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GROUND STATE SIGMATROPIC AND ELECTROCYCLIC
REARRANGEMENTS IN SOME MONOTERPENES'

THE PYROLYSIS OF a-PINENE
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Abstract—Alloocimene 7, obtained via ocimenc 6 by heating a-pinenc 2, wufunhefpymlywdloacowlex
mixture of products derived primarily from antarafacial 1.7- and suprafacial 15-hydrogen migrations,

6-clectron disrotatory electrocyclizations.

Ten years ago we reported’ that the photochemical
isomerization of alloocimene 7 gives two main products.
Ground state (thermal) isomerization of the same mono-
terpene has long been known,® and the pyrolysis of its
precursor, a-pinene 2, has been extensively studied since
1841.* The latter gives two initial products, dipenteoe 1
(racemic limonene), the pyrolysis of which we describe
elsewhere,’ and cis-ocimene 6, which yields only 4
trans-6-cis-alloocimene 7 (tc).* Further pyrolysis gives’
mainly a-pyronene 8, B-pyronene 9 and the diene 18;
minor amounts of the isomers 10, 11, 24, 28, a-terpinene
22 and dipentene 1 were shown indirectly to be present
in the pyrolysate, but were not isolated.

This area is now amenabie to modern analytical tech-
niques and is of renewed interest since pathways can be
rationalized in terms of orbital symmetry: these also lead
us to expect” the formation of new minor products such
as 27 which might be formed concertedly from a-pinene
2 in a chiral suprafacial(l,3] rearrangement with in-
version at the migrating carbon. From this work we have
concluded' that the fastest initial thermal reaction in
unhindered 1,3,5-beptatrienes is the [1,7}a-H shift, and
we outline here the relative ease of this and the other
reactions involved (Scheme 1).

Initially a large-scale pyrolysis of a-pinene 2 was
undertaken under conditions whereby the major product,
dipentenc 1, was largely unaffected so that other pyroly-
sis products were almost entirely those of alloocimene 7.
This permitted identification of many of the minor
products, and micro-scale pyrolyses on the gic injection
block in conjunction with mass spectrometry (MS) then
permitted the further examination of the reaction paths.

RESULTS

Micro-vapour phase pyrolysis of a-pinenc 2 on the_

gic injection block gave results in accord with lit-
crature reports when normal packed columns were used.
However, with a 100m capillary column, a more
complex pattern emerged. A preparative scale pyrolysis
over Pyrex chips at 420° gave a product mixture broadly
similar to that obtained by micro-vapour phase pyrolysis

tPresent address: Giidden-Durkee, P.O. Box 389, Jackson-
ville, Florids, US.A.

at 530° (Table 1) but with larger proportions of aromatic
products and small amounts of camphene 4 and
tricyclene 8. The crude pyrolysate was separated by
distillation and chromatography. Many of the minor
components could be isolated, but the main products
were characterized by b.ps, spectra, CGMS,” dehy-
drogenation and  Diels-Adler reaction  with
dimethyiacetylenedicarboxylate (DMADC) followed by
identification of the resulting phthalate. These can
readily be distinguished by mass spectrometry since only
the C-3- and C-6-substituted isomers can eliminate
methano! from the parent ion by a McLafferty rear-
rangement.'®

In several cases a diene was synthesized, and relative
retention times (RRT) were ascribed to its [1,5]s
bydrogen shifted isomers on the basis of the relative
areas of new peaks appearing over a range of injection
block temperatures.

The most volatile fraction consisted of fragmentation
products, all < 1% and not listed in Table 1. Mass spec-
trometry® indicated that isoprene, 2-methylbut-2-enc and
toluene were present, probably 2 - methylpent - 2 - ene,
and two isomeric methylcyclobexadienes. Gk of the next
fraction b.p. 48-54°/20 mm showed a single broad peak,
but on the capillary column this was resolved into five
main components. a-Pyronene 8§ and tricyclene § were
identified in the eartier distillation cuts of this fraction,
while dehydrogenation of later cuts yielded m-ethyl-
toluene (from 24 or 29), 1,23 - trimethylbenzene (from
a-pyronene 8), 1,24 - trimethyibenzene (probably from
13 or 14 or their 1,5 - bydrogen shifted isomers) and
1.2,3.5-tetramethyibenzene (from 12). The presence of the
homoannular diencs 24 and 2§ was coafirmed by in-
jection block pyrolysis of a mixture of the trans isomers
of triecnes 19 and 23: these trienes were obtained,
together with the alloocimenes 7(tt) and 7(tc), on dehy-
dration of a mixture of the corresponding dienols. The
diene 24, the initial cyclization product, is isomerized to
28 as the temperature is raised; it was also observed® as a
pyrolysis product of limonene 1. The dienes 17 and 18
are also major products of the pyrolysis of 19 and 23.

The pext pyrolysis fraction b.p. 54-60°/20 mm consis-
ted mainly of a mixture of the dienes 17 and 18. The
formation of the diene 18 was reported by Parker and
Goldbiatt® on pyrolysis of alloocimene (7tt and Ttc) but
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A = {15]s H shift: B = [3,3]) electrocyclic ring opening or closing; C = [1,7IA H shift; D = (1,5)s CH, shift

their sample very probably also contained the diene 17.
The two dienes were inseparable by gic but the increase
with b.p., in the low-field (r 4.1-4.5) portion of the
complex olefinic NMR signal is consistent with an in-
creasing proportion of 17. This was confirmed by Diels-
Alder condensations with DMADC, which resulted in a
higher ratio of methyl 4-methylphthalate to the 3-Me
isomer from higher boiling fractions of the diene (17 and
18) mixture. A minor constitueat of this fraction, the
vinykyclohexene 3, was identified by gic and its very
characteristic mass spectrum: it arises, lppuently by
minor pyrolytic deconpotmon of the major pyrolysis
product, dipentene 1.° Campbene 4 and tricyclene $ were
sepanated from the conjugated diene isomers of similar
volatility by treatment with maleic anhydride, and were
identified by GCMS and IR. Neither 4 nor 5§ was obser-
ved on pyrolysis on the gic injection block, and their
hrmnonovu?yrexehiwumbmtotbeu
tyuhem from a-pinenc 2 over hot mineral clays.

The higher-boiling fractions contained S-pyronene ¢
and dipentene 1, isolated by distillation, and a-phellan-
drenc 21, a-terpinene 12, p-cymene and two al-

loocimenes 7 (tc and tt), identified by GCMS. Dehy-
drogenation of the fraction b.p. 63-68°/20mm yielded
pcymene, 124 and 123 - trirqethybenwm. 1235 -

other benzeaes is evideot apart from 1,24 - trimethyl-
which could be formed from 13 and 14 or their 1.5-
hydrogen-shifted isomers, but no other evidence for

The diene 1S, synthesized from $ - ethyl - 3 - methyl-
cyclobcxcnoncudumbed"mpymlywd by gic, and
yielded first one uomer (l‘), a second (26), of

. Grqmd reaction of 356 -
trimethylcyclobex - 2 - enone'” with methyl iodide resul-
ted in spontancous dehydration to a mixture of dienes, 11
and 12. These were separated by gic and distinguished
spectroscopically. Pyrolysis of 11 gave 12, while the
latter gave 10 and 11 as a single broad gic peak (Table 2).

lnthea-pmene)pmlyuu: peaks cofresponding to
these dienes were observed
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Table 2. Micro vapour phase pyrolysis of synthetic dicnes

Teap. GC Analysis
18 16 Y
1% 99
o 7 16 2
429 43 30 18
(31 s N 25
450 3 29 27
100+ 1 12
1% 92
43 % 6
490 63 2%
150 90
43 49 46
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Scheme 2.
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The remaining products were identified as shown in
Table 1.

DECUSEION

Burwell'® has suggested that the common intermediate
in both the formation of dipeatene 1 and cis-ocimene 6
and the racemization of a-pinene 2 is the biradical 2a
(Scheme 2). An altermative multiceatred transition state
has been proposed'* but is unsatisfactory on orbital
symmetry grounds: the more acceptable variant involv-
ing a bomodienyl l}-hy&ommmnonwouldmem
to optically active limonene, known® to be stable under
the pyrolysis conditions. Furthermore the racemization
of a-pinene, which occurs at about the same rate as
dipentene formation, is not explained by this mechanism.
A retro-Dicls-Alder (- [wds + w2s]) reaction to give 6
from 2 is also conceivable, but it is energetically un-
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favoured, and no other products attributable to this
mechanism have been observed.

Another isomerization, firmly established for some
bicyclo (3.20) hepteoes“ and potulated®® for the
a-pinene ring system, is a {1,3]s rearrangement involving
rebonding of the back lobe of the breaking cyclobutane
sigma bond. This might be expected to give rise to 27,
reduced steric hindrance in the product being a feasible
driving force, but no trace of such a product was detec-
ted. The alternative(1.3)s migration to give inversion of
(+)-2 10 (-)2 would involve a twisting of the gem-
dimethy! group through the plane of the ring, and can
thus be discounted.

Ou the basis of calculations’ for the opening of
syclobutane to two ethylene molecules one could en-
visage a smooth one-step process for the isomerization
of a-pinene 2 to ocimene 6, passing through the biradical
species without the latter becoming a discrete inter-
mediate. But to explain the racemization on formation of
dipentene the biradical 2a must have a finite existence, in
accord with the postulate of Burwell.'> 4 - trans - 6 - cis
- Alloocimene 7 (ic), the sole initial product® of heating
cis-ocimene 6, cannot itself cyclize to a cyclohexadiene,
but must first yield a 4-cis-alloocimene. Under most
pyrolysis conditions only the two 4-frans isomers are
observed, but we have detected the formation of the two
4-cis isomers T(cc) and T{tc) and cis-ocimene 6 in low
yield on pyrolysis of a-pinene 2 over a hot wire.® a-
Pyronene 8 must arise in a disrotatory electrocyclization
from 7(ct) or 7(cc). B-Pyronene 9 is formed from 8 by a
normal [1,5]s hydrogen shift while the other major
pyrolysis product, the diene 18, is formed from 7(ct) or
) via 2 [1,7]a hydrogen shift, followed by electro-
cyclization of the resulting triene 19. In fact all the
reactions shown in Scheme 1 can be explained on the
basis of a series of [1,5]s and {1,7]a hydrogen shifts,
electrocyclizations and reversions, as illustrated. We
believe that the formation of the diene 10 from 8-
pyronene 9 occurs via the two corresponding open chain
trienes, interconverting by a [1,7]a hydrogen shift, but
we have not been able rigidly to exclude the possibility
of the direct isomerization 910 by a [1.5]s Me shift,
for which analogies have been reported.' Similarly the
direct isomerizations 18—+ 24, 17— 16, 1113 and 25+ 26
can be envisaged, but in view of the facility of the
isomerization of a-pyronene 8 to 18 (Table 3) which
must proceed through the open chain trienes, the
couatribution of [1,5ls methyl shifts in these series is
surely, at most, minor.

Evidence for these pathways, and of the relative case
of the steps involved, comes from the results given in
Tables 1 and 3. Significant (> %) interconversion of the
two 4-cis-alloocimenes T{cc) and 7(ct) occurs at 200° and
cychnnonofthaeukupheenm cis to trans
isomerization about the central double bood to yield
4 trans-alloocimenes 7(tc) and 7(tt) occurs (> 5%) at
360" and the reverse (terminating in a-pyronenc §) at
412°. Isomerization about the terminal double bond of
4-trans-alloocimenes becomes apparent oaly at about
4507, while reformation of trienes from pyronenes $ and
9 becomes significant only at 500°. Anslogous steps at
very similar temperatures are evident on pyrolysis of
a-phellandrene 21 and its related trienes under these
conditions.'

The first reaction, interconversion of T(cc) and 7(ct)
could, in principle, occur by (i) reversible ring closure to
the cyclohexadiene or (i) direct rotation about the
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terminal double bond, or (iii) two consecutive 1,7-
hydrogen shifts via 19. We can disregard both (i), since
a-pyronenc 8 is neither formed nor opened at these
temperatures, and (ii), since interconversion of the two
4-trans-trienes, which would also occur by this
mechanism, takes place only at much higher tempen-
tures. The mechanism (iii) is further supported by the
similar pyrolysis of the trienes derived from a-pbeilan-
drene 21. These appear to be the first clear instances of
(1,7}a-H migration in open chain trienes. ™

There are two possible precursors in the second reac-
tion, cyclization, and in neither the a-pyronene 8 nor the

m
triene is formed on coarotatory photochemical nns
opening of both a-pyronenc §* and a-phellandrene 21
bmthuappantobeufuncuonofthemundmw
conformation of the diene.'®

The oext reaction, [1.5}-hydrogen chift, is unexcep-
tionable, and the isomerization about the central triene
double bond through a bi-allylic biradical bas many
precedents.” However, the pathway of isomerization
about the terminal double bond for 7Ttc==7tt is unclear: it
could be direct, with conjugative stabilization of only
one side of the intermediate orthogonal biradical, or
multistep, by the lower energy pathway:

~

) et)

a-phellandrene 21 formation can we distinguish between
them. In an analogous disrotatory cyclization, Marvell'”
found that only trans -Sﬁ-dimthyicydoheudicneis
formed from a mixture of cis, cis, cis- and_cis, cis,
trans-octa-2,4,6-triecnes.  This suggests that the less
hindered triene, 7(ct) in the present case, undergoes
cyclization more readily. Conversely the more hindered

| =C C C{

)

The main thermal reactions encountered in this work
are summarized, in order of decreasing facility, in Table
4

The electrocyclization processes described here were
also observed to have their parallel among the odd
decmmbcuhrmmtedmmwecumuy
Such open shell species in high vibrational states

Table 3. Micro vapour phase pyrolysis of a- and 8-pyronese, and alloocimene

S 12,16 3 101,18 200 & lct T Tt
Slock S’ S—
tampe.

° ”
37 4 1 1 b3 3 1 -]
a2 10 4 10 1 1 3 (2]
450 20 16 20 3 1 S a

® . ]

3% kL] s
450 » 61
SO0 17 11 26 7 3 L N 4
2 : ”
10 11 ”
as » [ ]
450 3 LY}
$00 19 11 2 ? 4 3 H

° 100
1% 9 2 2
23 LY 15 3 2
N3 6 49 40 2 1
60 0 [9 k| n 20 S s
400 3 11 18 14 S ) ]
0 - L)
3so 4 4 3% L )

378 10 2 2 15 3 82 ?

.m-mumm;nxm1mum

H affected under the conditions used: genaral comditions as in Table 1.
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Table 4. Summary of thermal reactioos

a
Temp. %) ot . analogous
Reaction occurrence reactions
05w {Rcel/mol}
{1.7]-8 enite 200%® 15-206
{3,3) closure 300" 200° 29-3331
{1,5]-8 entfe 330" 330° 12-356
- 2
central O=C 3607 totett) 42.4
{somerization mn (teect)
terminal Cw=C 4o 45.0%
fsomerization
{3.3) opening sac® s2.8°%

a alloocimens seriss

b a-phwllandrens series

¢ for 2, )-dx.-thylponu-l,cu‘l-mm, vis the corresponding

cyclobutens 23

undergo ring closure to the corresponding cyclo-
bexadiene species with very little detectable [1.7}-
bydrogen migration. Thus the mass spectra of the_
pyronenes 8 and 9 are almost identical® with those of all
four of the alloocimenes 7: those of the isomeric trienes
1%1c) and 19(tt) (the two isomers cis at the central
double bond were not isolated) and the dienes 17 and 18
are indistinguishable. Likewise the triene 2X1) exhibits 3
spectrum almost identical with that of 24 but distinct
from those of 19 and 7. The main fragmentation pathway
which would be expected from trienes would normally
be simple allylic cleavage. However, consideration of the
heats of formation of fragment ions clearly indicates a
preference for alkyl substituent bss (Et>Me> H)
which is achieved most easily by direct cyclization of the
triene. Acompamonoﬂhespectnof“.ﬂ tetrs -
methyl - octa - 24,6 - triene(cct)™ and its ring-closed
isomer 123.4,5.6 - hexamethylcyclohexa - 13 - diene
indicated that this cyclization phenomenon was not
confined to terpene triene molecular ions.

EXPERIMENTAL

Unless otherwise stated UV spectra were recorded in EtOH.
IR spectra as beat liquid films and NMR at 60 MHz in CCL, Gk
mectnnblockpymlymmanwdomoen?atmmw
F-11 instrument, which is particularly suited to this application:
samples of 0.2 ! were injected, the syringe needle being allowed
to protrude 2 cm past the septum, in a glass injection port biner.
The pyrolysis products were separated on & 100mx0.02 in
squalane capiliary columsn at 90" and 30 psi N, pressure Mass
wxm(lS)mwcmﬁedumeruhummmof
150" on a Perkin Flmer RMS—4 single focussing instrument. Al
GCMSwecmvmobumdumHeummnM
Carbowax 20 M (2m X 1/8in) for separations. Distillations were
carried out ou & 36 in spinning band column and os 3 high speed
adisbatic spinning anoulus colump (Nester-Faust NFT Sh).
Dimethylacetyleoedicarboxylate (DMADC) sdducts  were
obtained by refiuxing equal amounis of ester and bydrocarbos
without solvest for S br.

a-Pinene pyrolysis. The pyrolysis “oven” was a vertically
mounted (0.6 m x 40 mm i.d.) Pyrex tube, heated electrically by
an externally wound nichrome wire and insulated with asbestos
rope and alumininm foil. An ianer tobe (07X mm id)
containing Pyrex chips and & Pyrex-sheathed thermocoupie, was

surmousted by a pressure-equalizing funnel. a-Pineae (1342¢g)
was passed, during 9.5 b, through the apparatus at 420°, with 2
N; flow of 30-40 ml/min. The pyrolysate was condensed into an
ice-cooled flask and separated on a large spianing band colums
into four distillate fractions, which were carefully redistilled.
Themvohn’lemu b.p. up to 4T[0 mm (40g),

PU/C this fraction yielded (GCMS) m-othykolcos, 12.4-
trimethybeszene, 123 - trimethylbeazese and 1235 -
Mymw&hmwmm

A nxmrc a pyrolysate fraction b.p. 47-56"/20mm (3.3 g)
and maleic mmommmm)wmw
cooled, basified and naldnﬂled The resulting odl (550 mg)
contained mainly 4 (25%) and 5 (3™%). which were both
separated by gic and ideatibed by IR. The fraction bp. S4-
60°120 mm (215 g) consisted maimly of aa inseparsbie mixture of
umWW(WWNHR)oImem

changing ratios of 17/18) 136
(21) 121 (15), 108 (10) 107 (100), 93 (30) 91 (44), 79 (13), 77 (13), 6%
(5), 67 (6), 65 (8), 33 (6), 33 (8) and 51 (5%), and complex olefinic
NMR signals. With DMADC » fraction bp. 57-8/20 mm pave
(a)c-OV-17 column) two phthalate esters, RRT 1.0 (61%) and
RRT H(M).wﬁeafncmnb.y Mm:mpve&emu

capillary column in some fractions of the mixtare of dieoes 17
and 18, and was identified by its large mie 68 signal.

The remaining pyrolysis products were ideatiied by the
methods indicated i Table 1. S-Pyrooene b.p. 61-63°/20 mm
(104 g) was isotated by distillation, and & part of the fractioo b.p.
63-68°120 mm (46 g), refiuxed overnigit with 10% Pd/C, yielded
(GCMS) mass spectra and RRT identical with those of autheatic
p<ymene, 123 - trimethylbeazene, 124 - trimethylbenzene,
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13 - dimethyl - § - ethylbeazese and 1235 - wetramethybeo-
zene.
Preparation of the triemes 191¢, 1911 and 231. A mixture® (20 g)
of 6 - hydroxy - 2, 6 - dimethylocta - 2, 4 - dicoe and 2 - hydroxy -
2.6 - dimethylocta - 3,5 - dicne was stirred at 50° with cooc. HCl
(5 mi). After 30 min the product, containing 1%t (19), X (18),
19t (16), Tic (21) and Tu (25%) (booger times resuited in the
formation of more 7) was isolated and distiied into two fractions.
The first contained 19 (1t and tc) and IN, identified by their
(GCMS) mass spectra, which were virtually idestical with those
of their cyclized isomers, 18 and 24 respectively. This mixture
(I3, 28%: 19tc, 0% 192, 43%) yiclded 8 (3%), 24 (9%), 25 (3%),
17 and 18 (10%), Tic (2%), Ttt (29%) as well as unchanged starting
material when pyrotysed oo the gic injection block at 450°.
Syathesis of the dienes 11 and 12. Mg tumings (7.3 g) were
covered with ashyd ether (SOml) and, under N,, Mel (42.6¢)
ia ether (150 ml) was added, followed by s crystal of 1. When
reaction bad sebsided 3,56 - trimsthycyclobex - 2 - enoee'?
(20g) in ether (100 mi) was added during 2hr and the mixture
maintained at refux for 3 hr. Saturated NHClaq. (200 =) was
added, and the ppt wasbed with cther (3 x 100 ml). The combined
dried (MgSOJ) ether solns yielded a mixture of 11 and 12 (4:1)
(15.6g) which was distilled and separated by preperative gic.
1345 - Taramethyicyciohexa - 13 - diene 11 (92%) bad ».., 2980
(S). 2910 (S), 1665, 1648, 1608, 1452 (S), 1421, 1375 (S). 1363,
1308, 1242, 1221, 1195, 101$, 880, 848 and 816 cm™’, v (CDCly)
451 (1H, s), 7.5-8.5 (3H, m), 8.36 (9H, br 3) and 9.04 (3H, d, )
6Hz), mie 136 (M°, 30), 121 (M* - 15, 100), 107 (7), 106 (9), 1035
(53), 91 (24), 79 (24), 77 (20), 67 (8) and 65 (6%) (Found: C, 88.1;
H, 116 Cak. for CHic C, 882; H, 11.9%). 1356 -
Taramethyicyciohexs - 1,3 - diene 12 (98%) bad »_,, 2000, 2620,
2370, 1663, 1598, 1450 (S), 1375 (S), 1365, 1352, 1278, 1207, 1158,
1102, 1035, 1020, 1000, 992, 974, 847 and 805 (S) cm™', » 4.59
(1H,s), 4.82 (1H, br s), 7.7-8.5 (2H, m), 8.27 (3H, 1), 8.33 (3H, 3),
9.09 (3H, d, ) THz) and 9.15 (3H. d, J TH2), m/e as for 1.
Synthesis of 13-dimethyl - S - ethyicyclohexa - 1.3 - diene
18. 5 - Ethyl - 3 - methylkcyclobex - 2 - ene - 1 - one, prepared as
had A gy, 240 nm (¢ = 4600), vo., 1670 (S), 1630, 1462,
1452, 1410, 1382, 1300, 1264, 1250, 1167, 1147, 924, 890 (S), 830,
810and T8 cm™', ¥ 4.3 (1H, s), 7.5-8.3 (SH, m), 8.07 (3H, 3), 8.65
(2H, q. ] 6Hz) and 9.06 (3H, t, ] 6Hz), m/e 138 (M*, 22), 110 (3),
109 (2), 83 (10), 82 (100), 81 (7), 53 (7), 54 (10), 53 (9), 41 (11) and
39 (20%). The ketone, treated with MeMgl as described above,
afforded a mixture of equal parts of the reported'’ dieoes b.p.
68-70°/20 mm. Prepanstive gic yielded the endocyclic diene 18,
Amas 267 N (€ = 2300), ro., 1656, 1450 (S), 1374 (S), 1204, 1147,
1060, 1034, 1016, 960, 856, 840, 832, 817 and 788 (S) cm ™", r 4.5
(1H,3), 48 (1H, 3), 7.6-8.1 OH., m), 8.23 3H., 3), 835 (3H, 5), 8.12
(2H, @) and 9.12 (3H, 1), m/e 136 (M*, 33), 121 (%), 107 (100), 105
(18), 93 (), 91 (40), 79 (12), T7 (9). 67 (5), 35 (8), S3 (7). 1 (6) and
43 (10%). (Found: C, 87.9; H, 12.0. Cak. for CiH,: C, 88.2; H,
11.9%) and § - ethyl - 1 - methy! - 3 - methyleoecyclobex - | - ene,
Ames 1648 (S), 1610 1224, 1150, 1105, 1020, 890 (S), 866 (S), 840
aad TOcm™', » 4.12 (1H, br s, HC=), 5.29 (2H, tr s, H,C=),
7.5-8.85 (10H, m) and 8.9-9.3 (3H, m), m/e 136 (M", 48), 121 (23),
(llog“(;m). 105 (13), 93 (39), 91 (50), 79 (50), T7 (17), 6S (10) and 40

*The authors are grateful to Dr. E. T. Theimer (Intersational
Flavors and Fragrances, NJ.) for this sample (*Muguol™) and
details of the method of dehydration: see Ref. 28,
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