78.9; H, 10.6%,

8-Methyl-3E, 7-nonadien-2-one (95)

1680, 977, 834 Cm'l, Ama 223 nm (¢ 8500); n.o.r.

O max X

§ 6.82 (doublet of triplets, 1H, JLP’3 16 Hez, Ju.sa = J4,5b

6.5 Hz; HA4), 6.08 (doudblet, 1H, J, , 16 Hz; H9), 5.11
(multiplet, 1H, W 21 Hz; H7), 2.23 (singlet, 3H; CO—CHB),

1.70, 1.62 (singlets, total 6H, W, ,, 3.5 Hz; C8 methyl, C9-H3).

" FPound: MY 152.1195. C, oHy 0 requires 152.1201,
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8-iethyl-H47, 7-nonadien-2-one (96a)

) ., 1715, 831, 709 cn”l; n.m.r. § 5.57 (multiplet, 21,
ne

W 15 Hz; HA4,H5, 5.12 (multiplet, 1H, W 22 Hz; H7), 3.17
(multiplet, 28, W 18 Hz; H23,A2°73 (multiplet, QH,‘W 21 Hz;
qu), 2.13 (singlet, 3H; CO-CHB), 1.70, 1.63 (singlets,
total 6, wh/2 4.5 Hz; €8 methyl, C9~H3). Found: C, 78.6;

H O requires ¢, 78.9; H, 10.6%.

H, 10.8. C10 6

8-Methyl-4E,7-nonadien-2~one (96b)

J . 1715, 968, 831 cn”t; n.m.r. § 5.57 (multiplet, 26,

W 15 Hz; H4, HS5), 5.12 (multiplet, 1H, W 22 Hz; H7), 3.17

(multiolet, 2H, W 18 Hz; H23), 2.73 (multiplet, 2H, W 21 Hz;

HZQ). (952 and 95b) identified in admixture).

trans-Pinocarveol (98)

‘trans-Pinocarveol supplied by Ivon Watkins Dow Ltd,
had [a]D +'59o (¢, 1.0), n.m.T. § %.99, 4.81 (multiplets,

total 24, wh/2 3 Hz; C=CH 4,42 (doublet, 1H, JB,Ma 7 Hz;

2).
H3), 1.28 (c8-53). 0.64 (C9—H3).

Pinocarvone (99)

trang-Pinocarveol (98, 17.5 g) was stirred with active
manganese dioxide (175 g) in pentane (750 ml) for 24 hrs.
The MnO, was flltered off using celite and washed well with
pentane, Evaporation of the solvent gave plnocarvone (16 g).

Omax 1630, 1711 cm'l; n.m,r. § 5.95, 4,98 (doublets, total



2H, Ja’b 1.6 Hz; C=CH 1.39 (C8—H3), 0.82 (C9~H3).

2)9

cis=-Pinocarveol (97)

Bromine (25 g) in acetic acid (45 ml) was added dropwise
to a stirred soln of pinocarvone (99, 23 &) in ether (140 ml)
at 0-5°, ~ The addition of bromine was stopped at the first
slgn of colouratlion of the reaction amixture, Isolation with
ether gave a gum, which was redissolved in acetic acid (450 ml),
The reactlon vessel was lmmersed in an ice béth,‘and zinc
powder (95 g) was added at such a rate that the temperature_
did not exceed 10°. The acetic acld waS»neutralised with an
excess of sodium hydroxide soln (6 M). Isolation with ether
gave an oll which was fractionally distilled to give cls-
pinocarveol (11.8 g); ‘)max 888, 3425 cn~t; [a]D ~10% (¢, 1.0);

n.m.r. § 5.08, 4.76 (multiplets, total 2H, Wh/z L Hz; C:CH?),

4.56 (multiplet, 1H, W 16 Hz; H3), 1.26 (C8-Hg), 0.73 (C9-H,).

R-3-iethylene-7~methyl-1,6~0ctadien-4-0l1 (100a)
' . o . .

[a)y + 36.7° (e, 1.05); J

225.5 nm (& 9100); mn.m.r. § 6.38 (quartet 1H, Jo. 1-cis 11 Hz,

% -1 ) .
- 3025 cm f;amax (cyclohexane)

Jp 4-tpans 17-6 Hzy H2), 4.94-5.51 (multiplet 5H, W 32 Hz;
Hyl, HZB', H6), 4.41 (triplet 1H, J4'5a J4,5b 6 Hz; HL)Y,
2.33 (multiplet 2H, W 21 Hz; Hy5), 1.74 (doublet 3H, JCH3,6
1 Hz; C8-Hj), 1.65 (singlet 3H; C7 methyl). Found: M7

152.1201. C, AH jo'requires 152.1201.

10716



cis-Carveol (101)

N ¥y "1 N Y . ] ""« . M
Dmax 3550, 888, 810 em™; n.m.r. § 5.47 (1H, Wh/2 4% Hz;
H2), 4.72 (24, Wh/Z 3.5 Hz; C:CHZ), 4,18 (multiplet, 1H, W
26 Hz; H6), 1.75, L.72 (total 6H; C=C-CHj4, C2-methyl),
78

identical with an authentic sample.

2-Methylene=3, 6~dimethyl~5-~heptenal (102)

The crude pyrolysis product (2 g) was adsorbed onto silica

(100 g).  Elution with 2% ether/pentane gave one fraction

containing pure aldehyde (102, 100 mg); Omax 2720, 1696 cm“l;
Moy 218.5 tm (e 5700); n.m.r. § 9.55 (singlet, 1H; H1),
6.22 (triplet, 1H, Ja,v = J, 5 0.6 Hz; Hy), 5.98 (doudlet,

1H, J 0.6 Hz; H 5.05 (triplet of quartets, 1H, J5 L

b, & b)’
7.3 Hz, J5,6~CH3 1 Hz; H5), 2.76 (sextet, 1H, I3 e = Jj,@ab

7 Hz; H3), 2.05 (multiplet, 2H; H24), 1.67 (doublet, 3H,

T6-ciiq, 5+ H2i C6-CH3), 1.59 (singlet, 3H; C7-Hj), 1.06

(doublet, 3H, 6.8 Hz; C3-methyl). TFound: M7

T3-ci5,3
152.1195. C10H160 requires 152.1201.

S-3-methylene-7-methyl-1,b6-octadien~4-01 (100b)

[a]D -35°9 (¢,1.05), identical in all other respects with

the eplmeric hydroxy-triene (100a).

trans-Isocarveol (104)

O ax 3380, 890 cu™, n.m.r. § 4.82 (28, W, s, 8 Hz; H,7),

h.71 (2H, H,10), 4.33 (triplet, 1H, J2,3a = H 3.1 Hz;

2
H2), 1.72 (triplet, 34, J

2,3b
9,Hp10 1 Hz; C9—H3), identical with
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79

an authentic sample.

trans-Carveol (105)

D pax 3385, 889, 809 cn™, n.om.r. §5.58 (1H, W 13 Hz;
E6), 4.73 (2H, HplO), H.01 (triplet, 1H, J, 5, =0, 4 3.0 de;
H2), 1.75, 1.73 (total 6H; C7-Hg, C9-Hj), identical with an

authentic sample.78

L-Deuteroplnocarveol

A solutlon of pinocarvone (4.5 g) in tetrahydrofuran (20 ml)
was added to sodium deuteroxide in deuterium oxide (1.5 ml; 10%5
and the mixture stlirred for two weeks. Isolation 5& meaﬁs of
ether gave deuterated plnocarvone shown by mass spectra to be
64% D, 15% D,. Lithium aluminium hydride (3 g) in ether
(200 ml) was added over BQ min. to a solutlion of the deuterated
pinocarvone in ether (50 ml), gnd the mixture stirred at 200
for 1 hour. The crude product, of composition glg-pinocar#eol

(92%), trans-plnocarveol (8%), was pyrolysed.

Jo.~Delitero~cis~pinocarveol

To a solution of pilnocarvone (5.1 g) in ether (50 mi)
was added lithium aluminium deuteride (1 g) in ether (150 ml),
and the mixture stirred at 20° for 12 hours. The crude prod-
uet, isolated by means of ether, was shown (g.l.c.) to contain
pinocarvone (39%), §£g§§~pinooarveol (5%) and cis-pinocarveol

(56%) . 3a~-Deutero~cis-pinocarveol (1.9 g), isolated by
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'ohromatography on alunina, gave a n.m,r. spectrum in which

the C3-H resonance (§ 4.56) was absent,

3g=Deuteroxy-g-pinene

cis-Pinocarveol (2 g) in dry ether (10 ml) was stirred
rapidly for 2 mins with D,0 (3 x 1 ml)., Extraction with

ether gave the alcohol 95% deuterated (by n.m.r.).

cla~Carveol (101)

Carvone (103, 4.15 g) was stirred in dry ether (100 ml)
while LiAlH) (1 g) in dry ether (30 wml) We.s added over 15 mins.
Stirring was continmued for 2 hrs when hydrolysis was carried
out by the addition of Nazsou,loﬁzo, followed by water.

The ether soln was decanted and driéd. Evaporation of the
solvent gave 3.8 g of cis-carveol (85%) and trans-carveol

(15%). Preparstive g.l.c. gave pure cis- carveol; Dma 810,

868, 3550 en™t, n.m.r. § 5.47 (multiplet, 1H, W 14 Hz; H2),

X

k.72 (multiplet, 2H, W/, 3.5 Hz; C=CHp), 4.18 (multiplet,
1H, W 26 Hz; H6), 1.75, 1.72 (c=CQCH3, C2-methyl).

trans-Plnocarvyl acetate (106)

trans-Pinocarveol (98), 15 g, in acetic anaydride (30 ml)
was brought to reflux when NaOH pellets (500 mg) were slowly
aﬁd cautiously added. After a further 10 mins the mixture
“was cooled and poured into ether (200 ml) and stirred with

NaZCO3 until neutral. The soln. was washed wlth water and
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the ether layer dried. Bvaporation of the solvent gave the
crude acetate which was fractionally distilled to glve trans-
pinocarvyl acetate (14.5 g); Jmax 905, 1736 Gmnl, [a]D -150
(¢,.1.01), n.m.r. § 5.88 (doublet, iH, JB’LLa 8 Hz; H3), 5.06,
4,88 (quartets ?, total 2H, Wy yp 2.5 Hz;  C=CHp), 2.04

(acetate), 1.29 (C8~H3), 0.70 (09~H3).

1-(2'-methyl-1'~propene)-1,3,Cyclohexadiene (63)

Juax 695 ca™, nom.r. § 5.86 (48, W 38 Hz; H2, H3, HY,

H1'), 2.23 (multiplet, HH; H,5, H26), 1.82 (singlet ?, 6éH;

2V -methyl, C3’—H3, identical with an authentic‘sample. 88

Perillyl acetate (107)

1730, 885, 812 cu™*, n.m.r. § 5.72 (1H, W 8 Hz;

bmax h/2

H2), 4.68 (21, W,/, 3 Hz;’ C=CHp), .38 (2H, W, ,, 3 He;
Hy7), 1.99 (0Ac), 1.72 (triplet %2, B3H, J=J' 1 Hz; c9-a3).

Hydrolysis by LiAlHAL gave perillyl alcohol (3b); N max J325,

889 cu™t, m.m.r. §5.73 (1H, Wy, 3 Hzi H2), .73 (20, W,

3 Hz; C:=CH,), 4.00 (2H, W B,7), 1.75 (triplet ?,

n/z o B
), ldentical with an authentic sample,

2

3, J=J' 1 Hz; C9-H 80

3

S=b-fcetoxy-7-methyl-3-methylene-1,6~0ctadiene (108)

- o . . o-1
[a]y + 10% (e, 1.01), 0 1743, 905 cm ~, A 223 mm

(e 10,220), n.m.r. § 6.36 (quartet, iH, J2 ) 11 Hz;

-cis
Jz,i-tl"ans 18 Bz; HZ); 5.23 (6H9 W L”O Hz; Hzls CBT—CHZ,



(IR
S}
ON

gh, H6), 2.h2 (triplet, 2d: H,5), 2.03 (0Ac), 1.69, 1.61
(singlets, total &5; (C7-CH,, C8-CH.,; PRound: M’ 194.1311.
- 3 3 :

C requires 194.1306.

12H1802«

3t-Acetoxy-7-methyl-2,4,6-0ctatriene (109)

J 960, 1730 cm™t, p 278 ym (e 21,000), n.m.r.
max max

§ 6.38 (doublet, 1H, Ty 5 9 Hz; HE), 5.42-6.22 (multiplet,
3H; H2, H5, HB), 4.66 (singlet, 2H, wh/2 3 Hz; cav-HZ),

. 1.98 (acebate), 1.81 (doublet, 3H, J 7 Hz; Cl-H.),

CH3v2 3

1.80 (singlet, 6H; C7-CH C8—H3). Found: MV 194.1312.

3
012H1802 requires 194.1306.
livrtenol (18)

a-Pinene (136 g) in ethanol (200 ml) was heated under'
reflux and stirred while selenium dioxide (117 g), (which
had previously been dissolved in ethanol (200 ml) by heat-
ing), was slowlf added over 1 hr.  The mixture was then
heated under reflux for an additional 5 hr, cooled to réom
température and the metallic selenium filtered off. The
Tiltrate was stéam distilled and the distilléte extracted
wiih‘ethera The crude myrtenal (19) was added slowly to s
stirred soln of sodium horohydride (25 g) in ethanol (250 ml).
After 30 min water (50 ml) was added and the product was
extracted with ether. The solvent was dried,’evaporated,
end distilled to give myrtemol (45 g); ‘)max 805, 3350 cm1,

n.o.r. § 5.45 (multiplet, 1H, Wy o 6.5 Hz; H3), 3.95
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(multiplet, 2H, W

).

h/2 L Hz; C2-methylene), 1,29 (CB—HB),

0.83 (C9——H3

Perillyl alcohol (3Db)

Myrtenol (18) was pyrolysed at 600° at a rate of
250 1/min, to give a product containing perillyl alcohol
(35%), is&lated by preparative g.l.c. U A 889, 3325 et
n.m.,r. § 5.73 (multiplet, 1H, wh/2 7 Hz; 'H2), ﬁ.?B (singlet 7,

1.75 (triplet, 3H, J=J' 1 Hz; C95H3).

3 Hz; HZIO), 4,00 (singlet , 2H, Wh/Z 3 Hz; H27),

Nopinol (112)

To a stirred suspension of LiAlHu,(M g) in dry ether
(100 ml) at ~70o, was added dropwise a solﬁ of nopinone
(67, 30 g) in dry ether (50 ml). The mixture was stirred
for 1/2 hr and then allowed to come to room temperature.
The complex, and'excess LiAlHu, were hydrolysed by careful

addition of Nazsoq.lOHZO, followed by addition of HZO'

The ether solutlon was decanted and dried. Bvaporatlon and

crystallisation from methenol gave nopinol (26 g) as needles;

< O o) ) -1
m.p. 100-101°; [aly -10.5% (e, 1.0); Jmax 3320 on™"

nem.r, § 4.28 (1H, multiplet, W 20 Hz; H2), 1.22 <08-H3)’

1-12 (C9"“H3)o

b,6-Dimethyl-5-heptenal (113)

B - 1 , '
Ojnax 841, 1725, 2730 em 3 n.m.r. § 9.75 (1H, triplet,



) 1.6 Hz; H1), 4.85 (doublet of multiplets, J

1728}3 5»)‘2
9.5 Hz; HS5),1.67, 1.58 (total 6H, doublets, JCH3 p .3 Hz
for both signals; Cb-methyl, 07-H3), 0.95 (3H, doublet
J 6.5 Hz; Ch-methyl). Measured 140.120057, ¢ H .0
L‘r-—CnglJ' > yi) 57 9716

requires 140.120109.

R—-7-Methyl-l,b-octadien=5~01 (114)

bnmx 847, 911, 992, 3370 cm"l; n.n.r. § 5.87 (1H, multi-

“plet, W 41 Hz; H2), 4.78-5.32 (3H, multiplet; H6, H21>’

b,35 (1H, sextet, J5'6 9 Hz, 6.5 Hz; H5),

v

J5,4d J5,4b
1.71, 1.66 (total 6H, doublets, JCH3 ¢ 1.3 Hz for both signals;

C7-methyl, C8—H3). Measured 140.120063, C9H160 regquires

140.120109,

R-7-Methyl-1,b6-octadien-3-0l (115)

Calp -4 (e, 0.75)5
n.m.r, § 5.93 (1H, octet, J

L 841, 921,991, 3350 om

2,1 trang 17-3HE T,

9.8 Hz, J2 3 5.9 Hz; H2), 4.97-5.42 (3H, multiplet; H6,

ma

H21) L.i2 (1H, quartet, J 5.9 Hz H3), 1.70. 1.63

3,2 J3,4ab
(total 6H, singlets, wh/2 5.5, 3.5 Hz resp.; C7-methyl,

C8~53), "Found: C, 76.79; H, 11.82; C9H160 requires:

¢, 77.09; H, 11.50%.

1R, 2S,3R~3-Isopropenyl-2-methyl-cyclopentan~i-ol (116)

‘Jmax 888, 3400 cm"l; n.m.r, 5 4,73 (2H, multiplet,

W,/ 3 Hzi CiCHy), .12 (triplet, 1R, J 30, o k& Hz;

H1), 1.66 (triplet, 3H, J 1 Hz; c:c;CHB), 0.95

CH3,CH,
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5.2 6.5 Hz; C2-methyl). . Found: C,
77.18; H, 11.90; Colly 60 requires C, 77.09; H, 11.50%,

(doublet, BH,.JCH

1R,2R,BSmBmIsopropenyl»Zumethyloyolopentanwi~oi (117)

Om . 888, 3350 cm”l; nem.r. § %.73 (multiplet, 2H,
16

wh/z 3 Hz; C=CH2), 3.75 (quartet, 1H, J1.2=J1,5a=J1’55
7 Hz; Hi), 1.68 (triplet, 3H, JCHBvCHZ 1 Hz; C:C—CHB),
0.99 (doublet, 3H, JCH3 5 6 Hz; C2-methyl). Found: C,

77,455 H, 11.85; Colly g0 requires C, 77.09; H, 11.50%.

1R, 2R, 3R~-3~Isopropenyl=2-nethylcyclopentan-i-ol (119)

\)max 887, 3375 cn™l; n.m.r. § 4.81, 4.68 (multiplets,
total 2H9fwh/2 5 Hz; C=CH,), 3.98 (multiplet, 1H, W 13 Hz;
H1), 2.75 (multiplet, 1H, W 24 Hz; H3), 1.73 (singlet ?,

3.5 Hz; C=C-CH.), 0.64 (doublet, 3H, JCH3,2 6.9 Hz;

h/2 3
C2-methyl). Measured: 140.119795; C9H160 requires

3H, W

140,120109.

iR,ZS,3Sm3~1sopropenylmzmmethylcyolopentan~1mol (118)

\)max 887, 3375 el nomar. S 4,85, 4.70 (multiplets,
total 2H, wh/z 5 Hz;‘ C:CHZ), 4,30 (multiplet, 1H, W 23 Hz:
H1), 1.72 (singlet ?, 3H, wh/Z 3 Hé;C C~CH3), 0.70 (doublet,
3H, JCH3,2 6.9 Hz; CR2-methyl). Measured:  140.119791;

C9H160 requires 140.120109,



Oxidation of R-7-Methyl-i,b-octadien-3~0l (115)

The hydroxy-diene (115, 50 mg) in pentane (2 ml) was
stirred with active Nn02 (500 mg) for 24 hrs.. Filtration
and evaporation gave the dlienone (68, 40 mg), identical to

an authentlic sample.

Oxidation of cyclopentanols

All oxidations of cyclopentanols were carried out on
a 50-100 mg scale using the chromic acid/ether method of

Brown outlined on p .

Reduction of 3-Isoprovenyl-2-methylcyclopentan-i-one (71)

The ketone (71, 30 mg) in dry ether (1 ml) was added
to a stirred soln of LiAlH@ (20 mg) in dry ether (3 ml) at
-7005 The mixture was allpwed to come TO room temperature
and then worked up with Na,80),,10H,0 and water to give a
cyclopentanol (98%) identlcal (g.l.c., n.m.r.) to

1R, 2R, 35-3~isopropenyl-2~-methyl-cyclopentan-1-ol (117).

2-Deuteroxy~10-norpinane

Nopinol (112, 2 g) in dry ether (10 wml) was stirred
rapldly for 2 mins with D,0 (3 x 1 ml). Extraction with

ether gave the alcohol 93% deuterated (by n.m.r.).

2a~Deutero-nopinol

Nopinone (67, 2 g) in dry ether (10 ml) was added to



a soln of LiAlDu (500 mg) in dry ether (25 ml) at 709,
-over 10 mins. The mixture was stirred for 1/2 hr and then
allowed to come to room temperature. Wwork up in the usual
WAY gave Zﬁ—deutero-ﬁopinol (1.7 &), ¥»98% deuterated (by

n.m,r.)

‘BwDeuteromnopinol

2-Acetoxy-10-norpin-2-ene (76, 2 g) in dry tetrahydro-
furan (2 ml) was stirred wiﬁh D0 (4_ml) and sodium methoxide
(1.5 &) fgf 2 days. Extraction with ether gave 3-deutero-
nopinone (1.5 g) 82% deuterated (by mass spectra).

Reduction of 3-deutero-nopinone (1.5 g) with LiALH), (400 mg)

at -70° as above, gave 3-deuteronopinol (1.2 g).

10a-Pinan-2~0l (42)

Nopinone (6?{ 30 g) in dry ether (50 ml) was added drop-
wise to‘a grignard reagent prepared by the addition of metnyl
todide (30 ml)‘in»dry ether (200 ml) to nmagnesium turnings
(10 g). The mixbure was heated under reflux for 1 hr and
then hydrolysed b& the dropwise addition of water. The
alcohol was extracted wlth ether and the cfude product
adsorbed onto alumina (1000 g). Elution with 2% ether/
pentane removéd the nopinone lampurity, and further elution
with 10% ether/pentane gave pure‘101~p1nan—é-ol (20 g);

w.p. 56-57°; n.omr. § 1.26 (C2-methyl), 1.23, (CB-Hg), 1.12

(Co-H3) .



10B-Pinan-2-0l (43)

A soln of a-pinene oxlde (22, 60 g) in dry ethylamine
(150 ml) was treated portion-wise with lithium (10 g) and
the'mixture stirred vigorously for 6 hrs. The ethylamine
was distilled off and the mixture decomposed with ice and
water. The terpene material was ektraoted with ether, to
give 57 g of a mixture of isopinocampheol (121, 69%) and
103-pinan-2-0l (31%). Pure 103-pinan-2-ol was obtained by
fractiénal distillation; m.p. 75-76°; n.m.r. § 1.29

(C2-methyl), 1.24(08-H3), 0.9% (C9~Es).

R-~Linalool (44)

O pax 3430, 997, 918, 837 ew™; n.m.x. §°5.95 (quartet,
LE, Ty qocig 10:3 Hey T, 0 oy 1709 Hes H2), 5.41-4.92

(multiplet, 3H; Hpl, H6), 1.68, 1.62 (6H, W, p 3.5 Hz;

C8-H C?-methyl), 1.25 (singlet, 3H; C3-methyl); identical

3,

with an authentic sample.

1R, 2R, 38-1, 2-Dimethyl-3~isopropenyleyclopentan-1-ol (122)

J pax 3470, 1640, 897 ocm™l; n.m.r. § 4.73 (singlet 2,
2H, wh/2 2.5 Hz; C=CH,), 1.67 (singlet, 3H, Wy /e 3 Hz;
C=C-CHg), 1.27 (singlet, 3H; Cl-methyl), 0.87 (doublet, 3H,
JCH3 , 6.5 Hz; C2-methyl); 1identified in admixture with

R-linalool (44),



1 “' 3 °

1R, 28, 35-1, 2-Dinethyl-3-1lsopropenyleyclopentan=-1i-ol (125)

m,p. 38.5-39.,5%; Omax 3320, 1647, 885 cmn™t; n.a.r.

§ L4.85, 4.72 (multiplets, total 2H, W 4 Hz; C=CH,),

h/2
2.56 (multiplet} i¥, Wy /2 19 Hz; H3), 1.90 (H2, located by
double irradistiation experiments), 1.73 (singlet ?, 3,
wh/z 3 Hz; CZC~CH3), 1.33 (singlet, 34; Cl-methyl), 0.78
(doublet, 3H, JCH3‘? 7.4 Hz; C2-methyl). Found: C, 77.5;

B, 11.9. C10H18O requires C 77.9; H, 11.8%.

1R, 25, 3R-1, 2-Dimethyl-3-isopropenylcyclopentan-1-0l (1273)

J nax 3425, 893 en”l; n.om.r. 5 4.71 (singlet ?, 2H,
{ Hz = 1 Hz; =0 = -
Mh/Z Sdz; C CHZ)’ 1.72 (singlet 2, 3H, wh/Z 3 Hz c=C CHB)’
i1.15 (singlet, 3H; Cl-methyl), 0.87 (doublet, 3H, JCHj 5
6.5 Hz; C2-methyl); identified in admixture with hydroxy-

olefin (125),

1R, 2R, 3R-1,2~-Dimethyl-3-isopropenyleyclopentan-1-ol (124)

m.o. 90-91°; Dmax 3340, 1648, 885 en~l; n.m.r. & 4,82,

&

4,68 (multiplets, total 2H, wh/2 5 Hz; C=CH2). 3,07 (multi-

plet, 1H, Wh/Z 21 Hz; H3), 1.92 (H2, located by double

irradiation experiments), 1.72 (singlet ?, 3H, wh/z 3.Hz;
C:C-CHB), 1.28 (singlet, 3H, Cl-methyl); 0.61 (doublet, 34,
JCHB,Z 7.4 Hz; C2-mephyl). Found: €, 77.95; H, 11.8.
C10H18O requires C, 77.9; H, 11.8%.



1 L!'L," “

‘ 5,7«Dimethylw6mootenmémone (126)
. ___1 M
J 1747, B4? ca 73 n.m.r. § 4,84 (doublet of multi-
max .
plets, 1H,

J6,7-methyl § Jé,cBmH3 1.5 Hz, 9 Hzi HOE), 2f37

(15, located by double irradiation experiments), 2.10

(singlet, 3H; CO—CHB), i.68, 1.58 (doublets, total 6H,

JCHB ¢ 1.3 Hz; C?nmgcnyl, CB-HB),

JCH p 6.4 Hz; CS5-methyl). Found: C, 77.5; H, 11.9.
39‘ c

0.93 (doublet, 3H,

C10H18O requires C, 77.9; H, 11.8%.

Reaction of the cis~Cyclopentanone (70) with Methyl Wagnesium
Todide,

To a solution of the cis-cyclopentanone (70, 200 mg) in
dfy ether (2 ml) was added dropwise a solution of methyl |
magnesium iodide (from methyl iodide (0.4 ml) and magnesium
(140 mg) in ether (2 ml), and the mixture heated under reflux
for 1 hr. The crude product, isolated by means of ether,
was‘shown (g.l.c. and n.m.r.) to consist of a mixture (96:4)

of the hydroxy-olefins (125) and (124),.

Reaction of the trans-Cyclopentanone (71) with Methyl

Magnesium Todide,

Reactlon of the trans-cyclopentanone (71), as above,

gave a mixture (2:3) of hydroxy-olefins (122) and (123).

33,48-3,7~-Dinethyl-1,b6=-0octadien~-4-0l (128)

) 834, 913, 994, 3440 cm™l, n.m.r. § 5.87 (octet, 1H,

max
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18 Hz, J ,J 9.5, 7.2 Hz; H2), 4,88
2,1 trans 2,1 cis’ 2,3

5.39 (multiplet, 3H, H21’ H6), 3.49 (sextet, 1H, JL’wB 7.5
He, J4,5ab 5.5 He; HL), 1.73 (doublet, 3H, J91§_0H3’6 1.3

Hz; C7-methyl), 1.64% (singlet ?, 3H, W 2.5 Hz; C8«H3),

h/2 .
1.05 (doublet, 3H, JCH3 3 6.8 Hz; C3-methyl). Found :
c, 77.60; H, 11.80, CiOHiBO requires, C, 77.87; H, 11.76.

13,23,33,4R-2,3-Dimethyl-4-1sopropenyleyclopentan~i~ol (133)

J nax 889, 13360 cn™ n.m.r. § 4.82, 4.71 (multiplets,
total 2H, Wy, s, 4.5 Hz; C=CHp), 3.73 (sextet, 1H, Jy »
8.8 Hz, Ji,Sab 6.6 Hz; H1), 1.70 (singlet ?, 3H, Wy /o 3 Hz;
0= @ Jy '9 o L i me ' l M 098
c=C CHB)y 1.07 (doublet, 3H JCH3,H 5.5 Hz; methyl), 3
(doublet, 3H, JCH3 H 6.3 Hz; methyl). Found: C, 77.49;

H, 11.91; C 0 requivres C, 77.87; H, 11.76.

1018

1S,23,3R,43=-2, 3-Dinethyl-4-1sopropenyleyclopentan~i-ol (132)
J

4 Hz; CZCHE), 3.33 (multiplet, 1H, W 18 Hz; H1), 1.73

o 889, 3386 cm"i;‘ n.m.r. ¢ 4.75 (multiplet, 2H,

1 T ? } i . = e - ‘- i
(singlet 2, 3H, Wh/Z 3Hz; C=C CHB)’ 0.98 (doublet, 3H,

JCH3,H 6.5 Hz; methyl), 0.54 (doublet, 3H, Tons,H 6.8 Hz;
methyl).  Found: C, 77.5; H, 11.79. C, oH; g0 Tequires

C, 77.87; H, il.76,

18,28735,48-2,BmDimethylm4—isopropenylcyolopentan«l-ol (131)

Jm ) 889, 3360 cm“i; nem.r. § 4.92, 4.65 (multiplets,
a
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total R2H, Wy /o L gz C:CHZ), 3.72 (quartet of multiplets,
e Jy 2% 9 sap

3 Hzi C=C-CHj), 1.0z (doublet, 3H, Joy, y 5.8 Hz; methyl),

0.83 (doublet, 34, J

7.6 Hzs Hl)o‘lo?O (singlet ? 3H, Wy /2

. 6.4 1z; methyl). Found: ¢,
CHB,[}

77.57; H, 11.84, ClOH18O requires C, 77.87; H, 11.76.

13,25, 3R, 4R-2,3-Dimethyl-4-isopropenylcecyclopentan-L-0l (130)

890, 3360 cm”l; n.m.r. & 4.73 (multiplet 2H,

mnax
wh/z 2.5 Hz; CZCHZ), 3.78 (quartet of multiplets, 1H,
Ji 5 %9y 5ap 0 Hzi HL), 1.65 (triplet, 3H, TeHq,czcH, L B2

C:C~CH3). 1.05 (doublet, 34, Jeon 7 Hz; wmethyl). Found :

3-8
C, 77.48; H, 11.95. C10H18O requires, C, 77.87; H, 11.76.

Ls,58~5,7-Dimethyl-1,6-0octadlien-4-0l (129)
N < 843, 91k, 987, 3425 om-l; nam.r. § 5.55-6.25

na
(multiplet, 1H; H2), 5.23, 5.07 (multiplets, total 2H, Wy, /2

4 Hz; HZI), 4.97 (doublet of multiplets, 1H, J6,5 5 Hz;

H6), 3.42 (octet, 1H, J; . 8.9, 6.9, 4 Hz;

Ty, 30 F493b
H4), 1.72, 1.64 (doublets, total 6H, JCH3’6 154 Hz; C7-

methyl, C8~H.), 1.00 (doublet, 3H, JCH3 s 6.5 Hz; 05~CH3).

3
Measured: 154.135395, c10H18O requires, 154.135758.

Neo~1soverbanol (135)

Verbenone (33, 20 g) in cyclohexane (40 ml) was stirred
with Pt02 (0.4 g) at room temperature under nhydrogen until

uptake of H2 ceased., The soln was filtered and the solvent



removed to give crystalline neomisoverbapdl (19.5 &)
m.p. 68-69°; n.m.r. J 4,25 (multiplet, 1H, W 21 Hz; H4),

1.24 (C8~HB), 1.20 (C9~H3)q 1,07 (doublet, J 6.5 Hz; 01omﬂ3)9

C 3R, 48-3, 4, 6-Trimethyl-5-heptenal (138)

O pay 8520 1728, 2720 en™; n.m.r. §9.72 (triplet, 1H,

J, , 1.4 Hz; Hi), 4.93 (doublet of multiplets, LE, Js 4

1,2

9,5 Hz; H5), 1.66, 1.59 (doublets, total 6H, JCHB g 1.3 Hz;
Cé-methyl, C?—HB), 0.95 (doublet, 6H, JCHB,H 6 Hz; C3-methyl).

Measured: 154.135395. ClOH 0 requires 154;135758w

18

138,2R, 3R, 4R=3,4-Dimethyl-2~1sopropenyleyclopentan-1~o0l (139)

4

V oy 891, 3490 co™; n.m.r. § 5.09 (quartet, 1H,

CzCH ois,CHy 1.5 Hz; C=C~Hcis), 4,79 (singlet ?, i1H, Wy /o

4 Hz; C=C-H )o H.13 (multiplet, 1H, W 16 Hz; H1), 1.79

trans

(doublet, 3H, J 1.3 BEz; c:c-CH3), 1.07 (doublet,

CH3,C2C~Hyy g
BH, JCHB.H 4 Hz; methyl), 0.93 (dbUbletf BH. JCHBPH 5 H?;
methyl). Found: €, 77.50; H, 11.80. 010H18O regqulires

C’ 77087; Hs 11076.

38, 5R~5,7-Dimethyl~1,6~0ctadien-3-0l (141)

\)max 838, 917, 988, 3370 cm-l; n.m.r. § 5.88 (octet,

ois’ J2,3 5.4, 9.8 Hz; H2),

1, H6), 4.81 (one half of H6E

iH’ Jz'l Jcran§ 1703 H29 Jz

-
4,73-5,68 (multiplet, 3H; H2

doublet of multiplets observable), 4.07 (multiplet, 1H, W

23 Hz; H3),.2.63 (multiplet, 1H, W 34 Hz; HS5), 1.68
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NUUURN : I o - ] Slet, 3
(doublet, 3H, JoismCH3,6 1.4 Hz; €8 H3)’ 1.63 (doublet, 3H,
Tyrans-Chs, 6 1.1 Hz; C7-methyl), 0.93 (doublet, 3%, Jgu, &
6.5 Hz; C5-methyl). Measured: 154.135394., C10H18O

requires 154.135758.

3R, 55-3,7-Dimethyl~1,b-octadien-5-0l (142)

) mox 833,912,993,3370 en ™ n.m.r. § 5.74 (octet, 1,

J 17.4 Hz, J 9,6 Hz; H2), 4.81-5.22 (multi-

2,1 trans 2,1 cis

plet; I—sz_, Hé), 4,39 (ootet, 1H, J5,6 7J5,14’3b 8.

7.5 Hz; HS), 2.32 (multiplet, 1E, W 34 Hz; H3), 1.69,

8, 5.9,

1.65 (douvlets, total 6H, J 1.5 Hz; C8-H,, C7-methyl),
CH3,5 3

1.00 (doublet, 3H, Jeg,,y 6.5 Hz; C3-methyl).  Found:

¢, 77.58; H, 11.81, Cyofl, g0 requires c, 88.87; H, 11.76.

18

18,28938,4R~3,@wDimethyl—zmisoprO@pnylcyclobentanulmol (1473)

\)maxl889, 3380 em™l; n.m.r. § 4.93 (quartet, 1H,

), 4.73 (singlet 7, 1H, Wy /2

Jeac-E ois, CHg 1.4 Hz;  C2CH 4 ¢
3.5 Hz; C:CHtrans>” 4,22 (sextet, 1H, J1,2’ J1,5ab 7.9,

7.9, 6.7 Hz; HL), 1.73 (doublet, 3H, J 1.2 Hz:

CH3,CH,
C:C-CdB), 1.07 (doublet, 3H, JCH3,H 5.5 Hz; methyl), 0,74 |

(doublet, 3H, J o 6.7 Hz; methyl). Found: C, 77.49;

CHj,

q, 11.96v CIOH18O requires C, 77.87; H, 11.76.

15,28,35,4R~2,4-Dinethyl~3-1sopropenyleyclopentan~-1-ol(144)

J - 888, 3360 cm_l; n.m.r. § 4.88; 4.66 (singlets 2,

total 2H, wh/z 4,5 Hz; C=CH 3.90 (multiplet, 1H, W

2



1 L‘r9 .

11‘(' Hz; Hl)ﬁ 1071 (doul}leti BH;) JCHByC:CH 1 HZ; C:C"‘C}IB),

cls

1.03 (doublet, 3H, JCH3 H 5.5 Hz; methyl), 0.70 (doublet,

BH’_JCHB,

0 requires C, 77.87; H, 11.76,

g 6.7 Hz; methyl). Found: C, 77.63; H, 11.98.

€108

Citronellal (140)

J

5 2.1 Hz; Hi), 5.08 (triplet of multiplets, 1H, J6,5ab

s 830, 1725, 2740 cn ™ty n.om.r. §9.74 (triplet, 1,

I, 22

7 Hz; HE), 1.68 (doublet, 3H, Jogaoyq 6 1-1 Hei C7-methyl),

1.61 (singlet ?, 3H, wh/? 3 Hz; CB—H3>, 1.00 (doublet, 3H,

'

J 6.2 Hz; C3-methyl), identical to an authentic sauple.

CH373

Isopinocampheol (121)

Diborane, generated by the dropwlse additlon of boron
trifluoride diethyl etherate (10 g) onto sodium borohydride
(1.62 g) in diethylene glycol dimethyl ether (20 ml) under

N wae passed into a solution of a-pinene (11 g) in tetra-

X
hydrofuran (75 ml) at 0°, by initiating a slow flow of N,
through the diborane generator, After completion of the
addition (2.5 hr), the generator was heated to 70° for 30
min to ensure complete transfer of diborane to the hydrobor-
ation flask, This flask was stood for 30 min at roon
temperature and the excess hydride was déstroyéd by careful
addition of water (10 ml) to the stirred.soln. The

organoborane was oxidised at 30-50° by adding sodium hydroxide

(8.5 ml, 3N) followed by dropwise addition of hydrogen
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peroxide (8.5 nl, 30%), The warm resction mixture was stir-
red Tor an additional hour, then extracted with ether, washed
with water and driled. Evaporation of the solvent gave solid

isopinocampheol (11.5 g); mn.m.r. § 4.05 (multiplet, 1H, W

23 Hzi H3), 1.31 (C8-Hj), 1.13 (doublet, 3H, J 6.8 Hz;

CH3,2 v
C2-methyl).

Isopinocamphone (147)

A soln of 1sopinocampheql (11 g) in acetone (15 ml),
was stirred at 09, and chromic acid (18 ml, 8N) was added
during 45 min. The mixture was stirred for a further 45
nin during which time it came to room temperature. The
soln was extracted with ether and washed with water.
Evaporation of the dried soln gave the crude product.
Fractional distillation gave pure‘isopinooamphone (8;5 &)
numr. § 1.32 (C8-H,), 1.21 (doublet, 3H, Iong,2 71 Hzs

3
C2~methyl), 0,88 (C9—H3).

383~3,7-Dimethyl-1,b6=0ctadien-S4-one (148)

) uay 846, 921, 996, 1718 cn~l; n.m.r. § 5.87 (septet,

] ° ’ Rz, 8 74 ,
Lh J2»1 trans - 5 Hz J291 cis 9 Hz J2 3 Hz; H2)

4.97-5.37 (multiplet, Hpl, H6), 3.27 (quintet, 1H, Jg cg

] 3
6.8 Hz, 8 Hz; H3), 3.20 (doublet of multiplets, 24,

7

_ 3,2
Jsan,6 7 Hzi Hy5)y 1.73 (doublet, 3H, JCH3 g L Hz; = C7-methyl),
1.62 (singlet, 3H, W, s, 3 Bzi CB-Hj), 1.16 (doublet, 3H,

J 6.9 Hz; C3-methyl). Found: ¢, 78.96; H, 10.70.

CHBvB
Cloﬂléo requires C, 78.90; H, 10.59,
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23, 3R, 4R~2, 3=Dimethyl-U-isopropenyleyclopentan~l-one (150)

892, 1743 om“lg Nemer. & 4,90, 4,67 (multiplets,
max -

total Z2H, wh/Z h,5 Hz; C:CHZ)g‘1978 (singlet ?, 3H, wh/2

b Hz; C=C-CH_), 1.09 (doublet, 3H, chq . 7 Hz; methyl),
D ‘ 3.0
. 6.5 Hz; methyl).

0.95 (doublet, 3H, J Found :

CH
3
c, 78.91; H, 10.69. C, oH, 40 reaquires C, 78.90; H, 10.59.

23, 38,48-2,3-Dimethyl-4-igopropenylcyclopentan-i-one (151)

\)ﬁ N 892, 1742 cm“lg n.m.,r. § 4,95, 4.69 (multiplets,
az oL

total 2H, wh/z b Hz; .C:CHZ), 1.81 (singlet ?, 3H, Wh/é 3 Hz;
6.5 Hz;' methyl), 0,77

.

.
c:cmcHB). 1.03 (doublet, '3H, JCHB,H
(doublet, 3H, JCFB - 6.5 Hz; methyl). Found: C, 78.873;

H, 10.67. Cioﬂléo requires - C, 78.90; H, 10.59.

28,3R,48»27BMDimethylw@~1sopropenyloyclopentah«l»one'(152)

J ey 093 1745—cm_i; n.m.r. § 4.86 (singlet ?, 2H,
wh/2 3 Bz; C=CH,), 1.69 (triplet, 3H, JCHg,CHp 1 Hei
C:C~CH3), 1508 (doublet, 6H, JCHB,H 5 Hz; methyl).
Measured: 152.119804, 010H160 requires 152.120109.

23,38 ,4R-2, 3-Dimethyl-~4-isopropenylcyclopentan~i~one (153)

n,m.r. § 5.00 (multiplet, 2H, wh/z 5 Hz; C:CHZ), 1.78

(singlet ?, 3H, Wy /2 4 Hz; C=C-CH,), 1.06 (doublet, 3H,

3)’
7 Hz; methyl), 0,80 (doublet, 3H, J

J 6.5 Hz;

CHo,H CHq,H
methyl), (identified in admixture with cyclopentanone (154).
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23, 3R, 45-2, 4-Dimethyl-3~isopropenylcyclopentan~i~one (154)

an « 89k, 1746 om_1; n.n.r. § 4.88 (multiplet, 2H,
a

wh/Z 6 Hz; C:CHZ), 1.69 (triplet, 3H, JCHB»CHZ 1 Hez;
CZL~CH3), 1.03 (doublet, 34, JCH . 6 Hz; methyl), 0.99

3.5
(doudlet, 3H, J 6 Hz; "methyl). Found: C, 78.71;
CHB’H
H, 10.83. CIOHléo requires ¢, 78.90; ‘H, 10.59.

585, 7=Dimethyl=1,6~octadien-d-one (149)

max
(multiplet, 1B, H2), 4.98-5,28 (multiplet, 2H, Hzl), 5,00

J 844, 918, 993, 1719 cem~l; n.m.r. § 5.58-6.30

(doublet of multiplets, 1H, J¢ 5 8 Hz; H6), 3.45 (multiplet,
1H, W 25 Hz: HS5), 3.18 (doublet of multiplets, 2H, I350,2
6.6 Hz, J' 1.25 Hz; H,3), 1.69, 1.72 (doublets, total 6H,

JCH3,6 1f5 Hz; CB«HB, C7-methyl), 1.10 (doublet, 3H, JCH3,5'

6.8 Hz; (CS5-methyl). Measured: 152.119824, C10H16O

requires 152.120109,

Base catalysed lsomerisations of cyclopentanones.

Cyclopentanone (100 mg) in agueous methanol (1 ml, 20:1)
oontaining sodium hydroxide (100 mg) was ‘shaken until the
ketones came to egquilibrium, when the yields of products wa s

determined (g.l.qg"),

 trans-Verbenyl acetate, ( 7L )

Lead tetra-acetate (210 g), (humidified with 10-15%

acetic acid), was added during 15 mins to a stirred soln of
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fresnly distilled a~pinene (64 g) and dry benzene (700 ml)
maintained at 60-65°, The mixture was stirred at 60-65°
for 2 hrs, cooled, and the resulting lead diacetate filltered.
Watef was added to the flltrate and the precipltated lead
dioxide filtered. Evaporation of the dried benzene soln
followéd by fractional distillation gave verbenyl acetate

(38 g)3 \)max 1235, 1738 cn™l; nom.ro‘y 5;33 (multiplet,
total 2H, Wy, s, ¥ Hz; H3, H4), 2,02 (acetate), 1.74 (C2-

nethyl), 1.35 (C8-1,), 0.93 (C9-Hg).

trans~Verbenol (25)

trans-Verbenyl scetate (15 g) and potassium hydroxide
(5 g) were stirred in agqueous methanol (50 ml, 15:1) for 5
mins. Extraction with ether followed by evaporation and .
distillation gave trans-verbenol (11 g); ‘)max 824, 3379 mel;
na.r. §5.35 (multiplet, 1H, W, ,, 5.5 Hzi H3), b.29
(multiplet, 1H, Wh/z.
1.5 Hz; C2-methyl), 1.33 (CS—HB), 0:87 (C9—H3).

6.5 Hz; H4), 1.72 (doublet, 3H, JCH3’3

Verbenone (33)

(a)  trans-Verbenol (11 g) and active manganese
dioxlde (100 g) were refluxed in dry benzene (400 ml) for
45 mins., The mixture was filtered using celite, and the

Mn02 washed well with pentane. Evaporation of the solvent

1

and distillation gave verbenone (9 g); J ﬁax 864, 1683 cm ;

[a]D -231° (¢, 1.04); n.m.r; $5.73 (Quarte@, 1H, JB'CHB
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1.5 Hz; H3), 2.01 (doublet, 3H, J

CH3, 3 1.5 Hz;. C2-methyl),

1.50 (C8wH3>Q

(b)  a-pinene (500 g) was kept at 80° for 100 hrs while
air was bubbled through at ~ 100 ml/min. Steam distillation
reduced the hydroperoxides formed, and sepafated the volatileé
from the residue. The crude verbenons/verbenol mixture was
stirred at 0° in aoetié acid (100 ml) while sodium dichromate
(L0 @) in acetic acid (100 ml) was added dropwise, After
dompletion of the addition the mixture was stirred for
30 min. . The mixture was poured into water and extracted
with ether. After neutralization over sodlum carbonate thé
soln was driéd and the solvent evaporated. Fractional

distillation gave verbenone (40 g).

cls-Verbanone (36)

| Verbtenone (19 g) in cyclonhexane (40 ml) was stirred
with Pto, (0.2 g) at rooum temperature under hydrogen until
the uptake of H2 slowed markedly. Filtration of the scln
and removal of the cyclohexane gave an oil, 80%Z cis~verbanone
and 20% neo-iso verbanol (135) (by g.l.c.) The mixture
(19 g) was chilled in ether (50 ml) to 0°.,  Chilled chromic

acid soln82

(25 ml) was added over 5 mins. Then another

25 ml of chilled acid goln was added over 5 mins. Stirring
was continued for 5 min, then the upper layer allowed to
separate. The agqueous layer was extracted with ether

(2 x 25 ml), and the combined ether extracts'were washed with



155.

sodium carbonate soln (5%), then with water. The soln was
dried and the solvent removed to give crude cis-verbanone
(18 ¢g). Distillation gave pure cls-verbanone (15 g);
n.m.r. § 1.34 (CB—HB), 1.17 (doublet, 3H, JCH3,2 6.5 Hz;

C2-methyl), 1.00 (C9~H3)°

5R~5,7-Dimethyl-i , 6~octadien-3-one (156)

J ax 840, 1690 om"ig A (cyclohexane) 208 nm

m
9050); nem.r. § 6.18-6.41 (uultiplet, 2H; Hzi), 5,77

max
(,
(quartet, 1H, Jp 1 Lrans 8.4 Hz, J2,1 ol 3.9 Hz; H2),

[

4,93 (doublet of multiplets, 1H, Jg. g 9 fz; HE), 2.97
(multiplet, 1H, W 27 Hz; H5), 1.64, 1.63(doublets, total 6H,
i

CHB»5 1»5»Hz; C7-methyl, C8-Hg), 0.97 (doublet, 3H, JCH375

6.5 Hz; CS-methyl). Measured: 152.119811.  CjoH, 4O

regquires 152.120109,

3R-3,7=Dimethyl-1,6-octadien-5-one (157)

g)max 914, 995, 1690 cm"ig A nax (cyclonexane) 234 nm
(e 7460); n.m.r. § 6.06 (multiplet, 1H, Wy /o 4.5 He; Hé),
5.80 (octet, 1H, Jy 4 trane 17-9 Hzy Jp 4 o3q0 Jp 5 643,
9.8 Hz; H2), 4.78-5.17 (multiplet 2H; Hzl), 2.12 (doublet,
3Hy, Jpng ~CH3,6 1.1 Hz; C7-methyl), 1.87 (doublet, 3H,
J31§~CH3W6 1.3 Hz; CB8-H,), 1.02 (doub}et; 3H, JCH3’3 6.5 Hz;
C3-methyl). Found: C, 98.50; H, 10,93. ClOHléO_requires

c, 78.90; H, 10.59,



253,35, 48-3, 4-Dimethyl~2~isopropenylcyclopentan-1-one (158)

iy 093, 1754 en”l; nim.r. § 4.90 (multiplet, 2H,

6.5 Bz; C=CH,), 1.69 (doublet, 3, JCHB,C:CH oig Le1 B2

C2C-CB_), 1.05 (doublet, 3, JCW L 5 fzi .methyl), 1.00
2 03,1
(doublet, 3H, J”H 6 Hz; . methyl) Found: C, 78.56;
5301 _
H, 10.85. C d {O requlres C, 78.90; H, 10.59.

25,35, 45-2, 4=Dimethyl-3-isopropenyleyclopentan~] -one (159)

“4

J , 894, 1744 cm_l; n.m.r. & 4.96 (quartet, 14,

max

3 Hez; =CF .7 nglet ?, 1H, W,
JCZCHOiSrCHB 1.3 Hz; CECH ), K73 (singlet 7, 1H, W, /,
1.3 Wz

3.5 Hz; czcatrans), 1.70 (doublet, 3H, JCH3,C:CHC3

C=C~-CH_.), 1.12 (doublet, 3H, Jom 5 Hz; methyl), 0.87
3 3.0

(doublet, 3H, JCH3,H 7 Bz; methyl). Found: C, 78.62;

H, 10,42, C 60 requires C, 78.90; H, 10.59.

107y

3R, 43-3~kethyl-4-isopropenylcyclohexan~1-one (37)

J 8923 1715 cm-l; n.o.r. § 4.88, 4.65 (maltiplets,

max

total 2H, Nh/Z 4 Hz; C;CHZ), 1.79 (singlet ?, 3H, M1/2 3 Hz,

C*? CH3)’ 0.77 (doublet, 3H, JCH3,3"? Hz; C3-methyl).

7-iethyl-1,6-octadlien-5~one (155)

\> mnax -

(e 5000); n.m.r. § 6.08 (multiplet, 1H,

808, 914, 1694 en~l; 7 (cyclo hexane) 237

max

i 1) '3 e . 1
V‘]hl/z ‘:u5 HZ, [{6),

5.75 (multiplet, 1H, W 2.5 Hz; H2), 4.82-5.24 (multiplet,
2H; H21>’ 2.15 (doublet, 3H, JtraQ§-CH3,6 1.1 Hz; C7-

methyl), 1.88 (doublet, 3H, Jcis—CH3,6 1.1 9z; Co-HB).

Found: ¢, 78.59; H, 10.51. C9H140 requires 78.21; H, 10.21.
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7-fethyl-1,b~octadien-3~one (68)

J 830, 1688 cm“lg,A uay (cyclohexane) 215 (& L970);

max
nom,r. § 6.20-6.42 (multiplet; Hy1l), 5.708 (quartet, 1i,
. W oHz, J 8 Hz; H2), 5.10 (multiplet, 16,
2,1 cis © 2,1 trans ‘

W 21 Hz; H6), 1.68 (doublet, 38, Joyg . g L-2 Hzi CB-Hg)

1.63 (singlet, 3H, W N Hz; C7-methy

h/z

trans-2-Methyl-3~isopropenyloyclopentan~l-one (71)

J nax 093, 17H5 ey nom.r. §OL.BL (multiplet, 28,
W, so 3.5 Hz; C=CH,), 1.76 (triplet, 3H, JCHB’CHZ 1 Hz;
C:C-‘CHB)' 1.005 (dOublet, 3}1, JCHB'Z 6 I»Iz; Cz_methyl).

cls-2=tflethyl=-3~izooropenylecyclopentan-i-one (70)

J uayx 898, 1745 ent; n.m.r. § 4.89, 4.73 (multiplets,
total 2H, W/, L He; C=CH,), 2.85 (quintet, 1H, Jz,cB3A Jo g
7.4 Hz; H2), 1.71 (singlet ?, 3H, Wy /o 3.5 Hzj C:C—CHB),

0.89 (doublet, 3H, JCH3,2 7.4 Hz; C2-methyl).

M—Isopropenylcyclohexan~1—bne (69) -

\)max 890, 1720 cmn~1; n,m.f. ) 4.78 (gquartet, 24,

J 1.1 Hz; CZCHZ), 1.77 (triplet, 3H, J 1.1 Hz;

CHZ,CH
CZC~CH3).

CHs,CH,

Verbenene (61)
trans--Verbenyl acetate (74, 10 g) was refluxed in acebic
anhydride (25 ml) contalning potassium hydroxide (3 g) for

2 hrs, The mixture was poured into water and extracted with
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ether. After neutralizing and drylng, the solvent-was
evaporated., The crude product was distilled to give pure
verbenene (7 g); Ea]D + 98o (c, 1.08); J max 088 et
,nvhqr@ § 6@30 (quartet, 1H, J4’3 8.5 Hz, J4’5 5.5 Hz; HL),
6.03 (doublet, 1H, J3,4 8.5 Hz; H3), 4.67 (singlet,VZH,
wh/z 2 Hz; CR-methylene), 1.39 (08~H3), 0,87-(C9~H3).

o

Prhiotolvsis of Verbenene

Verbenene (4 g) and benzophenone (1 g) in pentane
(500 nl), were irradiated under nitrogen for 20 hrs using
a Hanovia 450W 7936A lamp and a. pyrex filter, to give a 90%

conversion to o-1i,(7),2,8-nenthatriene (62) which was

purlfied by preparative g.l.c; [a}D + 59 (¢, 1.5);

-

0 Lh N v é .
Omax 888, 1648 cm™*; 7\maX (cyclohexane) 232 nm (€& 18,000);
nem.r. § 6,17 (doublet of multiplets, 1H, J, 5 9.5 Hz; H2),
5.82 (multiplet, 1H, W 21 Hz; Cl-methylene), 4.78 (multiplet,
2H, Wy s, 3.5 Hz; CB-methylene), 3.02 (triplet, 1H, Jg sy,
6.5 Hz; H6), 1.71 (doublet, 3H, J 1.5 Hz;
CH3,C2CH cis
C8-methyl), identical to an authentic sample, |

Hydrogenation of o=-1(7),2,8-menthatriene (62)

The triene (62, 450 mg) in ethanol (10‘ml) was stirred
with 104 palladium on charcoal (50 mg) under hydrogen for
7 hrs when uptake of HZ ceased. Filtratlion and evaporation
gave an oll consisting of two components (60:40 by g.l.c.).

The major product wags lsolated by preparative g.l.c., and
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identified as trans-o-menthane (160); J

ey 1372, 1379, 1389,
2857, 2874, 2924, 2959 cn”l; n.m.r. § (cCly) 0.73, 0.85

(doublets, total 6H, JCH . 7 Hz; isopropyl methyls), 0.88
I

3ol
~(doublet, 34, Ja 8 Hz; methyl), identical to an
CH3, 1

authentic sampleo89

heMethylverbenene (161 )

Methyl iodide (16 g) in dry ether (60 ml) was added %o
magnesiuvm turnings (2.8 g) in a dry flask, flushed with
nitroger, The mixture was refluxed for 45 mins to complete
the formation of the grignard reagent. Verbenone‘(Q g) in
dry ether (60 ml) was added cautiously to the grignard
reagent and the mixture was refluxed for 1 hr. The ecomplex
was then hydroiysed by the careful dropwise addition of
water. The product was extracted with péntane (500 ml),
washed with water and dried. The solvent was carefully
evaporated from a 25 ml portion of the éoln and spectra were

run immediately; [a]D -5.6° (¢, 0.,9); v - 871 cm™i;

m
nom.r. § 5.72 (multiplet, 1H, Wo/z0 5 Hzi H3), 4.50 (singlet ?,

2H, W 2.5 Hz; C2-methylene), 1.77 (Cld-methyl), 1.34

h/2

(C8—H3), 0.80 (C9-H

3)9

ldentical to an authentic sampls.?’

Photolysis of 4-Methylverbenene (161)

h-Methylverbenene ( & 3.8 g) in pentane soln direct fron
the grignard reaction, and benzophnenone (2 g) were irradiated

under the same conditions as above for verbenene, After
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1 hr the veactlon vessel was lined wlth precipitated
benzophenone‘pinaool and photolysls of ghe‘diene (161)
ceased., Analysis by g.l.c. and preparative g.l.c. showed
the product to consist of UY-methylverbenene (67%) and

2, bedimethyl=-1sopropenylibenzene (162, 33%); J 823, 877,

max

897'cm"1; n.m.r. § 6.97 (singlet, 3H, wh/Z 1.5 Hz; aromatic
protons), 5.15, 4.81 (multiplets, total 2H, wh/2 5 Hz;

C=CH 2.29 (singlet, 6H; methyls), 2.01 (multiplet, 3H,

2),

W 2.5 Hz; CZC~CH3), (1it. 92).

h/2

2, 4-Dimetnylcunene (163)

J

24 Hz; aromatic protons), 3.12 (septet, iH, J

nax 817, 876 om"l; n.m.r. § 7.08 (multiplet, 3H, W

‘ H, isopropyl nethyls
7 Hz; isopropyl H), 2.28 (singlet, 6H; methyls), 1.20

(doublet? 6H) Jisopropyl methylsyﬁ 7 HZ; iSOpl"OPYl me‘thyls);
(lit. 91).

33 ~Bromononinone (164)

Bromine (0,15 ml; 1.07 mole).in carbon tetrachloride
(2 ml) was added over 5 mins to a stirred solﬁ of 500 mg of
2-acetoxy-10~norpin-2-ene (76) in carbon tetrachloride
(2.5 ml) at OO, ahd the resulting soln was kept at 0° for a
further 5 mins. Isolation of the terpene material by means
of ether, and crystallizatlon from methanol gave
3g-bromonopinone (448 mg); m.p. 109.5-110.5°; [d]D.+'19O

(¢, 1.06); J (ccly) 1734 cw™; N . 291 mn (e 55);

max
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c.d. &€&+ 3,14 (287 ma), 86 -1.5 (216 ma); n.a.r, § 4,083

(C3-H), 1.38 (C8»H3), 0.88 (C9~=H3)o

30.-Bromonopinone (165)

Bromine (0.3 ml; 1.07 mole) in carbon tetracnloride
(M‘ml) was added over 5 mins to a stirred suspension of
sodium carbonate (1 g; anhydrous) in a‘solution of
2-acetoxy-~10-norpin-2-ene (763'1905 g) in carbon tetrachioride
(b ml) at 0°, and the resulbing suspension.kept at 0° for a
further 5 mins. Isolatlon, as above, and orystallizatioh
from methanol gzave 3a-bromonopinone (990 mg); MeDo 69.5-70,00;
(o) + 146° (e, 1.05); J __ (cCly) 1730 om™; A
(& 81); c.d.©€+ 1,30 (312 nm),2¢e =0.97 (230 nm);

)
max 313 nm

n.m.7, § .48 (C3-H), 1.38 (C8-H 0.84 (C9-H3)o Found :

3)9

C, 49.75 H, 6.05; Br, 37.4.  CgH;4Br0 requires C, 49.8;

H, 6.0; Br, 36.8%.

Hydrogen Bromide Catalyvsed Reaction of 3a-Bromonopinone (165)

3¢ =-Bromonopinone (2 g) in cérbon tetrachloride (10 ml)
was shaken with hydrogen bromide/acetlo acid (2 ml; 50 w/v)
for 10 mins. The crude product, isolated by means of ether,
was shown by g.l.c. To conslst of two major components,

3g-bromonopinone (164, 33%) and p-isopropyl phenol (166, 31%),

and 11 minor components (total 36%). The p=-isopropylphenol

(166) was isolated by preparative g.l.c.; nax 3310,

-1
830 cm = (1,4-disubstituted benzene); n.m.r. § 7.08 (doudlet,
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2, J 8.5 Hz; aromatic H), 6.75 (doublet, 20, J 8.5 Hz;
aromatic H), 2.83 (septet, 18, J 6.8 Hz; 1isopropyl H),
1.20 (doublet, 6H, J 6.8 Hz; —(CHB)Z)g (1it. 83);

1

\)rﬂax 33107 830 cm ©

Attempted Dehydrobromlnation of 3g-Bromonopinone (1635)

(1) The ketone (165, 400 mg) was added to a suspens-
ilon of lithium carbonate (500 ug) in dry dimethylformamide
(5 ml) at 153°, and the mixture heated under reflux for
2 hrs. The crude product, isolated by means of ether, was
‘shown (g.l.c.) to be a mixture (1:1) of the 3a- and 38~
bromonopinones (165 and 164),

(11) A solution of the ketone (165, 200 mg) in
collidine (2.5 ml) was heated under reflux for 8 hrs, The
crude product, isolated by means of ether, was shown (g.l.c.)
to consist of 33-bromonopinone (164, 50%), 3o-bromonopinone
(165, 30%), nopinone (67, 13%), and apoverbenone (167, 7%4).

(i11) The ketone (165, 480 mg) was added to methanol
(10 ml) contalining sodium methoxide (1.5 g), and the mixture
heated under reflux for 3 hrs. The crdde product, lsolated
by means of ether, was shown (g.l.c.) ts consist of nopinone
(67, 78%), 3a~-bromonopinone (165, 19%), and 33-bromonopinone
(164, 3%).

(iv) Reaction at reflux of the ketone (165, 400 mg)
with pobtassium t-butoxide in t-butanol for 15 mins, gave a
crude product shown (g.l.c.) to be essentially pure nopinone

(67).



163.

The Benzene-sulphonylhydrazone of Noplnone (168)

Nopinone (5 g) was added to a mixture of benzene-
sulphonylhydrazine (6.23 g, 1 mole) and p-toluenesulphonic
acid (50 mg) in warm absolute methanol (10 ml). The
o

solution was warmed at 60° for 10 mins, then left for 10

mins when crystallisation was induced. After standing in
an ice bath the crystals were collected and washed briefly

with cold petroleum ether. Recrystallisation from methanol
gave the hydrazone (168, 9.1 g), as needles; m.p. 133«1350;
[alp + 32%c, 1.0);

(N=H); n.m.r. § 8.12-7.43 (multiplet, 6H; aromatic protons);

oy 1020 (820), 1450 (C=N), 3245 cm~i

1,21 (C8-H3), 0,62 (C9«H3)e Found: C, 61.33; H, 6.65;
. L L,Lq , . ;
N, 9.26; 8, 10.6 C15H20N2302 requires c, 61.62

H, 6.89; N, 9.58; S, 10.97%.

Decomnosition of the Hydrazone (168)

(L) - The hydrgzoneﬂ(168; 3.3 g) was dissolved in a
minimum amount of absolute methanol ( & 4 ml) and to thié
soln was added RaOMe (700 mg, 1.15 mole). The contents of
the flasgk were warmed until all the solid was'dissolved and
then the methanol was removed at reduced pressure. The
sodium salt of the sulphonyl hydrazone was heated in an oil
bath to 17000 No further decomposition was observed after
5 mins. The products of deconposition were removed under
reduced pressure as they were formed, and collected in a

dry ice/acetone trap. Isolation of the product from the
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small amount of methanol in the trap gave apopinene

(169, 970 mg, 704), (1lit., 84); J 721 e n.m.r. § 6.15
ma :

(multiplet, 1H, W 22 Hz; H2), 5.54 (doublet of multiplets,

15, J293 9 Hz; H3), ;328 (C8»H3), 0.90 (C9»H3)°'

(iia) The hydrazone (168, 2.5 g) was added to a soln
: oftsodium metal (750 mg) in digol (20 ml) and stirred in an
oll bath at 1?00, The top of the condensor was connected
to a tube immersed in water so that NZ evolutlon could be
observed. When no more N2 was evolved (2.5 hrs) the
~ product was 1lsolated with pentane. w The crude product
(816 mg, 78%) was separated by preparative g.l.c. into

apopinene (169, 81%) and 4-isopropenylecyclohexene (170, 19%),

(Lit 85); J - 889, 725 Cm"1; n.o.r. § 5.70 (multiplet,

3.5 Hz; Hi,E2), 4.72 (quartet ?, 2H, Wh/z 2.5 Hz;

21, ‘v\i’h /2
C:CHZ), 1.74% (triplet, 3H, JCHB’CHZ i.1 Hz; methyl).
(iib)  The hydrazone (168, 900 mg) was added to a
soln of NaOH (1 g) in water/digbi (1:6, 20 ml) and stirred
in an oil bath at 1609, The reaction was followed as in
(iia). The crude product was found by g.l.c. analysis to

be apopinene (169, 8i.5%) and h-isopropenylcyclohexene

(1709 1895%)0

Lead tetraacetate Oxidation of Apopinene (169)

Apopinene (10 g) in Gry benzene (150 ml) was stirred
while lead tetraacetate was added over 15 mins. The

~

mixture was refluxed for 3 hrs, then cooled. Stirring was
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N
A

E

ccontinued overnight.  The mixture was Filtered to remove
the lesd dlacetate formed and then water was added to the

- filtrate to precipitate any lead dloxide formed, The
filtered, neutrallzed, drled benzene soln was evaporated
and the résidue fractionally distlilled to glve apoplinene
(500 mg), trans-apoverbenyl acetate (171, 5 &), (1it. 86);
[aly + 75.97 (e, 1.08); U
nem.r. § 6,45 (multiplet, 1H, W 18 Hz; H2), 5.62 (doublet

- ) ! -1 .
may 7j27 12389 1720 cm s

- of multiplets, 1H, J4 5 10 Hz; H3), 5.40 (multiplet, iH,

wh/z 6 Hz; H4), 2.03 (3H; acetate), 1.35 (08,33)9

0.97 (C9~H3); and 20, 30-dlacetoxy-6,6-~dimethylnorpinane

. i . . - o
(172, 2.1 g), (1at. 86); [a]y -17.19 (e, 1.2}, O . 12k2,
1720 e ™ ; nom.r. § 5.21 (multiplet, 28, W 25 Hz; H2, H3),

2.06 (3H; acetate), 2.0L (3H; sacetate), 1.26 (C8-H.),

3
0,98 (09~H3)q

trans-~Apoverbenol (173)

Apoverbenyl acetate (171, 4 g) was placed in a soln of
KOH (1.5 g) in aqueous methanol (15 ml, 15:1). Analysis
by @.l.c. showed that the acetate was quantitatively
hydrolysed within 5 ming., Isolation with ether gave trans-
apoverbenol (3 g); (lit. 86); [g]D +o71.4° (¢, 0.3);
Vnayg 726+ 3335 em™; nim.r. § 6,33 (multiplet, 1H, W

7

18.5 Hz; H2), 5.6k (doublet of multiplets, 1H, Jg p 9 Hz;
H3), %.33 (multiplet, 1H, Wy p 7.5 Hz; HA4) 1.34 (C8-H3),

0991(C9MH3)°
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Apoverbenone (167)

trans-Apoverbenol (173, 2.85 g) and activated'MnOP
(30 g) were refluxed in dry benzene (125 ml) for 45 mins.
The Mn02 was filtered off using éelite, and washed well
with ether. Removal of the solvent gave apoverbenone

(2.54 g), (lit. 86,87); [aly + 129.20 (e, 1.12); U 928,

nax
] '

1694 cm 75 n.m.r. § 7.53 (quartet, 1H, Jp,3.9 Hz, J, 4

6 Hz; H2), 5.94 (doublet of triplets, 1H, J3 5 9 Hz, Jt

1.4 Hz; H3), 1.52 (CB»HB),*iOOM <c9-H3)°

cis-Apoverbenol (174)

Apoverbenone (167, 100 mg) in dry ether (2 ml) was
added dropwise to LLALN) (50 mg) in dry ether (2 ml) at
TOOWm temperature. The solution was stirred for 30 ming
‘when hydrolysis with Na2804°10H20 was carried out. The
goln was decanted, dried and evaporated to give a crude
product analysed by g.l.c. as clg-apoverbdenol (98%) and

Z). Crystallisation from pentane

!

trana-apoverbenol (173, 2
gave cls-apoverbenol (95 mg); M.D. 86~86°5°;. [a]D ~9.2°
(¢, 0.67); U e 738, 3288 em™t; n.om.r. § 6.33 (quartet of
multiplets, 1H, 3293 9 Hz; H2), 5.69 (doublet of quartets,
1H, Jy , 9 Hz, J' 2 Hz, J" 1.5 dz; H3), 4.53 (multiplet,

it

iH, wh/g 6 Hz; HL), 1.36 <08-H3), 1.12 (C9wH3).

6, 6-Dimcthylnorpinan~2a, 3n-diol (175)

Lqueous methanol (1.5 ml, 15:1) containing KOH (75 mg)

was added to the diacetate (172, 200 mg). The mixture was
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briefly stirred then isolated with ether to glive the crude
Ve e . Q -1
diol (175, 110 ng); - 3325 cn™t; n.m.r. 4 3.98

, 6 Hz; H2,H3, C2-0H, C3~0H), 1.23

[

(multiplet, 4H, wh/

Yy, 0.87 (C9-H.,).
J

2,(10)-Epoxy~10g-plnan-33=-0l (176)

cls=Pinocarveol (97, 340 mg) was added to an ice cold
soln of m-chloroperoxybenzolc éoid (L g) in ether (12 ml).
The mixture was kept at 4° for 48 hré aﬁd then washed
quickly with cold sodium hydroxide soin (1 M) untll the
washings no longer coloured starcn-iodlde paper. Evaporat-

ion of the solvent gave 2,1i0-epoxy-i03-pinan-3g-o0l (340 mg);

. [ e - 2 N P r ‘

Neilie e 4] (CClL&) Llfoz.) (bripl@b, J.I—Iq 33’4;3’10 8.5 sz HB),
3.23, 2.40 (AB quartet, 26, J,, 5 Hzj UQCHZ), 1.26 (C8-Hq),
0092 <C9“H )a

3

Ju~Dentero=-2(10)-pinen=33-0l

A soln of'pinocafvone (99, 5.1 g) in dry ether (50 ml)
was added dropwise to a stirred suspension of LiAlD) (1 g)
in dry ether (150 ml). The mixture was stirred at 20° rfor
16 hrs. Isolation wlth ether gave a ¢rude product shown
(g.1.c.) to contain pinocarvone (39%), trans;pinooarveol
(4%), and clis-pinocarveol (57%). The mixture was adsorbed
onto alumina (250 g). Elution with pentane/ether (3:1)
gave Tractlons contalning pinocarvone. Elution wlth ether

gave pure (g.l.c.) 3a-deutero~2(10)-pinen-3g-o0l (1.9 g);
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ey 088, k25 om T n.m.r. § 5.08, 4.76 (C=Cd,), 1.26

(C8~H3), 0.73 (C9-~H3)°

Jo=Deutero=-2(10)~epoxy~-10d-pinan-3g-o0l (177)

3a-Deutero-2(10)-pinen-33-0l (260 mg) was added to an

ice cold soln of gwohloroperoxybenzoic acid (1 g) in ether
(12 ul). The mixture was kept at 4° for 2 days. Isolat-
ion with ether gave the deuterated epoxide (177, 280 mg)

pure by g.l.c.; n.m.r. § (CCL 3.23, 2.40 (AR quarteg,

4),
5 Hz; CQCHZ), 0.92‘(C9~H3), deuterium content 7 98%

23 T
2, JAB

by n.m.r.

The reactions were studied at 60° ror H,0/MeOH solns
(10:1) with [OH“] in the range 0.06-0.50 M and fepoxide]
3z10"4 M... The rate of férmatioﬁ of pinocarvone wés
recorded by measuring the optlcal denslty of reactlon mixtures

at 252 nm, the absorption maximum for plnocarvone.
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