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INTRODUCTION

Research on the pyrolysis of organic compounds has received
an increasing amount of attention in recent years. The pyrolysis
of terpene hydrocarbons has been of interest primarily beczuse
of their wide-spread and abundant natural occurrence. In addition
terpenes have been investigated because of their interesting

stereochemistry.

Menthol 1s & Cy monocyclic terpene alcohol. Tts thermsl
decomposition at temperstures greater than 500°C has not been

investigated previously because of inadequate methods of analysis.

The pyrolysis of other terpene hydrocarbons has revealed
new routeg to useful intermedlates from relatively cheap source
materials. Menthol, however, has never been considered as a

possibility in these studies.

The stereochemistry of menthol has led to 1ts extensive use

in studying the mechanism of thermal elimination reactions.

The mechanism of thermal decomposition in pyrolysis reactions
has been reported for several terpene hydrocarbons. Such

investigations prior to this study, however, did not include menthol.
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The objects of this investigation were; a) to study the
pyrolysis of menthol from 450° to 750°C and determine the
major products of the reaction both gqualitatively and
quantitatively, and b) to postulate and dilscuss mechanisms of

the pyrolysis based on these results,



HISTORICAL

I » Me nthcl

A. Ocourrence, Constitution, Physical Properties and Synthesis

Menthol, or "mint camphor", ClOHéoo’ was first recognized
28 8 crystalline principle 1n‘1771'by7thé Dutech botanist Gambius,
who termed 1t camphora europaea menthae piperitidis. Tts main
sourcé, the peppermint plant; which {inds mention in the Shin-
J-Ho (984 A.D.) as Megusa, or eye herb, appears to have been
cultivated in Jépan for more than 2,000 years (90).

1-Menthol occurs in nature in the so~called peppermint oils,

vwhich are obtained from various species of lMentha plperita L.
It is fdund mainly in the free state, the percentage of alcohol
present in the oils showing considerable variatlon, dependent
upon the habitat. Although natural menthol consists mainly of
the crystalline l-menthol, it has been shown by Plckard and
Littlebury (82) that the Japanese oil contains in addition

a small percentage of the isomeric liquid d-neomenthol.



The constitution of menthol has been fully confirmed to
be that shown in the following figure (101),
s
CH
He”  CHp

HQC\ /H -OH

“
HaC~H CHy
| MENTHOL
Because of the distinctive anodynic, carminative, and

antiseptic properties {72) of menthol, attempts have been

made to inveBtigate the individual physical properties (43, 82)

a8 well as the pharmacodynamic activities (27) of its isomers.
There are numerous syntheses of menthol. Those of

commercial importance have been recently reviewed by Mignat

and Porsch (73b).

B.  Stereochenmistry

fenthol has three asymmetric carbon atoms, It can exist,
therefore, in four externally compensated racemates and eight
optically active forms or enantiomorphs (91, 10l1). The four

stereoisomers of menthol are shovmn as follows,

OH OH

MENTHOL ISOMENTHOL



OH OoH

NEOMENTHOL NEOISOMENTHOL

The four racemates and theif‘eight optically active
counterparts have been prepared, The first conformational
proof of the four stereoisomers was reported by Read and
Grubb in 1934 (91). Summaries of the stereochemistry of
menthol have been published by Simonsen (101), Vila (116),
and Mignat and Porsch (73a)..

c. Analysis

;Determining_the composition of a mixture of lsomeric
menthols usually meant tlme-consuming and somewhat laborious
separations based on physical properties and dissimllar reaction
rates (44, 66, 92). Gas chromatography has recently afforded
an excellent method or analysis of mixtures of stereoilsomers
(19, 63, 75, 89, 106).

II. Dehydration of Menthol and Related
Terpene Alcochols

"Menthol 18 best described as a monocyclic terpene alcohol.
Its dehydration produces 3-p-menthene and 2~-p-menthene by the

following equation:



X AN s 2 X
a3 -+
OH"

wl~

J«p-menthane 2-p-menthena

The Tirst report of this reaction was made by Walter in 1836
(119) who showed that menthol when heated with phosphorous
pentoxide produced a hydrocarbon. The constitution of menthol

and menthene were not known azt that time.,

The dehydratlion of menthol to menthene was obseryed when
rienthol was heated with 9615 and SO0C1, (125), Jepanese ecid
earth {54, 78), active carbon {60, 51), reduced copper catalynts
(40), phthalic enhydride {81), boric’acid (77), dilute sulfuric
and phosphordc acids (115), ZnCl, end CusO, (17), end various
organie acids {126, 127).

Inoue (54) studied the action of Japanese acid earth on
menthol at 350°C and found that alkyl cyclopéntanca were produced
byﬂskﬁletél rearrengement. Menthene, however, was the major

product.

Recently Pines and Pillai (85) studied the dehydration of
l-menthol and d-neomenthol over modified alumina catalyata,
Evidence wnn ohtained to show thut trans elimination was the

preferred wechanism with weakly eacldie alumdna catalysts.
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von Rudloff (117) studied the dehydration of a~terpineol
(1-p-menthene-8-0l1) with acetic acid and acetic anhydride to
produce menthadienes, For a comprehensive revlew of terpene
alcohols and their dehydration to the corresponding olefins
the reader ls referred to Simonsen's "The Terpenes," Vol. I.,

The Cambridge Press, London (19&7).

IIT. Pyrolysis of Menthol and Related
Terpene Alcohols

The pyrolysis of menthol has not been studied systematlcally
at high temperatures in previous investigatlons due to inadequate

analytical techniques.

Ipatieff (55) heated menthol in a bomb under pressure at

450°¢ and obtsined menthene and a trace of menthone.

Treibs (110) reported the preparation of olefins by pyrolysis
of the correspoﬁding alcohols, This was done by passiﬁg the glcohol
vapor through an electrically heated glass tube packed with unglazed
potsherds, He also héated the alcohols 1n an autoclave and found
that the temperature reduired to produce the olefins was reduced
considerably. A temperature of &OO°C<was necessary‘to produce
menthene from l-menthol with the heated tube. The autoclave

reactlon produced the same result at 250°C.

Ishikawa, et al. (56) passed melted menthol through a
tube heated to 500°C. The main product was reported to be
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Jep~menthene. They wore intorented in doterminine if any
sldehydes were produced zz in the pyrelyzis of isonulagol (32,33
Citronellal ip formed throvsh 2 oyelle mechaniso by prrolyzing

imopulerol, The reaction 1s an fellows,

CHO

) Vd
TAOPULEQCL CITRONZLLAL
A sindlar veastion 1 reporied far the nyrolynin of 1,0-
s-renthadions-3-01 (1nonireriternsl) ot 300-415°C to rroduce

citral and isasitrel (20).

re niot only ohtalined from the thoermnl decompo-

i
el
o3
£
3
7
W
&3
2

pitlon of wenthol tut also from the thormnl fecormmesition of

1ts devivatives {21, 124). It 1= now notecworthy that nirerous
dcr*v“t’vzn of menthol hove boen pyrolyzed in order te study

tbﬁ eifenta of stereochomiotyy on thormal elinincstlion renctions,
in excellent review has been written (21). The derivatives

mast *r&nuenrly siudied were coterc.  Thelr pyrolysis vauslly
proceeds throvgh a els-elimination rechanlon producing a ntxiure

of 657 Jap-vonihene and 35¢ Rep-ronthene.
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IV. Terpene Hydrocarbons

A. Pyrolysis

The para-menthenes are monocyclic terpene hydrocarbons.
A large amount of informstion has been published on the pyrolysis
of other terpene hydrocarbons. The thermal degradation of these

compounds has been reviewed (23).

Rice and,Murphy reported the pyrolysis of 3-p-menthene in
1944 (93) in a study of the thermal decomposition of substituted
cyclohexenes., The reaction involved 1s commonly referred to as

the reverse-~diene or reverse Dlels -Alder reactlon.

If ecyclohexene 18 heated above its decomposition point,
at low pressures and for a time sufficlently short that only
a small fraction l1ls decomposed, it undergoes a simple dis-
sociatlon into smaller molecules., The particular condltlons
mentioﬁed were selected in order to avold as far as possible
bimolecular reactions of the products with each otherror the

substrate., Several thermodynamically possible decompositions

A © + &Hg (1)

might occur suéh as

v

D
l
7\
+
,u :zu
B
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Reactions of these types‘wefe dilscussed in a previous publication
by Ricé and Teller (96) in the light of a principle called the
principle of least motion. In the case of several reactions
such as those listed above which are all thermodynamically
posslble, the principle states that reaction 1s favored which
involves as'little motion of the atoma a8 posslble in passing
from the old to the,ﬁew cenfiguration. The second half of the
principle states that a reactlon will be favored which involves
least chanme of the electronic configuration of the reactinm
system. From both these atandpolnts, it 1s plasuslble to assume
that the reaction will be favored which involves breaking or

making as few bonds as possible.

On the basis of this principle they predicted that reaction
IT would be greatly favored over reaction I and this wds found
expérimentally (95).. No benzene was found in the products but

butadiene and ethylene were formed in almost theoretical yileld,

3-p-menthene was expected to decompose as follows,

655C . ./J
S | +

No isopropyl butadiene was isolated in the pyrolyzate. Rice

and Murphy assumed that the isopropyl butadiene was unstable
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under the condltlions employed. They did observe, however,
that. 0.73 mole of propene was produced per mole of 3-p-

menthene decomposed.

The pyrolysis of sabinene at 600°C ylelds pB-terpinene and
p-phellandrene (74).

Solanesol, & C., polyunsaturated alcohol (97), has been
shown to decompose at 500°C through a Cio biradical and an

un-zipper mechanism (35):. The primary product is dipentene.

The mechanisms of pyrolysis of a- and B~ pinene (18),
d-1imonene (87),.allo-ocimene (79), and 1,8-cineole (37) have

also been described.

B. Thermal Isomerization and Disproportionation

The thermal isomerization of a- and p-pinene was reported

by Goldblatt and Palkin (29).

Pines snd Eschinazi (84) studled the isomerization of
1,2, and 3-p-menthene, respectively, in the presence of a
sodium—organosodium catalyst. Théy observed that Z2-p-menthene
was reédily isomerized to 1 and 3-p-menthenes. Neither of the

products, however, lsomerized to 2-p-menthene when subjected

to the same reaction.

Eschinazi and Pines (24) also reported the disproportionation

of d-limonene in the presence of a palladium hydroxide-barium
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sulfate catalyst. The p-menthenes isolated consisted mainly
of 3-p-menthene. When 2-p-menthene was treated with: this
catalyst 3-p-menthene was the major menthene isolated in the

products,

Hunter and Brogden (45) have recently shown that both
isomerization and disproportionation of d-limonene occurs
on s8ilica gel, 3~ and 2-p-menthene, respectively, were not

isomerized by silica gel.

C. Analysis

‘The analysils of monocyclic terpene hydrocarbons has been
greatly facllitated by the use of gas chromatography. The
p-menthenes and. p-menthadienes occur naturally in various
esgential olls. Close similarity of chemical atructure,
boiling point and other physical propefties makes the separation

of multiéomponent mixtures of terpene hydrocarbons by convehtional

means extremely difficult.

Gas chromatography has been used successfully to separate
these mixtures. Zubyk and Conner (128), von Rudloff (118), and
Klouwen and ter Heide (6&)’have investigated the effect of
various éolumhrparametefs on the separation of mbnocyclic terpenes,
Bernhard (14) studied the’separation of terpenes using various

polar liquid phases.
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Tkeda, et al. (51) determined the monocyclic terpene
hydrocarbon composition of twenty-nine non-citrus essential
‘oillsusing a 1/4 in, X 10 ft. stalnless-steel column packed
with 25% (w/w) diethyleneglycol succinate (DEGS) on 60-80 mesh
firebrick. This columm should prove a valuable tool in analyzing
the pyrolyzates of menthol at different temperatures.

V. High Temperature Pyrolysias

High ftemperature pyrolyses are those usually conducted
within the temperature range 600°-900°C. The processes involved
congist of preliminary breakdown of the starting materials into
smaller fragments followed by extensive recombination, dealkylation,

and dehydrogenation reactions which lead to aromatic products.

Weizmann (120) studied the aromatization obtained by cracking
various hydrocarbon mixtures. Badger and co-workers (1-8) have
made a study of the polynuclear hydrocarbons produced by pyrolyzing
simpler hydrocarbons, Menthol, however, has never heen the object

of such investigations.

It is of interest to note that Hurd, et al. (47—50) recently
published a seriles of papers on the pyrolytic formation of arenes.
Hurd cited evidence from the literature and also demonstrated
experimentally that contrary to the acetylene hypothesis of
Berthelot (15) acetylene does not play an important role in the
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thermal decomposition and aromatization of most organic compounds.

Since menthol readlly dehydrates to form 2-, and 3-p-ménthene
at relatively low temperatures, one might expect, therefore,
thermal isomerization and dilsproportionation of the p-menthenes
followed hy extenslve decomposition and recombination to produce

aromatic products on pyrolysis of menthol from 450° to 750°C.



EXPERIMENTAL

I. Pyrolysis

A, Apparatus

The pyrolysis appardtus is shown in Figure I. It consists
of a vertically méunted vycor tube: (33 mm. 0.D. X 300 mm.)
fitted with a 7 mm. 0.D. thermocouple-well. The tube is packed
with 62.4 grams of porcelain saddles (6 mm.) and centered in a
hinged-type combustion fﬁfnace.} The furnace temperature is
conirolled by a Fisher pyrometer controller equipped with a

12 inch calibrated extension lead wire.

Two 250 ml. traps connected in series and cooled with a
dry-1ce acetone mixture are attached to the pyrolysis tube by
vycor ground glass Joints at appropriate positions, This
arrangement furnishes an enclosed system which exits through

the second trap into the atmosphere,

B. Procedure

The sample to be pyrolyzed 1s placed in a 150 ml. dropping
funnel equipped with a pressure side arm and positioned at the



PYROLYSIS APPARATUS
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M
L
e/
H
|\ ey
K ‘\ )
' =1

Figure I



Flgure I

A. 150 ml dropping funnel
B. Sample

C. Hellum inlet

D. Pyrolysis tube

E. Furnace |

F. Porcelain saddles

G.' Thermocdup1e¥well

H. ' Thermocouple lead wire
I. 1st trap (250 mls)

J. Dry-ice acetone mixture
K. Collectlion flask (250 mls)
L. 2nd trap

M. Dry-ice acetone mixture
N, Exit port

0. Infrared heating lamp
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top of the pyrolysis tube. A stream of dry Helium is introduced
and the pyrometer controller set at the desired temperature for

pyrolysls,

After the deslred temperature 1s reached the traps are
cooled with a dry-ice acetone mixture and the system allowed
to equilibrate for 30 minuﬁes. The Helium flow is then adjusted
to 125 ml/min.ﬁith a soap-bubble flowmeter,

The sample 18 allowed to drop into the hot pyrolysis tube

at a rate of approximately one gm/min.

Menthol is a solid at room temperature. It is kept in a
melted state by heating to 50°C. with a small infrared lamp
adjacent %o the‘dropping funnel (see Figurerl).

Upon completion of the pyrolysis the traps are disconnected
and the'pyrolyZate transferred to'a sultable container and
immediately welghed. The pyrolyzate is then stored at 0°C prior

to analysis.

c. Compounds Pyrolyzed

1. Menthol:

l-Menthol (Yung-Zing Industries, Inc., Sao Paulo, Brazil,
99.6% pure by gas chromatography) was pyrolyzed at 450°, 550°,
650° and 750°C, respectively, in the manner described. The

conditions of these pyrolyses are summarlzed in Table T.



Table I

Conditions of Pyrolysis

Rate

Hellum of Contact
, Tenp. Grams . Grams Time  Flow Percent Charge Time

Compound (°C.) Charged Collected (min.) (ml/min.) Recovary {gn/min.) (sec.)
Menthol 450  37.30 34.33  49.0 125 92.0 0,761  13.4
Menthol 550  36.30 31.30 35.0 125 86.2 1.037 13.4
Menthol 650  56.90 36,80 65.0 125 64.7 0.875  13.4
Menthol 750  A44.80  23.254 45.0 125 51.9  0.996  13.4
2-isopropylbutadiene~1,3 -750 10.10 4,10 12.0 125 40.6 0.842 13.4
3-p-menthene 750  8.30  2.60 9.0 125 31.3 0.922  13.h
a-methylstyrene 750  60.30 53,30 60.0 125 88.4 1,005  13.4

B-methylstyrene | 750 32,70  24.00 30.5 125 73.4  1.072  13.4
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The pyrolyzate at 750°C was fractionated prior to analysils
using a conventional distillation apparatus with a receiving
flask cooled in liguild nitrogen. The results of thls separation
are presented in Table IXI.  The first fraction collected was
immedlately welghed and upon standing at room temperature three
or four minutes began to boil at —30°C.“ A sample of the gas
being evolvéd”was.trapped and analyzed mass-spectrometrically.
The spectrum obtalned showed the sample to be approximately
05% propene with a small amount of butadiene-1,3 and methane.

The spectrum did not indlcate the presence of acetylene.

2.  3-p-Menthene:

3-p-Menthene (Givaudan,'lnc., 955 pure by gas'chromatography)
was pyrolyzed at 750°C. The conditilons used are included in
Table I.

3. 2-Isgopropylhutadiene-1,2:

2-Isopropylbutadlene-1,3 was prepared by the method of
Marvel, et al. (70), and distilled twice through a 14 X 1/2 inch
glass column packed with glass hélices. Thé fraction boiling
at 86°-87°C was collected. The infrared spectrum matched the
one previously published (71). The mass spectrum of thic compound

has never been reported., It 1s recorded in Table IIT.

The compound was pyrolyzed at 750°C., The conditions are
given in Table I,



‘Table II

Distillation of Menthol Pyrolyzate at 750°C

. Welght of 20°.
Boiling Point Fraction 4
(°c.)

Fractiqn _ (egms.) (agm/mi)
*TA ~30° (760 mm) 3.00 —
IB 25° (760 mm) 2.20 0.73
111 20-40° (3oou)‘ 13.984 0.860'
H,0 (preéent in IT) 2.175 1.00
IIT 4o-125° (20041) 1.195 0.934
Residue >125° (2004) 0.700 -

MOTE: Fractions IA and IB vere collected
as one fractlion. The material which
voiled off at -30°C.was found to bYe

essentially pure propene,



Table IIT

Mass Spectrum of 2-Isopropylbutadiene-1,3

Mass to Mass to Mass to
Charge Charge Charge
Ratio  Pattern Ratlo Pattern Ratlo = Pattern
(m/e) Coefficient (m/e) Coefficilent (m/e) Coefficlent
25 0.32 51 12.57 80 3.88
26 5.31 52 6.84 81 100.00
27 48,02 53 37.68 82 6.50
28 4,09 54 15.10 83 1.34
28.5 0.06 55 14.73 84 0.32
29 6.21 56 4,58 85 0,11
30 0.22 57 0.42 88 0.09
31 0.10 59 0.11 89 0.13
34 0.11 60 0.09 91 0.77
35 0.13 61 0.46 93 0.60
36 0.13 62 - 1.02 ol 0.38
37 1.66 63 2.11 95 3.77
38 4,16 64 0.50 96 28.80
39 37.93 65 5.88
39.5 0.68 66 447
40 5,70 Y4 12.80
1, 44,06 68 5.02
42 4,05 69 3.17
43 11.95 70 0.46
Ly 0.67 73 0.15
45 0.28 T4 0.45
46 0.32 75 0.65
48 0.4 77 8.62
L9 0.91 78 L ,21

50 7.53 79 25,20
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4, w-Methylstyrene

c-Methylstyrene (Columbia Organic Chemicals, Inc,) was
redistilled prior to use through a 14 X 1/2 inch column packed
with glass helices in order to remové styrene., The fraction
boiling at 162°C was collected and pyrolyzed at T50°C. The

conditions are given in Table I.

5, .p-Methylstyrene

B-Méthylstyrene (Aldrich Chemical Co., Ine.) waé redistilled
prior to use through a 14 X 1/2 inch column packed wlth glass
helices in order to remove the.c-methylstyrene present as an
impurity. The fraction boiling at 177°C was collected and
pyrolyzed at 750°C. The conditions used are presented in
Table I.

The densities of all the pyrolyzates were estimated to
allow calculation of their volumes. These values were needed
for determining the amounts of products isolated from the
pyrolyzates, These data are presented in Table IV, Thelr use
will be discussed later,

The pyrolyses at 650° and 750°C left carbon deposits on
the pyrolysis tube and its packing. The tube and packing were,
therefore, weighed before and after all of the pyrolyses vere
performed. The material left in the column never exceeded

4O +10 mgs. The low recoveries at 650° and 750°C were due
3



Table IV

Calculated Volume of Pyrolyzates
(Corrected for Vater o

Temp . Yelght 20° Volume
d

Compound (°c.) (gms ) (mls)
Menthol 750°
*I'raction IB 2.20 0.73 3.0
Fraction IT 13.984 0.860 16.26
" Fraction IIT 1.195 0.934 1.28
Menthol 650° 33.202 0.849 39.21
Menthol 550° 30.755 0.858 35.84
Menthol 450° 34,10 0,877 38.88
2-Isopropylbutadiene-1,3 750° #.,10 0,840 4.88
3-p-menthene 750° 2,60 0,835 3.11
a-methylstyrene 750° 53.30 0.942 56.58
g-methylatyrene 750° 24,00 0,941 25,50

*note: ' The volume of Fraction IB was estimated by
measuring an equal volume of water In the same
flask. The density value reported was not

measured. directly.
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therefore, to the inefficilency of the trapping system employed
to trap the low~bolling compounds. produced. Losses in transfer
were greatest for the pyrolyzates at 450° and 550°C. The

recovery data are presented in Table I,

Ehe low recoverles, particularly’thosg at 750°C, were .
investigated by analyzing the exitAgases.‘ A U-trap was connected
to the exit port of the second trap (see Figure I) after the
pyrolysis was begun, Thg trap was cooled with liquid nitrogen
for five minutes and'a sample of the gases collected and analyzed
‘méss épectrometrically. The primary substance found was propene
from the compounds -pyrolyzed., Some ethylene was noted in the
'samples obtalned from 2-1sopropylbutadiene-1,3 and 3-p-menthene

but in no case was acetylene observed,

The amount of propene in the exlt gases from the menthol
pyrolyses decreaéed‘sharply from 750° to 450°C. Only a trace
was found from the pyrolysis at 450°C.

It 1s necessary to maintain a constant contact time and
rate of charge in order to compare pyrolyzates at different.

temperatures,

Contact time is defined as the time the compound being
pyrolyzed remains in contact with the pyrolysis tube packing.
It 1s calculated by dividing the volume of packing by the flow

rate of carrier gas in the system being used for pyrolysis.
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acld esters for separating meta and para xylene in 1958, Pines
and Pillai (86) reported the separation of 2-and 3-p-menthene
using di-n-propyl tetrachloro-o-phthalate (7% on 20/60 mesh
Chromosorb) at a column temperature of 120°C. The bis-(2-
ethylhexyl)~ester used here was selectéd assuming that the
branched alkyl group should further enhance the separation of
2-and 3-p-methene. The separation obtained, however, was
essentlally the same as that reportéd by Pines and Plllal. Table V
lists the relatlve retentlion times of 1-, 2~,’and 3~-p-menthene
for the n-propyl and 2-ethylhexyl esters. These values were
calculated by dividing the obgerved retention time minus that
of alr by the retention time of toluene minus that of air.

The isomerization studies of menthenes mentioned previously
(24, 45, 84) always ylelded p-cymene as a product. p-Cymene was,
therefore, an expected product from the pyrolysis of menthol and
3~p-menthene, respectively, It was observed that p-cymene anmd
styrene are not separated on the DEGS column. These compounds
were separated on a 15 foot by 1/4 inch column of Carbowax E-20M
(202 vy weight) on 60/80 mesh Chromosorb V. Column conditions
vere: block temperature, 250°C; injectlon port temperature, 215°C;
columﬁ temperature, 125°C; helium flow, 50 mls per minute, Under
these conditions styrene and p-cymene have retention times of
15.15 and 16.42 minutes, respectively., No peak for p-cymene was

observed on the chromatograms from the pyrolyzates listed in Table VII.



Ta

ble V

‘Cbmparison of Tetrachlorophthelate
Ester Columns

Relative Retention Time

di-n-propyl bis-(2-ethylhexyl)
Compounds -~ agter epter '
Toluene 1,00 1.00
3-p-menthene 2.25 2.53
2-p-menthene 2.52 2.77

1-p~menthene

3.36 3.68
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The limit of detection for most compounds using the F and
M-500 GC-Unit 1s about. 0.5 ug/il.. Compounds in mixtures such
88 reported here cannot be detected at this level and must be
further concentrated to approximately 5.0 pg/ml to be detected
and identified.

2. Identification of Products:

The exlt port gases corresponding to chromatographic peaks
were trapped in evacuated U-traps cooled in liguld nitrogen.
The mass spectrum of each trapped compound was obtained using

a Congolidated Electrodynamlcs Corp. Model 21-103C Mass Spectrometer.

Infrared spectra vere determined by using a Perkin-Elmer
Model 21 Double Beam Infrared Spectrophotometer. The samples
were collected for analysis by passing the exit port gases
corresponding to a chromatographic peak through a 2 mm I,D. L-shaped
glass tube inserted into a stoppered 3 inch test tube with a side
arm. The test tube was cooled in liquid nitrogen during the

tollection.

Ultraviolet spectra were obtained using a Perkin-Elmer Model 350
Recording Sbectrophotometer. Samples for this analysis were
collected by passing the exlt port gaseé through‘a 2 mm I.D. L-shaped
glass tube inserted in a 5 ml vial filled with 3 mls of spectral
grade cyciohexane. The elbow of the‘tubekwas cooled with‘é stream

of dry air during the collection.
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The identification of a chromatographic peak was .considered
positive only if the unknown spectrum was ldentical to the knowmn
mass, infrared or ultraviolet spectrum of the reference compound
andyif the retention time of the unknowvn peak was the same as
that 6ffthe reference compound, All three spectra were obtained

where possible,

The reference compounds were obtained from ¢ommerclal sources,
They were checked for purlty by gas chromatography and used with-
out further purification.

Due to slight variations (0.2-0.3 minutes) in retention
times on duplicate chromatograms, the_identity'of‘retention.times
was additionally determined by adding 2 to 5 pug/il of the reference
compound to the'pyrolyzate and observing that the height of the
peak in question was increased withoﬁt’giving peak broadening

or shoulders.

In Teble VI are listed the compounds identifled with their

retention times on the columns described,

B. Determination

Known quentities of each compound identifled were chromatographed.
The resulting plots of peak helght versus weight of sample were used
to estimate the amount of each compound in the aliquot of pyrolyzate

chromatographed. These welghts were converted to percentage of the



Table VI

Identification of Compounds in Pyrolyzates

cotumms(®) Retention Methods(P)

Used For Time of
Compounds Identification {(min.) Identification
propene 1 2.91 M.S., R.T.
isobutene 1 55 M.S., R.T.
3-methylbutene~1 1 .05 M.S.s R.T.
butene~2 1 4,30 M.S., R.T,
pentene"'l 1 5.00 D”..So, RaTv
2-methylbutene-1 1 5.65 M.S., R.T.
butadiene-1,3 1 5.85 M.S.; R.T,
2-methylbutene~2 1 6.85 M.S., R.T.
ilsoprene 1l 11.51 M.S., R.T.
pentadiene-1,4 1 14.35 M.S.,; R.T.
pentadiene-1,3 1 16.74 M.S., R.T.
cyclopentadiene~-1,3 1 25.65 M.S., R.T.
2~isopropylbutadiene-1,3 1 28.10 M.S., R.T.
2-methylpentadiene-1,3 1 29.91 M.S,, R.T.
3-methylpentadiene-1,3 1 36.00 . M.S., R.T.
L-methylecyclohexene 1, 2 37.31, 3.77 M.S., R.T.
l-methyleyclohexadiene-1,3 1 47.00 M.S,, R.T.
acetaldehyde 1 50,43 M.S., R.T,
hEXBtPiene—l,B,S 1 5“’.32 MaSc, RoT.
ﬁyclohexadiene—l,B l, 2 59.20, 4,49 M.S., U.V., R.T.
20 ———— ——— Ic .

benZEne 2 . 6.65 M.So’ U-V., R'T‘
3"p“menthene ,2, 3 9-88, 15.03 t"luS., RoTn
2-p-menthene 2, 3 9,88, 16,31 M.S., R.T.
toluene B 2 11o13 M.S., U.V-, R.To
l-p-menthene 2, 3 14,25, 21.15 M,S., R.T.
c~phellandrene 2 17.65 M.S., U.V., R.T.
ethylbenzene 2 17.25 M.S., U.V., R.T.
p-Xylene 2 18.10 M.So, U-Vo, R.To
m-xylene 2 18.90 M.S., U.V., R.T.
isopropylbenzene 2 21,92 M.S., U.V., R.T.
o~xylene 2 24,40 M.S., U.V., R.T.
h-ethyltoluene 2 28.50 M.S., U.V., R.T.



Table VI

Jdentification of Compounds in Pyrolyzates
(continued)

Columns(a)“ Retention Methods(b)

' Used For Time of
Compounds Identification ({(min.) Identification
!styr'ene 2 32.12 M.3., U.V., I.R., R.T.
s-methylstyrene 2 33.96 M.S8., U.V., R.T.
&—methylstyrene 2 34.65 M.S., U.V., R.T.
3-methylcyclohexanone 2 35,61 M.8., I.R., R.T.
S-methylstyrene 2 35,02 U.v., I.R., R.T.
indene 2 39.60 M.S., U.V., I.R., R.T
menthol 2 43.10 M.3., I.R., R.T.
naphthalene 2 =i, 85 U.v., I.R,, R.T.
2-methylnaphthalene 2 65.20 U.V., I.R., R.T.
~methylnaphthalene 2 0.30 U, V., T.R., R.T,
prhenol 2 2.80 U.v., 7.R., R.T.
pipheny1~ 2 83.50 Uv.v., I.R., R.T.

(a) -1 = p,p”-oxydipropionitrile column
2 = diethyleneglycol succinate column
3 = bils-{2-ethylhexyl)-o0,0”’~tetrachlorophthalate column

See text for details.

(b) M.S, = mass spectral

U.V. = ultraviolet
I.R. = infrared
R.T. =

retention time
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pyrolyzate by substituting the observed values into the following

equation:

(microgréms found) X (calculated volume of pyrolyzate in mls) X 100
(aliquot volume in pl) X (weight of pyrolyzate in mgs)

=.weightlpercent of compound in the pyrolyzate,

The‘results obtalned are presented in Table VII for all

of the compounds pyrolyzed,

The preliminary fractional distillation of the menthol
pyrolyzate at 750°C did not allow the use of the above equation.
In this case there was an overlapping of compounds in the fractions
separated (Table II). The results in Table VII were calculated
by determihing the total amount of each compound in all of the
fractions geparated end dividing the respective sums by the total
observed welght of the pyrolyzate,

There are, however, four compounds which could not be determined
in the conventional manner just described, They are: propene,
1sobu£ene, butene-2; and butadiene-1l;3., The low bolling pointa
of these compoundé‘makes 1t virtually impossible to inject known

amounts at room temperature into a gas chromatography instrument.

Estimation of the amounts of these compounds present in the
pyrolyzates was made as follows. A plot'wés made of millivolts
response per mlcrogram of compound chromatdgraphed versus the

corresponding‘retention time of all the compounds chromatographed



Teble VII
Composition of Pyrolyzates by Weight Percent

o-isopropyl- a-methyl- p-methylz
Menthol Menthol Menthol Menthol 3-p-menthene butadiene-l, 3 styrene styrene.

Compounds 750°C__ 650°C__ 550°C n5o° ___750°¢C 750°C 750°C 750°C
propene 12.93 3.18 0.17 -—- -—- -—- -—- -—-
isobutene 1.33 2.74 0.19 --- - - - -—
3-methylbutene-1 0.37 0.53 0.07 — —— ——- - —
butene-2 0.19 0.46  0.02 -—- -—- —-- --- ---
pentene-1 0.16 0.21 <0.01 -—- ~—- —-- --- ---
2-methylbutene-1 0.67 0.85 0.04 -— -—- -—- -—- -—-
butadiene-1,3 1.66 1.45 0.07 -—- ~——- -—- -—- -—-
2-methylbutene~2 0.9  0.78  0.05 _— - ——- -—- -—-
isoprene 2.32 2,11 0.08 _—— 0.77 1.88 —_— -
pentadiene-1,4 0.63 0.53 0.03 — — —— — —
pentadiene-1,3 0.38 0.27 0.01 ——— - —— _— -
cyclopentadiene-~1l,3 2.12 1.81 0.17 ——— 1.00 1.54 _— _—
2~isopropylbutadiene~l,3 0.09 0.54 — — ~— 0.32 _—— _——
2-methylpentadiene-l1,3 0.31 0.81 0.17 _—— _— _— _— _—
3-methy1pentadiene-1,3 0.31 2 .64 0.24 _— _— _— _— _—
~-methylcyclohexene 0.72 6.14 0. U2 _— » 81 2,29 _— ——
l-methylcyclohexadiene-1,3 0.55 1.35 0.03 — —_— _— _— _—
acetaldehyde 0.23 0.18 ——— _—— —— —— _— ---
hexatriene-1,3,5 0.55 1.4 0.42 _— - _— - -—-
cyclohexadiene-1,3 0.57 1.73 0.77 - 1.08 0.32 - -
Hz0 9.35 9.53 1.74  0.67 ——— — - ——-
benzene 15.86 11.30  0.74 - 17.38 17.88 4,99 4,47
3-p-menthene 0.25 3,08 20.35 3,63 -— --- - -—
2-p~-menthene 1.13 7.29 11.57 1.53 —— ——— _—— ———



Table VII

Composition of Pyrolyzates by Weight Percent
‘ (continued)

2-isopropyl- c-methyl- pg-methyl-
Menthol Menthol Menthol Menthol 3-p-menthene butadiene-1l,3 styrene styrene

Compounds 750°C 650°C ' 550°C 4s0°¢C T50°¢C 750°C 750°C 750°C
toluene ‘ 10.65 10.58 0,70 =-= 21.62 18.12 3.46 4,50
1-p-menthene 1.16 -— 5.79 0.86 0.05 ——— —— —
a~phellandrene -—— --- 0,72 ——— - ——— - -
ethylbenzene 0.95 ,1.32 | —— — 2.58 1.17 - ——
p-xylene 0.76 1. — Sy 2.08 1.54 -—- —
m-xylene 1.27 1.92 C e— - 3.85 2.78 —— -
isopropylbenzene o0.42 1.04 ° 0.27 ~-~ 0.46 0.02 —— -—
o-xylene 0.70 1.01 | == e 1.88 1.85 -—- -—-
l~ethyltoluene 0.40 0.63 — —— 0.46 0.41 ——— ——
styrene 6.70 .51 ———— - 6.00 8.95 12.70 26.85
a-methylstyrene 0.&3 0.57 — ——— 1.15 0.54 52.99 1.37
p-methylstyrene 1.1 1.15 ——— ——— 5.19 2.46 0.49 0.35
3-methylcyclohexanone 1.26 2.05 0.77 0.02 - _— ——— ——
p-methylstyrene 0.37 0.22 -— —— 0.62 0.20 0.87 12.24
indene 1.13 0.50 —— ——— 1.88 2.51 L.12 19.76
menthol 6.79 6.86 53.02 92.63 -—— —— -—— —
naphthalene 1.36 0.21 — ——— 3.00 L.46 3.07 4.90
2-nethylnaphthalene 0.45 0.17 —— —— 1.42 2.73 0.88 0.4
1-methylnaphthalene 0.31 0.11 — —— 1.08 1.90 0.87 0.52
phenol 0.31  0.07  -——- — — - -— —
biphenyl 0.29 0007 it hudatng ) 1‘50 ) 1.05 . 1.02"' 0025
Total - g0.02 97.47 98,62 99.34 77.86 Th.02 85.48 75.65

Percent Undetermined 9.98  2.53 1.38  0.66 20,14 25.08 14.52 ol 35
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/ . . . .
on the f,B~oxydiproplonitrile column: A level of approximately
50 micrograms was chosen for all compounds. A linear relationship
vhich passed through the origin was observed for all compounds

except 4-methylcyclohexene.

The millivolt per microgram response factor for the four
compounds mentioned was estimated from the plot using their
observed retention times. Substituting the observed response in
millivolts. from the pyrolyzate chromatogram into the following
equation allowed an estimation of the amount present:

{observed millivolts) X (pyrolyzate volume in mls) X 100
(aliquot volume in 1) X (response factor,mv/ig) X (wt.<fxnmdyzahan1n@s)

= weight petrceent of compound in pyrolyzate,

This method of calculation assumes that the response factors
(mv/ig) of propene, isobutene; butene-2 and bﬁtadiene-l,3 obey the
linear relationship observed for millivolts per microgram versus
retention timea' The values for thése compoundé in Table VII could

be in error by #30% of the amounts reported.

The Vaiues in Téble VII are a reasonable approximation of
the adtual amounts in the pyrolyzates; Duplicate gas chromatograms
were obfained frbm egll of the pyrolyzates. A variation of 5%
of the millivolts response for each peak was observed. This is

an excellent reproducibility.

The greatest source of error 1is encountered in the pyrolysis

8tep. Two pyrolyses under identical conditions may vary by as
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much as #20% relative. For example, a pyrolysis which yieids
10 grams of pyrolyzate will give 8-12 grams on successive
pyrolyses., The percentages of the constituents present in

the pyrolyzates would, however, remain esdentially the same,

The values in Table VII are at best minimum values. This
is obvious from the recovery data in Table I. They can be
used, however, to indicate the preferredrpathways of decomposition

and this 13 what was originally planned.

- IIT. Discussion of Results

The pyrolysis of menthol between 4506‘and 750°C proceeds
through a variety of reactlons. These reactiOns vary from the
relatively simple dehydration at U50°C to the complex formation
of condensed aromatic compounds at 750°C as shown in Table VII,
Free radical reactions appear to occur at 550°C and become more
prominent at 650° and 750°C. The major reactions at 650° and

T50°C lead to extensive aromatizatlon.

The pyrolyses of several alilphatlc compounds at lover
temperatures do not seem to involve free radicals, since there
18 no inhibition by substances such as nitric oxide, propene,
cyclohexene or toluene, which react with free radicals to gilve
less active products (13, 99, 104) but appear to be concerted

unimolecular decompositions, Some examples are shown in Table VIII.



Table VIII

A ,
E

Reaction sec” keal/mole Reference
‘ ‘ ax10L? . .
cyclobutane ——> 2C Hy T7.8X10 62.5 25
cyclopentane —> Hy + cyclopentadiene 1.1X1013 58.8 114
t-butanol —» ischutene + H,0 3.2x10"r 54,5 9a
n-propyl chloride —3C.lg + HCL 2.8x10'3 55,0 11a
sec~butyl bromide—>HBr + butene-2 4.3x10%%  43.8 68
cyclohexyl bromide—»HBr + cyclohexene 3.2X10%5 46,1 31
methyl chloride—>HCl + 2-and 3-p- 13

menthene 1X10°° 45,0 11b
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In general the concerted unimolecular elimination of
hydrogen halide, uncomplicated by other processes, only
oceurs with normal alkyl chlorides and alkyl bromides containing
a secondary or tertiary C-Br bond (32). It has been suggested {53a)

that the halide decompositions proceed via an ionic transition

: 2
LG

state, e.g. Hbq 7 CH

An extensive study (123) of the pyrolysis of nitroethane
in flow and static systems showed that, though the reaction is
firSt-brder, the pre-exponential factor and the activatlon energy
increase as the temperature 1s raised. Between 320° and 440°C,
10 exp(~ 39,700/RT) sec >
activation is about -11 ocal. degree'l

k = 6,3X10 , and the entropy of

mole ™t

» suggesting that
ethylene splits off unimolecularly,; the transltion state having
a ring structure, 1i.e. |
CHBQHQNOE ————?~—-9 QH2 - CH2 - g - 0 ——— CEHM + HNO2

“H v, 0
Above 490°C, the veloclty constant of the decomposition in a
very fast flow system is giveh by the expression k = 4.0 X 1017
exp(-60,600/RT) sec™l ., The overall activation energy has risen

to about the value of the dissociation energy of the CEH5 -~ NO, bond,

2
indlcating that the primary process 1is now fission of this bond.
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This is supported by the earller results of Gray, Yoffe and
Roselsar Cx» who also investigated and discussed the pyrolysis

of other nltroalkanes, With other hydrocarbons, e.g. cyclic
hydrocarbons which undergo concerted unimolecular decomposition

at lower temperatures, a free radical mechanism wlll occur when
the temperature becomes high enough, since fission of a relatively

weak C-C bond will then become appreciable.

The more pronounced types of reactlons whlch probably occur
during the pyrolysis of menthol from 450° to T50°C will now he

presented.

A. Dehydration

The results obtained in this work from the pyrolysis of
menthol at 450° and 550°c are in accord with those published
previously (56, 110).

Dehydration which results from the concerted unimolecular
elimination of water can be described as a "four-center' reaction (16).
The reactlion is assumed to proceed through a transition state

represented as follows:

The reactions in Table VIII discussed previously are examples of

this type of elimination,
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The data from the pyrolyses of menthol at 650° and T750°C
(Table VII) show that 3-,2-, and l-p-menthenes are formed at
these temperatures; This dehydration-ilsomerization reaction

requires a relatively low energy. of sactivatlion.

The reactlion of nitroethane discussed previously went
through a transition to a high activatlon energy type reaction,
One would expect that menthol would behave similarly but the
data (Table VIi) show that the menthenes are 8till produced’
at 650° and 750°C.

Tt 1is proposed, therefore, that the dehydration of menthol
at these temperatures 1is one of the initial reactions and 1s
occurring simultaneocusly with reaétions which usually requilre
a higher'aétivation ehergy, e.z. the thermal fission of C-C and
C-H bonds,

B. The Reverse Dlene Reaction.

The reverse dlene or reverse Diels~Alder reaction 1s well
estagblished (39, 80, 93, 122). It was cited earlier in a
discussion of the work of Rice and Murphy (93) who observed that
substltuted cyclohexenes dld not decompose as expected unless
the substituted group was methyl, vinyl, or phenyl. 1-Ethyl-
cyclohexene and 3-p-merithene did not produce the expected 2-ethyl
and 2-1sopropy1 butadlenes, respectively. These pyrolyses were

conducted at 650° to 750°C. Rice and Murphy assumed that the
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ethyl and isopropyl butadienes suffered extensive secondary
types of decomposition and were, therefore, not detected in

thelr analysis of the pyrolysis products. They further con-
cluded that the reverse diene reactlon was probably not operative
in the pyrolysis of 3-p-menthene. These pyrolyses were conducted
at 650° to 750°C and it is noteworthy that isoprene was found

to be quite stable at these temperatures. The results obtalned
in the author's study support this observation. The lnadequacy

of Rice and Murphys method of analysis should also be considered.

In order to determine whether or not the reverse diene
reaction was occurring during the pyrolysis of menthol, 3-p-
menthene was pyrolyzed at 750°C (Table VII). A gas chromatogram
of the pyrdlyzaté indicated that 2-isopropylbutadiene-l,3 might
be present but the amount was too small to identlfy and determlne,
One might conclude, therefore, that 2-isopropylbutadlene-1,3 is
either not formed or is thermally unstable at 750°C and thus

undergoes decomposition immediately upoh belng formed,

A feéolution of this question was sought by pyrolyzing
2-isopropylbutadiene-1,3 at 750°C. Only 0.13% of the amount
chargéd was recovercd in the pyrolyzate. This 18 an excellent

indication of the thermal instabillity of the compound.

The pyrolyzates of menthol at 650° and 750°C (Table VII)
did contain 2-isopropylbutadienc-1,3, which indicates that the

bteverse diene reaction of 3-p-menthene 1s probably occurring,
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The isoprene formed in the pyrolyses of menthol and 3-p-:
menthene can be produced from l-p-menthene by the reverse diene

reactlion as follows;

§A>%+i

The l-p-menthene 1s most likely formed by the isomerization

of 2-p-menthene. Slnce l-p-menthene and lsoprene are formed
during the pyrolysis of both menthol and 3~p-menthene (Table VII),
ve may assume that at least part of the isoprene 1is formed by

the reverse diene reactlon,

The pyrolyzates of 3~p-menthene and 2-1sopropylbutadiene-1,3
at 750°C have a product composition very similar to the menthol
pyrolyzate at 750°C., It is proposed, therefore, that the
decomposition route - menthol-— 3-p-menthene = 2-isopropyl-
butadiene—l;Bla-a products 1s a major one in the pyrolysis of
menthol. The reverse dlene reactlon 1s thus a key reaction in

the decomposition of menthol,

C. Free Radical Reactilons

1. Homolysis:

The production of free radlcals during pyrolysis reactions
was demonstrated by Rice and Rice (94).
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The strengths of chemical bonds are expressed as the bond

dissociation energies in kcal. per mole (20, 111). Generally

{-C bonds have lower dissoclation energies than C-H bonds by

10-15 kcal. per mole, Two exceptions are the C-H bonds in the

methyl groups of toluene and propene.

) It was established in work with biallyl, 4-methylpentene-l,

$1llyleyclohexane and 4-phenylbutene-l that an allylic C-C bond

18- relatively weak toward pyrolytic scission (46). Pyrolysis

or terpene hydrocarbons (83, 85, 87) displays the same weakness

Gtoward thermal rupture at allylic positions.

2. General Reactlons of Free Radicals:

The free radicals generated by bond homolysis can undergo

the following general types of reactions (111):

(a)

(b)

(e)

(a)

Recombination, which is the reverse of bond

homolysis

R*+ R#* ——» R - R¥
Abstraction of hydrogen

Re+H~-R¥ ____y RH+ R¥
Loss of hydrogen

2 :
R _-Cif CH2.___.___>II-+ R ~-CH= CH2
(§
Loss of an alkyl fragment
~ ¥

1 . .
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which 1s the reverse of the addition of a
free radical to an olefiln, and

(e) " Disproportionation

‘20H3 - CH,, > CH, = CH, + CHy - CHy
Comparison of (c) and (d) shows that the loss of hydrogen

radical with formation of an olefin hes an activation energy

of 35-45 keal, per mole, while loss of an alkyl radical [R-,

reaction (d)] has an activation energy of 25-30 kecal. per mole (16},

Gonseqdently, reaction (d) plays a larger role, and fragmentation

of alkyl radicals to gilve lower molecular welght products

predominates over dehydrogenation until quite high temperatures are

reached, The occurrence of this reaction can be 1llustrated in

the mechanisms postulated for the pyrolysis of menthol as shown

in Figure IV, The products actually isolated in the menthol

pyrolyzates are numbered.

Other instances of the dealkylation reaction (d) will

be noted throughout subsequent dlscussion,

Reaction pathway (A) in Figure IV 1s based on the observations
of Barnard and Hughes (9v, 10) who studied the pyrolysis of normal
éliphatic aleohols. They found that the decomposition of n-butanol
Eetween 570° and 630°C is first-order, with an overall acﬁivation
energy of 57 kecal. per mole, and glves hydrogen, carbon monoxide,
methane, formaldehyde and smaller amounts of ethane, ethylene,

propane and propene. The mechanlsm they suggested has the following
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initial reaction:

n-CyHoOH 5 CH,CH,CH, * + +CH,OH

02H4 + CH3~ HCHO + H
which demonstrates that the primary rupture of bonds in aliphatic
alodhols at elevated temperatures ocours -at the carbon atom to

which the OH group is attached. Reactlon pathway (A) 1s merely

an extension of this mechanism to cyclic alcohols,

'The results in Table VII show that 3-methyleyclohexanone
and B-methylecyclohexene are formed during the pyrolysis of
menthol at 550° and 650°C. It is probable, therefore, that these
compounds are formed at these temperatures by reactions (B) and

(¢), respectively, as illustrated in Figure IV,

The homolysis of allylic bonds discussed previously is
also occurring in the pyrolysis of menthol but discussion will

be reserved for the moment.

D. Methyl Group Rearrangement

The migratibﬁ or lsomerization of methyl groups in free
radical reactions has been demonstrated by Kharasch, et al. (59)
who studied the reactions of di-t-butyl carbinyl radical. Trotman-

Dickenson has discussed these reactions (111).

Tsutsumi and Nakamura (112) studied the thermal isomerization

of 0-, m-, and p-xylene from 550° to 700°C at 130 mm pressure. Their
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results indicate that the thermal stability of the xylenes decreases

dn the order; meta > ortho > para., It 1s of interest to note that

ethylbenzene was one of the products obtalned.

A comparison of the results obtained by Tsutsuml and Nakamura
wlth those presented in Table VII is glven in Table IX, There is
a striking similarity between the results they obtained from
p-xylene and those obtained from menthol, 3-p-menthene, and
R~isopropylbutadiene-l,3, This does not lmply that the xylenes
pre formeéd during the pyrolysis of menthol via p-xylene, It 1s
probable, however, that some isomerization of the xylenes might
beeur at 650° and 756°C under the pyrolysis condltions used by

the author.

ﬁ-MethylstyreneA(prOpenylbenzene) and indene were observed
in the pyrolyzates of 3-p-menthene and 2-180propylbutadiene—1,3
8t 750°C snd menthol at 650° and 750°C. The mechanism by which
these compounds form was not clear from the information cited in

the literature.

Herrington and Rideal (36) demonstrated that p-methylstyrene
gnd indene were formed in the aromatization of propylene over
various metalllic oxide catalysts. Such a reaction from menthol,
hovever, would involve extensive decomposition, recombination or

resynthesis, followed by dehydrogenation and isomerization.

Welzmann, et al., (120) stated that allylbenzene produced



Table IX

Relative Amounts of Xylenes

‘Compdund‘ : Temp, A %4 4

Pyrolyzed (°c.) ortho meta  para _ Ref, .
o-xylene  650° 53 2 15 (112)
m-xylene 650° 0 80 20 (112)
p-xylene 600° 22 50 28 (112)
menthol 750° 25 - 47 28 Table VII
nxeni:hol 6'50‘°} 23 45 32 Table VII
3-p-menthene 750° 24 49 27 Table VII
2-isopropyl- 750° - 30 45 25 Table VII

butadiene-1,3
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chryssne in good yield when pyrolyzed at 650°C.  The reaction

iIs also accompanied by isomerization of allylbenzene to g-methyl-
gtyrene, and by degradationhto toluene, These authors postulated
that indene was formed from Cg-C; compounds such as p-methylstyrene

but did not elaborate further on the mechanism involved.

More recently, Hurd, et al, (47-50) pyrolyzed 2-methylthlophene
gnd obtalned 3-methylthliophene as a product. The pyrolysis of 2~,
3~, and 4-methylpicoline, respectively, produced mixtures containing
the other two isomers., To explain this, they postulated a "wandering
methyl radical” by way of an intramolecular cycliec transition state

&3 follous;

CH
GH CHa *
(.= Cn—=CV = J=0C
- a .
\N CHQ_ — N . <~ \N < N/ - \N

a-Methylstyrene was thus believed to be the precursor of
B-methylstyrene and indene in the pyrolysis of menthol as indicated
in the”following scheme;

’d 72 . - <7 "\, - Z
- _—He | N —_ +He o '
l_H. |

+H-

Q3
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‘I order to determine the plausibility of such an lsomerization,
a-,; and p-methylstyrene were pyrolyzed at 750°C, respectively.

A previous pyrolysls of c-methylstyrene illustrated that
this compound is quite stable at 550°C (69). The pyrolysis of
f-methylstyrene has not been previously reported in the literature,

The results in Teble VII indlcate that the proposed isomerizatlon

Of c- to B-methylstyrene occurs and is reversible,

The rather large production of styrene from the pyrolyseés
of c-and p-~-methylstyrene illustrates that groups substituted in
4 vinyl position are rather easily cleaved st 750°C.,

~ One Of‘the primary products from the pyrolysis of p-methyl-
gtyrene i1s indene. The pyrolysis of indene to produce chrysene
fs a well known reaction (4d, 102, 120),

'Although the proposed mechanism is not the only one which
fitght be used to explain the formation of 8-methylstyrene and
Ihdene, 1t is probably the major pathway to these products from |
the pyrolysis of menthol.

The pyrolysis of 2-isopropylbutadiene-1,3 at T750°C yielded
esseﬁtially the same product mixture as 3-p-menthene and menthol
(Table VII) except for the low molecular weilght compounds which

wtere either not collected or reacted to form other products.

It is probable that the "wondering methyl radical" isomerization
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18 a principal decomposition pathway of 2-isopropylbutadiene-1,3
which leads to the formation of low molecular weight mono and di
olefins as shown in Figure V, The compounds numbered were isolated

in the pyrolyzates of menthol from 550° to 750°C.

E; The Dlene Reaction and Dehydrogenation

~ The cyelization of paraffinic hydrocarbons into aromatilcs
was originally described (42, 88, 105, 109, 113) as a three-step
p:ocess: depydrogenation of the paraffin hydrocarbon to a
cérrespondiﬁg olefin, cycloisomerization of thls olefin to a
hexahydrobenzene, and similtaneous removal of the supernumerary
hydrogeh atoms from the latter to form the aromatic hydrocarbon.
This process 1is catalyzed by varilous oxides which are used either

in the pure state or supported on carriers such as alumina.

This reactlon mechanism, however, could not accdunt for the
formation of aromatics by thermal cracking in empty or packed_
tubes (34, 100) without the presence of a catalyst. Two alternative

mechanisms were proposed.

Both suggest that in the first stage of the reaction the
Btarting material undergoes conslderseble breakdogn, followed by
résynthesis. Groll (34) assumed that the key intermediate was
acetylene or, rather, a diradical form of that hydrocarbon, whereas
other vworkers (36, 98, 120, 121) believed this intermediate was
butadiene, The latter 1s known to combine with other unsaturated
hydrocarbons, e.g. with ethylene to form cyclohexene (58), or with
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a second molecule to form 4-vinylcyclohexene (12). This reaction
is an extension of the classical Diels~Alder synthesis (41) and
was first hypothesized by Hague and Wheeler (36) and by Schneider
and Frolich (98). The reaction is still referred to as the
Hague~Wheeler mechenlsm. This mechanigsm has also been used to
explain the formation of alkyl cyclohexenes, cyclohexadienes

and aromatics produced in the pyrolysis of terpene hydrocarbons
(83, 85, 87).

Tarasenkova (108) has studied the formation of xylenes from

the pyrolysis of butadiene with various butenes at 500° to 600°C.

Examples of the diene reaction which probgbly occur in the
pyrolysis of menthol are presented in Figure VI. Those compounds

actually isolated from the menthol pyrolyzates are nurbered.

The last step in the formation of aromatic compounds by
the diene reactlon is dehydrogenation. It should be noted that
the hydrogen atoms involved are allylic and for this reason are

easily removed.

Direct dehydrogenation of menthol can also 6ccur to produce
aromatic éompounds. This reaction also involves cleavage of allylic
0-C and C-H bonds but does not require the diene reactions shown in
Flgure VI, The mechanism for the reaction 1s presented in Figure VII
(those compounds isolated in the menthol pyrolyzates are numbered).
Isopropylbenzene probably forms by this mechanism during the pyrolysis
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of menthol since both menthol and 3-p-menthene: yleld this compound
on pyrolysis at 750°C, 2-Isopropylbutadiene-l,3, however, could
only form lsopropylbenzene by a diene reaction and, as shown in
Table VII, produces 1/20 the amount found in the menthol and

3-p-menthene pyrolyzates.

Tt 4s now appropriate to discuss the homolysis of allylic
bonds in connection with the "reverse diene reaction" discussed
previously. The reverse diene reaction is simply a concerted
rearrangement of electrons within a molecule to produce o mono
and a dl olefin, It is generally a reaction which proceeds at
relatively low temperatures thus requiring a fairly low activation
energy (93). On the other hand, the cleavage of allylic C-H and
C-C bonds to produce free radicals is glso a low energy type of

reaction (20, 46) but requires slightly higher temperatures.

‘Consider the thermal decomposition of li-methylcyclohexene
to produce butadiene and propene. This reaction may proceed by

two pathways as follows;

(1) k > <§Jﬂ4-

@)- ) / N
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A reaction such as (2) could probably occur and proceed through

a dl radical which instantly attacks an alpha double bond. This
di radical, however, could conceivably react with another molecule
or fragment before the intramolecular attack on the double bond
occurs, but this would require a sultable collision. The
formation of butadiene as written would be more direct., This
mechanism of decomposition is‘simply an extension of the reverse
diene feacticn since the products formed from the di radical would

be essentially the same as those from butadlene,

Additional comment is necessary on the formation of U-methyl-
cyclohexene, One of the mechanisms by which this compound is
formed during menthol pyrolysis was proposed in Figure IV. This
compound 18 probably the primary source of butadiene via the
reverse diene reactipn and cleavage of allyliec bonds at high

temperatures.,

It is interesting, however, that U-methylcyclohexene is also
formed from the pyrolysis of 3-p-menthene and 2-isoprqpylbutadiene-l,3,
respectively, at 750°C in nearly equal concentrations. h-Methyl-
cyclohexene probably forms by the dlene reaction in the pyrolvsis

of these compounds as follows;

5%—‘“’)* SN !

U )+H~
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The only snalogous decomposition of a Cy¢ terpene compound
to produce 4-methylcyclohexene is that reported by Hayashi (37)
who pyrolyzed 1,8-cineole from 500° to 600°C, The initial

cleavage and products formed were given as follows;

bbbt

(€D

|y €Hs),co  (OLEFINS )

1-Methylcyclohexadlene was not l1solated as a product of this

reactlion.

One of the products found by Hayashi in the pyrolysis of
1,8-cineole was p-cymene. He attributed 1ts formation to the

catalytic action of porcelain fragments used as a support.

Kitajima and Noguchi (62) on the other hand pyrolyzed a-pinene,
camphene, and limonene at 470°C using Japanese acid clay as a
support and in no case wvere able to find p-cymene in the pyrolyzates,
They proposed, however, that the main reaction occurring was the
formation of p-cymene which instantly decomposed. If Hayashils
pProposal (37) that acidic catalysts are conducive to p-cymene
formation were correct, it 1s indeed strangethat they could not
find p-cymene in the pyrolyzates using Japanese acid clay.
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Pines and Ryer {87) pyrolyzed d-limonene at 450°C and
found that p~cymone wan tha najor aromatie compound produced.

The euthor moede a ¢areful search for p~cymene in the
menthol pyroly=ntes recorded In Teble VII and was wmable to
find 18, The pyvolyois of menthol from 450° to 750°C was
axpected £0 yield some p-cymene but none could he found at gny
af thepe tompersiures, ‘™vo conclusions regearding p-cymene
fornatlon during the pyrolycis of menthol are possible: 1) p~cymene
13 not formed, ond 2) 1L 1t 1s produced, 1t 1o thormally unstable
and Lrmedistely decorposcs.

Tokubo and Hursymma (107) pyrolyzed p-cyrene vapors over
barhoo charcosl from S0P o 800°C and found that p-methylatyrens
and p,:-dimethylotyrene were the major producta, Optiram yieldn
were obperved for p,o-dimethylstyrene st S75°~-610°C and for
p-mothylstyrene at 650-750°C, It 15 not ot all clear, therefors,
why Heyeshi (27) 44d not find the styrene derrivotives from the
pyfﬁlyﬂiﬁ of 1,0-cincolc at 600°C 2ince he did £ind p-cymene.

It 19 not impossible that p-cymene is o thermally unstnoble,
trensitory intermediate during the pyrolynis of menthol but it
is probable that 1t 1o not produced from the fellouing considerations:
Ie gncymcne forms during the pyrolysis of renthol 4% nust do 8o
through 3-p-menthene by the follovwing process;

P — P
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Although some c-phellandrene (1,5-p-menthadiene) was observed
gt 550°C (Table VII), none of this compound was observed at
150°, 650°, or T50°C. A much lower energy process 1s avallable
through the cleavage of an allylic C-C or C-H bond in the exocyclic
1sopropyl group of 3-p-menthene. VWhen substituted cyclohexenes
are pyrolyzed,glkyl groups contalning more than one carbon atom
are readlly destroyed (93). It is also well known that C-C
bonds undergo thermal rupture more easily than C-H bonds (111).
If p-cymene is a key intermediate in’the pyrolyslis of menthol,
some should be observed over the temperature range &50°-750°C.
Finally, 1t 1s known that p,a-dimethylstyrene is a major product
in the pyrolysis of p-cymene (107) but none was found in the
menthol pyrolyzates.

F, Extended Cyclization

The formation of naphthalenes and polycyclic aromatic

hydrocarbons has been studied recently by Badger and co-workers (1-8).

Staudinger, et al. (103) observed that butadlene ylelded a tar
at 800°C of which 30.6% was benzene and 25% was naphthalene.
Jones (57) and others (36, 98, 120) followed, stressing the idea
that conjugate unsaturation rather than acetylene was the necessary

precursor of the naphthalenes and polynuclear hydrocarbons.

Vheeler and Wood (121) extended this idea. From olefins
(A C.He, CyHg) at 500°-700°C they found cyclohexene as vell as
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benzene, Others extended the diene reaction hypothesis (36, 98)

to include naphthalene formation.,

several detalled studies on the pyrolysis of butadiene have
been made (8c, 26, 76, 108). Murphy and Duggen (76) and Badger
and Spotswood (8c) observed naphthalene as & major product. Styrene
was also a product of butadiene pyrolysis which Badger and Spotswood

postulsted was formed from the dimer of butadiene; 4-vinylcyclohexene,

Badger and Novotny (7a) pyrolyzed 4-vinylcyclohexene at T00°C
and -obtalned essentlally the same product mixture and respective
yields as found in the pyrolysis of butadiene. (8¢c). They postulated

an extensive free radical mechanism to explain the products obtained,

Evidence of the free radical nature of naphthalene formation
turing the pyrolysis of organic hydrocarbons is illustrated by the
pyrolysis of methyl-, ethyl-, n-propyl, and n-butyl benzenes,
respectively, at 700°C (8b). Nephthalene was formed in each case
and accounted for 21% of the pyrolyzate obtained from n-butylbenzene.
Badger and Spotswood further illustrated the importance of free
radicals and butadiene in the formation of naphthalenes by pyrolyzing
‘1-phenylbutadiene-1,3 at 700°C (8a). 67.2% of the pyrolyzate

was naphthalene.

Hurd, et al. (47-50) have recently extended the participation
of free radicals in nephthalene formation by postulating a butadiene
#M radical formed by thermal scission of benzyl. This intermediate
18 used to explain the products obtained from the pyrolysis of
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toluene at 825°C as follows;

'CHQ_ CH3

*CH

0

) NcH %/,

I ’

cCH—-CH=CH-

[ g T

I
[

Although this mechanism appears straight forward, the benzyl
radical is resonance stabillzed and is reported to be quite
stable to extensive thermal rupture of the aromatlic ring up

to 1100°C (53b). Because Badger and Spotswood (8b) used a
tempefature of T00°C, the decomposition mechanism proposed by
Hurd, et al. 1s not applicable to their work nor to the
pyrolysis of menthol at 750°C, It is quite noteworthy, however,
that Hurd, et al. postulate a butadlene di radical as the key
intermediate in the formation of naphthalene,

It is probable, therefore, that the naphthalenes occurring
in the pyrolyzates of menthol at 650° and 750°C are formed by
the recaction of oyclohexenes and cyclohexadienes with Cu and 05
conjugated dlenes followed by dehydrogenation and dealkylation,
A second process probably occurring simultaneously and becoming
more prominent at 750°C 1s the reaction of €, and 05 unsaturated
mono and di radicals with cyclohexenes and cyclohexadienes to

yield naphthalenes by dehydrogenation and dealkylation.
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The higher molecular weight products which consist primarily
of polynuclear hydrocarbons were not investigated in this study
since the primary obJectives were to determine the lower molecular
weight products and make a reasonable postulation of their
mechanism of formation. From this information one might then
propose the initial reactions occurring during the pyrolysis of
menthol, The reader is referred to the work of Badger, et al, (1-8)

for a more detalled and extended discussion of polynuclear hydro-

carbon formation.



SUMMARY

Menthol has been pyrolyzed between 450° and 750°C and the
products identified and determined., The products were separated,
detected and determined using gas éhromatography. Identification
of the products was made using retention-time data in conjunction

with mass spectroscopy and infrared and ultraviolet spectrophotometry.

The major reactions involved which constitute the preferred
routes of decomposition have been postulated‘based on a comparison
of the results with previously reported work. They are: 1) dehydra-
tion of menthol to 2-and 3-p-menthene followed by isomerization
and reverse dlene synthesis to 2-isopropylbutadiene-l,3 and isoprene,
2) direct cleavage of hydroxyl and lsopropyl groups to produce
#-methylcyclohexene, 3) cleavage of the carbon-carbon bond alpha
to the hydroxyl group, 4) isomerization of methyl radicals to
produce low molecular weight mono and di olefins, 5) recombination
by diene synthesis follovied by dealkylation and dehydrogenation,

6) dipect deskylation and dehydrogenation of 3-p-menthene to

produce substituted benzene derivatives and styrenes, 7) cleavage
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of allylic bonds, and 8) extended cyclization to produce naphthalenes
by reaction of conjugated dlenes and their corresponding di radicals
with cyclohexenes and cyclohexadienes followed by dehydrogenation
and dealkylation.

The pyrolyses of 2-~isopropylbutadiene-1,3,3-p-menthene,
and menthol, respectively, yleld essentially the same product
mixture at 750°C.

Additional evidence for- the "wandering methyl radical"
phenomenon proposed by Hurd, et al. {(47) has heen obtained from
the pyrolysis of a-and p-methyl styrenes, respectively, at T750°C.

Contrary to results reported in the literature on pyrolysis

of C10 monocyclic terpenes, p-cymene does not appear to play an

important role in the thermal decomposition of menthol.

Acetylene does not appear to contribute to or enter into

the pyrolysis reactions of menthol.
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