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 ABSTRACT

 PART T:'_THE MASS SPECTRA,OF'SOME%ORGANIC_COMPOUNDS-‘ o

~

The mass spectra of some neopentyl compounds :

The mass. spectra of neopentyl alcohol bromlde and chlorlde

—

and some l’c and ZH labelled analogues have . been studied. Most

"iragmentatlons of the molecular 1ons of these molecules occur by..

- 51mple bond cleava5es and do not 1nvolve rearrangement before-

A R T A A A T S I SN 2 TR A e e
. . : . - ) 1

-

HERET

e

) fragmentatlons "The neopentyl catlon,'observed only in the mass

‘schtrum of the bromlde; fragments ma;nly by loss of an ethylene

'molecule contalnlng randomly selected hydrogen and carbon atoms

The.L4H7 ion also was observed to undergo complete atom, scrambllng

Isomerlzatlon and decomp051t10n reactlons 8f C, HBX “ions

Isomerlc C4H8X ions (X— QOH, 0D, Br and Cl) have been

generated -in the mass spectrometer from varlous sources
, nxten81ve 2H labelllng has been used to 1nvest1gate the structures ‘

L of the decomp051ng lons, and the mechanlsms of decomp051t10n YFor

‘the formatlon of (C HoX- CH ), (C HoX~C,H, ) and (C H X—HX) ions
8 (I gtve 4 -8

in the decomp051tlon reactlons of’ (CHE)ZC CHEX, the.common o

structure (I): - . ? -

CH AN -
3.' ’ . M
. cH2=cncH2xiH - (¥= OH, 0D, Br and C1)+

(1) c
o _
is the bestnrepresentatlon .of the decompos1ng ions. “There is -

no ev1dence that the 1somerlc CHL éCHZCH X 1ons rearrange to
'.". B

N . . !

- -
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"and 4~methylcyclohexene and cycloheptene and deuterlum labell d.

T T T T A MR S R IR L 2T ek T

TS ol

; ri' x l-.:‘ A e
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';ons of structure (I) ' ‘bf; .;;',. v S -"”f:' ;J-ﬁf

The mass spectra of some chlorohydrlns and some chloroaclds

The mass sPectra of the homologous series of chlorohydrlns

HOHq“(CH ) CH Cl from n=0 to 4,'and ClCH C(CH )ECHE OH have been ‘.

\ *

studled together with certain deuterlum labelled memberSL The

h fragmentatlon mechanlsms of the lnwer homologues and o f;/\;

1

_: ClCH C(CH )ZCHEOH are dlscussed 4in some_detail..  The losses of

HC1 and H 0. from the molecul%f Lons arlse from chlorine—hydroxyl

wri . -

iand hvdroxyl mothylene 1nteractlon respectlvely. The mass

Spectra of some chlqroa01ds were also brlefly 1nvest1gated

lhe mass spectra of some lsomerlc cycllc hydrocarbons

.Thé mass spectra of methylcyclopentene and cyclohexenew
L!

_ dcrlvatlves thereof have been studled Fragmentatlons of each

palr of these 1somers for the most part proceed v1a common -

1rtermediates 1n whlch hydrogen atons have lost thelr p031tlonal

1dent1ty The loss of a methyl radlcal from methylcyclopentene

l.and L~ methylcyclohexene molecular 1ons 1nvolve to a great extent,

'simple leect bond cleavage.' -

PART.II: _THE PYROLYbIS QF 2- and 3~ CHLOROPLNTANE

]

1. The decomp051tlons of 3- dhloropentane and 2—chlordpentane

I

. from 015—%ut E ewe-@JrolysiE;////Q/

@: A teyperatukeJrange of 293~ 5?6 C was used for the erolyseef/

wvere studled 1ﬁ&a reactlon vessel coated w1th cTrbon proouced

~'5%%.The n-pentenes prodL ed in the reactlons ‘were analjzed by

1
oL '. 1 . | . . .
. l . " _.‘. . . ) ; B v

|,.' U . 1
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C ;;;cas;iiqtid'chromatogfaphyl The and1v1dua1 rate constants

. L
' ‘ for their productlon and the, correupondlng Arrhenlus
. ] : _ | -
‘ ffgparameters were calculated AT PR :

| R

b, It was found that the. trans- to c1s~”fﬁt:5i;ne product . R

cates that'coplanafity isuf
a. requlrement of~ /he' ran51t10n state ln these ellmlnatlon
. L .
reactlons.//ﬁﬁat 1s, the trans product predomlnated over - A

D) .y Tie
f . . - yo

'the cis-form. | L Coe : A I

> -’{ 'rat;p irom both pyrolyses

e} _mf?ﬂﬂw%‘&’.‘-’?‘?.?“!f%:‘ AT
-

gm?”—\
LN .
P
[T
-
Al
¥

SRR
- -~ '
1Y
o
-f'\'__ k
k
E:

RS &
]
f
P

K " n
': v N 3 r 1
g .
i 1
A ~ ‘
~ i o . 7 '

RFEN
t

Fd

1
=
e -
)
"t
~




MASS SPECTROMETRY OF SOME CRGANIC
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o X ‘CHAPTER "1
\\ .. _NWTRODUCTION - .7\ " -"j B
. .\'A A General:The;EK OﬁuMaés spectromét yl ;//r
. . . ';-h/ ) ’ e - D | | -
" The ﬁﬁ? of ‘mass spe trometry for the ldentlflcatlon Of ' A

* /
organlc compounds 1s becomln. extremely attractlve to the organlc'

chemlst The-mdentlflcatlon 0 structural features solely from
_ mass spectral data 1s, howevsr, o] 81mp1e task. " Although™a
sample molecule ylelds a characte .stic.mass spectrum, the exact'
| behav1our of most organic compounds w1th1n the mass spectrometer
is stlll larg ly unpredlctable.i Wh1 e alysls is based on
'the assumptlon that the ground ‘state eometry w1ll be reflected .
in theuﬂragmentatlon sequence, many ex_ ples are known whereln'
extens1ve, unpredlctable rearrangements ave occurredla ~For .

example, hydrogen and even skeletal atoms ave - partlclpated in

F A e e T T .
A g v : . . ! . .
- . - . . - . : : A .
. ) .

Bk
C

\

entane

‘the generatlon of the tropjﬁlum ion from numerous isomerlc C7H8
7 =7

compounds =3 16, in. the pyoduction of CaH5 in neo 1(e), ﬁ 6.
andtbe loss of 302H2 from 1 3 5—1303—benzene

ﬂ‘ Such observatlo ) dlscourage one from the unequlgocal

R
.

'asslgnment of deflnlte structures to fragment 1ons, and even

to” molecular ions. Usually, many 1somer1c forms of a SpECleS ) "h\\

a

can concelvably fragment aﬁcordlng to the- sequence reglstered in

-

the mass spectrum. For molecular 1ons, it is assumed that the

S e s S

ground state geometry is. retained, unless there is strong

ty

ﬁ ' evmdence to the contrary. This assumptlon will beLmade through-
out this work. In fragmentafmon schemes, structures aré shown
| to illustrate a possmble dlSSOClatan sequence. These structures

are Justlfled by the observatloh of apf opriate’ metast able

.
N T ' e . . 3 ' . - ' .
. . B
N . : ) ‘ - hd ! .
\ : : S .
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tran51t10ns and br;analogy w1th neutral molecule chemlstry 'Af
(e g. McLafferty rearrangementlb).: Another useful technlque ms
hlgh resolutlon mass spectrometry" Fcr example, lbss of 02 q‘or_-
CO of the same nominal mass from an 1on can be distlngulshed
Thls'ai@flculty in structural assignment however,‘need not
necessarlly 1mpa1r analy51s of a mass spectrum, because know-

. ledge of the exact structure of a fragment ion, whlle 1mportant '

may not be essentlal ‘Indeed, whether the benzene molecular ion '

4

is llnear or cycllc is of relatively little consequence. The

1mportant ‘féature. 1sttne*beha$iour of the ion. For example, the
7

fact it fragments malnly by loss of acetylene contributes more '

to the structural 1dentif1cation of thls 1on than the questlon'

-

' cf 1ts ‘exact shape.

At present,.many compounds apparently fragment in a

- ﬁashlon pecullar to themselves._ Thus it is dlfflcult to extract B

,general rules’ from the mass spectra of a serles of related

=

ompounds. For. thls reason, the predlctlon of fragmentatlon

' sequences 1s,hazarqous. The descrlptlon of adequate Eragmentatlon

mechanisms"for compounds of known structure requlres exten51ve

‘v

1nvest1gat10n.- It 1s hoped that when/the behaviour of each

functlonal group in a variety of- envmronments has been descrlbed
1ts presenee within a molecule w1ll be more easlly detect d, and |
the 1dent1f1cat10n‘of structural features in unknown molecules

wilk become more feaslble.

The'MaSS'Spectrumg Y

' \
The productlon of a mass spectrum usmng a double-

focu81ng mass spectrometer of Nler Johnson geometry w1ll now be

9

.rev1eweda. It should be noted that the 1nstrument is operated

i
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at low amblent pressure in order to’ av01d ce llSlon 1nduoed
reactlons between the varlous spec1es present Sample—pressures

“in the range of 10 ? to lO 6 mm.mercury, in ﬂhe 1on source, are

.

suff1c1e£E$to produce an’ 1ntense spectrum

Twd inlet systems (a) {Plg 1) are avallable for sample‘

1nsertlon. lThe dlrect inlet. system maysbe used for relatlvely ‘L

i 1nvolatlle samples. The all—glass heated 1nlet system is used  ”-)
; .
for samples of hlg?*Vblatlllty. In the 1on source, the sample

a molecules 1nteract w1th a beam of hlgh energy electrons_(b) _ ¢
(the electrons suffer a potentlal drop bf ?0 volts), ‘become. -

o energlzed and pro&uce molepular ions by eJectlon of an elctron

These ions, may then dlssoc1ate 1n a; varlety of ways.,
- . When the sample molecules enter the ion source, they nove

; w1th random ve1001ty due to ¢he1r thermal kinetic energy. Thls

©

.random veloclty, when summed w1th that due to the acceleratlon

.\'

potentlal (descrlhed below), produceS‘h smaIl ener%y dlstrlbutlon

amongst the :Lons.
| Upon formatlon, the 1ons experlence an acceleratlon due
to.the potentlal dlfference between the wells of the 1on source
. (Vecc volts) and the ex1t sllt (O volt} This acceleratlon
dlrects the 1ons from the source towards the electrostatlc sector '

(d) via the flrst flel¢-free reglon (e). The potentlal across'f

the electrostatlc sector,'ﬁ

=

sector 1s.suchrthat,

- . I‘e I /ESBCtOI‘ ..;clo-o.

“'nlr ‘?.
¥t
N

whsr réfls the radlus of curvature of ion path 1n the electro—

statlc sector and V is the’ acceleratlon potential. Slnce To and

B

Asector are kept.constant, only ions w1th acceleration potentlal

t . ) o.
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L Vac (that is, 1cns 1n a’ very narrow energy range) pass through e
. . T l‘f .
“ . the e:izﬁ:iit,Qf the.sector. The beam of transmltted 1ons then- ;' Lo
. o A
passé ough the- second fleld free reglon (f) 1nto the magnetlc ;0 '

' Bector’ (g) Under ‘the 1nfluence of the magnetlc ﬁ%eld the ions

w1ll suffer a defléctlon thréugh an angle that ig proportlonal0 'n_i .-

to thelr mass . - ; e ‘-;"' '.1‘; .i ‘. 7 e
s Lo . e . 5 - -

[

The motion of\the ions thus. far descrlbed may be represented -

r.

by the followlng equatlons., If the acceleration potentlal is _
V acc? .the k:Lnet:Lc en'%'g:)’. lmparted to the ions, will pé\ e g‘;

e
e [

P : 'R @
F evécc %mv n'g..geca-..-......o...._-uotnulo----a;(%)

I where e

‘electronlc charge

_m.=;mass of’ the 1qn s

'yhé've1001ty of’ H ion SRR

_.-_, ‘e ~

, oo d
~ - " .
e r ‘-\-_. L t, t_..

.-In :the magnetic-sector, the,centlpetal force, Hev, dﬁe : Q

to -the magnetlc fleld is balanced by the centrlfugal Torce, Y

mv /I’, ’ B _‘"’" e E . ‘A;-‘ f. u ":‘ . . T ; .
Y - [ ) . v\f , . . ’ ' ot [ . ' N ".

WL . A ~ . L4

Q

H-ev : mva/r 7- -‘5‘.-‘-:-’-,-.“.00- -o‘o.ttv o‘o‘"o‘:ci'-. o&.;‘o ‘(Bjj ) e N
Xt s & . N ’ . -

ro '. B
A LI

where H magnetlc fleld

‘:'r_s radius of curvature 6t “ion’ Path

+ ..

L e

Ellmlnatlng v between (2) ard (3)Kg;efﬁs that Rl 'ﬁ‘f;-;”
’ . S‘ ‘ . ’ |
E: % }Izr /Zvacc .l.-...."-..-.:...‘._.".-..f.-. -;‘h".'-'ccd (L}')~
S | b L '

TR - Thus by uslng & comblnatlon of an’ eiectrostatac field a'f”

‘and a magnetlc fleld one ach1eves~veloc1ty focu51ng (the fccu51ngn

v - c,

'of an ion beam contalglng 1ons of the same mass travelllng 1n i

A O A T 1 o 0 M D T R AT e T S TS T S

the same directlon, but w;th g, dlfferent energy), and dlrectlon"

@ = f_-
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focuslng (the fo\ﬁslng of ions of all masses lnto individual
beams contalnlng only'ionsof dﬁe mass/charge ratio) ,mkisr
comblnatlon is called double focu51ng. R A :

-~ - Lo - . _?
kL

The motlon of the 1on throughout 1ts fllght can be e i

A

coptrolled by varylng any of three parameters H V and r.
N ey < L.
lt is obv1ously conuonlent ;c retaln T ‘constant. Two modes of‘

.i w
o scannlng are\tgen avallable in order to allow an ion of mass to

Tomr—  ——

-.'
r

charge ratio m/e.to descrlbe a path whose radlus of curvature .

.
o ‘is r. Most 1nstruments used magnetlc_scannlng dev1ces in
'_"‘congunctlon with a f1Xed (but varlfble) accelen?tlon potential (ﬁ
IIons of successlve m/e values may then be focused to strlke the
collector plate (h) The Q.nduced current f ow:.ng from the I . :\
collector ay then be ampllfled (1) by one oY the three methods,' ' \
(A) Faraday cup, (B) electron multlpller, an ‘Ci.photomultiplier;‘,
and then recorded (3) convenlently by us1ng vlsiCorder,'i;e}' .
: . recording on ultraviolet 11ght sen51t1verpaper - o e
T;L. ] nn_-:err 51mple presentatlon, the 1nten§}ty”£f the strongest\
) .peak (base peak) in the mass spectrum 1s arbltrarlly equatqd 3 .
-.to lQQ unlts. Other peaks may then be measured relatlve to the a'@ﬂ
base peak and'plotted as a bar graph Th1s process ylelds the |
- mass spectra shown throd@hout this work | '
T . : : 'j
s Ion‘Detectors' : ' N o "7 DA ; I -
i ’ As ‘mentioned above, the AEI MS 9028 double focuslng
' mass spectrometer used in the present study” is equlPPed w1th
threg#types of 1on.%etectors, namelyy Faradaypcup, electron *'}f7
multlplier and sc1nt111ator photomultlpller ‘ ﬁf' “, L

N * . - “ o B
L ' : - T
L . . *



(a) Favaday oup e ,7 R
_ Theqsd’ll metal electrode that the p051t1ve ions, 1nter-,]‘ ’
| ceﬂt 1sfmounted{in A Faraday cup whlch has the form of an open—j,
ended reflectlng cup. ' The. metal surface is 1ncllned*w1th |
| espect to the ion tragectory 50 that reflected ions or eJected
secondary electrons cannot escape from the cup. Thus the measured

. and ampllfled ion current is dlreotly prqportlonal to the number

-

of 1ons and number of charge per 1on._.'
(®) Electron Multlpller o )/H.,

The- electron multlpller utlllzes the‘prlnc1ple of
secondary electron em1551on to effect ampiification. 1In the
mass: spectrometer, the p081t1ve ions focused on the collector

- sllt bombard the conver81on dynode whlch eﬁits electrans These

secondary electrons are¢accelerated and focused onto the second

dy ode. Amplification is accompllshed through a “'cascading

_ effect" of secondary electrons from dynode to dynode because
ihﬁ the. number of electrons egected from each dynode surface is.

igreater than the number-of electrons 1mp1ng1ng upon it. Each

dynode is connected to a succe531vely hlgher potentlal by a

3

voltage d1v1der and the final collectorlls connected to a

-

conventlonal ampllflér. - L S L \\\o
. (C) Sc1nt11fator-Photomultlpller - the Daly ‘Detector :

The Daly detector, based on a sc1nt111ator/photomult1—
- %J\)
pller sgstem, prov1des .an excellent conventlonal detector with

many de51rable propertles 1n addltlon to th metastable enhance-

ment feature. The pr1nc1ple of operatlon 1s descrlbed below. ;

A schematlc dlagram of the Daly detecyor is shown as
i .

o . \j
Fig. 2. P051t1ve ions enter the detector—t

'
e

CE
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S 10,

spectrometer resolV1ng Sllt A and pass through another eartheds

o '

Sllt B The 1ons are then. accelerated by the negative potent1a1

on ¢ and pass through a Sllt in C They»are then retarded by

‘the 9051t1ve potentlal on the 801ntlllator electrode D

¢,
‘To detect normal peaks in addltlon to metastable peaks,

<

D is at source potential or hlghef and the 1ons dre turned

‘back and strilke the surface of C To ‘ensure that ilons travelllng |

"'between c ‘and D are turned away from the normal and thus do not

R'!

_ \ifavel back through the sllt 1n c, C is asymmetrlc Seconéary

o AT e e e
S

s L

. be recorded

electrons are emltted from C whlch accelerate to D pass through
the alumlnlum coatlng, and penetrate the sc1ntlllator. Electrons
enterlng the scmntlllator cause llght emission whlch passes

through the glass’ wlndow onto the photocathode of a photo—

‘dmultlpller. The output of the photomultlpller is then equlvalent |

to a conventlonal mass spectrum - - -

: When the potentlal of D 1s reduced below source voltage
all the 1ons’y(th source energy are lost to the sc1nt111ator
Q . .

aluminium coating. Thus only 1ons of 1ower energy are thrned

h";rback and‘detected " In thls case, only 1ons resultlng from

metastable trans1tlons in whlch klnetlc energy has - been lost

-

gare recorded Slnce normal peaks Have- been suppressed hlgher

y

"'galn can be used. an enhanced metastable spectrum can-i

o o . 4

4\
]

Metastable Ions

.._‘
P

- (d) Second Fleld -free Reglon Generated Metastable Tons
| Equat;on (4), above; is only valld for those ions that

.are’ formed w1th1n the ion source,; and thus poSSess klnetlc energy
N ' . _3

-



eVacc. If° however, an ion (ml) fragments in the second fleld-p'
"free reglon; betWeen the electrostatlc sector and the magnetlc
sector of a double—focuslng mass Spectrometer,tlt will produce
.an lOIl (m ) that has a masswa), oharacterlstn.c of its own
_chemlcal comp051t10 y but a ve1001ty (vl) characterlstlc of its

energetlcally dlfferent '

precursor ion (ml).J Such. ions (m ) ar
"from those lons of mass oy that are formed in the ilon ‘source.

The datter 1ons, ma, will appear } the:spectrum at ma/e. The ‘_)f

"‘former, m', however,aﬁill appear as a broad dlffuse peak22

\\\‘centered at ma/ml. These 1ons,.m ,'are calledﬁgetastable ions -

| ow1ng to the instability of thelr precursor ions. The presence
of a'metastable ion in a mass spectrum may be;rege;ded asfx

7
. conclusive ev1dence for the tran81tlon that give rise to 1t

utlon must however, be exerC1sed as more than one transition -

yleld ‘a 5pe01f1c second fleld-free metastable ion. An '

example of this was found 1n the mass. spectrum of oMNitro-
9.

benzaldehjde A metastaﬁle 1qn was observed at 71.5%0.2. Two

. possible tran51tlons (m/e 151 — w/e 104, n - 71.6; and - .

- m/e 121 —e m/e 93, m - 71.5) could ydeld such a second field- free
etastable 1on.‘ It is not immediately obv1ous whlch tr%ps1tlon

does 80. However, the molecular ion (m/e 151) was very. weak ' /

:@Jlé of base peak) Thus the second p0551b111ty-1s more likely.

In the fr&gmentation schemes,qwhere a dissociation .is supported

_;1;

by a metastable ion peak, the tran81t10n is labelled by an

. asterlsk . ) _ _
T (B) - Flrst Field-free Reglon Generated Metastable Ions:LO
. Due to the energy focusing effect of the electrostatlc A

. -
field, it is not p0581ble.for both the main ion beam and the
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o metastable ions (formed in . the flrst fleld free/reglon between
the 1on source ana the eiectrostatlc sector) to pass through
-the electrostatlc unit at the same applled potentlal ThlB lS

because’the/metastable 1ons are energetlcally dlfferent from

the main ion beam. Tﬁe flrst field- free metastable ions for I'
the metastable‘tran51tlon, mI — m2 y ctan be observed unlquelj
elther by increasing.the ion acceleratlng potentlal by a fact
/m (keeplng the electrostatlc sector” voltage constant), ojf
by reduc1ng the electrostatic sector voltage by a factor ma/ml‘
(keeplnggﬂhe an acceleratlng potentlal constant) In either
ucase, -the maln beam of stable 1&Qs is then not transmltted ‘,
Whlchever method is used to study the metastable ion - o )
-'peaks 1n 4 mass spectrum, ‘the p051t10n, Shape and slze of the §§
peaks ‘can be used to obtaln useful structural 1nformatlon about v

LI £l

' the decomposing iomns.~ These w1ll be dlscussed further 1n a ‘

a

later section., - | s e

Analysisiof a Mzss Spectrum and Approaches to the Determination

of Ion:Structure ~,

—."“—ﬁ_ ] . . o v A " . . g
Haulng obtalned the mass spectrum of the compound under

-

1nvest1gatlon, varlous approaches are poss1ble. The slmplest

is to record. the relatlve 1nten51t1es of . the peaks 'dﬁﬂi

.

compilations . ex1st as "the "Dow Uncertlfled Mass Spectra Data,
L=
19631 ; "Mass Spectrometry Data Centre, Iy W R.E., Aldermaston

oy

‘Berks"} and "Complmatlon of Mass Spectra Data" (and its two

supplements)-by ﬁ. Cornu and R. Massot (Heyden-and.son Ltd.,,‘

-

AT TR RN TS

fl966, 1967 and 1971). - Only the ten most intense peaks are
'presented_in'the‘last compilations. This information, with the.

2
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molecular welght then allowg the organic chemlst to 1dent1fy

-

-hlS materlal by comparlng 1tslspectrum with those i

oompllatlons. Thls process is greatly alded by com uter methods

t'he )

-However useful thls approach may be to the organlc chemlst it 7
requlres llttle or no understandlng of the fragmentatlon |

mechanlsms I one is to 1dent1fy "unidentl ied orlglnal

Il‘

'compounds" that do not appear in such compllatlons, 1t w111 be
fnecessary to have ‘some understandlng of fragmentatlon mechanisms.

'For this purpose, knouledge of the 1dent1ty of- the najor peaks i

is needed. Of greater 1mportance, perhaps, is the orlgln of

each peak and 1ts struoture B Throughout thlS waork, we are °

-

~ _1nterested in the determlnatlon of-ion structures and the " - .'. K QQ

oy f

fragmentatlon mechanlsms for their formatlon
By the structure of anfgon, ‘we mean ''the- arrangement of

atoms at any one 1nstant" The structure glven to an jon w1ll

:.htherefore depend on the experlmental condltlons.

_ During the- 1ast few years, it has been reallzed that
f‘there 1s far more 1nformatron about . 1on(/tructures and decem— ’
p081tlon mechanlsms to be glefned from a mass spectrum than is ~
_ obtalnable merely from the normal ion abundances 1ﬂ the ?Oev
spectrum. Some" of this extra 1nformat10n-1s_ea51ly obtalnable
from;isotopic-labelling experiments, fron.studies of metastable
ions and from measurehents of the heats of formation of 1ons
These will be dlscussed briefly. ' | )
(A Isotoplc Labelllng Experlments ST - fpf“
ISOtOplC labelling, combined w1th the aseumptlon 0I-

mlnlmum structure change and cyclic structures Whlch are

1nturt1vely reasonable by anélogy.wmth ground state chemistry.
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has been used to adduce the structures of 1ons. mﬁE labels,‘most”

' commonly used are: 2H 150 and 180 . 31'ge L - z,: . o
’{// - In this method we can only really propose transmtlon—- - e

o
[

‘state structures because We study the movements of” 1sot0pmc

labels placed in knOWn p061t10ns in « ground state molecule, and

study their dlS rlbutlon among the varous fragment 1ons.

c—-i

There are two types of observatlons in an 1sotop1c

labelllng experlments that are s1mple to 1nterpret

(l) t*R.esults showmng eitner O or lOOﬁ 1ncorporation of " o
a label (or‘1abelsl'into'a'fragmsnt,ion’peaklare.easy to inter- ;i
pret.- For example, in the mass spectra of'some‘neopentyl | |
compouncisll, (CH )3 ~CCH;-X (X= ‘OH, 0D, Br and G1), the 1,1- -4,

'ydldeuterateé neopentyl molecular 16ns glve fragment 1ons

,:C H8 and C# 9, and 04H6D X and CD2X respectlvely The results ‘

show completé loss of the labels for' the former two fragments,

- but complete retentlon of labels for the latter. These 1ndlcate-

,p ?
‘ that molecular ions have fragmented by slmple bond cleavage only.

There is no rearrangement or atom scrambllng before or durlng

| fragmentatlon (Chapter 2)

(=4

'(2) Specmflc atom partlclpatlon. Labelllng shows whlch
atom from the orlglnal molecule takes part in a partlcular 2
fragmentatlon process. Informatlon of thls type is. most useful
J

For example, we- found that the, molecular 1ons of a serles of

chlorohydrlns, 'C1CH (CHa) CH OH (n_ 1 to 4), fragment by hydro-

o chloric aCld loss. Deuterlum labelllng of the compounds in the‘

hydroxyl posltlon has sho¥m that the hydrogen in the hydrochlorlc
'ac1d molecule orlglnates malnly from the hydroxyl group (Chapter 4)
| Apart from the above two -types of observatlons, there

. -
,,,,, ‘ - C , . .
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. are 1nherelt dlfflcultles in the method The'interpretation oo .
\.- .

of results have not always been cerrect because of scrambllng ’

f

of labels, 1sotope effects and 1nt rference bg secondary
‘fragmentatlons (Chapter 5) ‘“¢/W\ - |
(B). Studles‘of Metastable.Ions” ' o ol I...w

. .. o - _ ‘ ; o ; ..-: . - .
There are several'reasons for‘the'utility of metastable - '

.tran51tlons 1n the 1nvest1gat10ndof mass spectral processes.

" (1), Unllke reactlons oocurlng 1n the ion source, metastable
tran51tlons occur. from a narrow range of ion energles correspond;.
ing to rate constants for decomp051t‘on of 10t 106 l'<~(ii)'

- The occurrence, absence or relative a dﬁdance of metastable . D
.tran81t10ns for dlfferent processes‘g've valuable 1nformat10n
Ion relatlve attlvatlon energies (111) Informatlon about
rearrangement reactlons may be obtalned by approprlate comparlson'
- of metastable and normal ion abundances. (1v) Competmng meta~

S,

stable abundance ratlos are a valuable crlterlon for the identity.’

or nonmldentlty of ion structures. (v) Slnce metégtable

tran81t10ns unlquely define a. reactlon, it is much 51mpler (and

often Ehe only_] .axggto study -scrambling reactlons (vaJ The

metastable defocusing . technlque has enabled metastable ions to -

be uniguely and sensitively 1dent1£;ed._—{v1r&— Shapes of meta~ .'
stable ion peaks provide another crlterlon for the non~1dent1ty
of ion structures ‘where shapes. are differeént. (Vlll) Isotope

neffects are 1argest in meétastable transitions Throughout t‘hisg*J

i

work, exten51ve use of metastable tran81tlons 1n the study. of

mass spectral processes has .been. attempted ’ i -

12

..n ¢

Recently, Yeo and Wllllams proposed that 1f a glven

ion undergoes two or more competing metastable decomp081tfens,
' ‘ P R

~

L
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. the rates for the two or more Processes must ‘be similar Further,
he
) if two jons of- the sapme elemental comp051t10n undergo the same

metastebie decomp051tlons in the Same or 81mllar ratlos, “this .

[

, s an excellent crlterlon that the two ions are decomp081ng

from the same structure (or structures) Th;s-was Justified by

Yeo. and W:Lll:Lamsl2 who showed theoretlcally and experlmentally

that the ratlo of metastable abundances for two competlng
_‘_/ . i
reactlons at any glven 1nterna1 energy is a function of the

-1nterna1 energy of the 1on generatlng the metastable ions.
Therefore, ions with the same structure but dlfferent 1nternal

energles can give rise to 31gn1f1cantly dlfferent metastable

abundance ratlos._ It follows that 1ons decomposmng 1n the first '%i
fﬂeld free region can also glve rlse to metastable abundance
' ratlos significantly dlfferent from those decompos1ng in the

. second fleld free reglon

o

ThlS &rlterlon has been used to establlsh that. 1somer1c

C H5O ions. - decompose from two dlstlnct structure513 15 and that

.

C -, sec—, 1so— and tert butyl bromlde provide CQH9 1ons whlch

decompose from the same structure (or structures)l7 30

Bv1dently, the actlvatlon energles requlred for 1nterconversaon
e of the various butyl 1ons are less than that- requlred for
‘ unlmolecular decomposltlon In general it appears ‘that the
presence of heteroatoms 0, N, Br and Cl in organlc ions 1ncreases
< the barriers for lnternal rearrangements, relative to those for
- unlmolecular decomposltlons (Chapter 3). |
To summarlze- the metastable ion abundance ratios
criterion for ion structure determlnatlon compares ion structures

AL

from dlfferent sources at energies Just above the lowest actlvatlcn:) ‘

-
1

e
1 o=
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~ the appearance potential, AP(X'), of X  may be/expresSed as

‘. shown in,equation 53"

T

~ .

'energy-for deco osition- The applicability ot the method'is

[l

11m1ted by the. requlrement for two or ‘more competlng reactlons.

| The shapes of metastable 1on peaks provlde another -~
crlterlon for- the non—ldentlty of ion structures where shapes |
are dlfferent, For example, we have‘establlshed that for-the-‘
(M-dH‘) processes'in-the mas spectra of cyclohexene‘aﬂd methyl~
tjclopentene- and cycloheptene and 4—methylcyclohexene, the .
molecular ions of each palr of compounds (dlssoc1at1ng w1th1n
the first field- _free reglon) have at least two (or more)
dlstlngulshable structures and /or electronlc exc1ted states
(Chapter 5) ﬂ.‘ r-. ' _~"

]

(C) Measurements of Heats of Eormatlon of Ions

=

The comparn.son of heats of formatlon of organic ions :Ln ' ‘

the mass-spectrometer is the most w1dely used crlterlon for the:

. identity or non-identity of ion structures. For the reaction,

Mt e X 4yt 2e

- -~y

-+

AP(X") =AHL(X") +OH) _sHL + E]_ PP ¢
theltermon is the heat ofnformation of the species. Ei isr
1ncluded to allow for posslble formation of either x* and/or-Y.
w1th excess energy at the threshold for the,ﬁgactlon o

" - The measured appearance potentlal is- not necessarlly
equal to the mlnlmum energy that must be 1ggarted to the neutral
molecule M 1n order to form M ' The eXcess energy (above the :

mlnumum energy for reactlon) requlred to achleve a rate constant

- A -

&t
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;such~that Eﬁfwionis generated in'the'ionJSOurce‘is‘termed'thei'
‘"klnetlc shi ft"18. The consequence of the ‘kinetic shlft 1s
'.dthat appearance potentlal measurements for daughter ions s -
produced in the lon source. (and hence thelr heats of formatnon)
w1ll be too hlgh Appearance potential values, however, obtalned
| by electron 1mpact by u51ng arn electron monochromator comblned
.WIth a quadrupole nass fll 9 were lower than those obtalned
20

using & conventlonal mass spectromctrlc ion source Those,

‘former values were free of. any appre01able error due to klnetlc
1sh1ft because the ion w1thdrawal potent1a1 and the acceleratlon
:jpotentlal were Very low Cv50-mv). Such error,‘may, however be
present in values obtalned w1th conventlonal ‘mass spectrometers.‘

Another factor should he recognlzed Wthh may compromlse_

B appearance potentlal (and/or 1onlzatlon.potent1al) measurements
21 noted the occurrence of the’
""competltlve shlft" whlch may arlse where two R\vs E curves
cross, K represents the rate constant at total energy B of a
'reaction The reactlon whlch has the hlgher appearance potentlal
may need to proceed at a. rate con81derably faster than 106 -1
to compete w1th the other reactlon sufflclently to be observed -
-in the ion source.' | | |

[ It 1s generally accepted that if the heats of formatlon .

e

* _of an ion X produced from dlfferent sources are 1dent1al, then

a

’ the structure of the ion 1s the same. L0551ng 3 Tor example,

generated 05H5 and C H7 from f;ge 1somer1c CuH8 molecules

us1ng mono- energetlc electrons . he heats of formatlon of all
3 5 and C H7 were found to be 226*2 kcal/mole and 206 kcal/mole

respectlvely. Ionlzatlon potentlals have been, ueasured for -

-
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-formatlon for 05H5 > the allyl ion - and 04H7

A

- o

Ca

C,H5 allyl radlcals (8 0? v)‘gl+ and C H? methallyl radlcals‘

(7 54 v), produced pyrolytmcally. Correspondlngnheate of ;.
. the methallyl

"

1on were’226*2 kcal/moleaj 24

N .
1vely. Thus the precursor ions 04H8 have 1somerlzed to a
common 1ntermed1ate before dissocmatlon to’ produce 05H5 (the

allyl :Lon)J and 04H7 (the methallyl 1on) at. the threshold -

(Chapter 2)
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N "Va‘ THE hAss SPECTRA OF SOME | .
L ST & S
P NLOPENTYL COMPOUNDS S
i to ; e : t |
'?ff"ﬂ The mass spectra of some neopentyl estersaﬁf neopentane “,‘:
and neopentane -2 150 l(c)’ 4“6 have prev1ously been studle&
In the case - of ‘the neopentyl esters 5, transfer of two H atoms
from the methyl grougs to the ester functlon took place " H vf‘l,
atoms at C 1, however, were not dlsplaced in any fragmentatlons .
o - .

of the molscular 1ons. The prev10usl¥ proposed mlgration of &

lmethyl group from G-2 to ester ox¥gen was rhled out26 The=

g7 - * Y I .
'exten51ve rearrangement of the t- butyl cation leadlng//o a o

observatlons on neopentane were 1nterpreted wmth respect to )

d

S methylated cyclopropane ion, before the lsss of—ethylener'iTHe '

"“r;the mass spectra of neopentyl alco/Pl bromlde and chlorlde and
- lI e
Lo e -

-

l“{

7:been the subJect of some dlscus81on

' "some 30 and deuterlum 1abelled analogues were studled

:apprec1ate the fraghentatlonwdlrectlng capabllltles of 1solated

. ablllty ‘of the halogens and hydroxyl to dlrect fragmentatlcn 1nf/

chompetitlon with other groups in, muItl functlonal compounds has

1(d) - In the/present work

R

by

afunctlonal groups in a. molecule The fragmentatlon scheme 1s

speculatlve except 1nsofa§ as (1) the approprlate mstastable

o w1th the results of the labelllng experlments ‘In Scheme 1* and

-
3

.

_(peaks were observed and-/(ll) the structures sﬁﬁﬁn are compatlble

-

text masses din parenthepes are for the 1,1~ d2 labelled com—
v

pounds For the alcohols, the exchange deuterated hydroxyl

r

csmpound ( OD) and the l 1-d2 derlvative are approprlately "{ ﬁW:

/

< I
.
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'indicated Enclosure of atoms by a olrcle 1nd1cates thelr
&

' fragmentatlons

'Neopentyl Alcohol : PR
J o

‘It agrees well w1th prev1ously tahplated data27. The . mass
spectra of the ~0D and l l~d2 alcohols are shown as Flgs. 1lb -
and c respectlvely. "The base peak 1s m/e 57, Cqu, the f butyl
cat&on.a It arlses from simple cleavage of the C=~ l - C 2 bond
without rearrangement of the molecular 1on (no 1abel retentlon .
by thlS lon 1n elther"lb or lc) The peak'm/e 56 C4H8 *arlsesi
(at least in part}-from the molecular ion- by the same cleavage
followlng H atom transfer from a methyl group to the- heteroatom
*its or1gln is conflrmed by the presence of approprlate metastable:qxc- }‘L
P 1onﬂpeaks The formatlon of (M- CH ) and (M—C ) from the

- molecular 1ons also 1nvolve s1mplé/hond cleavage and the '5

gabsence of hydrogen rearrangement The ion m/e ?5 (C O)+

459
-(?4 OD 75 d2) loses a’ ‘water molecule to yleld m/e 55 (55 oD,

57-d ) - An, approprlate metastable was observed 1n.each case. //
This process therefore involves loss of the hydroxyl group
‘plus a methyl H atom. The same ion (04_90) loses ethylene to'
P oduce m/e L5 (46—0D, 45, 46 47~d2) ' The ion m/e 43 consists
of CBH7 and CEH5O in approx1mately equal proportlogs AT,
metastable ion peak (n/e 25 3) 1nd1cated that one (or’ both) of - n.. o
these ions could arise from m/e ?5, QBH'O by loss of CH20 and

H6, respectlvely.



Fra. 1. The mass spccfra of ta)'.neopemyl aloohol;;_ (b) neopentyl alcohol-OD;
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' Neopentyl Bromide .

AA_-'_ The mass spectra of thlS compound and: 1ts 1, l da \\ o | '
f analogue are shown in Figs 2a and 2b respec;}vely Wlth the

-_

: exceptlon of the neopentyl catlon, 5Hll’ m/e 71 (?3 d )
(absent in the mass spectra of ‘the alcohol and chlorlde) the
- mass spéctra of these compounds c%psely parallel that of the

alcohol. , o - A g ,{.

Neopentyl Ghlorlde

The mass specira of t‘ s_ compound and its 1, l d

2
analogue are shown as Flg 3a and 3B1%espect1vely. It can be
~seen that these mass spectra are also closely slmllar to- those
of the correspondlng alcohols and bromldes. . Thus the dmscuss1on

 below applles to all‘three neopentyl compoundsﬁ'7

Discussion . . 7

T

I Hydrocarbon Ions R N

“ These form the most abundant spec1es in the mass spectra

(A) The t-butyl cation 2 |
- This cation, 4he base peak, 1s to undergo extens1Ve
rearrangement hefore fraémentatlon Metastable ion peaks were

J

observed here for the d1ssoc1a ion of Cqu ion by loss of

. o i - ) a . . S 4
methane, ethylene, etlfyl and ethane. The structures of Cqﬂg

¥
catlons were previously studied 1nten51velyl(c)’ k-6, 17,25, 28- 39

In the -gas. phase, it appeared that CL*H9 catlons, at the 1nstant

of production by electron impact fro structures contalnlng ‘

isomeric C,d its, retalned.thelr original structures. For

g un

example, electron impact data3lfl"32 gave heaté of formation in

—

o

’
. L3
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.the'increasing order: | .

t butyl<;sec-butyl<:protonated methylcyclopropane<;

-}w c‘f.-r- S 1so~butyl<fn~butyl 1on. L

‘Phis indicated that the t- butyl catlon was the most stable 1somer; . &

In addltlon, Munson33 showed that butyl ions produced by chemlcal-

1onlzat10n fqgm n—butane and 1so~butane had dlfferent reactl—

v1t1es and 1t was 1nferred different structures ' Ausloos

28

and his co- workers observed by 6000 Y «ray- radlatlon that ‘the,

i s;\nbutyl ion 1somer1zed to the t- butyl ion, 1ncrea51ng in

. 1mportance wmth 1ncrea81ng internal energy content Qf the ion.

28

Also, the"protonated cyclobutane ion formed by-proton-transfer

to cyclobutane, 1somer1zed malnly to the sec—butyl structure B . §§

This is in agreement with heats of formatlon dataBl 32 B t

‘The mass spectrum of 130 labelled neopentane was

'-.1nterpretedl(c)’ b= 6 w1th respect to exten51ve carbon scrambllng

| before the loss of ethylene. Wllllams-and 'his co-workers

mv‘vﬁw*""“‘ R I
X

of the t- butyl catlon leadlng to a. methylated cyclopropane 1on,_
20 -
reported that the C,H 9 ions generated from n-,'iso-,"secd and
‘t -butyl structures have 1somerlzed completely ‘to the same -
structure (or mlxtures of structures) prior towmethané and
ethylene loss in the first fleld free region. ‘1t Was prqposed
\that the competlng losses of mefhane and ethylene from Cqu

ions mlght‘occur from different, but rapldly equlllbratlng

[

structures. For example, ethylene might” be lost' from a
- ‘
methylated cyclopropane and/or the sec butyl lon. Methane

mlght be lost from the t-butylzcathn. More recently, Llardon . K

‘-1..



' and:Gaumannl7

studied the. loss of ﬁ@thane and ethylene from
Cqu produced from precursor molecules having the n~ and

_- t- butyl structures. They ‘observed complete carbon and hydrogen

' randomizatlon in- the n~buty1 1on in the metastable 1on peaks for

' methane and ethylene loss. In ‘the case of the t-butyl ion, the

i { o .
" loss- of methane without rearrangement-was found as a“minor"

\

process. ‘ A protonated cyclobutane structure was 1ntroduced as, -

a. posslble 1ntermed1ate in the fragmentatlon of the Cqu 1ons

In SOlutlon, the four 1somer1c butyl fluor:l.desy+ '.";
| 3 5—HSO_3F :.’S()‘2 ‘
‘.é, respectlvely, furnlshed the correspon 1ng cations* and these

y

-butyl alcohols35 under the 1nfluence of . SbF5 and SbF

then 1somerized.to 'the t- butyl 10n. 5
| Although—deamlnatlons of butylamlnes mlght be carrled
‘out w1thout extensive asomerlzatlon or deuterlum scrambllng36 3?

it appeared that the £ butyl 1on was~the most stable form of

. +
4 9 This, however, nay be }ormed not only via l 2 hydrogen

8r 1 E—alkyl shlfts 1n the Ny 1so- and’ sec-butyl 1ons, but also | s
v1a edge—protonated methylcyclopropanesag’ 37-39 |

In -any case, rapld equlllbratlon among the above
mentloned structunes would lead to scrambllng of both carbons
and hydrogens;of Cqu ions. '

(B) The odd electron iom, CHg ~ . . ..

No- metastable ion peaks were observed for, the fragment— |
atlon of the odd electron 1on, ChHS .. We suggest that this ;on. . |
formgd 1n the source is probably a terninal ion. It does'not-_ “‘.Vlhg\
undergo any apprec1able further fragmenta ion. This ion was h
absent in the spectrum of neopentyl chlofide. With the

assumptlon that no skeletal rearrangement occurs prlor to the 7

1-"'r :
= S ¥
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23
Igenerated 13H5 and ClJr 7 ions from five 1somer1c CqHS molecules |

" to a common structure hefore dissociation,td produce C3 3, the

.loss) from. C4H8 ions: generated 'in the mass spectrometer from

'electron 1ons generated—from compounds-n—butyl—xwunderwent —

' tran51tlonsjq. However, phot01on1zat10n of the acycllc and

formatlon of the’ C H8 ﬁpns in the source, the pr0pos d structure :

f‘ of the ions at threshold is 1so—C#H8 . Ev1dence in fyvour of

representatlon in Scheme 1 for the. formatlon of iso- CAHB has o

been obtalned from the mass spectra of neopentyl alcohol OD, . N

1Lyl da—neopentyl alcohol and l , 1~ da—neopentyl bromlde (Figs. 1

and 2) The-loss of a molecule CHZX—H from the molecular ion R

'1nvolves the’ methylene group. The third hydrogen (Wthh comes

from a methyl group) is probably’ ass001ated with the heteroatom

(Scheme 1). The mechanlsms klnetlcs and energetlcs of fragment—

ation “of 1somerlc CAHB ions, generated from various gources

29-30; 4O~

were prev1ously studled Losslng, for example,

using monorenergetlc electronslg.' The heats of formatlon of

all 03H5 and 04H7 were 226%2 kcal/mole d 206#2 kcal/mole

respectlvely,A Thus, the ‘Precursor ions Cqﬁg° have isomerized

, | 5’
allyl icn andfcqn;, the methallyl cation at the threshold.

3
i

. Williams and Smith"Fl reached the same concluSions-byistudying” .

competing métastable transitions (i.e. CHa, 4 » Hy, and CBHA

six 04H8 molecules and compounds of the form n-Cl+ 9X (X- OH, F e

SH and OAc).' These conclusions were in, accord with the f1nd1ngs

6 ' T

that'botn the hydrogens’+5 and ca_r'bonsi+ ~of but-l-ene were

randomiQEd before methyl radical loss. Also these Cqu' odd-

hydrogen scrambllng before methyl radical loss metastable'



'#. "&nx_ﬁ_ag;, S ,fjhff{\.
cycllo C H8 1somers at 10 ev ylelded only parent 1ons without :
a_rearrangement (the appearance potentials of the p0851b1e
fragment dions were hlgher than ll ev)qB. Thus Ausloos and his

co- workers reported recently that at 10 6 ev, varlous butene

. isomers and methylcyclopropane and cyclovntane remalned as
42, il

‘ parent ions after 1onlzatlon . At 11.6 ev or hlgher energy,

‘most of the cycllc and acycllc ChHS 1on# 1somerlzed to the ‘
{ ‘J. 'f

150"94H8‘.’ 2- ChHS and l-CqHS structuresqa 44’ 47 49 o | ‘_/

_Partial'retentlon of the cyclic structure because of an Q.

i > . o | . |

activation-energy‘requirement,for'ring:opening might account for

the higher relative stability of the methylcyclopropane and r

cyclobutane ions. '

(C) The 04H7 ions o ';1‘ ! ‘[”

p' . Bor the ion CQH7 metastable 1on peahs were obserVed '/h_
. for the loss of a hydrogen molecule, methane, acetylene and //

. ethylene. Metaetable ion peak intensities were measured for I
the loss of 3CH and CH from 13CC H7 ions. The observed /f H |

b L
intensity ratlo (L.2=0.3 =+ 3 2*0.3) 4s in good agreement with

the ratio oalculated on the basis of complete carbon atom
scra_mbling".(']'_-B) For the 3CC3H5D2 1ons, metastable ion
‘1nten81tle;‘;ere measured for ‘the loss of acetylene. ‘The _
observed ratlos for loss of CEHZ, (CLHD * _1300}12), and Zpa 5 *
13CCHD) were 6=l lOtl ;. 5#1, Complete carbon and hydrogen -

atom scrambllng requires 5 10 : 5.5. The metastable/lon peak |
for loss of 3CCD2 was too weak for ‘accurate measurement . TH?*fjfi;nﬁ
calcnlated‘relatlve 1nten51tyris 0.5. ,These,result' indicate

considerable,rearrangement and/or ecrambling_of bo “hydrogen45

and carbon atoms in these epecies.f



" obsérvafion that relatlve,abundances of metasta

'.p'_)}

It was recently proposed50 that C H# ions" generated

from dlfferent precursors 1somerlzed fully to a common 1nter- f.i..

_medlate (or mlxture of 1ntermed1atee) before they dlSSOClated i

-

by the pathways llsted above Th;s conclusmon\:as based on thef‘-

le ion.peaks

for the given fragmentationslwe:e‘similar for CQH;%ions
: geherated from different precursorer For exampie, in the work

| quoted, the abundance ratios for the processes C HY — GH

*
7. " C3fss

'CAH7 — C SHy ¥ 5 were from: O b to 0 9 In this work, the

correspondlng ratlo is 1.0. ' ’
It has been dlscussed-an Chapter 1l and the prevmous
sectlon that by heat of formatlon me§eurement the precursor ions

C Han (n-q and 5) have 1somerlzed 10 a common 1ntermed1ate before .

dlssoc1atlon to produce CAH7 at the threshold 5.‘ Wllllams's

experlmentsBo on the other hand sapwed that at some undeflned

. stage before metastable fragmentatlon the- 04H7 ions 1somer1zed

to a commen 1ntermed1ate (ox set of intermediates). Ve 1nfer.

from all the above obseryatlons that C H7 ions whlch fragment

via a common 1ntermed1aie are energy rich methyl allyl catlpns

i

{D) The neopentyl catlon ‘ T : : ,—f‘a\\%
This 1on,_C5Hll, m/e 71 (73~ da), was only observed in

“the mass spectrum of the bromlde (12% of base peak) It does

not fragment by methyl loeé\because there is no 1ncrease 1n

abundance of m/e 58. 1n the 1,1- d2 bromlde Its chlef fragment- ’

'—~atlon~appears_to_be_by ethylene loss to yleld m/e L3 (m/e 43,

4l &5 d5) . The metastable ion peaks for 1oss of CZHA’ CpHzD

_and CZHEDE from C5H9D2 were 1ndependent of electron energy and .

were of relatlve abundance 20 in 6 - 27 .7%0.6 : 6. 0*0 6 o
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‘ respectiVely. The”calculated ratlos for complete hydr gen—'»-
deuterium scrambllng are 2l: 28: 6 In the . neopentyl-lg |

s bromlde, the petaetable 1on peaks for loss of 15CCH4 and CZH4 e,

P

-1from the 3CC4H]72E\10n were of relatlve abundance 6£0.6 :+ 8 720, .D,:".E

respeqtlvely._ Complete carbon atom scrambllng requlres a ratio
of 27%. We, therefore conclude that complete carbon and hydrogenl‘

scrambllng occurs in the neopentyl catlon prlor to its fragment-

atlon by lOoS of ethylene.
/

j In conclu510n, 1somerlzatlon of the above studled

hydrocarbon 1ons to a common structures (or, structures) w1ll
‘-occur before or,durlng fregmentatlon, given a suff1c1ent llfe—

_ftimelahd ihternal energy.

oII. Hetero—atom—containing Ions . = -+ -
(4) The molecular ioms - - ' - /
. The molecular ions yleld the major- peaks in the mass

 spectra of these compounds by simple bond cleavages : ThlS is

T
clearly seen from the spectra of the labelled. compounds
Be51des 51mple bond cleavages,‘a second fragmentatlon

Wthh is characterlstlc of hydroxyl compounds and halides

(chlorldes and bromldes) of. moet types is the loss of water and.
i(d)

]
' \

in our present study.

;o \ThlS is not observed

[

hydrogen halide from the molecular ion

1(d), 4L, 52-55, l(d), 52, 58 62 66

* It has been establizzed that loss of water from g
27 3nd cycllc N

,_acycllc

alcohols occurs as a 1,3- and 1 h-ellmlnatlon, w1th a low

frequencyufactor55’A58 62. A low activation energy for a-

*.3\
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Imass spectrometrlc elmmlnation often requ;res concerted bond
formatlon and - cleavage and hence a cycllc transltlon state63' o

Thls explalns the 1,4~ ellmlnatlon mechanmsm.- The low frequency

‘ factcr arlses-{rom the low probabllmty of" the cyclic molecular L

1on Jbaking up a cycllc conformatlon in, whlch 1nteractlon

- between OH. and the C—h—H .can. occur

RS TR

Loss of hydrogen halide (HC1 and HBr) from halogen . A'“JM"T:;
compounds ocecurs as a- l,g-ellmlnatlon in. acycllcl(d)’ 20, 41 64 65
- compounds and as 1,%- or 1,4~ process in cycllc compoundsl(d) 52’/6 | :
To 1nvest1gatc\the lack of water and hydrogen hallde

loss from the molecular ions of neopentyl alcohol and neopentxl
" halides (brommde and chlorlde), the relative rates of (M2 Hk}

\‘X OH," Br and cl) ellmlnatlon from the approprlate. molecular ions _. ‘
QHB-RJ_-C—R?_—CHEX of the form CH-.CHECHZX (Rl Ry o, . \
(CH_)E—C(H)-CHEX (Rl CH-, R, =H) and (CH_),—C-CHEX (Rl-—R2 CH;)
are compared The rates ‘of productlon of (M-CHEX) was assumed
to be the same. The results are as shown in Table: 1. = .o i%«

It 15 clear from Table 1 that the relatlve rate of ) N
ellmlnatlon of HX from molecular ions of the form- 033'R1'C'RaCH2

J}decreases drastlcally as Rl and R2 groups are replaced progress1vely
by bulky CH5 groups 1nstead of hydrogens. ' These observatlons a‘ )
are expected if.we consider the elimination of HX to-involVe'a', .
transfer -of hydrogen from C-3 v1a a flve—membered cyclic trans1tlon

' state. The bulky cycllc tran51t10n state of neopentyl compounds, ¢

,(EB;J_— -C wouldibelihermodxnamlcally_least favorable. These_”m,m

flndlngs are in accord w1th tne mass spectra of the-’ rlgld exo—au“'

norbornyl chlorlde molecule. No (M—HCl) ion was - observed68 ~In the

-

f ~case of cyclohexyl cHlorlde, on the, other. hand, trans-
. , . o .

31
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TN\, Dadlell. SR
. Relata.ve rates of (M—H}{) el:Lm:Lnat:Lon from M
" 'of -the form CHz- (Rl)—C (Ra)-csax(x-os ‘Br or 01)
: ; Relatﬁve rates of (M—{-D{) ellm:n.nata.on from
- “°“?P°.‘“? K thp molecula.r 1o : R
— _ T a,c b,c i b,c
, ; fx.—. OH - X= Br- |7« X=Cl.
- ¢ - . L ‘
CHRCHoCHX L ¢ 100 - 1007, 100
(CH) ,~CH-CH;X 8 2.5 25 |
. - -_,—.: L O Rl O l ’
fomg)s-Cuomx | 0

*The ra.te of productlon o:t‘m (M—%X) productlon was assumed

/’/ to be the csame. '
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© e dlscuesed collectlvely in Chapter 3.

R

from the molecular 1ons w1thout rearrangement

structure 1 shown.below:f

ometry of the molecular 1on556'

o L ,- " Voo ) - s

\,{ o . . ™ e - '" e . ‘,-',‘_
o1 3r and c1s—l 4 ellmlnatlone were- operatlve"due to the

SO : R
Do 5\ A

(B) The” (M- CE), '4H8X dems -,Tﬂf"

"‘--._-..-—..10-

Ve propose that these’ions, hHSX ; haVe th’;common-"

CHz. L (T -
| CHz=C-CHy-X-H . © '+ (X=CL,-Br, OD‘or OH)

L]

We have generated C#HSX 1ons from varlous other precursors

For ease"of comparlson, the behav1our of these 04H8X ions Qlll

"-(C) -The- CHZX ions- (XﬁOH oD, Br and Cl) "”T - s

e
. Re
oo

=4

The CHEX ilons were produced by s1mple & ~bond - cleavagé

known common structures of - CH X (X—OH OD Br and Cl)l(d)

2"

-~

Here, ‘the positive charge re81des on the heteroatoms

. .
—r

(D) .The CEHAX ions (X—OH OD .Br and Cl) 8

-

- The CZHAX ions (X—OH OD Bruand Cl) and 1ts 1abelled

analogues were produced randomly frqm the common.ion - (I) as

will be dlscussed in Chapter 3. .,Slnce the fragmentatlons of,@he!

/

2 4X ions have not been studmed 1n the present work, thelr

structures cannot be establlshed

3

have been employed 1n an attempt to identify the siructural

1somers of CZH5O+r, These included thermochemloal studles69 75
ca detalled analy81s ef metastable ion character}stlcs

.colllson 1nduced decomposatlone

£y

13- 15
15

g

-,

"'.'

: HOWever, varlous technlques

L)

and ion cyclotronuresonanoe _

It(has the wellm_;

1

“\‘4\
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spectroscoplc s}udles ‘. Of the flve 1somers of CZHBO ‘ion
represented by structures (II) to (VI):"“ ' e S
c—‘ | o o o . i : ) ‘l- : B
5. S S oy
CH ~0=C. - CH;-CH=0H N/
R R T Ny
. (11) ~Q-' . (IID), o ®H.
. . -‘ & . . . .. ;-’ ‘ . r
o v (f% : ] ‘\, '_ " . -'-"(IV)
CHBCHEO o Co - ?HECHE"OHf“
M T (vr)_,
o. CE T

it was poncluded that only the fifgst three commonly occurred

tora 51gn1f1cant extent This Qas shown in heat ‘of fcrmatlon

‘r ' data (IIT’M 170 kcal/mole, (III),r~149 kcal/mole, (IV), .o‘ :, "gag

L1

. PNl?O kcal/mole' (V),~ 211 kcal/mole and (VI), Jé 211 kcal/mole
" Structure (ITI) was the 'most’ stable, with (11) and (IV) belng

°fES£§£§éb1e and soméwhalt ‘higher. 1n energy On the ba81s of -

~

e

".metastable ion characterlst:l.cs15 -4 and 1sotop1c labelllng

71 ?2

_studles - the protonated ox;rane structure (IV), rather‘

¢
fhan the expecued structure (III), was postulated as the

favored structure However, ev1dence_$§uﬂﬁqgi‘from studles of

o 72

the mass spectrum’~ of 2 propanol 2- 3C and colllson-lnduced

‘metastable iqnpeaks15 1nd1cated that the fractlon of the

hiéher energye(IVB-relatlvertok(lgl) decreased wmth 1ncreasing
\,\'" . ‘ i PR ’ \\‘—-‘_"""‘—.—-—h,:_.______ﬂ;$ R
electron energy. On the basis of the above -evidence and the
4 S . S L. . . .“;;' ' -
result that hydroxyl;hydrogen remains intact 'in structure (I)“

H r\

(X=0H or 0D) prlor £6. the egectlon of ethylene, the CZH5O ions °

=, produced probably are a mlxture of structures (III) and (Iv).

+

The productlon of ions w1th structure (II), CH -5 -CH 5 as.very_

_ unllkely.' Thls_specles.ls generally acknow;edged t9 ‘be

N L
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generated from neutrals whlch ppssess the structure -

A

eH5 -
. 1on, the CEHhBr and C2 401 ions produced 1n the present

. 1 ';
=CH5—O CH -R 55 76 By analogy w1th the structure of C

studles probably have a. mlxture of common structures of the

forms (VII) and (VIII) | Ry B

L}

CH ———CH
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CHAPTER 3 -

ISCMERTZATION AND DECOMPGSITION
o | T B
REACTIONS OF C,HgX' IONS

. One of the major'uees of mass spectrometry'in recent
years has been in the study of the unlmolecular decomp051t10n

t
y

of gaseous organlc 1one, and espe01ally 1n 1nvest1gating the

_structures of . the decomp081ng ions and the. extent of atom scrambl—

(€ By 5) " (0=5, 6, 7,8

ioms ¢, X o’ 85, C,H

oL

ing and. 1somerlzatlon reactlons that precede decomp051t10n. For -

lexample, it has been shown ‘that (© H2n+1) (n=4, 6, 8) ions

_ generated from dlfferent sources-upon electron 1mpact 1somerlzed

completely to the same structures prior to decomp051tlo 50 ?8 79 17

in the metastahle drift reglons. In addltlon, complete '

scrambllng-of carbon. and hydrogen for the 1somerlc C H 1ons

49

,_prlor to fragmentatlon was pbservedpo 1? _ Decomposmtlon from
., common . structures also occurred in unsaturated hydrocarbon ions

such as (6 Hy)" (net, 614, (Calipy )" (2" b 5, 670, (cg)™

8)%0 8 and (c 1, 4) (= 7, 8)81 g

Appearance potential measﬁrements support_thls cgnclu81on 'in

itﬁe‘caaerof (CHHB)f' 33’.40-and (C5H8)+' 80 isomers. It should’

' be'hehtioned,that atrleast two types of strucxurally distinct

(c ﬁ6)+' isomers havehbeen detected in the ion cyclotion
resonanee”J, 82 Slmllar studles of organig ions contalnlng
heteroatoms havé“ﬁfen made ~By studies of metastable tranﬁ/tlons,

.03H8N 85, benzenold Cgﬁll n.one8LF 3 5 0" 13 the uneaturated

: o} 85, ,H;03 8" CgHy0” e an,d'cz%leo+ SL

375 11792

3 592
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:nand the saturated lons CBHGO 86

,been used in 1nvestlgatlon of the ke

-Results and. Discussion

N "
R S
O H 0 - and
2 .
88 3 7 48y,

_04H90 generated from a varlety of precursors, have been-

cla551f1ed 1nto dletlnct groupe. Ion cyclotron resonance has

76. e 89 90
2 5o and 03H60

' rad1cal ions. _ It has become apparent that in ions contalnlng

a heteroatom (0, N), 1somerlzatlon reactlons are generally 1ess

prevalent than in hydrocarhon 1ons Thls is because the -

-1,
P

activation energles for decomp031t10n paths are frequently . e

lower than the correspondlng energles for 1nternal rearrangement

(relatlve to the hydrOcarbon cases), 1In order td/aetermlne the

| ablllty of OXygen, bromine, and chlorlne atoms to 11m1t

1somerlzatlon and scrambllng reactlons ins allphatlc organlc. '
1ons, we have generated 04H8X ions (X= CH, Br and Cl) from a
varlety of sourcesj H and 130 labelllng was used to yleld
1nformat1qn on the.extent of scrambllng, on breakdown mechénlsms,

on 1sotope effects, and on. the structures of the C H8X ions

.themselves. Al the 1nvest1gatlons are carrled out on normal

ion peak measurement and on metastable traneltlon in the flrst

"and second drift reglons ef a double- focu51ng mass epectrometer.

The crlterlon of 51m11ar first fleld free reglon metastable 1on

peak shapes is used to identify common structures.

4 o

‘ Two 1somer1c dldeuterated ch6D X ions of structures
(CHB)EC CD2X (X— 0OH, Br and Cl),and CHBCHBCH CDh. XN(X— OH and Gl)
were‘generated by electron_bombardnenthof‘varlouaralcohols,l .

chlorides and’ bromides. Three fragmentations of'C4H8X+ were

e
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observed (Scheme 1), the major transition being (CQHSﬁ;HX)'

- . : . _ _ ] . . X
. - ) ‘ ' ’ -.-I."-'.‘J

ff/ ' ' CAa * ' .

eSO

ST g
K7 G

B

Scheme_l; "ﬁregmehtation scheme for the decomposition

of C,HgX" ions (X= OH, Br and C1)

- (A) 'Isomeric (CH )ZGCD X ions L " p :

Compounds 1 8. whlch were used as“sources of -the 1somer1c
. (CH.. )ZCJfCD X dons are glven in Table 1. The relatlve abundances of : §
d daughter and first field-free metastable ion peaks for the _ \
- {(CH. )ZCCHEX-HX) process are also 1ncluded 1t was assumed that
the (CH )250D2X ions llsted 1n Table 1 were 1n1t1ally generated
 without skeletalereorganlzatlon The, assumﬁtlon seems reason-_
able, since the CQH6D x" ions were formed by dlrect bond cleavage
, horeover, all. these 04H6D2X ions show complete retentlon of the
:'two deuterium atoms ' | | . |
T We have shown that (a) peak ratios indicate that the’
dideuterated (CH )EECDEX ions(X= OH, OD, Br and Cl), generated
from neopentyl derlvatlves, dlssoclate by loss of HX,. Ibé‘ B

hydrogen from C-1° 15 not 1nvolved We proposed that these hlgh

energy ions have the structure (I): "_ | S ji'

" CH C(CH ~CH X-H I-(X= OH, OD, Br and Cl)

Y 3) B
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'has occurred (especially for the low ener y, metastable .

structure CHB-C ~8H-CH.. ~CH

' B : 4 . P R [
e . . /o —_— :
A e
- - - s . . : -
o . . “w - -’:f.“ I | » : .

2 . . " » .‘l

from C4 S0H  is favored over DHO loss, Wlth ratios from '

- 7.9:1. o to 14.5: l O (D20 loss being negllgible) The relative : f
(c H6D2Br—HBr)/(C4H6D Br-DBr) and (C H6D c1hH01)/(c4H6D Cl- DCl)

losses from C4H6D Br' and CqH6DZClp respectlvely, however, vary
from 4.7 to 7.2, Random loss of HX (X\OH 0D, Br and Cl)

~

'requlres a ratio of 3 l From these results, three conclusmone

"are:ev1dent Flrst water loss involves a Substantlally Aintact

OH bond. 'Scrambllng among the hydroxyl-hydrogen and the hydrogens
of the methyl groups is not slgnlflcant S condly, for most of

the 04H8X ions, either scrambllng of all 1ght hydrogen atoms

generatlng spec1es) W1th or - w1thout an i otope effect : Or,

complete hydrogen scrambllng 1n these spec1es before the hydrogen

is transferrednto form structure (I). ‘This would. 1mply an .

_1sotope effect of i1, \6 to 2.4 for“C4H6D x* (X=Br and cl). It is
"1nterest1ng te note that the magnitude of 1sotope effect l .6 to

2. (assumlng complete hydrdgen randomlzatlon) 1s compatlble wlth
- the 1sot0pe effect 1 4 to 2 7 of gas phase pyrolytlc ellmlnatlon

of halogen ac1d gpom cycllc and acycﬁac bromldes and chlorn.des91 95

A small 1sotope effect of 1 h and l‘gzrespectively was observed

in the mass spectra of n- hexanol55'and the CqHBOH ion of

88
2 3 ° _
impact 1nduced ellmlnatlon of HX from acycllc and cycllc halldes -

[
. The 1sotope effect for electron

,was usually very small56 Thus the dlfferences in. the ratlos for
‘the loss of HX and DX cannot be saE}sfactorlly explalned by an

-1sotope effect alone The elimlnatlon of HX is most llkely

I : . T

o Y -

\

(b) For z@tastable ion abundances for the process H 0. loss R
H

Lo

N (which comes from. a methyl group) assOciated with the heteroatom- R
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| preceded by 1ncomplete hydrogen atom scrambling 1n these soreflf
Nslowly dlss001at1ng, low energy ‘ions (w1th or- w1thout a small

1sotope effect) : The differences 1n metastable ion peak ratlo .
for the Process may’ retlect the dlfferences in energy content |
.for‘the_dlssoclating species. Th;rdIy, assuming a 51m11ar ;;,,-
| _dsotope effect the'OXygen atom must be more powerful than' .ﬂ
bromlne and chlorlne atoms in llhltlng scrambling in. the lou

. energy (CH5)25CH X 1ons.

~It ‘nhas been emphaslzed that most hydrocarbon ions will

1somerlze and scramble to a common structure (or structures)

prlor tolfragmentat;on, given a suff1c1ent_11fet1meland.1nternal

energy. In view of the'known nroperties of'heteroatons.in' | o

-."dlrectlng" the mass spectral decompos1t10ns of allphatlc organlc ] §§
1ons,.}t nlght‘he anticipateds that. 1somer1zatlon and scrambllng

reactions in such ionslwouidize leSS'prevalent ThlB is because BT

the actlvatlon energles for decomposltlons of these heteroatom—

. o>
contalnlng organlc ions are relatlvely lower. Thls 1s 1n‘a:gerd

——

w1th the CI-I2 C(CH )~CH2X -H structure postulated here, at le

in the case of fragment ion abundances in neopentyl compounds

88

Wllllams and hlB co—worker has recently produced ions -

'CHBCHECHECH—OH (1), CH3~C G- CHECH3 (II1), and. (CHj),CE-CH= 6H vy
from various seconda}y alcohols,.w1th extensive deuterlum‘ _'

' labeIllng. From metastable ion peak results, three conclu51ons f
were drawn. Flrstly, ‘although water- loss 1nvolved a substant-

dalily 1ntact OH bond there was appre01able scrambllng among

" the hydroxyl hydrogen and the hydrogens of the alkyl chaln for

ions. of structure (II) : Conslderably less scrambllng was seen

' f"for ions of- structure (III) and (IV) and (I) Secondly, Water

! . . ' N ) \
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) 1oss 1nvolved malnly or exclusmvely the hydroxyl hydrogen and
the hydrogens of the terminal methyl groups | Thlrdly, in 1ons‘;f- -
of structure CII), scrambllng occurred 1n1t1ally between the , |

‘ hydroxyl hydrogen and the hydrogens of the termlnal methyl groups
(or groups) It was suggestedxthat water loss from structure (II)

' may be an l 4 ellmlnatlon (elx~membered transition state), as
shown in Scheme 2. Tt was. proposed that water loes has an _.

, actlvatlon energy comparable o) that for the scrambllng react;ons

| Similar observatlons were r ported by Holmes and.Ben01t for the

1 ‘mass spectra of 1,2- cycloh xaned10196. It was spown that the
predomlnant;mode of water loss_frbm\the molecnlar ion in?ol%ed‘ | 9

: ?ﬁscrambling" o£ six'hydrogen atoms,-those'in the 4- and SLmethylene héﬁ
group and the hydroxyl palr.' Ih the case of cyclohexanol some |

‘_”hydrogen atom scrambllng between hydroxyl-hydrogen and C-q

l

"”ﬁhydregen could occur before or durlng 1 4 911mlnat1°n of water.

{. from the molecular ion?7 This explanatlon however is not ‘\J ’

favored by more recent- studles66. Two fragmentatlon mechanlsms:

for water losses from structures (IID) and (IV) were suggested88;

(a). Stru e (IV) rearranged to (III) and followed by a

1,3~ ellmlnatlon of water (flve-membered tran51 1on state) (b) .

structure .(I1I) rearranged to (IV) and then followed by compet-

itive l 2~ and 1 3 3~ ellmlnatlons (Scheme 3) .

CHz-C= 6H CHZCH = H-C 6H CH-(CH, )2 ~H50 o oyt

(111) " (1v)
Scheme 3. Fragmentation mechanisms for water loss from

404H80H+ ioni‘of-structures (I11) and (IV).
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' There seems to be suff1c1ent ev1dence to support the’ _-j
1dea that for scrambllng among the hydroxyl—hydrogen and the
-hydrogens of the alkyl chaln to be effectlve, one (or both) of
the follow1ng two condltlons must be met The concerted exchange
of hydroxyl hydrogen and hydrogens in the C-4 p051tion,'v1a a 3".-”
| 51x-membered ring transitlon state, as shown 1n Scheme 255’ 88 ';ﬁ /
Or, the stepw1se rearrangementug\“H of an enollc 1on to a o /

radical site. This is. shown 1n Scheme 4, for the enolic Y

e 87. . . ) . o i/““
CqHso lClIl : o . : o . . . .

o 0 R
CD

3-cna-c 5D-CH2 — cn3-cu _c=4p- CHB —  C,HD, ~C-CHs o

0 ‘ ’ . 7
' Scheme 4; Stepwise rearrangement of H of an emolic - /'

ion to a radical site.. s T
| ' L - o : T ‘ - ‘:'f'

16

, o : : . /
A similar mechanism was proposed for the‘CBBSOf ions™ . This

. o /
is consistent with our observations~andﬂth05e of Williams and .

hlS co- worker88 Scrambllng of ions with structure (II)/among

the hydroxyl hydrogen anq the hydrogens of the alkyl chénn via
a smx-membered rlng tran51tlon state (Scheme 2) is pospible.

There is no scrambllng of the same type for the isemeric 1ons
_ see p.39 a a/
(I), (III) and (IV) Here . six—membered ring tran51t10n state

n

cannot be forméd. ‘ ) T /
Our results are also compatlble with Wlllnams and his
co- worker 5. work88 1f we con51der that the stabyélty of 1on '

structures (I) to (IV) 1ncreases as. follows.

o CH,CH, CH-6H<110 cH(CH )24<CH30H20 bH- C) <(CH ) ECHEOH
1

an - an f (111)1/ (@

/
i

578

I
i
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This is by analogy w1th the stabillty of 1somerlc butyl 1qns52

Scramblang between the hydroxyl hydrogen and the methyl group

hydrogens in 1ons of structure (I). (Whlch 1s the most stable

1on ) would then be negliglble “'.' '.\~ e E .

It is 1nterest1ng to note that 81mllar to the’ hydroxyl

group, N-H bonds *of ions EHamNH CHZCHs, (C é-NH .CH,CH —éH NH‘

372
and - CH-.--('EH--NH-CH3 remained st:ucturally dlstlnct throughout all

More recently, the loss of water from ions of structure

eleCtron—lmpact 1nduced react10n583‘

C6H —(CH ) & CH, -OH generated from a—methyl-a phenyl propane-"
l H d101598 has been examined . Sepond field- free metastable ion
abundance ratlos 1nd1cated that the ion ellmlnated water with
part1c1pat10n of all hydrogen atoms, but not in a completely

. randon manner.. Scrambllng of hydroxylrhydrcgen andrortho-rlng

hydrogen was, hcwever,:predominant.,,This may involve a six-

membered tr‘ansition'state | ‘Scrambling of hydroxyl-hydrogen amd -

hydrogens in the methyl group (v1a a flveamembered trans1t10n »
statel howéf&r, seens to be-unlmportant ' The apparent complex1ty
of this mechanism'may'arise as a‘result of the metastable ion
‘peaks being composite, and,;perhaps, can .be resolved inté at
least two Gaussian eomponents (see Chapter 5) for each of the-
composite peahs For example, if the CEH HE(CD ) CH OH ion

lost D O, DHO and Hao te glve three first field- free metastable

2
ion peaks, each of which can be resolved 1nto two Gau551an

'Icomponents A and.B then there would be at least two dlstlngulsh— -

able structures*and/cr electronlc ex01ted states for the—

' 4
precursor 1on, dlssoc1at1ng within the flrst fleld free reglon

From the overall relative metastable peak abundances_fcr,the\

) i . : ) : \ . >

I"}FQEQ :'i: @,j,.‘>- Lfr;f~,'f' f'“t .

.0



and h—methylcyclohexene and cycloheptene (Chapter 5).

;
The structure of Cn+1Han+2 =1ons (n-, to 4, X=0H Br

and Cl) in the spectra of. &1cohols and halides has been
1 ' !
‘postulated e’_67 td be of "the cycllc form’ ; '

2

O%{tﬁ% homoiogous ions, five—membered'cyclic ions of the
' N | o

- +
fo mulas 04H8X (V, n=3) gave rise fBLlntense peaks c5Hle

, n= 4) was much less-abundant and CBHGX (v, n—a) was _

negllglbly small From stgrlo conslderatlons alone, the -8ix~ EEN
.membered rlng, ngx should be more stable than the fqur—. |
memberEd ring, C3H6X “ion %nd should be roughly equlvalent to

the C H8X 1on.‘ This seems not to be the case. In fact it has

Iy
)"been postulated tha} rearrangements tended to proceed through

-

hfour- or 51x—memberéd rlng transltld? states 1nstead of'flve~

} membered67 | It was also thought that a concerted effect was -

Lt
\

a smgnlflcant part of the dr1v1ng force of the reactlon. Here . ;

'the flve-membered rlng was 1n the product 1on, not the tran51t10n
< ! i .
o N ) o ',:J
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_'.‘..._X+ P N
P =x* “
; f] _— CH X - + 02H1+ -+
: - "J i
¢ @ | . e Ca b
EE;J_ —/+ “No concertid electron shift. ' .
By - : ) ; : : k3
' i . z | Y . B N ! .
; Al

-7 LTy .
—  CH.=X.. + ' ot B
@ . Te . K .2--02H‘+ LA

LT B \\\

.state. Thus Just the opposlte was de51red— i.e. stablllty _ -
rather than'%endency to deeomposé’““iQerefor , it is llkely that o
! the 1on structure (I) we propose is: the d cém3951ng ion for the X *G‘!
-Aloss of HX and ethylene., The flve—membered rlng lon, however, T ,,f

is the product 1on, whlch does not fragm nt. )

b

In Fhe llquld phase, the :Lon99 p'od?ce@ from 2~ £1%oro- o
.——-—‘—'_'—d—’ '7 ’ Ll ._
—halo-a—methylbutanes (1 e, (CH ) ~C(F) CHan X= Br, CL and I) | C
under the 1nf1uence of SbF5—802, furnlsh d ions w1th.structure (I). -
ThlS then 1somer1zed to d1methylethylene1alon1um ions, (VI) - '. r(f

Br and I) and_structu:e (VII) (X—Cl).

: ) . CH3 . \. ‘ ’ ‘ 1 ‘
CH3 SBF5-SO -Cs/\ — CHy 5 )
| ) _ | o )
“CH - C—CH X 50 .2,, \_/ : X ; = ‘
3.0 -78¢ XL | \ A
; _' o EQAD I SR L g
P St -—502 NEanie, S "\c?fd' o
H - g I . 3 LI SR
T3 ,?iCFB?';“:;gz;—*-.-Ci( B A AN
‘ .F' T BEUPETE =13 - S CZ"H3'
(1 - S vy .

'.‘.'4-" ,



Ny It hould be noted that sbme of the 1ons Stlll remalned ash'

&t - N . . . . - . -

;-1. PR

structure (I) when K= Cl ‘Thus at least in solutlon 1ons of

.structures (I), (VI) and (VII) seem to -be stable Lo e
- - U: }t is- 1nterest1ng to compare the above results w1th -

R « i
-~ some reoent observatlons by SymonslOO on the (C HSCl) radlcal

. g o ‘ ‘ : R A R T

]produCed 1n the 6000 Y-ray-rad;atlon of %- butyl chlorlde.. The \fﬁ )

mechanlsm for the formatlon of the radﬂcal wa? as follows-%

L . -el e - ’ oA i }

‘l'.‘ . t . . !

a .a (CHB)BCCl —_— (CHB)SCCl 7 ¢¢ f|. R
I (CH )5 cc1” ——éCH ~c-(CH ) —Gl"+ ooy
e %a—c—wa@ | S
. ,Thus the CHE—C (CB3)2-01 radical 1somerlzed to (Qﬁﬁ) ~C~03201 %ﬁ

3

’ radlcal The prev1ously;;moposed cycllc radlcal of the form

o o | , S : - -‘.,-n ‘ ] .
o g - o
. C143 H O Ty ) ; ;
; o=l
=i, . . C—=

e g__,..;-, v o

was ruled out s o oo,
In conclu51on, the comggﬁ structurm (I) we propoé% for
the (CHB)E"E CH -Xﬂions is a reasonsble representatlon of ‘the

decomp081ng ions- whlch lose H oo K R Tf,"'

272

N

(Bj Isomerlc CH ~6H CH.CD.X ions (= OH and 1)

| 4}

A‘ aTo determlne the extent of scrambllng and 1somarlzat10n.

1 reactlons of .the CH -6H~CH CHZX ions: preqedlng decomp051t10n,'

- g - . .-I

— : . . Y
. N .

A

SN/ e



1abelled 1somer1c CH «GH—CHZCDEOH an& CH 6H~CHZCD201 lons )
generated from 5= bromo—l 1- da-butanol and 1= chloro 1,1-d,- | -rij :
T3 bromo butane respect1vel§ were studled It-was assumed that |
the ;oné are initially generated w1thout skeletal reorganlqatloni
This assumpﬂlon\seems reasonable, because in these cases the
ions are formed 1n reactlonssof low actlvatlon energy, through -.:
loss of a iablle bromlne atom ObServatlons on CH. —EH CH.CD X
.- 3 272
_ions rornthe (C H8X HX) fragméﬁtatlon are summarlzed in Table 2.
-Two'conclu51ons can be drawn. Flrst, 1n the fast,decompos1ng ;“'
LHV—EH CHECDZOH 1on, there is llttle scrambllng. ‘Thls 1s

ACOHSlStent with the results obtalned for therlsomerlc iom: v s

88 '
1g section™ . Secsndly,

. ?- ois peak ratlos
)

{C H6D X~ HX) (C H6D X—DX) are 7, 9 and ‘571 for GH —EH CHECDBOH

and QF —5H CHaCD ci 1ons respectlvely“\These are s1m11ar to a

CH. c}.{acszcn OH, descrlbed in the precei

the flrst flEld free reglon metastab

. those. obtalned from thelr 1somerlc (CH & —EaCQEX 1ons Thls

result - however, does not necessarlly mean that the FHB—éH -CH CDEX

-iong 1somerlze to the more stable 1somer1c 1ons, (CH 6 CDX

302"
prlor to fragmentatlon. Hydrogen sorambllng followed by 1,3~
(X— Cl) and’ 1 4- (X— OH) ellmlnatlon of HX and DX fgr the dons -

ma\ occur. o ", : _ R ' -

L;/)' (C) i&on structures of 1somerlc CQHBCI ions

It has been dlscussed earller that although metastable e

'-10n peak ratlos (C H6D C]-HCl) - {C H6D201—DCl) are veru -

similar (varylng from 4 9 to 7 20 for 1somer1c ions (CH )25 CDaCl
and CHW—GH»CHacDECl, they do not necessarlly decompose via a

. cemmon -don structure ?br mixtures ‘of structures) Flrst fleld"-f
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ffree metastable ion. peaks for. the (C HBCl HCl) prcess are. of. .;:
‘LGauss1an shape An attempt to identlfy dlfferent ‘4H801
Lstructu{es was studied and thelr metastable ion peak shapes'
'were compared The results are shown in Table 3, In the table,‘
a represents the half*helght w1dth of. the metastable ion peak
7'(0 H35Cl H35Cl) and b represents the distance between the tops
of the 1sotop1c metastable ion peaks (C H§5Cl—H3501) and
| (04H5701 H57cl) Ffﬁm the table, it is clear i the three
isomeric 04H8Cl ions, (CHy) 2-8 CH,C1, (CH )a-c _Cl- CH2 and
CH7~6H CHECHaCl are 1nd1st1ngulshable accordlng to the crlterlon
_of metastable 10n peak shapes. - -
(D) Rapld dlssocmatlons.of the CAH8X+‘lohs

. k-

Like the Cqu hydrocarbon 10nsl?; ‘the 04H3X+ ions

(X Br, C1, OH and OD) d155001ate by ethylene and methane losses
to produce CEHQX and C3H4X fragments (Scheme 1). There are no
metastable ion peaks correspondlng to thelr formation from the

.-CQHSX 1ons. Thus it is concluded that'losses of ethylene and

1

methane from the spec1es take place rapldly in the iom®source.

i

(1) (CHB)E—E-CH X ions (XiBr,_Cl OH and OD)

The loss of ethylene from the (CH )B-E—CHZX 1ons '
generated from neopentyl compounds (X-Br, Cl OH and OD) was - . -
studied in detall__ - This process is not accompanled by

K*tjpproprlate metastable ion peaks and formally therefore, CaHhX
- could arise dmrectly from the molecular ions by 03H7 loss <;
(again no metastable ion peaks observed) -The relatlte

abundances of ‘the peaks CaHhx ) CEHBDX and CBHZDEX for the

1,1-d,, compounds were carefully measured over a range- of electron

S . ‘ls L

e’
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Flrst fleld-free metastable ien peaL shapes

for the (C HBCl-HCl) process

origin N T

oY ooy ~CH C-w I BN
(CHB)E—Q(CH201)2 : (CH-.) -Eq-c&am | 2.8
. . ._e o

¥ ol

..

| N -Bfr T [ Y EETR
| (CHB) ~C- (Br)-CH Cl—> (CHy) -E-CH201 | 2.3 -
. -g . - e ] ! .
' : -Br : - S . N
(cm)a-c(c:t)-cna-sp—? (CHB) -—C(Cl)-CH |28 N

B SRSV -
CHB-CH(BI')-CHECHZ01 c;rBEH-gﬁacﬂacl |20

LA

c. 1*":l.rst, zleld-free metastable ions by the technlque of

d enn:Lnr"s .lo

a represents the half helght w1dth of the metastaole ion peak
35, 55
(c H-. C1-H 01), and b represefits the distance between the tops

of the 15°9°P1° metastable ion PeakS(C4H83501sH3scl) and .



‘..selectlon of carbon atoms 1n ethylene lost from the bromo—t butyl |

PEE

o energies‘ The results are shown in Table 4 For the chloride"

*and bromlde, ‘the reiatlve pe 1ntenslt1es are 1ndependent of

celectron energy (1nd1cat1ng a éommon precursor) _ They are-

\ \

compatlble with those for randqmly selected hydrogen and deuterlum
‘atoms 1n ethylene expelled from the thBX ion (involv1ng S5H

and 2D- see structure\I for thms spec1es) The alternatlve

| routes, 03H7 radlcal expelled from the molecular 1on (1nVOIV1ng
: “r’
i and 2D atoms in a structure simildr to I orcC, H? loss from' -

a completely "scrambled" molecular 1on, would yleld fragment -

ions in a ‘ratio C H4X C,H 3DX CZHZDZX = 7:7:1 or 3 5¢ h 7:1

resPectlvely L The relatlve 1nten51t1es of the peaks Ca qX and

13GCHL}X for the 1- 3C brOmlde -are. also compatlble with random

o .
cation. lhese agaln are not compatlble w1th ‘their orlglnating o

irom a completely scrambled mohecular 1on Thus these ions verﬂ
probably orlglnate from the CQHSX_ specmes for the halogen
’comgounds We propoﬁe that thls precursor ion has -a hydrogen_
‘atdh from a methyl group bonded to halogen and unavallable for-
scramblmng For the alcohol 51mllar results are compllcated by
> the presence of an overlapplng peak at m/e 45 However, thls '
ion was_shown (by high resolutlon) to consist ofxapproxlmately -
D" 'and C.H,OH . “Thus ‘the resultsdfor“the

35 2%y e
alcohol and the halldes are in good agreement Non—partgpipafibn

] \

by one H atom 1n the otherwise completely scrambled fragmentatlon

| requal“rarts of CLH

."of. an.ion has. not been. previously observed :'

)

Table 5 llsts the normal peak abundances for the loss

4

of methane and its deuterated analogs for the ((CH ) 'C“CH2XTCH4)

i“\;; esn;ii "”yl';,l.,' ;1; ;ll;-_,-f"lffﬁjl:"
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TABL£4- Rclnuve intensiti¢s of the pcaks [C,H.X]* [C,HL, DX} and [C,H.D.XF at varions . o
elkctron energies for 1,1.4; neopentyl compounds C
.+ Relative intensitie Calculated for random loss
" Electronenergy (V) 70 20 © 15 /- 10 6H,2D 5H,2D . 4H,2D
Jon . mfe ' R ‘ )
CHOH 45 23 .23 ¥2 - 22 - 3 C 2 -6 -
C,H,DOH | = 46 4-6 46 2 38 - 8 4 .8
C,H,D,0H 47 10 0 .10 10 3 1 R
GH®Br 109 22 . .22 0 - 22 w3 >3 [
. CGH,DYBr . . 1160 - 39 3-8 _ 39 8 4 8
C,HD;8r 1. 10 10— 1-0 g 1 1 R
CHM .6 23] 23 .23 23 3 2 6 %
CH.D¥Cl | 64 42 41 - 42 41 -8 4 g+ .
C,H.Da“CL . 65 LN 1-0' © 10 10 3 1 "1 ' ,

® The observed ncIaUVc iritensitics are correctcd for mcomplctc lnbcllmg ;md nppropnale conlrl-
butions from **C, >Cl and ™Br.

b Corrcctcd for ~50%, contr:but:on from C,H,D, {sce text).

1




S
2N

Relative intensitles of the peaksa Hasz > |
z
C; . DX 3 ¢
process fos 1 l—d neopentyl alcohol '

1

and’ chlorl@e (70ev)

)
: R - o o
~ Relative v, Calculated LR
] . . i . Y : -1
e . Al
,.;On o m/ . - : for random loss _
- ‘ - intensities .

N 6H 2b : '~ 5H,2D

|

B e et -
CoED0H 39 - de8 T 1
C;H;DOE™ 58 . . 2.67 . . 267 - .
C.HOH - 57 8 0.0 1

cHpa” g6 T s a7 .

csE7Cl” 75 . 41,0 1 e

a. The. observed'relative intensities are corrected for incomplete.

..labelling and approprlaté contributlon from ;30 and 3?Cl

b. ngh resolutlon measurement

\
. L i co \ ' A
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prdoessffromAthree representatdve-sources. They were very weak
in intensity _ There are four- p0551ble mechanlsms for the loss'._‘.
of methane from the (CH3 2—5-CD2X ions ?hese_are shown.as _ |
jbcheme 5. : | SN ‘ _ | .

In mechanlsm (A), methane loss orlglnates from dlrect
1, 2 ellmlnatlon. One of the methyl group pleS a hydrogeq\atom
clther from another methyl group or _from the methylene group’ .
(structure (A)) Predlcted value from structure (A) is 1.5:1.
- There are two p0851ble fragmentatlon mechanlsms arlsing from

f see p.39 R
structure (L), proposed prev1ously for the ((CH )2-0 -CH,X-HX)

2
process Flrst all the- hydrogens (except the one. Wthh has
mlgrated to the heteroatom) are completely scrambled prlor to .,
methane 1oss (structure (B)) The randdm value is l:4: 2 for

e
. 9
BHZ 2}( | CBH Dx* C3H4X : An-other poss:.blllty is that methane . ‘
loss orlginates from the "lntact" methyl group and a hydrogen . : R
’ N

¥
N e

-atom from elther one of the two'methylene groups (dlrect 1, 2—
ellmlnatlon) Predicted (C ,HeDoX- CHLF) (04H6D¢X-CH )" ratic .
C i 1:l° (mechanlsm (1)), The fourth mechanlsm (mechanlsm (c)) -

.;(structure (C) 1n Scheme 5) 1s that complete scrambllng of all

olght hydrogens prlor to methane loss. Random value for m ane. ; :
loss, CBHaDéX 3 5 ' 3 4X is then 13 2 .7: 1 ,Daughter. B

' abundance results (Table 5) 1ndlcate that the observed values - -
are compatlble with dlikct cleavage mechanlsm (mechanlsms (4) .
and (1)) ..  They are not compatlble with random selectlon of
."hjdrogens (mechanlsms (B) and (C)). ﬂechanlsm (I) s, however,
preferred to mechanism (A). It is llkely that hydrogen atoms

*in the CHEX group, due to the 1nfluence of the?hgteroatom X, are

. ._ ' . ' ' - .
AN z . M ) t‘; ! - '

[ . " ' . . ‘- .
L ) . . - . '
- —_ . . 1 ) -



It NI

' ~

CH, X |

Scheme 5. T possible fragmentatlon mec:hanisms for ."
the elimination of methane from the ‘

(CH )2-6 CH,X species (x 'OH, 0D, Br, 01)

- M40+ X - o ( S

E



analog £ Cqﬂg of the (CH3 2-6-0H X ions (X= Br, C1, OH and OD)

. elimination as well as a complete scrambllng of carbon and

‘hydrogens of the C; side chain became equlvaﬂgﬁt before.“

LT A

'//" "\f;.._
more strongly bonded to carbon The relatlve 1nten51t1es of T
" pealks 3cc HuBr and c3H Br of'1 o 0.0 for the neopentyl-
130 bromlde are also compatlble with the specxflc selectlon of

carbon atoms (from CH3 group only) 1n methane from bromo t- butyl

catlon The random value. for/»3CCEH Br': 03H43r is 3:1. This

agrees w1th the resul.sv obtained from the 1,1~ d2 chloride and‘

|alcohol (Table 5). Thus from these two sets of results, we

o propose that méthane is lost from the'hnrearrange%,and

| ‘e
unscrambled (CH )2—5-CH2X ions. ~ L - | R

We have strfssed (see Chapter 2) that the hydrocarbon

lost ethylene in. a completely random marmerl'7 30 *The loss of

methane, however, 1nvolved a comblnatlon of 1,2~ dlrect bond ;'"' - %’

i

hydrogen atoms1 L. ThlS is 1n dlrect contrast to the fragmentatlon

mechanlsm of (&HB) -ﬁ CHEdeor ethylene and methane loss. Ethylene
_'1oss 1nvolves random selectlon of hydrogens from the |

" CH. -(CH ) C~Gﬂ X -H ion (anDlVlng 5H and 2D atoms, see structure
"\

(I) for thls specles) CH loss, however,'ls a spec1f1c l 2-

I

ellmlnatlon. These clearly demonstrate that the presence of the

heteroatqms lncreases:the barrier for 1nternal rearrangement

"'J

relative to their hydrocarbon ion analogs Recently, Wllllams

88
_ and Uccella studied C6H5 3H6 ions of structures 06H5-(CH3)20 R

5-CHZCH20H2, 6H5 ~CH —6H*CH5 and .

It wag found- that 1n these 1ons only the six

C6H5-CH(CH5)CH2, CgH

6H5~CH CHZCH3

]
unlmolecular decomp081tlon via, loss of CZHA’ 03H4 and C6H6

\‘\. ’ . ) ’ - - ' N 7/
‘\ . . ! . . :
. . - b - ' . .

}J o L IR o -



" In contrast CH,+ loss fro the C3 chaiz“was'specific 1'2-”

'elimination without' any arrangement They concluded that

the latter- reactlon occurred from an . exc1ted state in which

. o127 Shlfts were forbldden, ‘These. observations aré consistent
_} with our own studles, R ‘|G. : :

(a) CH, ~CH- CHECHEX ions (X—OH and c1)

The CH~—6H~CHECH2X ions also dlSSOClated by lOSlng ethylene
- and methane to yield Ca 4X and 83 4 fragments respectlvely N
(bcheme 1). However, the measurement of the formén\\ragment
is compllcated by theﬂpresence of some competing contrlbutlon
from the (M~ CHBCHBr) process by dlrect bond cleavage.” On the° |
.other-hand the Cqux 1on from both_CH —EH"CH CHj§ 1ons were

too weak 1n 1ntensmty to be measured accurately._ hus

speculatlon on thelr mechanlsms of formation is unJuSulfled

Conclusi_o_n_
; ' ' S - ) A

_ We have shown that for the formatlon of ((CH )2CCH X HX)

((CH )2—C¢CH2X CEHh) and ((CHB)E-C CH X- CHA) 1ons in the -

decomp051t10n reactlons of- (CH )2-5—CH2X 1ons, the common
sée p. 39 S
structure (I) 1s the best representatlon of the decomposing o

J

ions. rhere is no ev1dence that the CH, —5HCHZCH2X 1somer1c S .

1ons 1somerlze to 1ons of structure (I). It is therefore

apparent that the presence of an oxygen atom, or bromlne and _;
«--chlorine atoms severely llmlts scrambllng and 1somerlzat10n R
reactlons compared w1th hydrocarbon ilons.. I

ol
!



| CHAPTERPfu RN

' INTRAMOLECULAR AND INTERMOLECULAR FUNC&IONAL e

[

i

" _GROUYP INTERACTION IN THE MASS SBECTRA OF
‘ : ' e £ ,

D

_SOME CHLOROHYDRINs-ANﬁ'SOME CHLORoAciDs
RV ‘ y l e, ‘ . . v

"‘Receht yea have seen much effort devoted to under-

'qtandlng the role that varlous functlonal groups play in °

1 L]

o ‘ 1 £
v dlrectlng electron 1mpact 1nduced fragmentatlon pfo;éssee%

l

'Thls has been essentlal for the fac1le appllcatlon of mass

spectrometry to problems of stqpcture elu01dat10n ‘Naturaliy
o occurring molecules however, ?ften céntaln an array of -,

is v
‘. functlonal groups Thus 1t not only 1mportant to' apprec1ate

: the fragmentatlon—dlrectlng capabllltles “of 1solatéd functlon-

Lt

alltles(;n a molecule,

0 of prlmary 51gn1f1cance te .

ctl nal centers wlthln a

96, 101- 114
SR

. in con81der1ng this pnoblem w1th respect~to a molecule contalnlng

‘determlne the exteﬁt to whlch f

molecule 1nteract ‘with, each other after 1on1mat10n

;_lfunctlonal groups A and B, two questlons arlse (l)kAre the
T:' |

individual fragmentatlon pathways assaclated with A-and B Q )
‘ ”retalned in-the spectrwn of the blfunctlonal compound°' (2) bé
b lnew decomposmtlon routee characterlsti of nelther A nor B - ';3?
'1nd1v1dually appear° -ﬁn answérlng, 1t 1s~lmportant to note the
. effect of varylng the. dlstance separatlng the A and' B Centers._

96 lOl 121

of the cases studled thus far -the Latter p0551b111ty

seems to be more prevalent Dlrect 1nteractlon of the‘functlonal
: groups96 101 114

; \ . . L
VU ! . "

o o L g
il ' . ' ' ’ ! "
R o D - L

) mlgratlon of electron rlch groups to carbonlum oh



ﬂ“lon centers

"reasons c1ted to explaln the unusual fragmentatlon patterns ln

,Lhese lnstances ' ;_;ﬁs,

115- 1%6,.and anchlmeﬁic a551stance 117- 12; were the/f K

-

£
N
humerous recent studles suggest that the electron"impact

Lnduced fragmeftatlon of org?nlc compounds can be 1niluenced by
- -
1nteract10n between remote Iunrtlonal groups buch 1nteractloﬂs-~\'

.-\

\
are demonstrated most unamblguouely when thgy result 1n dlrpz{\

. ¢ e
oohd fqrmatlon between the functlonal 5roup§ For eXample, the ~ ™.

exhlblted prominent Iragmentatlons which depended upon- the

*-_hmass spectra of a serles of tr1methylsxly1lo-phenoxyalkanoatelel

" 1nteractlon %ﬁ the phenyl ether and 81lyl estgr rroups.; The;

- that‘ % t6335 of the water loss from the mo;ecular ion of

. e A o DU .

: i . )
] .
. . L.

‘ molecules these 1nteractlons appeared to be
_ent of the dlstance between the fuhagmonalltles; and charge

;transfe%*wmth c0111ng of the carbon thain has been 1nvoked" IQ

mass spectra of some phenyl benzaloxy and alkoxy analog“, as' L

well as some methyl ester analogs 1llustrated the nece551ty of T

the presence of a heteroatom 1n 'both. of the functlonal group8° SR

r to observe the

at the ends of the polymethylene chaln in ord

,-J . ’ h

b

[ I

-

'the case of dlcarboxyllc aglds of the form.HOOC (CH ) lCOOH

( to 190,,studled by'Holmes and St Jeahloa, 1t was:found o
Y . N

l.l

°su¢c1n1c ac1d to ptmellc %Cld (n-2 to 5) came ‘from carbdxyl-

“

carboyyl 1nteractlon Erom suberlc ac1d to dodechnerdlcﬂﬁboxyése__ﬁ__

'

" acids (n-*p to 12), ions (M- H 0) resultlns from carboxy L E

v J / Y
.. carbb le 1nﬁ§§hctlon were very few or absent However, tﬁg

i . . . ' B "

‘ y . .
. sigrfcant observatlon in -the serlqs was Lhat (M HZO) N

; ‘ t i
T L _ b L . . . " : N . . , ‘@! ) .
/, Lo o ) . |

. ‘ 1. : . ., KT, o oo . o o
E -/ b ‘ -'/ — ) } 4. x . ) . F‘T' - R P o . i\ .
. ' . LR oo . oy . R -
. g . - . T . - . 4

. . » " ‘ - N
i . . . Lo S
/ RS A <, .. . . ) . o s - :
S . S . , .



gy

/////was a s1gn1f1cant process ‘ Secondly those compounds in thelr ,-

- -

H Wenselau and‘

_Jlncen51t1es fell sharply in lO to 15 memﬂered rings (n— 5 to lO)

e N .

“'1rom 8m ton-l% and then rose to an approxlmately qonstant yleld

:oi 3“ from 16 membered rlngs onward (nz ll) ' More recently,

r co workers usedqsome ster01d molecules such

can be moved before detect-ble 1ntera¢t1oh ceases A number of"

' stcr01dal dlols w1th the hydroxyl groups deuterated were. f#“

“crlmlnate//hgramolecular scrambllng of hydrogeu and deuterlum;_,

o

°'CXQm1ned for loss of DZO on‘EIectron 1mpact 1nduced fragmentatlon

Three conoluslons were drawn accordlng to %he observet;on

Flrstly, nelther 1ntermoletular deuterium transfe nor’ 1ndls—;f
[+

study Wthh lost DEO on electron 1mpact were all l 2— or l 3~

A
QlOlS Thlrdly these dlols all showed strong 1ntramolecular

. hydrogen bondlng in solutlon _ The range of O~ D .0- D dlstances S

.

. systems respectlvely RGCEHtlJ, Horvat and Kuspmann

, lnduced 1ntramolecular 1nteract10ns

.chain'cOiling

w1th in. whlch DZO loss ' occurred was thus the range w1th1n whlch

S

__1ntramolecular hydrogen bondlﬂg occurred : In conclu51on, the. .

results seemed to Offer dlrect ev1dence that electron 1mpact

fof functlonal groups would

result in. bond formatlon only when the .atoms 1nvolvedacould be

s o |

brought to w1th1n approx1mately-normal bondlng dlstances Thus"'

theﬂworks of Holmes and hlS co--wo'rker102

:.prorworkerslpa should allow assessmeut of the role played by '

101 -and rang openlng shown by acycllc and cyclic

105 -

observed

-

s and Fenselau and her v



1(”+'118)“ Thls 10n mlght arlse elther from the (M—HEO CH ) or

' Af{:‘. L "‘— R [ . T~ D ' T . e

-

_Ehe (M- CHw“H O) process, or both It-was unfortun@te that

1l,4-d¥ol

"states, w1th the latter ring, slze - more favor

- (~5%) . To determine how_far

"(Oﬁ‘and‘Cl) ifn be beéfore de

fmpproprlate metastﬂale ion peaks for the above two procei?£;

Uere not reported If the 1on, /e 85, was partly produded

from the 1atter process,'lt mlght 1nd1cate that two functlonal""§$§
roups (hydrOYVl groups 1n thlS case) could become more
proximate fOllO%an a (MrCH ) cleavage, ‘which ﬁavored waters -

W \
:

loss.

Nater elimin tlon 1nVo1v1ng dlrect hydroxvl hydrotyl

®

lnteracta.on from molecular ion’ has been most- anten51vely studled

*

Thus electron impact studles ond ,5 dlolslos, and cyqlohexano—_'

06} cYclobexane 1,35 lel O6ﬂ cyclohexane %fé dlol96 106-1 Bﬁii
. -

_;andgp ilopentane l 2- dlollo9 were ‘shown to logsé water 1nvolv1ng*\

LR

dlrect hydroxyl droxyl 1nterad$10n for mole ular 1on v1a :
i)

'seven— :s1x— or five membered rlng transltlon states respect— '

\e

"ively;' It 1s 1nterest1ng to note - that as dlscussed in- hapter 2

.- \
similar mono-hydroxyl allphatlc and cycllc compounds lostwwater

e : '1‘- .
oo b
- L. . L

1rom the molecular 1on V1a five- and s1x—mem€e;:d transitlon
b

y
! In the present study, the mass spectru& of 3- chloro—_

- .

2, 2 dlmethyl—propanol was 1nvest1gated. The results show that $1‘A't?

"ellmlnatlon 0f hydrochlorlc acid from the moleular "on arlses

from JWO sources These are dlrect 1nteract10n of chlorlne’and

-

hyuroyyl at the ends of the open— i blfunctlonal molecule

(~95,?, and; chlorlne a~methylen' ' hlorlne pumethjl 1nteract'3n

l

these two fuhctlonal groups

eetable interaction ceases, the -



T

'mass Egentra of the cnlorohydrmn serles are descrlbed flret

' : :_65_'E zj':f“:"l.wl:i:}“ 3u , i‘

.’l‘_:;_w.‘-:,' '.i'.;’ n.;.~.: :)’{ .i; ;

mmass spectrahand fragmentatlon mechanlsms for the homologous
'chlorohydrlns ClCH LCH CHEOH from n 0 to 4 wer:)etudled

‘Hmreover, the masé-spectra and fragmentatlon mechanlsms of three

chlor0a01ds, chloroacetlc ac1d g—chloropropanelc and 3~ chloro—'
¢ .

2, 2 dlmethyl'progeno&c ac1d were also examlned brlefly to

uctermlne 1f there is any dlrect chlorlne carboxyl 1nteractlon

- lione€ of these compounds has recelved prevmoue attentlon It was

also hoped that through these studles, more 1nformat10n regardlng

direct functlonal group 1nteract10n could be Qlecovered The

-
N e L
]

S e ) . : | Y
S0 THE MASS bPECTRA or senn CHLOHOHYDRINS

. ‘\ . c . . ' . . N

Tl 2- chloroethanel "5'_ e

=~

The mass spectra of anchloroethanol and 2- chloro 1, l da—
ethanol .are shown as Flgs. la'and b anmlnatlon ofuthe molecular
ion neglon of’ the méss speq»ra showe that be51des M s (FiH)+' '

and~(M+H); (m/e 79, 81; 80 82; and 81, 83) for 2- chloroethanol
and‘(M—D) and - (i+E)* (w/e 78, 80; 82, 8y an§‘83,‘85),for

- 2r chloro 1,1~ da—ethanol are present Theee are confirmed by

'-

hlgh resolutlon measurements u51ng the double focu51ng A BT,

ndS 902-5 instrument. At low &v, (M H) ~and (M D) are absent .

"ior 2= chloroethanol and 2 chloro l 1- d ~ethanol respectlvely

. The’ (M+H) ion formatlon 15-1ndependent of electron energy —['
:(lO ev. to 70 ev) and samplelpreesure in the ion source -(varied

frem 0.8x10 7mm to 6 O;lo 6mm Hg pressure).,.Thus Uipn-molecule’

4

reactlons" for the formation of (M*H) 1on:are Very unilhely.

The (M—H)_edo, (M-D} ~d2, ando(M+H) -d and d2 ions lose cl -

(.L- ' B ‘ s ( . _‘ i ‘7 . ‘

@& K

-'J'

k.

)
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' iveiyi , R

1d.ﬂ2?l (HDCl dsy ) respectlvely to glve fragment igns at m/e Ll -

(45 ) These two prdcesses are conflrmed/by the observatlon ?"

of the approprlate metastable 1on peaks 1n both the flrst and.

second fleld free reglon, and t?e presence of" H201 and HDCl s ;-f }f

{ c ) ions from hlgh resolutlon measurement The proposed

rarmcntatlon mechaﬁhsm Ior the formatlon and dlssoc1atlon of
+H) and (MmH) " and é is shown 1n Schemes l and 2 respect—

- o L - . ‘ N

s

e Jghoy " the atrmatloq of thé ‘stable cch CH= 6&.,m/e L

'?9, 81 (80 82 oD, 80, S22~ d, )xas resultlng from loss of the o _r S

—eT

'1vdr gen atom attached to the carblnol carbon atom followed by

| Tne 1onlzatlon of the hydrogen bonded dlmer (ClCH

.lon "CH ~CH—6H m/e 44 (4;-d

‘{Hal CHBCHBOH 1ndeed orlglnates {rom the dlmerlc molecular 10n

chlorlne loss to glve m/e 44, -CH LH—OH (m{e 45 OD | ). - :“_f

CHE—OH)2

g

A} 2 -
Acnlorlne—hydroxyl 1ntermolecular hydrogen bondlng) spllts durlng

<

h{\jfter 1onlzat10n into 02H4001 and H(1-CH -caa-on, m/e 81, 8;
{m/W 03, u5 d ). The protonated 2~chloroethanol ‘don HE1- CH, CH

Zdh

“then fragments by loss of HZCI (HDCl d ) to glve a stable radlcal

2) It is to be noted that the- 1on ' " ]
| 5: -

K

‘ths is ev1dent from the mass sgectrum of 2-chloroethanol-OD

".

o

) Vthh ShOUS nO (M+H) Or (M*D)' lons . Thls observatlon lS ‘ ‘.h
e .

consistent. wzth the property of 1ntermolecular hydrogen bondlng,

[ A

,i.e. ‘at hlgh dllutlon (solvent deuterlum ox1dé used for deuteratlon)

bat Y

51htermolecular hydrogen bondlng 1s unlmportant : "Termlnal" chlorrne-'

aydroxyl 1nteract10n v1a a flve—membered rlng 1nter§Fd1ate la
also of - no- 1mportance for 2~ chloroethanol Thls is supnorted by

uhe low- electron energy (12 ev) mass spectrum of 2~ chloroethanol OD.

Fl
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 Here, the ion’ (M—DCl) ; m/e 44, lS relatlvely small compared to

AR R AT
. . R
=

e

e

. the ion {M H, —Cl) ,-m/e 45 Thls parallels the behav10ur of :

-’ . oxalic a01d102 "Termlnal"'water loss from thefmolecular ion

[

‘:“fiolloulng B-to- COOH transfer via a flveumembered cycllc 1nter—‘

- pediaté was a very mxnor rocess (O 5A of the base peak)
T B j chloropropﬁgozzp : “‘ ”_‘ﬂ_ﬂ _ L. ' "- ‘ v

. h ;f ' The mass spgctra of 3 chloropropanol 3 chloropropanol OD
3

A,
, aqd 9 chloro 1 1= d2~nropanol are' shown as Flge Za 2b. and 2c.

T

th the exceptlon of (M- 1) spe01es, the mass spectrum of thlS .

.compound is dlfferent from that of 2~ chloroethanol Plrst

\

field- free metastable‘lon measurements ;pflcate that for 3 chloro- L

PR 3 : S

"1, 1- =d,- propanol, procesees(M HCl),,(M DCl), (M D, —HCl) and
(b HD —Cl) to glve ions' m/e 6Q, 59, 58 and 58. respectlvely,
| ".ali take place Comparlng Flg 2a, b- and c and the flrst fleld~

}4rree metastable 1on data for 3-ch10rc—l 1- da-propanol the-

fragmentation_mechanism’for irchxpropropapol 1e,proposed as- .

- shoﬁn'in'Schemes'5-6. These accountr [for the_mosc abundant ions

‘1n each of Flgs 2a, b and cll

- The relative abundance of 1on“s(M HCl) ,‘EM;DCI)+. ‘and
.thelr generatrgwgﬂirst fleld free methstable ion. peaks from' s
- the molecelar ions of 3 chloropropano —OD and 3~ chloro—l 1'd2“-1 -
.propanol aas showq,as Table. 1 (after lpC correctlon) Chlorine- E
'hydroxyl 1nteractlon leadlng to hydrochlorlc acid eﬁpulelon from

(a5

the leecular ion involves a 51x—membered rlng tran81tlon scate '
L : t:r

(Table 1 and bcheme 3). 'This is more favorable théh chlorlne- _

ap methylene 1nteract10n 1n thls compound 1nvolv1ng a flve-'

"membered, geomecrlcarly less favorable, rlng 1ntcrmed1ate

-y
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Table 1

Relatlve abundances of 1ons(M-HCl) aid

(M-DCl) and thelr generating first

. fleld-free métastable ion peaks

labelled

~frqu3-chloro-propanol

~ .
%

1L L,

ke .

'3-qﬁlorodpr0panbl-OD

3échlor0e1,l;d2epropdndl
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| 58 ~
59 |
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100
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. (Table l‘and Schemeoq) - We aiso show the hydroxyl—@-methylehe. R

1, l—dé analogs are ehown as Flgs 3a, b and ¢ respectlvely

" the formatlon of most of the abundant p_

L. S
B .
] ’\ ) * . .
E . .
' ’ . . .
. . s . h .
' . ., . » . .
. " . 3

lnteractlon leadlng to water loss frof. the molécular 1on as N

-

1pvolv1ng a flve—membered rlng tr s@taon state (Scheme 5)

(C) —Chloro—Z 2~ dlmethylpropanql o _ xe

The mass spectra of thlS coméound and its, -OD and
comparlng Flgs 3a, b and c, it can be shown that: about 95A
oi thc 1oes of- hydrochlorlc acid from the molecular ion arises
‘irom chlorlne hydroxyl 1nte§§%tlon, to give. (M- HCl) at m/e 36"
(56— OD and 88- d, Y. The proposed mechanlsm whlch accounts £r

v

1s shown as Scheme

7 ard 6. . We shown the chlorlne4hydroxyl lnteractlon whlch leads

Cus )

to hydnochlorlc ac1d expu151on irom the_ lecmlar 1on as

' e S
thlsfcompound %pvolve a bulky flve-membered rlng transltlon e Tl

l e

statb,_ ThlS is ‘not. favorable, contributlng only to abbut 5*

- of the ﬁotal (M-H@l) loss This 1s 1n acQDWd “with the observatlons

on '-thoropropanol where,chlorlne-p#methylene 1nteract1bn

.J']»

does'QOt 1%volve such a: bulky flve—membered as in thelpreSEnt
. . \ -
compound, and so 18 mofe favorable._ S . .\__‘ 

S
(D) ngher hemologues, ClCHa(GHa) CHZOH (n=2 to 4), and- \\

g

_ general dlscuss1on |
The mass spectra of L= chlorobutaﬁol, «chloropentanol

and 6- chlorohexanol are shown in Flgs. L-6 Tes) ectlvely. The *'\;
‘most promlnent ions in this group are hydrocarbon ions. ‘Hetero- ’

o
atom contalnlng 1ons -of- 1nterest are (M—HCLi?\ \XM HBO) ang -

L st el e T
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= :hxaroxyl groups are deuterated, of these 1ons only CH2—6H

[ X8

Y

san._ Thése are hsually qulte weak 1n 1£tens1ty WHén the

-ehlorghydrlns §;ﬁdled ”due to dlrect 1nteractlon of chlorlne- f,:

e FEOARS . f
. T [~ ,»\._'r
’ 4

47; o L
¢

_'_\.' - ’ '.“‘_ R
. .L‘:\‘.‘i-' B

retalns the labal Thls 1ndlcates that chlorlne-hydroxyl and ‘,,lfQ’ﬁf'

/

v I

hCl and water: respectlvely_from the molecular 1on LOSS of '}i R

'fhydrodélorlc acid - from molecular 1ons of the whole‘sefles of T

'h\aroxyl and chlorlne—methylene r&s shown 1n Table 2 Their Q' t \
aoproprlate cycll% tran51t10n state ring 51zss;are 1ncluded o :

Four conclus1ons may be drawn from the table Flrstlyfaboth _‘

fcﬁworlge hydroxyl and chlorlne—ﬁ-methylene (and chlorlne -~ R L

_methyl 1n ‘the. case of 3- chloro-2 2- dlmethylpropanol) 1nteract ’

via 31x- d flve—membered transmtlon states respectlvely
These contrlbute to hydrochlorlc ac1d loss from the molecular

1ons of 3- chloropropanol and ;~chloro 2 2 damethylpropanol

respcctlvely The former 1nteract10n, however, i more favorable."j".j
becondly, the ellmlnatlon é& hydrochlorlc aghd arlslng from - |
cnlorlne-hydroxyl 1nteract10n proceeds via. aqtran51tlon ssate f .
walarger rlng size (from 6 to 9 and/ T larger) Slmliar ,f; C ’
mono- functlonal allphatlc,chlorldes and bromldesl6 b1y B~ -65. .
favor a, ring 51ze of flve 'ThlS 18 conflrmed byudeuterlum:7f,:g:‘ -

m’-:.y_., , .

laoelllng of" the hydroxyl.gpoups uJThe relatlve abundance of

‘(m—HCl) due ta thls process falls sharply fr¥om” e’;bfet?Jlargerw

mernbered ring 51ze These rlng*51zes are 1ndee& those %ermallg'

assoc1ated w1th 1nteract10ns becween the ends bf longhch@;f

imolecule8101 102. ThlS parallels the behavmpnr in %the fbrmatlon -

of cyclic Qompounds by conaensatlon ‘reactions wherein 5, 6 and 7 ¢

/
LR
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;!nemberairlngewere ea51ly formed Cycllzatlon product yleld.

~ -

f also fell sharply from 8 to larger membered rlnge hirdly,
tne mechanlsms due to chlorlne methylene (or chlorlne-methyl)‘
1nteractlon proceede only via ‘a f;ve-membered ring. tran51tlon‘

'%tate.(l.e chlorlne @—methylene and/or chlollne-@ -methyl

' 1nteractlon) . Chlorine-= Y—methylene or chlorlne 5— methylene _.'
1nteract10n is of “no" 1mportance in the molecular ion of the
chlorohydrln SerlES*a This 1is agaln 51m1lar to the mechanlsm
.lor the ellmlnatlon of halogen acid’ in monoﬁfunctlonal allphatlc' :

chlorldes ghd bromluesl6 41 64-65

Fourthly, ellmlnetlon,or K
HCL due to chrorlne hydroxyl 1nteract10n is probably a
‘rearrangement process with "a much lower actlvatlon energy than
that _due’ to chlorlne methylene 1nteractlon this is clearly’
'shown in Table 1 and 2. " Here the former 1nteract10n is
predomlnant over the latter for compounds 3 chloropropanol'

W

_anu 3- chloro—a 2- dlmethylpropaﬁol No effectlve'chlorihe;

methylene 1nteract10n glvee rlse to - CM;HCl)f‘ ibn-for the

‘series etartlng 4—chlorobutanol to. 6—chlorohexanol

THE MASS SPECTRA OF SOME CHLOROACIDS

‘ l
'—Q ‘ | L
The mass spectra of chloroacetlc a01d is shown as Elg 7.

(A). Chloroécetic'acid

The proposed fragmentatlon mechanlsm is shown as Scheme 9. Thls
molecule behaves qulte elmply ' The/’ragment m/e 50, 52 results
* from CO; loss’ from the molecular ion following H atom transfeg
'from carboxyl to chlorlne via a flve-membered cycllc lnter- /,

_ nediate . The conComltant hydrochlorld acid loee from the’ //
p ‘
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molecular'ion‘is arvery'minor process. The abundancegof'n/er58
is only Je) 0% cw' ' : | Lo e :\T': | a'jeﬂ””#féfﬂ

(B 3- ChlorOPropan01c a01d . 'V;;N;.wf~

“ The maee spectra of 3w chloroprop 01c cacid and 3= chloro—
propanolc ac;d COOD are shown ae ‘Fiks. .8 and b, The base peak
is the fragment ion at m/e '?5 (71;--0001)), (M~C1l). .In this

1
molecule,_although H atom transfer. from carboxyl to chlorine .
"may be geometrlcally fa01le (the transfer: be1ng_v1a da sixrmembered

’

. ring) Lhe cgycomltant HCl loss from the molecu%ar ion is a'very
~ minor process. The abundance of m/e 72 (72- COOD) is only 1. .3%.
v However, unllke the maes spectrum of chloroacetac ac1d the ,' ;r
| fragmént ion at m/e 64, 66 (65, 67-C00D),, (M CO ), is Very weak),

)
belng 5,3, ' For chloroacetlc a01d the analogous fragment ion

(M—COE) is the baee peak The structures oflthe molecular'lons _'
R _
of chloroacetlc acxd and 5 chloropropano;c ‘acid leading to the

formatlon of (M Coa) 1ons are (I) and (II) respectlvely (see

,O): | .. . o . : - ’
. _ . 0. O . » C e ' _ o o
| O« o O: |
S ¢’ | %C( o
- CHEH CHCHCIH o | 3
e o 27 2 | - :
IO I . <

It is apparent that molecular jon of structure (1) is less .
stable than structure (II) and 50 ylelde (Mrcoa) fragnent ion

more readlly.
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| ‘Hx/,’#”#/f enGe
~Ffee of unexpected or dlfflcult features and the proposed

mechanlsm is shown'as Scheme lO

-

) . L '.~

(c) §f§h10r0~2,2 dlmethylpropan01c acld

'AThe mass spectra of 3~chloro—2 2~ dlmethylpropano;c ac1d

. and :LtS oarboxyl dl analogue are shown as; F'.Lg < 9a and b, JlEl?he:'
base peak m/e 55 (55- COOD) is formed from (M- COOH), m/e.91, 93
(91, 93—COOD) ThlS is assumed to be 04H8Cl , the common '
1ntermed1ate dlscussed n Chapter 3. ‘m/e 101 and lOO as shown.

in Fig.. 9a, are formed by lpss'of Ccl and HCL respectlvely from

thc molecular ion. The 1mportance of the H atom ih the methyl

" groups is seen .from thé carboxyl d; spectrum (Fig. 9b) The

| loss of- HCl from the molecular 1onaarlses from. two sources.
These are chlorlne carboxyl and chlorlne—methyl 1nteract10n.‘
50“ of the total HCl (DCl+HCl) loss from the molecular ion

comes from the former 1nteract10n and the other 50% from the

latter. These 1nvolve six- and f1f6~membered tran51tlon etates

respectlvely,, as: shown in Scheme ll.

(D) Summary and general dlscuselon

‘Loss of*hydrochlorlc acid from the molecular ions:of.

t

'the three chloroac1ds,_chloroacetlc a01d 3 chloropropan01c j :

acid and 3-chloro;2,aﬁdimethylpropan01c ac1d, arises from-

7‘chlorine-carhoxyl and chlorine-methylene (and/or_chlorlne—‘

I,

methyl) interaction'as shown -in Table 3. Their appropfiate7
rlng gsizeg are 1ncluded
Although w have not - studled the hlgher homologues of

- this eerles, two concluelons are obVloue.. Flrstly, a{though
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shonld be able to proulde the answer.

Caw02- o

N y N o e" R L.
chlorlne car QXyl 1nteract10n glvang rise to (M-HCI) ion

lormatﬂgm .may be sterlcally favorable, 1t is only a very mlnor.
rocess. The approprlate rlng sizes for this process are %{ve-

anﬁ 51x- and{%n.larger. Secondly, formatlon of. (M—HCl) ion in

- 5- chloro—a 2- dlmethylpropan01c a01d 1nalcateé that; chlorlne—
'ﬁmmethyl as well as chlorlnc @—carboxyl 1nteract10n are

'~operat1ng.‘ We are unable to establish whether chlorlne B~

methylene, chlorine- Y-methylene or chlorlne §— methylene inter-
actions are of any 1mportance in the molecular 1on for the sp

serles Further work on the hlgher homologues of this series

e

. . -
a . * t -




. thelr pos1t10nal 1dent1ty., Only splropentane dlsplayea any ‘

specific fragmentation behav1our related te 1ts ground state

o CH ?
6 10 - and’ some C7H12

: %
-fragmentat;on (reéﬁlﬁihi from success1ve 1,3- allyllc rearrange—

Too . 03

. ' S A L < Nam ' " B
. - - . . L . . " ’ . T
. T ’ Tt . . ) . -
- ’ . . w - . R ' N .
- ' il S - A ' ' . : " A ] °
. w n - -:' - . . v v L
. . 5, . - » R
o .. CHAPTER 5@ .. - . :
' 4 : T Hr N - c. . . ,
. Y . ' . o . .
- - . .

" CYCLOHEXENE ‘AND METHYLCYCLOPENTENE: AND - _
. s <L !jp' o i
CYCLOHEPTENE AND luthHYLcycLeHEXENh'?~

. 4 1
4 ve l: & 0
! P - . » T 5 .

The fragmentatlon Mechanlsms andwﬁnergetlcs of the'

1,%-diene and 1soprene8ofand also the 1somerlc bl?ycllc gﬁ

yrirycllc C?Hlo hydrocarbons, norbornene and nortrucyclene1 2 -

‘ f

have been studled by Holmes and.hls co—worker Fragmentatlons

/-
of thc CBHS molecules were for the -most part found to proceed i

L

via common 1ntermedlates in whlch hydrogen atoms had lost \

. 5‘,4

veometry In the case of the 1somer1c blcycllc and trlcycllc

'C/Hlo hydrocarbons, except for the;promlnent retro Dlels Alder‘

;racmentatlon of the molecular ion of the former, the decom- wff‘
[ ‘# .

T

p051t10n pathways of the C7H10 1ons were reporte@’to be

-alss1m11ar and complex.. The mass spectra of seme 1somerlc

o 1237125 S 126-127 ok :
C molecules have been studled
’ foa i
prev1ously H/D scrambllng in the molecular ieo#s prior to

2
l

ments) was belleued to ccur in these»cycllc oleflns 25’ 5 ?.N/

"This scrambllng vias reported to be slower than 1n ‘acyslic

olerlns,because hydrogen scrambllng was less 1mportant in the y

hlgher energetlc moleculék 1ons125 (1 e. those which dlssoc1ate o

1 ' : . KR
- . . . Bl L.

.‘H,‘..'. L (PR i
- . .

T

o)

1

S

w1th1n fhe ion source) Relatlvely“more hydrogen randomlzatlon,.

¥



hoheter, occurred in méthylenéc3cl0hexane thap in ééhethyl-\
",cyclohexenela7 ;A}\‘ o f |
IR In thls works we descrlbe detalled sthdles of the mass
.spectra of two isomeric cycllc C6H10 hydrocarbonsJ methylcyclo-
a‘pentene and cyclohexene, and two C,?H12 1somers, L- methylcyclo- R
hexene and cycloheptene The chief’ purpose of "these experlments_“
) vas to dlSCOVGr whether the structural dlfferences in the above
(\ nolecules gave rlse to 1dent1f1ably gzgferent fraééentatlon
'pathways and also whether ions common-w1th respect to both
structure and energy content were xr%olved In partlcular, the
problem of atom scrambllng has been con51dered in, some detall
not only with regard to the dlstrlbutlon of normal and metagtable

. ion peak abundances in ' labelled. compounds, but also with respect

to observaglons on energy release in ‘ion fragmentatlons
- .

‘ \\\ 4 _THE MASS SPECTRA OF .

_CYCLOHEXENE AND METHYLCYQLOPENTENE’

¥

‘ The 70 and (nomlnal) 12 ev mass, spectra of methylcyclo—

pentene (mlxture of q-methylcyclopentene ‘and 3- methylcyclopentene) )
- are- shown in Figs. 1% and b. The ?O ‘and 12 ev mass spectra of \\\

cyclohexene are’ shown in Flgs. 2a and b; they agree well w1th

previous data . fkﬁie 1. llsts the fourteen most abundant
vmetastable ion peaks observed‘by a Daly ﬁetector (AEI MS- 902)

in the two mass spectra, thelr felative abundancss and the

lraamentations respon51ble for thelr gen651s In prder to . . i

elu0idate fragmehtat%on.mechanlsms, the followin abelled A

P
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¥



R
2
]
s
\
|
)
10

1 - __o
~ [ N G)
.I »
N ¥ - ~J -
e © ("I bs) o
-— - ol
1 j

el

FIG.1b

A b' | &
l. "J i
ALISNTINT “3AMLYIY ¢+
| ‘gn' ~
o '
\ S ,

e e WA PRI W e

——




-__s_._.

‘o

: mmo_m :

—nd
e
g

—

—
———
| et

/2

zal.

9

A

v

*

.‘-
106G

"
C o fim

ALISNZ LN

IATLYI3Y




;/”” Lable l hetastéble 1on peaks observed in the TOev

- mass specfra of cyclohexene and methylcyclopentene

I

N . i - . —
. . , . . J .
K T . - .

(// . Relative abundance (70ev)

l Generating fragmentation., m /€ pethylcyglopentene Cyclohexene

B ¢ ‘ ke '.'h. . . . ‘ o ' .
‘+. > . + X ! .
0

. R - ,
o lC5H7+ + CHy 47 T 5009 ) 100
e o * . . ) ; ..
C6H10+ 0436+ * CoH | 35.6 *o.a - 0.3
g % Oyt Oy 205 O LT 0.1
CgHg o "06}17* vE, . WA 804 — 329
N ) : V7 ) . . .
Cels Y B * Gy 338 S 14 S
+ . A s . o : - :
/;r 3 _05H5 T B N 30.L‘+ :
e > o5 5 oy 25 101 - 2 i
C Hé . 3 4 +_02% : 24 .2 PEE 0_..6 | 0.3 °
\c 2 & 23 .4 . 0.8 | . 0.3
CL}H6_' > -G-'B. 3 o+ GH3 2.8.2. _"10.4 - 13,0
- o By 181 - 1.5 - 18
CBH;*' > .CBH; tHE a0 T - WS L 2 ,'

*Measured by'a,Daly detector-(MS'9025), seeIChgpter 1 (PP'.gflo)

for description.



N

'comnounde were nrepared (seeiexperimental section for’details),

' a mlhture of. l o} —B-methylcyclopentene and l d q-methylcyclo_
.pentene, l dl—c clohexene and 1,3,3- dB-CJcloheaene. The 70 |

" and- 12 ev mass pectra of each ‘labelled compound are shown in - ﬁj
lylgs 3a and b ua and b and 5a and b respectively From Figs. lJ

and 2, it can bc ‘seen that superf1c1ally,.the same fragmentatlonsei
occur in the mass spectra of the compounds, for example, there

are three pr1nc1pal fragment 1ons, i.e. (M-CH"), m/e 6? . . g-.
'(M"CZHM)’ m/e E&, and (M C5H5)’ m/e L1. For gase of comparlson,

the behav1our of fragment ion formation from molecular 1ons

generated from both 1somers will bé dlscussed collectlvely

.(Aj 'The'(C ) 1ons,_m/e 67, (M—CHL)+

The formamlon of the fragment ion m/e 67 is 1nterpreted
- as loss of a methyl radlcal from the’ molecular 1on. ‘Table 2
presents the observatlons on daughter and metastable ion peahs

—

for the various labelled compounds (Correctlons have been made

o

for 13C and for small percentage of partlally deuterated compounde).
In the relative abundances of these peaks lles the maaor

‘difference in the mass spectra of the jsomers. in l- dl—methyl—g
cyclopentene, (M—CHED) is a relatlvely mlnor fragment compared .
w1th (M—CHB) (with a relatlve ratio of 10.2:1.0 and 15 5~E”6

" at 70 and 12 ev respectlvely) Ln 1- dl-cyclohexene however,

*(u ~CHg)
‘2 31 and 2.43 at 70 ev and 12 ev resPectlvely. For a mono-

¥ and (M—CH D) ions have a relatlve abundance ratlo of i

'deuterated methylcyclopentene and cyclohexene, complete random-
ization of hydrogen before or during fragmentation would yleld

CHB:-CHéD'losses in the ratio 2.53:1.00. Tnue“ln poth mono-

z

e s e T
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{ndicates that‘probably the enti
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aeutcrated compound , fragment ion peak helght measurementg at

hlph and low electron energles indicate that in the case of

© 1-d. -cyclohexene, methyl loss 1nvolves essentlally complete

hjdrogcn scrambllng w1th no 1sotope effect at 70 ev but a small
isotope effect of 1. 05 at 12 ev. In the case of 1-d -methyl-
cyclopentene, practically only c 3'lossiwas observed. This

(M—CH3)+‘ion in methylcyclo—

pentene is due to the ejéction of the methyl substituent .t
Defocused metastable 1on peak intensities for labelled‘

mothylcyCIOpentene and cyclohexene were, measured and the results

are, included in Table 2. The metastable ion peak 1ntens1trcs

for l~dl—cyclohexene 1ndlcate elther completely random selectlon

‘ of hydrogen in methyl loss w1th an isotope effect of 1. 20 (see

{Table 2), or 1ncomplete scrambllng of hydrogen before fragment-

.ation with or without an 1sotope effect If the. processes taklng

place 1n the 1on source and the flrst field- free region are the

same then moretcomplete scrambllng and larger 1sotope effects

should be_observed in the flrst field- free reglqn'metastable -

ion peaks. Since fragment ‘ion peak abundance measuremeqts show
that methyl radical loss 1nvolres complete scrambllng, etastable
ion peak 1ntens1t1es should 51mllarly-show complete hydrogen
scrambllng for this fragmentatlon and thus deviation from random

loss must indlcate an isotope eflect (1. 20). To. separate

amblgously ‘the two factors, ‘the fragmentatligkof another
complementary deuterated spe01es,; 1,3,3- d,-cyclohexene was also -

1nvest1gated The results are summarlzed 1n ‘Table 3 and are.'

compared with the random statlstlcal ratlos The observed/
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;statlstlcal ratios are the same methln experlmental error) for

the, two labelled compounds Thlsiis conSlstent with (1) complete -
H/D scramblrhg 1n these low energy molecular ions and (11) an |
_1sotope effect of 1:20. R .; | ' ": w

s : The deiocused metastable ion peak abundance|ratlds for

]
7

'éﬂq and CdéD loss, from the molecular 1on of l dl-methylcyclo-
pcnteue 1s 3.75¢ Thls As not reflected in the fragment ion peak
abundance ratlcs of ll 2" and 15.5: at 70 and 12 ev respectlvely d.,
it ould appear that elther the processes taklng place in the

ion source for methylcyclopentene are dlfferent from those
occurlng in the first field- free reglon, or that the observed
daughter ion abundances 1ndlcate that practlcally the entire

(U CH ) 1on in methylcyclopentene 1s due to the e3ect10n of the

methyl substltuent (dlrect bond cleavage) from the unscrambled

“and unrearranged molecular 1on,“whereas-metastable ion peak
'_measurements reflect 1ncomplste H/D scrambllng of the unrearranged ‘\ll_;L
molecular 1oh before methyl radlcal is lost.

ot Holmes and Weese have recently dlscussed metastablebiou‘

1283 In the case of cyclohezene, for the

peak shapes in detail
(M CH ) process, they were able to censtruct a palr of Gau551an
curves Wthh were summed to produce the observed metastable 1on
,‘proflle. it was stressed that hav1ng subtracted one Gausslan *
from the obserVed peak, the remalnder was also of Gau551an shape.
Although such/addlng and subtractlng of Gaussian curves is a )
subjective process, somewhat insensitive to the chosen parameters,
it is notemorthy that only two curves were requlred to reproduce PR

“the experlmental observatlons. The phJSlcal 51gn1flcance of such

two peaks would be that two dlstlngulshable structures and/or

s ’ / . ; - ot ‘.7;,-' ‘,
. = T o
: ’ . ’ s oL
- . \ S ]



uthln the .first field- free reglon, In the present etudy, ?he R

;eloeeroni6’6§cited states of the precursor ion’ were dmssoc1at1ng,

C.(marlatlon of metaspable ion peak proflle for theveame—process i‘ N

'Vrnto two Gau851dn c

"

as a runctlon of th

L two dlfferent C6<lO
'cxclopentene and cy
«deuterium labelllng

_the process Has als

as ehown in Table L.

and ¢ abundance def

'component in the co

i{he’ separatlon of .t

'hexene , The ‘metast

(u—LHZD) for 1~dl-c

unlabelled analogue

d.netastable ion pe?ks for 1- dl—methylcyclopen;cenel

6

06}110 s ra— (Jbl-H? '..+"‘ CI;IB. :_s. o N " .;.' .'.“ ..

-

e precursor 1on's structure and orlgrn (1 e.

pPrecursor 1ons were generated from\methyl— n :

clohéxene) were examlned 'The effect of = ¢
on the metastablc ion peak proflle Lor‘

o been studled ' The results;are Summarlzed

]
To

. Heré w 5 and % helght deflne the Gau531an,

ines the proﬁgrtlons (areas) of eacz//aps51an
mp051te me%astable ion- peah Fig. shows

he metastable 1on peak of the process (m—CH )

omponents (A) and (B) for the compound cyclo-

W~

able ion peaks for the processes (M CHy ) and .'

yclohexene are 1dent1cal W1th that of 1ts T; T A

<

-and therefore arernot reproduced The

E

(B) being one of the cyclohexene components for the same process

process, 52:43 (by

(h—CH D), being 31

and & and‘iaoie hf*

least two dlstlngulshable stru*tures and/or electron1c5excited

l.l

| sgates for each,of

1

”he ratlo of Gaussman component (B) and (C) for the (M—CH )

area), is dlfferent to,that of - the process
69 (bj area) Lhese ‘are shown in F168.~7 "

-Thus 1tAoan beﬁconcluded thac there;afe atf

¢he precuruor 1ons, dlesoc1acing‘w1th1n the

et s i e e et e e e s

¢
i

however, can s° oo 7/-

e separated 1ntd two Gau851an components (B) ano (G), component ' a



.M » 1 m L3
~ .J L sxreed UOT mﬁnmpwPMm& sqTg0dmod m&pnnﬁ ” ﬂ
, pﬂmdogaoo.QMﬂwmﬂmw ayy. JO -goee 3o’ QOApnoQonm mmp wQApmoﬁvma ~Mohm £q vmhsmﬁma mOQMﬁqspm ‘o (2)
| ,T_.WM“ ey pﬁmqomaoo mmﬁmmﬁmw syl mo pnmdom nﬂu
7 A N - v
: . . * quauotduoo qmﬁmmsmw msp now np@ﬁ: pQMng mamm Amv
e . - : - A —
n : : . ~ ) . . Ot : - 5 I
Lo - . ! ) . . nwmnm hpv
mw . ﬂMkﬁm,mx | 21 95 - W )95 uu T o9g g :W\m: ’ mozquzpm 9.
» Cgrog | steh,| 62 - TL | T 62 | W . 62 w6z | quIrTews
N ! ; S : o - .
= ok ' T .0 0L ¢ - . IS oy 1 1% 09 ¢ :8 . e @
., - MR . : . L : s - . IO :
p*ned -—grmep |p*nep - g Ued m.ﬁmw m.d.ﬂ%@ genep . y'ued| g uwerssney ¥ qmﬁmmzmw : o \
. R : . - Lo \ ‘ L] . — . ) 4 re
- N - . Cos .
_ L€ : _ ¥ G
o 8( mo..zv (FHO-H) - | (aHO-H) . ﬁlmmo..é. (“HD"W) . .
S .wwnmwanOHohoahsumawarﬁ o« ionm%w:OHqﬁoldﬁlw u.«e auexayoT2£LD L
N . ’ ! P - . ’ ' ) S ’ o K ® - - : . B )
: i “u ] . e - - , ~ . ] - i : =, o
U Vo e T mpﬁmqomsoo amﬂmmamw ony opnﬂ * ] oY -
w : m., . n mDIOme ) mmmoonm oya Jo3 wead ﬁoﬂ i _ JURCA
e ) : o K\ﬁw,ﬁ@mpmmﬁmﬁ m.z,p mo mo.nvw&m@mm uﬁ m.mw.,m m
i " - F— ..‘ . i . . lﬂ ” €0
™ ., .. o ? ° - -
. : o S , N
[ N .._.
T T . oy



L]
i
)
.
v
-
[ B
]
/
-
>
'
'
o
'
€
o
' -
[

‘Fig. 6. Metastable ion peak for the cyclohexene generated |

_' ) "-) " +.-. + . - ) t' ‘ |

— . . dissociatign, M. .—_*._Q5§17.,_*_.‘§H, , separated into .
| " two Gaussian components (A) and (B) .

I
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Fig. 7. Metastable ion peak for the l;dfnmethylcydiopentene

"—_"jf‘ generatéd d155001at10n, C6H9D "C5H? CHB‘E- : e
omponent (B) and (C)

-7

separated into two Gaussian ¢



Fig. 8. Metastable ion peak for the 1-d —methylcyclopentene'-i

generated dlssocatlon, C6H9D-4 C5H7 + CH,D-, "g

fg_.._..._...._.._.).*. p—— ——— -

separated into two Gau551 n components (B) and ( i

N .
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first fieldrfree region; one.of the two being common to each
precursor iom. | S B ) o ' | .,' L

' Slnce the overall. relatlve metastable ion pealk abundances‘-
for ¢he processes (l—CH ) (M CH D) from l dlucyclohexene and
l qlcmcthylcyclopentene are 2 30 a d—/ 75 respectlvelf (Table 2):J
the relative abundances of gach gtructure can be determined.
(his is presented aslTable-S |
‘ " Three lnterestlng conclusions can be-drewn from the
. results shown 1n.Tab1e 5. Flrstly, in the case of 1- dl-cyclohexene;
two’ distinguishable Structures-(A) and (B) (de51gnated by,
Gausalan (A) and (B) respectively) of the precursor jon were
alssoc1at1ng w1th1n the first fleld free reglon The (M-CH3)+5
.(u CHaD) metastable ion peak areas are in the same ratio |
(2.50:1.00) for both structures and thé?ﬁﬁfe_gimllarly greater
than the random value (2.33:1 .00), 1nd1cat1ng an. 1sotope effect
(1.20);> In che case .of 1-d ~methylc;clopentene however,: tne
(H—CHB) - (M—CﬁaD) metastable 1on peak areas are in- the ratlos

2. élﬁO 15 :1.00 and 6.29:1.00 for structures (C) and (B) respect-

ively. The former is agaln con51dered to, be compléte random w1th
a 51m11ar 1sotope effect (1 12*0 06) The latter: is probably

due to 1ncomplete H/D scrambllng of tﬁaghelecular iof of structure
(B) before fragmentatlon. Secondly, in agreement with the data
for daughter ion observatlons on 1l- dl—methylcyclopentene for ‘

the (l- CHW) process, structure (B) is the 1ncompletely scrambled

anc unrearranged_molecular ion of methylcyclopentene, “which loses

the methyl radlcal by dlrect bond cleavage To obtain structure -

(B) from cyclohexene however, 1nvolves a rlng contractlon of the

N
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Relativé Abundance of the processes (M=CHy)/(M-CH,D)

- for the sepafated structures for the
\. | o ;}9 labelled compounds

[ﬁ_ l-dl—cyclohexene - 1-dl-ﬁethylcyclopentene Complete
3 ' ‘ : . Random

ProcesL i

'(M—CHB)

¥ | o |
laoo  {| 1.0 | 1.0 -

Gadssian B Gaussian’B ‘| Gaussian C
| 1 2.61:0,15 | . 2233

Gaussian A
6.29

2.80 A ?;SQ‘_ '

(i~CH,D) . 1.00
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cycloheXene molecular ion by allyllc cleavage follow1ng by rlng

‘clooure "to glve a methylcyclopentene molecular ion (i.e.

‘.(ng, durlng whlch complete H/D scrambllng occurred

by

structure

Thirdly

structure (A) from cyclohexene and structure (C) frem methylcycloﬁ

pentene‘could‘bejllnear

molecular ions.

s formed by allylic cleavage of the C}Cllc

It 1is 1nterest1ng to compare the. loss of a methyl radlcal .

- {rom methylcyclopentene

| in the mass spcctra of methylcyclopentane and methylcy

and. methylcyclohexene, w1th that obsorved

the entire (M—CH ) ion peak in methylcyc ohexane129 was

the ejection of the methyl substltuent BOmJof the 05H9 ion

'ylelded from methylcyclopentane 129 however derlved from

oxpu151on of the methyl

carbons. Exactly the opp051te trends were observ

of methyl CJCllC oleflns

almost the entlre (M CH
methyl substltuent from
In 2- methylcyclohexene
to loss of the substltu
1hternal carbon atom

-CHH loss orlglnated fro

aFs

substmtuent the rest comlng from ring

ed in the case -

clohexane . -

babelled compound peah measurements 1ndr;?ted that practlcally ﬁ%77

due to

the

As q%served in' the present study,

)" ion was due to the ejection of the

the methylcyclopentene molecular ion.

12? only 60m of the methyl loSs was due.

ent, the other -4,0% was derlved from an

In the present study, about 88%:of the

m the substltuent for the 1somer

q—methyl-

cvclohexéne, results for which Wlll be dlscussed later in thls

c*abter.

(B) The_(CQHé) ion

I

s, /e 54, (i1- G—EHQ)

In the relative

difference in the mass

abundances of these peaks lie the'major}feeﬁev

spectra of the isomers. Inlmethylcyclon -




]

\ | l' _.'-fr'_121+-

.

.‘: pentcne, (M'CZHq) is a reZ/tlvely mlnor fragment (5% base'peak) "J:_[;
- In cyclohexene 1t is 7 % of the base peak (see FlES. la and ab) |
‘ mhls is not too surpr1s1ng as it has_been suggestei*greziously
rnat the ellmlnatlon of ethylene from cyclohexene following
electron 1mpact was a retro Dlels-Alder react:Lonlf 125’ 150- 151
In the case of the unrearranged methglcyclopentene molecular
;wor, a retro Dlels—Alder reaction was not operatlve The

| evidence-upon which . thls earller suggestlon was basod was
noucver, rather tenuous. The relative normal and metastable ion
_peak iﬂten81t1es for cthylene loss in, the mass specira of 1-dq-
cvclohexene, 1 j,j—d —cyclohexene and 1- 3 -methylcyclopentene

are reproduced in Table 6. ‘The normal peak 1nten51t1es for the

f(n—tzuq) and (M—CEHBD) processes from - dl-methylcyclopentene

are weah and were not measured - mpus from Table 6, the measured
values for the processes from 1- ql-cyclohe‘ene are very close to

those calculated assumlng random loss of hydrogen For cyclo—

" hexene, our results conflrm those of Derrick, ballck and

125,

Burlingamne Their results 1nd1cated that by field 1onization;

scrambllng of the hydrogen by 1, B—allyllc rearrangenments in

5,556, 6~d4-cyclohexene was observed to begin within lxlO'll sec

and to be complete yithin 1x10 -9 sec (in electron 1mpaot
reactions, the source re51dence time 1s lO -6 to 10 -2 sec). The
ellmlnatlon of ethjlene from, cyclohexene is thus postulated'to
be formally a retro Dlels—Alder reaction. It has been suggested‘

previously that the elimination of ethylene irom cyclohexene,

: L _ = 131 ©
porbcrnenelaa, L= v1nyIcYclohcxenel9?,'meﬁhylcYCthexeneS ?’ > o

~and Ll- propenleJclohexenelj) was a retro Dlels—Alder reaction.

l
L ?
.
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1?? and l-methylj

L/D raadomlzatlon of labelled 4 v1nylcyclohexene
cyclohexéne ? before or durlng the retro Diels-Alder reactlon

has been reported. In the Fase of norbornene122 however, no'
cv1dence even for partlal hydrogen- deuterlum scrambllng precedlng
this dlSSOCL&tlon of the molecular 1on in eithe} tho farst or
second fleld free regions was observed The retro Dlels-Alder
reaction for the ellmlnatlon of ethylene from methylcyclohexene
"'has been studled here and ds dlscussed later in thls chapter

For methylcyclopentene, in the normal mass spectrum, the l
‘fragment ion (11-C Hq) 1s weak and was not measured i For

) l dl—methylcyclopentcne however, it was p0851ble to measure the
oefocuscd metastable ion peak abundanﬁe ratio and “the result 1s
included in. Table 6 The measured value (2.41 : 1.00) compared.
with the complete random value (1. 50 : 1 .00) indicates either B

(i) incomplete H/D scrambllng or, (11) complete scrambllng wlth N
an isotope effect (1.60). It is tobnally possible that the -7
methylcyclopentene moTecular ion isomerizes to that of cyclo-
hexene before underg01ng iﬁg_;étié Dlels—Alder ellmlnatlon
characterlstlc of the latter.' A feasmble mechanlsm for this
1somerlzat10n 1s-allyllc flss1on followed by hydrogen migration
from side chain methyl group: to ad jacent carbon and,then,rlngf’h\\k%
closure to formaa cyclohexene molecular ion. it this is the.

case, the observed value yould indicate 1ncomplete H/D scrambling

wlthout an 1sotope effect nce no isotope effect vas: observed

ot

for the (M—Caﬂq) process in cyclohexene.

N

Labelling“dazafgor1c§clopentane5l'indicated”that%ethylene;«“m

mlght elther be lost from the scrambled cyclic molecular iomn, orlll

»

from an open -chain radrcal ion in Whlch varlous hydrogep migrations.

- .
oA )
y



(@ydrogen. A fea51ble mechanlsm for the formation of

" —12‘?- : o . "‘ N

\-

s ] ' ' -
aichit occur. In cyClohéxaneL*B’l.29 the lésé of etﬁylene
oririnated from the cyclic parent ion L; 51ngle bond chagage
iechanisms . IIﬁmeth¥1°YClOPentahé129 some 80% of the cthjlenc'
carbons originated from the ring. In mOthleyClohoxan012) the
Ié@ntr;bd%ions of various partg.cf the molecule to LEHJ formation

can. be estimated: - R S S

.
) o - fl .
o 1455

r

The percentége figures indicated the 6peration cf a significaut

loObODe effect. This conclu51on was based on deutcrlum retentions

in uhO lesultant C5Hlo ions from d—al—, 2 d - and qwdl—methvl~.
129 : .

cyclohetane .

(C) The (CEH5)+.ions, m/e 41, (m—c-ﬁ5)+ o /

@
[

"The Co H5 1on, m/e 41, .in methylcyclopentene and cyclo—
hexene 1is malnyg due to (M'th5) . The 70 ev mass ‘spectra oi
1-d l—methjlcyclopentene and l dl—CJclohexene JlEld 1:1 ratio for
the:ions w/e 41, (M;CBH D)ﬁ, énd m/e_qa,_(m—05H5)+ correspondlng.
to m/e 41 for the unlabelled compounas. Random lbés of hydrogen

alsa requires a ratio of l:l In both cases. \In‘l-dl—cyclohexene

’, . . \
however, specific loss of CBH5 or CthD also woulé give a

(ii-C4lig)

be ruled out because in th mass spectrum of l,j,B-d-ecyCIohexené

+:'(M78§?hb)f ratio of 1:1. THe latter possibility can

Cm/e ”“fﬂ C 5) was cbserved; this regulres randomlzatlon of =

-

ar

P

e

-



: ‘ e
“nom/e 42, (M—C H5) y from the labelled compound 1s shown in
“ yclieme 1. Here as in the case of the (M Ct ) process, thea .
nethylcyclopentene molecular ion is. proposed to 1somerlze to
that of a cyclohexene molecular 1on, follow1ng the same mechan—
ism, . bofore or during loss of the (C Hg ) species.

(D) The (M—H) ions,-m/e 81, (CGHB)

'The loss of a hydrogen atom f om the molecular 1ons of
both 1somers gives rlse to a flat topped metastable ion peak
with a small energy release of 0.05 ev. Theor tlcal and
e\perlmental shape comparlson of flat-topped getaotable ion : Y
pealis, fﬁ?plned from hydrogen atom loss from these and some s |

. -

other hydrocarbon molecular 1ons has heen a subJect .of study
128

by holmes and Weese in thls laboratory Bath (M H) _1ons

'

fragment by 1051ng ethylene to give a mlnor fragment ion CqH5u,
conllrmed by the presence of the approprlate metastable ion -

peaks. ‘The first.field-free metastable ion- peak abundance'

ratios for (F— ,'—C H ) and (}M-1, —CZHqD) in the mass spectra "35

‘:foi 1- dl—cyclohexene and 1- dl-methylcyclopentene aré 1.32 and
1 25 respectlvely. The random loss ratio. is 1. 25 :
m.}h .
o (E) hlnetlcs of the formation of m/e 5, (M—CEHQ) and o

"l

]

" m/e 6?, (M—CH3)+ for the.mass spectra of cyclohexene

. and methylcyclopentene

o

oaha—s

in the massfspectra of c;clohexene, the formatlon of I e

-(H—Caﬂq) “ion 1nyolves only dlrect bond dlssoc1atlons whereas

the formatlon oiffM—CH ) on 1nvolves extensivetlntramolecular- e

]
rearrangementu These observatlono for the two processes can be

-

a
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explalned by employlng the. general consequences ofﬁguasl_ C .;\>A\-;?
Lqu111brlum Theoryl54 155

The dlfferences between hlgh and low energy spectra 1Q -5

LA30- oo T

- L .

[

terms of the Qua51-Equ111br1um Theory have been frequently

expressed in the recént llterature 56 In partlcular the e

property has often been e

tend. to predomlnate over

mployed that rearrangement reactlons d

dlrect cleavage reattlons as the electrony,-ﬁ
ir

energy 15 decreased Thls prlnclple may be exppessedl37 in-

terms of the 81mpllf1ed e

(equatlon l).

.k

-~

' where E 1s the 1nternal e

‘the act1Vat10n energy ;vs

order rate constant and S

quatlon of" the Quasl EQUlllbrlum Theory

=

h lo/
q -

=V<._._:_.Eﬁ_> i esise e ..”....ﬁ.(‘I}:, o
E - . & ‘l-. -

e

nergy of the spe01es reactlng, Ea.iS‘

‘r

the frequency factor, k, the flrst }

1s the pumber of effectlve harmonic —

F

oscillators in the decomposlng ion. L;‘ S

For cyclohexene at low electron energy, . the ratio

/k is 18,

are the rate constants fo

'respectlvely from the ‘¢yc

of the abundance of metas

free reglon (between the

is the low- energy precurs

. - & -

(Flg lb), where k and k
| "(M-~ CHE) (M CZHA)

o

r the elimlnatlon of CH3 and Ca T
lohexene molecular 1on Measurements
table tran51t10ns in the second -field

electrlc sector and the magnetlc sector),

1ndlcate that at ca. lxlO 6sec, k(M CHa) for m/e 6? is approx1mately “
3

'300 tlmes greater Ehan that for k(M—CZH y' for m¢§ 54 Sihce-lt

or ione whlch undergo metastable ion

r
L



decomp081tion and glve rlse*to normal Lon pgak's, at low'eleotron

<)

-energles, the observatlon of 1ntense metastable and normal 1on
‘peaks at 1ow ev for methyl loss from cyclohexene and the comparaf
. able very weak mefastable peak and normal peaks at 1ow ev Tor
ethyxene loss correspondlng tb dlrect bond cleavage, 1mp11es
that-the former process has the lower actlvatlon energy. Llectron
. 1mpact appearance potentlal measurements for cyclohexene conflrmed
tnis. The actlvatlon energy for the formatlon of (M C H )

was:about 0.5 ev %1gher than tha't for the fbrmatlon of. (M—Ch )

124: 121 This is 1n greement ﬂlth the Qua51—Lqulllor1um

e

Theory pred1gt1on

T

It should De noted'that the frequency factor for a -° o

:typlcal 51mplo cleavage is. hlgn and approaches the bond v1bratlonal

lroquency, whlle that for a rearrangement is low. However,:

i

- accordlng to equatlon (l), the lower actluatlon energy for 1
) rearrangement reactlon way offset 1ts low lrequency factor.

Thus the comblnatlon pf low E andjj? typlcal of rearrangements,?
™ results 1n a much sloWer rise. of k w1tn E. than is found for
qolrect bond cleavage fragmentatlon Qs@éh*rg 9)., In cyclo~
hexene, loss of an ethylene is" expected to have hlgh frequenCJ
iactor while loss of a methyl radical (follow1ng extensive

r.

b rearrangement) should have a low frequency-factor. The precedlng
4 factors account for the‘lmportance of, direct bond cleavage,.“Le. -
e»hylene loss, comnared to rearrangement reactlon,‘l.ei methyl
radlcal loss from cyclohexene molecular 1on at 70 ev. :
Another important consequence ‘of« the Qua51—nqu111br1um
: Theory postulates‘and the" effect of E and))on reactlon rates is
’ . . , '

- . l, ] o
..

. . - . '
i o . A TN
- " o . .
& . ¢ . . N
B N ¢
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thau hydrogen scrambllng 1s a Low E /low u process. Hence.a
rapid process such as dlrect bond cleavage can hardiy be accom;
.lparled by hvdrogen randomlzatlon though thls maj be e&ten51ve

- or complete durlng slower fragmentatlons. Thfs conclus1on can
be. 1llustrated with reference to the 1- dl—cyclohexene spectrum
studled here (Table o) Rapid. ellmlnatlon of ethylene (1on
source generated fragments) from 1l- dl~cyclohexene, a retro Dlels—-
Alder reaction, involves the loss of a hydrogen atom at some, 51te o
other.than CS and C (see Table 6 70 and 12 cv), but scrambling’
is slow.and thus'ls 1ncomplete. Metastable ion ‘peak measure-
ments, however, indicate that H/D scrambllng is completo before

loss of ethylene takes’ place. In other words, the rates of H/D

‘*scrambllng for the above low energy spec1es are enhanced o a

greater degree than thefrates of the ¢limination roactlons
Another pred1ct10n u from the Quas1 Loulllbrlum iheory

is that the.prlmary deuterlum isotope e:fect in mass spectra -

increases with decrea51ng 1nternal energy . Moreover an fsotope

hoflect is 1mportant in rearrangement reactions. Yor direct bond

cleavages however, 1sotope effects are usually nn51gn1f1cant

.This 1s observed here. For l~al—cyclohexene, it is found that

.‘thore is no observable 1sotope effect operating on the loss of

> ethylene (direct bond cleavage) from the molecular ion, gven in

' uheriirsg/flelo Iree reglon “However, the 1sotope effect

' operating on the losa.of a methyl radlcal (a rearrangement
process) from the completely scrambled ion 1ncreases w1ﬁ/’
aecrea51ng internal energy. (l 00, l 05 and 1.20° 1n the 70 and

12 ev ion sources and the first field- Iree reglon respectlvelj)

4
A
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rhe same trend can be observed in- the l 455 5- d-—cyclohexene
compound (also Table 6). Simllar observatlon wae . reported ror . /ﬁfﬂ
the losses of H and D from the molecular ions of deuterated
b‘ toluenes and cycloheptatrlenesa._ o : L i
Contrary to the fragmentatlon mechanism for the mass
- swcctrum of cyclohexene, normal peah helght measurement indicates
that in methylcyclopenteno, (M Caﬂg) ion is relatlvelylmlnor,.

bccause a retro Dlels-Aldor reaction is not operative.’ The

\a“'allormatlon of the (M—CH ) 1on however, involves mostly dlrcct

na\alssoc1atlon from the. unscrambled and unrearranged molecular -
jon. At 70 ano\lgxev, the (M-CH )/(M"CEHQ) ratios are 20:1 and

100:1 respectlvely The\relatlve metastable ion abundance ratlo

for the (M- CH ) and (M CEHA) processes is found to be approx-

imately 250 1 (second fleld free reglon9 These iBsults indicate

~+
that the methylcyclopentene molecular 1on may exten51vely

roarrange to the cyclohexene 1on, before or durlng tie loss of
'ethylene ‘ The activation energy for the cyclohexene ion formatlona5
irom the methylcyclopentene molecular lon however, is large_,
compared to the actlvatlon energy for the elimination of ethylene
from the,cyclohexene ion produced by rearrangement. It is also

Hﬁggerzthan the activation energy for the (M—CHB) process

'}(direct bond cleavage) .

S~ THE MASS SPECTRA OF

CYCLOMEPTENE AND 4-METHYLCYCLOHEXENE

R

b

. This mass spectral study of‘cyCIOheptene anirq—methyl-

cyclohexene is an extension of the homologues of cyclohexene and



"“;//;,//’5"-135-' B

i

-

methylcyclopentene descrlbed in the precedlng sectlon‘ lThe-r
‘_chlci purpose of‘these experlments qas to dlscover what. s1m11ar~
1t1es could be observed in their fragmentation mechanlsms and
tne energetlcs thereof The problem of atom scrambllng has been
con51dered in some detall w1th regard to the distribution of
normal and metastable 1on peak abundances in labelled compounds

- The. 70 and 12 ev mass Spectra of cycloheptene and
i~ methylcyclohexene are shown in Flgs. lOa and lla; and l2a’
[and 1l3%a respectively. The ?O.ev mass spectrum of the‘ugmethyl-
ﬁ_cycloheXene is in,éood agreement with previously‘tabulated
data151 138 | | '! | o R
. The same fragmentatlons for both iscomers appear to take-
place. This is conflrmed by metastable transitions as shown in
Table 7. The relatlve abundances;of the major peaks are’ however,
different as is clearly shown in Flgs 10 to 13. The primary
fragment ions from ‘both molecular ions are (M- CH ) (M—02H4)+',
(1-C,tig) " (H-CRHE) ™, (=G JHg) " afd (- C5H6) ", This s shown
in the 12 ev. mass spectra in Flgs. lla and 13a. 1- dl-cyclo-
heptene” and 1-d -4 methylcyclohexene were. prepared and their-,
70 and 12 ev mass specira were examlned in order to determlne
fragmentatlon pathways and ‘ion structures in detail. Their 70
and 12 ev mass spectra are shown as Flgs 10b, 1llb; 1l2b and 13b-
respectmvely For. ease of comparlson, ‘the behaviour of fragment
" ion formatlon from molecular jon generated from.both isomers

-\

will be. dlscussed together | T

. . . .
‘a L
+
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'lable ?. Metastable ;‘.é peaks * observed An the 70ev

mass 5‘pectra of cycloheptene and L;-methylcyclohexene -
. ] )

s

-———— \
.

Relative abﬁx;danc'e- (?Oev)._,_.‘

Genera’f:ing__ fragmenltati.on m‘m/e‘ | Lp—m'ethyléyclohe'xene" Cy.clohq\‘ptel'}'i;\m
07312 * > gy * CE5 . 68.3 Lo w3 _'30;5_ '-
7h12 > CgHg T+ GE, 8.2 L T X I
c?le te 05157* _J+ o2N: 46.8. - | 19 -
C?Hll +  cg) + G, B R R
C?Hll o 5H6+'f 8235' 45,8 ST 05
. C7H11+ - .\C.? 9 T | ) 91.Oa ) - 55 19 | m
| C?’Hlo“ e 5Hs + CoH, i k6.5 o 19 1..Q B |
| c‘?Hg. L% ocmt e E o 89.0% 24 L,
Cy ™ Gy *Ep 77.1% 47.1 oA
: C6Hn5+ - ‘. L; L:.-*"'Caﬂa 34 7 ‘'~ 1.0 . 1,0
Cls > Oy 3 *CH, 338 . - 1.0 - Le
e I R
CsH,; - 0535"? * Hy 6302 10 FR S B
05H7+ N . 03H5+ + CoH, 254 1. | L9 '
%H,; - "C-'H; 2 o279 . 3.8 _ 6.2
c,Bg T =+ C3 3 + CHy  28.2 R
Cyli; = Gy 4 "+ Ho 5150 1 38 0 52
CE; - O H Ka® L9 1.9
CES - GgHy tHp . 37a° 2929 :
**Méasured by a baly de‘t‘ectoi- (‘MS 9025), s_?e Chapter_l'-_*\f(pp.‘ 8-10) ]
for descrlptlon B , | i _ ‘—

2 nFlat top" metastable :Lon peak’



(h)‘ The C6H9 ion, m/e 81 (M CHB)

J_ag' Table 3 presents the observatlon on daughter and meta-

stable 1on peaks for 1- dl-cycloheptene and 1-d: —q-methylcyclo—
hexene. hor cycloheptene, all hydrogen atoms have lost their-
idcntity ThlS indicates that considerable rearrangement takes

place before the methyl radical. is lost For.l d —h methyl-
cyclohetene, relatlve abundah\egﬁ\f ions m/e 82 and 81 at 70 ’ f
and- 12 ev are 7.0: l 0 and 6.0:1.0 respectlvely Moreover, the' ft,‘
ratio oi. their generatlng metastable ion peaks from M is ﬁ
10:"L. Complete. hydrogen randomlzatlon requlres a ratio of >:1. /
These results indicate that at least 37% of the methyl radical

orlglnates from the substituent. The mass spectra of labelled

1-methyl-d- —cyclohexene has been studied by Stark and co-workerle?

~who found that normal peak measurements indicated only 60m of
methyl radlcal loss was due to loss of the substltuent The

other-ho% was derived from'an internal carbon atom.- ’.‘ ik

/

. / ‘
The- behav1qpr of the low energy, metastable iOn generating

molecular ions of cycloheptene and 4—methylcyclohexene,ere worthy

f

of more attentlon. Careful study of the defocused metastable
ion peak shapes for the (M—CH ) process 1nd1cates that both |
compounds have the ‘same proflle Also they all have th things
rn common .. Flrstly, they are very broad at the sklrts such that
values of nof 1 5 or less are needed in an expre551on of the

(o]

1
form 20,

n=e?V B NE LS eosfenansioneennnnns (2).
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A -"/ } .
. 'aVTaQ"le 8. "_,!
hormal and Metastableb peak inteﬁsities for methyl'
' radlcal Ioss n “the mass spectra of labelled
: cycloheptene and u-methylcyclohexene f '%; e , -
L .
. 1—d1-4-methylc§clohexene ' ‘l-dl-cycloheptene e
' (> 98/.7-d - €9 6%- o
" Ratios _ - _ o . Ratio .
: . . * -1 ’ i - .
m/e ___E;e__gk__g__ m. ~-Random . Peaks ‘m  Random.
__— 70ev - 10ev -7 ‘ : ?Uev T0ev L o
lar | 1.0 1.0 2.07- 1.0 | 1.0 20 10 T0 4
(a) Correctlon for 15¢ and unlabelled contribution. -
10.
(b) Metastables separated by the metho& of Jennlngs G
".::': ; . o3
N
- y
o e - 1
! ) . T ;
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w-its cofrespondlng w1dth andfaand n are constants- Sécondly .

' ;the value of n whlch flts the base proflle is much 00 small'to

fit the proflle above the half helght The observed'proflle 1s

, This. suggests that the mehastable generatlng molecular i ns
of the two C,7H12 isomers- rearrange to at least two common
ctructures before methyl radical loss. It is p0551b1e that one

.Lof the- common structures in cycloheptene amd q—methylcyclohexene

.LlS a methylcyclohexene molecular 1on which fragments by dlrect

'bOnd cleavage, losing the m hyluSubstltuent In cycloheptene,

. the molecular ion has &o rearrange~exten51vely to form a’ hethyl-
ciclohexene molecular ion?’ Durlng.thls tlme complete H/Q

; ) bllng will have taken place In Q—methylcyclohexene however
- gthere is only partlal\scrambllng 1nothe molecular ion before or

/durlng direct bond cleavage for methyl substltuent_eJectlon.

This observatlon is 51m11ar to that obtained from cyclohexene
d .0
and methylcyclopentene We also propose that oné of the common

struptures for the (M- CH ) process 15 the methylcyclopentene

MOlecular 1on in 'which dlﬁect bond cleavage occurred and the‘
C,

methyl substltuent ig egected -7 Ty

Dlssoc1at}on of C6H9” S Con S .

I

i -
. THe major fate of the 06 ; ion.is to dlssociate by loss

“of a hydrogen‘molecule - It glves ‘a°flat- topped metastable ion



- .‘ | L R SR : -A‘.-O SR :
‘ o o ' LA e
.pcak (m —77 .0). The average energy release a85001ated wlth the
. ‘\_.’-

r

unlabelled molecules was calculated u51n5 the wide - of the peah

" at. the "horns" and subetltqtlng in the approprlate equaf;a.onlz8
v
‘ ”he ‘energy release was estlmated torbe 0.40 ev, ThlS valueaié
naepcndent of the precursor molecules (cyclohoptcne and L— methyl-
_waclohexene) ) The LGHlO 1somers, cyclohexene and, methylcyclo- - _Q
pentene also dlsplay an 1dent1al "ilat topped“ mctastable “This -,

the constancy,. of both energ} xelease and shape as descrlbed
WO

‘above is further ev1dence in support of ' a common sp001és, b6H; .i\;m,
The rclatlve abundances of metastable 1on peahs for the loss df "':“

hydrogen “molecule (H and HDT“fxom the Céﬁb ¥ ion : from both
i- dl—cycloheptene and lhdl—q—methylc§clohoﬁ ge were measureo |
-ihey were found to be 5 0: l 0 and 5 6 .0 respectlvely by area .
.-measurement ‘ These 1nd1cate an_lsotop= efiect of 1.45 and l 60

) rcspectlvely 1f complete hydrogen Scr mbllng has tahen Dlace

G

.'(complete hydrogen scrambllng requlree a ratlo ofl p 5: 1) Thlr
|
©is typlcal of hydrogen atom or hydrogen molecule ellmlnatlon

from hydrocarbon 1onsﬁo R ' o

" ~.

Another secondary dlssociation of some interest.is

the process, - " , | R AR - -
¢y g HE ¢ ClE L
. gl — W 5 . 4 . . . -
y . ‘ . . ; b' ‘ ' | \ -

The first field-free regionfmefaeﬁab e.ion peaks forﬁl—dlr;1< ¢

\.- .

+

cyclohexeneiend'l—dlumethylcyclopentene are ip the ratios

l .52:1.00 and ll25-l OO respectively -. Thls isrcompatlblewﬂiﬁh\

<

uhe random value (1. 25 1 OO) Similar resultuiwould be eﬁ%ecteo

L ]

in the present case 0of 4~ methylcyclobexene and cfclohcptene




f _
. Dlssoc1atlons of the molecular 1ons by ethylene,

o ethyl and ethane 1085

- ‘;‘ The 12 eV mass spectra of cyoloheptene and 4- methylcrolou
holene are shown in Flgs Tla and 13a respoctlvely Under tﬁbsc
conditions, peaks arlslng from secondary fragmentatlon are .
cssentlally absent The_former conpound shows throe major peaksxsh
.;JN the m/e 65-68 clustor 'namely~m/e‘6o (m-c ) ‘m/e 67, 1.

(u—62u5) and m/e 66, (M-C H6) However, for Ly— meth)lcyclohtxone,

;'on]j the ilrst two processes are 1mportant It uould apoea;.lhat
nese processes may necess1tate con51derable rearrangcment beioro.

frarmentatlon“i Tqble 9 presents the observatlon on daurhter and

metastablo ion. peak for the labelled compounds for thbse throe

l ‘processes For cycloheptene,_all hydrogen atome/have lost thelr 3
~fldcntity This 1ndlcates that for tﬁese threo fragmpntatlons, | Sﬂa!
exLenslvc rearrangement takes place ‘before ethylene, ethyl and
,ethane‘are lost ormal peak measurements for 1-d -4 meLhyl-

'chlohcxene~1nd1cate almost complete and 1ncomplete scrambling

~of- hjdroren in the molecular ion before the loss of ethyl and [

) Al
c»hylene respectlvelj The mechanlsm 01 formatlon, fragmentation‘?”
‘bclavlour-and structures of the dons ybﬁq and. Cbﬁ/ will be‘
Hdcscrlbed separatelj as follows. |

lhe b H7a10n, m/e 67, (M-C H5) _l - S : re

The L H.7 ion is promlnent in the mass spectra of cyclo-
i

ncptene (base peak) and L- methylcyclohexene This ion 1s also

- base peak 1n the mass spectra 01 all CBHb :LsomerséO ano also.

Cjclohexene' ethleJclopentene and cyclooctene. It thPS
. , “y
° represents an 1mportant speCles in such ] H2 2 homologues

— . }

2l . ,; . ‘ - \



Normal . and- hetastablﬂ

peah 1nten51t1eo for ethalene,

;-? ethyl and ethane losses in the mass spectra of
§
\ 1-d%n4-methylcyclohexene and‘&—dl—cycloheptene
AN -q-methylcyclohexene B l—di-cyclcheptene |
& (= 9056-d, )/ L (R
N .“‘ . ) :
' Ratios . . | . Ratios
' .Peek3n . . m* 1 - Peaks S m%
‘ ‘ : _ . . - S
n/e. 70ev . 10ev 1oev « 1
69 ‘12.4 9.1 -55.4 21e
67 15‘,2 7 | 58,6 47
T n.o | 45 8.0 - 1L
_‘|/ :;7‘ ’ | . ) h i . ‘
ﬂ ﬁ(a). Correﬁtlon for 1’0 and unlabelled conﬁrlbutlon.o
l .
(o) Metastablesseparated by the ‘method of Jennlngs .
_ S L N,
(¢c) Yot observed :
. ‘ 'E"-..
’ %
. 1
- }"1 v
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-
i“bcrefore, 1nformatlon as to 1ts structure aﬁ& Iragmentatlon /;>-
,'\ o oonaVlour is clearlf desirable.” For both cyclohoPtene and |
u methylcyclohexene (normal peak data), all hydrogen atoms
'nuvo lOot thelr 1dent1t3, show1ng that ekcen51Ve rearrangcment
'_cghcu piace before ethyl loss. A reasonable. route to this, 1on
@juoulu 1ncorporate an allyllc cleavaﬁe followed by a hydrogen
atom Lrunoler to Iorm the ethyl group whlch could then be lost
y By diroct cleavage;' ThlS mechanlsm was favored by Klnstle and
Jotarkl?? in- tholr scudy of 2-methjlcyclohexene

e

LL ‘has "bheén found that Lhe heats of formutlon of L5H7

ton gonerated from CoHlO precursoro (two oi them’ belng cyclo-
o _hexene and mothylcyclopentene) by methjl radical loss are all
196‘2 kcal/moleljg.- The daughter ion, 5J7, thus aopears co
be a common- ion at threshold The hoats of formation of C5ﬂ7
ion geuerated‘from CSHn molectles by hjdrogen atom loss however

wote all 21022 kéal/moleoo.

This sugoests the pOSSlblllty of
a hlchor enopby spec1es than that oboorved in the study of ;
C. th molecules It would be 1ntorest1ng to study the heats. -
of formation of C H? ions produced from Lhe hlgher C th 2 |

o homologues.

Dlsgoc1atlons of C5H7

: The ma jor dissociation pathway for thls 1mportant ion

1

lu Dj acecylene loss (m 25. 1) Holmesd has studled thLS\\\\
d

proceso in the mass spectra of four C5h6 isomers. He fao
Trom metastable ion. Luales of labclled molocules, that acetylene

' los¢ 1nvolved complete hydrogen aton scramnling in the ion orlor

to dissociation. It is not unreasonable 10 expect that elmllar ]

f




observatlons can be obtalned in the mass spectr 'of methylcyclo_'

'_'pentene, methylcyclohexene, cyclohexene and cycl heptene Studled

.b.

in ﬁhis;work.
80

Holmes®® also studied the process

[ ]

CoHb = CoHL +
sty = C5i5 ‘Ha;

for thls 1on Thls endothermlc reacti A ' + - e
action ( Hf 5 5. AH C5H7“

.,25@ - 210"44 kcal/mole) is accompanled by a dlgged flat- topped

metastaBle ion peak The energy release was estlmated to be :
.12 ev and was 1ndependent of the precursor molecules (spiro-

pentane, cyclopentene, plperylene, lsoprene, methylcyclOpentene,

e
‘methylcyclohexene, cyclohexene and cycloheptene) The constancy,

of both'shape and energy release as descrlbed above is evidence

‘in support of a eommon d155001at1ng speC1es 05 f. The first

field free reglon metastable 1on peak areas for the (C5H? 2)

process in 1- dl—cyclohexene and 1- dl—methylcyclopentene are in

_the ratlo '5.00: 1 OO and 4.57:1.00 for loss of H2 and HD respect-

1vely. This is greater than the random value (2 5:1 O) 1ndlcat1hg

_an 1sotope effect of L. 8% to 2. 00. Bésldes, these metastable

ion peaks are superlmposable upon each other. This is.further

'ev1déhce for.a common structure for the C5H7 ions. 'It is

‘worthwhlle to emphasmze here that there are at least two types

of C5 7 ions. Flrstly if a C5H? ion is observed as an ion
generated in the first fleld free reglon, then 1t must have been .
produced from low energy C5H8 or C5H7R spec1es (R= CHB’ Hé;;r

3 ?) Secohﬁly'if one studies the ttp processes




Coly . < o
519 ,C5H5 - -
,'.a ‘ . , | L ‘ - . ] -
© these LbH7 ions must have involved appreciably hlgher cnerglcs

in their formatlon in order that thelr dlssoc1atlons can now be
1

ocen in tho flrst field-~ free reglon

lhe L5H0 ion, n/e 6 (M- C )

Table g lists the-appropriato observations/eﬁ/aaué;;er

ions and metastable ion peaks for 1- dl—cvclohepteno and 1 -l -4-

rothvlcvclohetene Por cvcloheptene, all ‘hydrogen atomo have

losi’ Lhelr 1dent1ty ' This suggestg that for this fragmentatlon‘

-

conclderable rearrangement takes place prlor to ethylene loss.
Jor quethjlcyclohexene hg#ever, scramollng of uydrogen is not:
éooplete'before or dubing ethylene ss. Kinstle and'stark in
‘their study of the. mass speetra of varlous labelled. 2—methyl—
cjclohehenes22 proposed that alljllc 1somer1zat10n of the |
2- methylcyclohexene molecular ion to 3- and 4—methylcbelohexene

ions preceded dlssoc1at10n - It was also suggested that the, .

2 metnylcyclohexene and g-meuhyleyclohexene ions undorgo a

retro Dlels—Alder reactlon by 1051ng ethylene, in‘a ratlo 01 S

apprcx;mately 2 l Another route however, which 1ncorporates-
an allyllc cleavage followed by ethylene loss Cannot- be ruled

.out.

L)

Y DlSSOClatlon o; C5H&

o f
The magor d155001at10n pathway 10r thls ion in Lhe—mase

opcctra of these compounds is by hjdrogen atom 10~5 becond




At

o : _u7._ . ff-r5o;ﬁ e f B e
.111eld free metastable ion peaks observed from an’ A E I Ms'goésﬁ.‘
1hstrument are roughly of Gausslap shapo Holmes80 has studied
this process orlglnated from the’ molecular 1ons of soue LDHQ'
hydrocarbons, u51ng a 51ngle focusing nltachl RMU-6D and an
ihug,l, MS 9023 1nstrument equipped wlth a 5-sllt ¥iith the

- lormer 1nstrument these, metastable 1onfpeahs were agaln roughld
- of Gausslan shape W1th the latter when cbserved by the

110

accclcratlon voltage scan method under condltlons-of good

crnergy resolution,pthe.peaks were found to be of the '"flat-top!t,
“variety. ’ A

(C) hapld dlssoc1at10n of “the molecular jions ”

The.12 ev mass spectra of 4-methylcyclohexene (llg lga)
axd cycloheptene (llg 1la) show twowmaJcr peaLs in the m/e .
- 150-55 clustcr, namely mfe 54, (M-C h )“ and m/e bb, fh C hb) .
’The former spec1es is the predomlnant one. There is no stro%g
uetastable 1on peak - correspondlng to eir, formatlon Trom h -
or (- l) Thus it is concluded that loss of propane and L h5
radlcal takes place rapldly in the 1on source In order to help
1eent1fy such processes, low eleccron energj mass spectra (12 ev)
uere examined . ' Under these conditions few peaks arlslng from,
‘secondary fragmentatlon are present |

The behav1our of 4 methylcyclohexene is less clear cut

than that of cycﬂoheptene. in the 12 ev mass spectrum cf the
unlabelled 4~me{hylcyclohexene, the relatlve 1ntens1t§es of 1ons
'_m/e 54,-(M-C H6y . and m/e 55, (- C. H5)f are approximately 5 1
(after 50 correction) . In 1- d —h methylcycloheyene under
similar. condltlons, the relative abundance of m/e 54, (M- . H D)

“*which shows complete H/D randomization, before or dur1ng the
loss of C3H5 and G3H6 species (see Fig. 1b)



/e s 55, (M-CxHg) and (4-CH, D)7 'and'm/e‘l56, ('I“‘.'.(.‘BHS)JE'

are 1.00:5.00:0. 78. . In the absence of any'isotope'efféct,fof ;
_these iaet processes, the relative peak ratio (M- C ‘H D)

(“—b h,) , and (M-CHH D). (M- . hb) are 1.00:4. 65 ahd

L. OO 2.25 respectlvely Random loss both require 1l:1. ~Thi°.
lndlcates 1ncomplete scrambllng of the molecular ion beforel
¢issociation, w1th or w1thout an 1eotope efiect. .The single

deuterium attached to oleflnlc cafbon thus appears to be

»proferentlally retalned Klnst'e and Stark in their' study
_0r the mass spectrum of 2—meth‘lcyclohexene 127 proposed that “\'
: the 2- methylcyclohexene molecular ion rearranged o qemcthyln
.0jclonexene ion. Thls 1on ‘was then expected to uncerno a retro®
DlelsuAlder reactlon to produce a butadlene'CQH6 radlcal 1on
oJ 1051ng the orlglnal methyl substltuent This is con51stent
';w1th the observatlon that the spectrum of the CDB—compound |
eAhlblted an m/e 54 peak but no m/e 57 peak _Dur prcsent resultu-
confirm thls propo' l.; The Tragmentatlon patteras of 2 methyl- L
- cyclohexene and methylcyclohexene were extremely 51mllar to"s
that of L= methyl yclohexene studled here However, the 1nteneltyf'
of ChH6 -, m/e 5k, (N C. H6) 1rom 4 methylcyclohexene was .
roproduc1blj larger than that of m/e 54 from the other two
‘loomersljl. hlS 1s con51stent w1th l,;—allyllc rearrangement

-1n the molecular 1ons The~ peak ratlo (H C. h6)- (m—C5H5D) of

h (511 OO lndlcates that about 189 oflthe olellnlc“Cl deuterium

'

' -

of the uecompoelng L— methylcyclohexene molecular ion has
”ﬂrambled to C-h or C 5, prlor to the retro Dlexs—Alder reactlon

for the formatlon of butadlene rad1ca1 ion. AR

\
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(D) bummary and conclu51on

Althoush the mass spectra of “these two C7 12 moleculeel f e
are suporflclally 51m11ar, there are some fast frd@mentatlonsf - -"
of the molecular ion of’ Q—methylcyclohexene whlch reflect ground |
state. molecular geometry These are the losses of methyl,

ethjlcne and propane All- fragmentatlons of the molecular ion

of cycloheptene, hs. well as - ethyl and c. Hb losses lrom the

uolecular ilon of q-methylcyclohexene 1nvolve complete or almost

comploto hydrogen aton scrambllng The fn@gment 1ons CBH; and
LJ o from ‘both molecules each .pass .through a, common 1ntermed1ate

,'prlor to dlssoc1atlon. The chlef evidence ior the above conclusloncg

‘came from detalled studies: of metastable ion peak abundance Qpa

”shapes in labelled analogues. . ~

1 -
—~
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ZOuherulse stated all spectra wewe }un at- 70 ev. amplesKWere =

';lNuPOdUCGd via an“all glass llqu1d41nlet system. This .and the

.three to four such treatments.

. vere determlned.. , ‘ . .-

153~

-

APPEEDIX I - e
EXPERIMENTAL |

ALY mass-spectra were obtained using an Hitachi'Perkin-

slmor RnU 6D 1nstrument Metéstabie defocuSing siﬁdies were

‘carried out on a RNU 6E or an AET MS 9025 usznv the methods

uoscrlbed oy’ Klser et allqo and. JennlngslO rospectﬁvcly. Unless

a4

A
1

'Vron oource were malntalned at temperatures below ;O C to avold

thermal decomp051tlons.h“ - o - .

L

: Deuterlum 1abeld1ng

Y' .-' . l‘. . .
Whenever materlals labelled w1th deuterlum in. a’ throxyl @Qa

" or a CarbOXJl group weré@halyzed tHe 1nstrument vias previously

“deuterated” by 1nsert10n of- QEO through the 11qu1d Lnlot systom

" prior to and during analysls ~ This mlnlmlzed exchange ulthln

the 1nstrument and thus - assured hi h percentage labelllng To
deuterate ‘the hydroxyl or a carboxyl group, the sample was

dlssolved in D 0 (warmlng if requlred) and uhO solvent subsequently ’

\

_romoved under vacuum. Good labelllnc uas usually obtalned after’

[
- ' !

Sample purity 0

All prepag}d liquid samples were purlfled ilrst by

alSulllatlon according to the procedures reported in the litera-

‘uure descrlblng the partlcular preparatlon ALl compounds were

purlilod by gas- quUld chromatography before. theié mass spectra'

- g : | T e
S, - : ] . ’ o t. . R . . " '



ase-
S | ‘ . . ) ) T ' ! .

. The purity 0£ labelled compounds_(deuferium_and 15Cj -
yas detefmiﬁed from the shift of the_molecnlar dr other suit-
able fragmént ion peakS'(where the moleculan ion peak i§'. |
absent) . |

[ 1

Neopentyl compounds

‘neopentyl alcohol and its 1,1- -4, analogue were prepared by
'} rcductlon of plvaloyl chloride wlth LJ.AlHL+ and LlAlJ
respectlvely

| ;:_'eopentyl-l ¢-1,1-d, alcohol ‘and neopentyl-17C alcoiol were

prepared by rgactlng t<butyl llthlum w1th13002 iollowed by
X reductlon of the acid w1th L1Aqu and LJ.AlHJ+ respectlvely 41.

ealeopentyl bromldes and chlorldes were prepared by treatlng

the approprlate alcohol with trlphenylphosphlne dibromide
. and dichloride respectively_ln dlmethylformamldel%z_

. ‘ ) . . +-. .'
. : . CqHSX “dons

i

Z—Bromo—l—dhloro—2-mefh§lpnopane and its_l,lfda analogue:
fr2- metth 2= propen—l ol'and itS'l L-délanalogue_were
prepared by reductlon of Z—methyl 2-propenyl acid with
L LiAlH, and LlAqu respectlvely The alcohols “were, then
: reacted with trlphenylphosphlne in excess carbon tetra—:
chlorlde (25 C 2 days) to produce a~methyl—a '

' chlorlde and . its labelled analogue 143

hBr'ln glacial acetic ac1d yielded tzganOQu ts requlred 44

—thoro—a Z-dlmethylpropanol and its 1,1-d5 analogue were.

‘prepared by reductlon of p chloroplvallc aqid (Aldrieh) '

witn'L;AlHq'and L:.AlDl+ reepect;vely.
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-chhloro~2 2- dlmethylpropane and 1ts l l d2 analoguo

”ll)
vere produced by the reactlon of trlphenylphosphlne in -

excess carbon tetrachlorlde (25 C days) with 3- chloro-

2,2~ dlmcthylpropanol 45 S .'

'1- Lromo ; chloro—? 2~ dlmethylpropane and lto 151 d analogue.l

were produced by the reaction of trlphenylphosphlnc
dlbromldo in excess methylene chloride (Zb Ty 5 days)- wlth |

% chloro—a 2~ dlmethylpropanol and its 1,1- d analoguo

respectlvekyﬂ e ~ - ¢ : -

analogue were formed, by adulthh

'gﬁBromobutanolhand its 1,1- d2
iz crotonic .45

A\
of HBr (goo HBI in gla01al acotlc ac\d) to

followed by reductlon of the bromoac1d wlth LlAlllL+ and

1 ) ] - B - L

LlAlD rospectlvelj -e

—Bromo-l ohlorobutane and 1ts 1, l d2 derlvatlve were produced

by the reactlon of trlphenylph&pphlne in etcess carbon

'tetrachlorlde (Zb.C 3 days) w1th g—bromobutanol and 1ts -

7
l 1- d2 analoguéjlespecﬂlvely 43

: l Bromo-a chloro—2 methylnrOpane was formed by the reaction'

of trlphenylphesphlne dlbromlde in excess methjlene chforlde

(25° Cq 5 dajs) with 2-methyl- 2- propen -l-o0d qu its 1, 1- d,
. analogue respectlvely, followed by the addltlon‘of HC1 in
glac1al acetlc acid (25 C, 14 dafsb.

P

L : chlorohydrlns and chloroac1ds

Lthjlene chlorohyarln (2- Chloroethanol), 9G%: Aldrlch Chem Co.

as prepared by - the reductlon of -
\ v -z;r‘éfd :‘ i

4 o r . ~TAALD, . _ P .

' chloroacetic acid w1ph.L. .‘# - \»tﬁ

*2—6hloro~l;l-d2—ethanol v
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Primethylene chlorolydrin (3- chlor%propanol) Aldrlch Chem; Co. =

)—thoro-l,ledatpr“Lnol was produceu by the reductlon of

) chloropropan01c ac1d w1th LlAqu
\

L—thoro—a 2- dlmethylpropanol and its 1, 1- da analogue (see

8. _ ' ,
c HnX ions sectlon) ' o '

113
Tctramethylene chlorohydrln (L~ chloro 1- butanol) J.I, Baker

*Lhem_ Co ” 4
Bentamethylene chiorohydrln (5 chloro-1- pentanol) Pcalta &

. 1, i . .
Bauer Inc . . ; . - . P
[

Hehamethylene chlorohydrln (6-~chloro- l hetanol) Aldrlch Chem Co.

: phloroacetlc acid: Brltlsh Drug Houseo td. .- _ . o

é;Cthropropanoic acid: Aldrrch Chem. Co.

ﬁ~Chloropivaiic'abid:7fAldrich Chem. Co. -;}'i =

L}

‘ J : Cye1ic Q6Hloand'C7Hiagisomers'

f

;Cycldhexene'and its 1- dl aﬁeldgue were prepared bj the reductlon B

.of cyclohexanone by~ L1A1H and LlAqu respectlvelj, folloved“\

of the approprlate alcohol in hevamethyl—'
ll+6 St ) . ; ' '

by dehydratlon

phosphorlc trlamlde

T133%,5- e)—cyclohexene was 51m11ar1¥ prepared as.above,.exceptﬁ Y

were used. 2 2,6,6~@4— ;““

2, 2 6, 6 dh-CJclohexanone and Llﬂlﬂq

cjclohexanone vias prepared by three equlllbratlone of

: cyclohexanone, Dao and trace of maOD at reflux temperatures

overnight. - S ", C

uethJICJclopentene (mlxture of q—methylcyclopentene and |

-methjlcyclopentene) and dl—methylcyclopentene (mlxture

of 4omethyl-2- dl~cyclopentene and ; methjl ~1- al—cyclo—

b
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1

9' pentene) were prepared by the reductlon of g-methylcyclo-

Fl - . - .-“ . N . . '.- . R

. » o . R L . - ‘

= . AT C _ e T i
’ . -

' K pentanone by LlAlH and Llﬂqu respectlvely, iollowed by
s : ‘dehydraxlon of the approprlate aldeol in hexametthh -
‘ T phoophorlc trlamldelMG.f ) : “T{ ' ' |
_lgloheptene and L= methylcyclohexpﬁp and_ their 1- = analowucu‘
were prepared 81m11arlJ as in the case of cyclohcxene ard ’

. ite 1—_

f
- cyclohexanorn
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S (A)

1o cover thlS toplc in- detall except to ”Lve." general under- -

stereﬂchemlstry, rearranwements, surface effecnb and direc tlon

rrterpretatlon of homogenebus gas phase pyrolyses. They are

at

(1) A radlcal non- chaln mechanlsm,.

LI Ase-t Ty

'INTRODUG’T%OI\I“? SPITE & .

1

I'he pyroly51s of alkyl halldes have recently been

ﬂ‘utaudtng of’ mechanlsmu, substltueut offects, 1sotopo oifcctb’ s

H

N

of elimination. 7 L L s 7L S : v ¢

&)
R .
o3 K . . . . .

'Hdchanism of'homogeneous gaswphase pyrolysis of aikyl haiides

Threo basic types oi mechinlsm have. been used 1n ‘the’

[y

1

ILVleWLd by Maccoll Therefgre, no attempt has been ma“e“hcre o =

A-‘ .

(i) A radical chain mechanlsm, and, o At
(111) A unlmolecular ellmlnatlon remctlon

B

Any subbtance decomposeq malnly by the path 1nvolV1ng .

Ihc least actlvatlen energy ThlS path also, d0pends or the . . .

structure of the reactant molecule and the temperature o:_the

reactlon system

\, : *‘-!!
7
b

e The radlcal mechanisms (1 ana 11) are multistep processes

and both are 1n1t1ated by homoly51u. \ﬁ;\ - 3“- . R
2{:}1 CR X — RECHFCP“{, \A; X ( R

i 1.
- !.1

. wnere X 1s a nalogen atom and Racﬂ CR' 1s"ap~alkyl groupt The

radical'noncha1n mechanlsm may lead to products by a radical

[

.aﬁetractien_of a hydrogen,atom_from the, startlng materlal

=h - -
T



T RpCH-GRY-X —— K o+ Ra_c-'éRéx‘a' (2) B
dnd ;lnally by a!&psproportlonatlon of two radlcals : //,‘ -
‘Hgﬁ-CRéwX + RECH~CR' —-23\ RECH CRéX+ 328 CRé a5 (3) 'll.AQQ,'-
‘ T : . - - : A ] -
wteps (l) and (2) can 1ead to a radlcal chaln mechanism if. the .. &4/
aaucal hﬁﬁ C?ZX decomposes to the product and a radlcal X,
. ' r .

.\ 4 . .
Azluacc 17 has clearly pointed .out, the radical non-
‘enaln mechanlsm would_requlre an actlvatlon energy at leaat oqual ' -%

to Lhe homolytlebend dlssoc1aLLon energy ‘ (R”—X)j;oi the Rv-X

Qﬂoud bgr most of the alhyl halldes discussed 1n Haccoll' =~
' rocent rev1ew ;1the bond d155001at10 energy 1s much larper
~ f-v *
(1) £o 50 kcal/mole) than the energy of’ actlvatlon On *this

‘round alone, the radlcal nonchaLn mechanism is: unllkely for. the
\ . -

. jroly51s of alkyl haI des, except 1n very: special caseu, uuch

Xic halldesl; — Lo

The radical cit echanlsm can be\Excldaed by the .

.

ﬁlolloflng observatlona. reactlona appear to (1) lach ' S ox

'L;ductlon perlods, "and, (2) are uhaffected by radlcal chain )
senultlzer (bromine and. allyl bromide) and’ radical 1nh1b1tor5
(cyclohexene and toluene) There are compounds whlch_oo not

;_”1ve good first- order unlmolecular klnetlcs unless 1nhibiﬁors- '3

are presentl For example, prl : bromldeu pyrolyze by both) e

radlcal chaln and ur m(lecul'* mechanlsms. 'Therefore, in orqpr

_omogeneous reactlon onlJ, it is h\\_

T to - stuaﬁfthe unlmolecular

‘necessaly to employ an 1nh1b1tor (e g cyciohemene) that (AP L

Ll I

_h
Ty
[}



Sy eI

eirmlnates the radlcaL chain psggess Free redlcal processes
‘Jncrcase in the serles RC1, RBr and RI and decre;Ee withe
‘ chrca51nv brénchlng of the. dlkyl group R ' .

Thus 1t ig poeolble to study tbe unlmolecular 3 honogen—-g
'_coie mechanlsmaof the pyroly51s of alhyl chlorides and bromldco -
C“Tcntlallj free oi radlcal chdln reactlone lf suntable radlcal
LPthLtorS are avallable Unlmolecular ellmlnatlon roactrons
of alhyl chlorldes and bromldes are often referred to- elﬂ
" involving four- centered, olX -centered or POSSlblj othcr membcred
- ,{ﬂ:‘tranoltlon sta&es These reactlons are characterlaed by,
moderatel low energles of actlvatlon (L ~ )b 61 hcal/molo/
Arrbenrus frequency factors around 101 and entroplee of actlvdtlon ?Eﬁa
ranglng from a.pmall posrtlve value to a small ‘negative value |

blnce 195), Maccoll and colleaguesl"2 have 1avored a very

o

v .
polar tran51tloJ state in the gas phase unlmolecular homogeneous-

'uEhydrohalogenatlon ofoalkyl chlorldes and bromldos leadlng “to

the 1ntermed1ab formatlon of a tlght carbonlum halide on—palr.
- i &

‘"They haue stated that “the ‘major factor 1nf1uenc1ng the rate lS
che stability of the carbonium ion 1n the 1on palr“l 2. rlve
'obscrvatlons wdﬂe presented in support of the ion- palr-theory

. (l) Actlvatlon energles were lowered and rates ralsed oy »

W1th electron—relea81ng groups (2) -Onky

i

'mlnor changes in the rate occurred fromm3 substltutlons £3) A

»substltutlon{

SLrong correlatlon existed vetween energlee of actlvatlon and \
correspondlng heterolytlc bond dlssoc1atlon energles Little.:

li
correlatlon hoﬁever, was’ seen between energles of actlvatlon and

homolytlc bond dlaiociatien energies. (QQ Wagner-Meerweln
.. ' . . . \k
o o K _i,~- L AN
o /- ' L o R -

RS .
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- B oo : | ‘ J : - :

pfeafrangemente occurredwin gae phaee halide.pyroiyseg "(5)i'A

close olmllarlty between gas phase ellmlnatlon and polar C e
bubstltutlons (le) and ellmlnetlon reactlon (L ) 1n polar‘ o

-golvents ex1stéd These argumdnts were dlstSSed 1ﬂ detall in

1

.txo recent reviews by Maccoll and his co- workerl 2 © They favor

v'\J

the ion- palr theory malnly because the great bouy of theory
,avallaolo to account for lonlc reactlons of organlc compounds in'

polar solvents may be applled to these gas phase heterolytlc

\'.\
, veactlons ‘ : j S ' f ‘

However the 10; pair 1ntermed1ate, if it EXlStb 1n tho . ///
db phase, must not be as generally con001ve§ in polar solvente ;; ﬁ
‘or example, Harding, Maccoll and Ross® falled to show'zkat I -
C P () =2- chloropctane,;acemlzed at a. rate greater than it ellmlnated
‘ pydrochlorlc a01d (an experlment whlcn has OIten been used as’ a
test for-a rapld reéer51ble equlllbrlum betWeen the ground state.‘
Cand the react1ve 174 pa1r 1ntermedlate4) i.. S a

Benson anﬂ Boeeb have iavored a seml 1on palr mechanlsm

nis model o} Neal and Benson& calculated energles and . -

-

ent 'ples of actlvatlon ‘ Thelr velues agreed)remarkabl well-with‘

ine experlme Jlly repo“ted values dor thelr fourgcéntered tran51t-rf-‘

{ ot . )
Llon state readtlons. Lo v S o <
* L
It aﬂpears that aldl data reported, with the pOSoLble
exception oﬂ the Wagner—Meerweln rcarrangementq, could be eprﬁlned

'!-n-..

by a hlghly/polar tran81t10n state whlch proceeds dlrectly to

producte Vil thout the formation of an ion- palr-lntermrdlate



I”

)

Y

N

1(5)' bubstltuent effects o | B ;"'i: I *f‘

_There 1s conv1n01ng evldence that the magor factor whlch-

‘gCucrmlnes thethermal Btabllltj of. alkyl halldes is. ‘the heuerolytlc

1gth of the Cn* bOnd Maccolll -2 has stated repeatcdlv “whlle..

thcre 18 no correla¥1on between the energleS'or free enerbxcs of

actJvatlon and homolytlc bond dlssoc1ailon energlos, there is a . A

clear correlatlon with heterolytlc bond dlssoelatlon cnern:es”

e has suggested Lhe follow1ng equatlon as a reasonable estlmato L

PR

e

of the acilvatlon energy (B, e T

P E(I{X)-: 0..29 D(R+}{")'-- N )
;z"_\;-_..._ o ) / : ) ‘__‘_._.;-f";. '
waore D(R X )°1s tnb_hgtafﬁljf;ﬁ‘%ﬁﬁn dIE§001atlon cmergy ~The

rate oequences are: ‘ ;
. l .

(’ S RISEEF>RCL - S f
L ., =0 50 - 0 Ce B
3% mx 22 Re> 10 RX S

~

s

:hefé 5 ‘RY, 2 RX and l RX repro' | tertiary, second§§y anﬂ-

primary halldes respectlvely LT -:v' G

b ...‘,

maccoll1 haserecentlj rev1ewed varlous 5roup substitutidn

-

e:fecﬁgwon the rate of pyroly51s of alkyl halldes For example,

/
Tedto 15 a@parent that eled%ron relea51ng groups at theci-p051tlon

‘ (‘Lable 1) and to a much lesser extenb at the(}-—nositidn (Tables

- for “-meth~l SubStWtuulQn on chlorldes where /’e relatlve rates o

PR

2 to 4) 1ncreased the rate of Ellmlpaulon% Thls is 1llustrateu\ e

>

F--.

of Cthjl 1$opropjl and t-butyl CthIlGLb wﬁme—%fl 0*&5600. The

\«atlo waseeven greaiii/;or bromides anﬁ 1ou1des (Lable 1)

. !
|1 C ‘

)
Y
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- ?? , . o
Avcrage Arrhenlus paraMeters and-’ rate constant ratlos w'
. . . L . / e—— . .
e for the prlmary!@—methylateq serlesl.arenuhown in Table 2 Lo ®

o / ) ' o
-Varues_ior n- propyl and 1sobutyl 1od1deé are not hvallable R

L

“urmllar valyes were obtalned for the eecondmr 5umethylaued (ana

'ﬁ etlylated) séries as shown in Ta e 5; Values for.. 2- pentyl -i.'

nronlae'are not avallable .

_methylated chlorides and bromides
1; 1L .

The series of tertlary

vhited by WOng and Maccoll12
~
tercst “ﬂere the three ﬁ-hydroben atoms of t butyl chlorlde

A

and Harden respectivel? is of

(oronlde) had - been.prorre851vely rcplaced The Arrhcnlu;‘

I 4y

-”ndrameters and rEL%thD rates Tor the serles are shown in iable h

e wau Lhought bcttor in calculatlng rate ratlos to use the ulnfle'HW:

s

T At

f i
(&)
o
o
Q
by

rosultu obtalned b one worker than thc averago valuo“

BRI TR L

- (ehowr in entheses) for t butyl and t—amylfchlorldes -An
.. ‘Qﬁ s

" #1hterest1ng ceaclu51on to be made from these relatlvc rate @atlob
. i -
qughat @—methyl ﬁubstltutlon is a second order effect on the

carbon halogenpbond rather than a flrat order elfect on the carbon- \

nydrogen bond ThlS'follows from the fact that through the.serles

shown- 1n Lable L, the carbonﬁhydrogen bond %hanges from prlmary

Lo oecondar to tertlarJ and then back to primary, whlle the raté

. co 1gtant 1ncreases unlformlj down the serles - s . "\
\“\‘_\_ ‘ . , , e ' ' . R .

o ]

”'&C) Isetope effector : ‘_-m\' L {

¢

The magnltude of the deuterrum 1sotope elfect 1n the

3 16

pvrolysrs of ethyl- f.i{L‘L chlorlde15 and bromlde wasireported by

JWades and his co—uorkere as belng 2 20 ana 2 17 respectlvely
?" .
Whe isotope effec"was weali temperature dependent These
. authors stated thak thelr data mlght serve as, dlrect shpport for

q

L . . , Ce ] . . / L = . N
' ! : ) . . . - ’ Co S (
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Table 2

L]

Ratgs for‘the-Prlmarylﬁfmethylated-se¢1es}

Al

Comparatnve Arrhenlus Parameters and ReLatlve

| Halidé ¥ -

, Ethyl

¥

n—ﬁropyl

Relative rate (A]‘
o

Bfomide o

B ; kcal/melé

logA, sec ;

Relatlve rate (4OOJC)

e o

T13.94

'iso—Bﬁtyl

561,
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5
\
)
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el B
B :
.
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A
wa
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. ‘_4 . u ‘ - B Table 5 . .\
bomparative Arrhenlus Parameters and Relatlve Rates for
the Secondary ﬁ—methylated (]Lmethylated) serles _

‘Halide: = igo-Propy; sechutyl 2-Pentyl| B;Pentyl

T T

- — — -
Culoride . . Ao

-

- B hcal/moleV" s0.37 | .50.6° | 5077 | ~s1.07

" logh, sec™* ,{;13.47” - 14.098 '_14.17 - 1%_47 .

Relatlve rate_". 17 5.28 X '515.67"~ 5.67
- {351 CI) | -

. * . ! . . . [ -
3 ¢ . " N . » -
Vi

"

&0@de.;' |- . :-' l _ {
gL 3 : : 1 N 11
[®  E,, keal/mole | 47.8% |- 43.81? ) — T 45T
L a1 . -

logh, sec .
| | " b IR 11
Relative rate 19 ' 2.5 1 | 5,0  :
ces0%) i | \ R S I

i
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Table 4

’f (f\-

s s

\ Comparatlve Arrhenlus Parameters and Relatlve Rate Constant

Ratlo for the Tertlaryla—methylated serles-‘

| " o L . -
i'ﬁ Halide B, Lo Losh Rel.
‘ Ll : (kcal/mole) (sece ) rates
| cn C(CH_)20112 45.0(45.0) |13.77(05.73) 1
QH CH c(cH3)201 4 .2(45.1) |15, 82(}4 .24) 2.5,
(CHs éQHC(CHB)ZCll du2.3 1338 ’f. o ot
. 2 |y, 13.80. 18.0
: (CH3)3CC(CH3}C1' 419 15.80-. ‘
| cHizC G )ZBr14 B2.2 14.00 1
13405 v | 3.2
CHBCHEC(CH )2Br X AOT)A o 13.60 3
(CHy) ,CHS _(CHB)ET?: 39.0 13.55- ; 7.5
i i
| ~ ~
.' R : .
- L..|““. \' .,,b....
\}:‘1—' . -
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the four center mcchahlsm often given for these Ieactlons in whlch .
“Lthe carbon-hydrogen and carbon-halogen bonae are, bronen srmultan—'

gously wlth bond formatlon botween hydrogen and haloge | Curtln

17

ond »ollom reported an Jsotope effect of 2 7 and 1.4 rospect§

~ively for the pyroly51s of erythro- and thrco 2- deutero- 1,20 =«

13

diphcnfl -ethyl bromlde and chlorlde at 400 C Good” found Lho

&LL ratlo oi pyrolysrs of 1sopropjl d6 brqmmde to 1oopropyl

bromldo was 1 2. b and was not temporaturo dcpendent Subject to

\

e S
.error due to the presence of. a competlng tadical chain mechanlsm, e

the e data seems to support Blades and hlS co- workers' pornt oi
“v1eef*r e a four center tran51t10n state mechanlkgt ‘or the

'ojr01951s of alkyl halldes

.-"
\2‘

(9 b ‘ereochemis try_-"

Te

2 ‘*_ CiS—elimination.is“expected for the unimolecular homogep_
) .o . B ‘ v ' - 0, . . . =
cous pgas phase elimination of alkyl halides. "This  involves a -Hﬂ7 . ..a

quasi- four—membered rlng tranurtlon state This was clearly

brought out by Berton and hlS co—workers19 20 7durtin and Kellom

experlmentally examined tue stereochemist y in this reactlon by . -
. ctudylng the thermal ellmlnatlon of erythro— and threoma dcntero—

1,2~ dlphenylethy& bromlde and chloride at QOO C. 'They showed o P

2 (3

'ELAL cis- ellmlnatlon from the bromlue predomlnated by a factor of
o s

about 2. The‘leotope eé@ect vas thus&l 4 The erythro— and threo—

chlorides each gave the same wgxture ¢73% deuterated trans- stlbene

and 27% undeuterated).. This uuggested thlat each i;owapnreacted

by a mechanism in which only 1sotoplc discrimination (a factor of
L} 2

= ]
‘2 7) was operatlve.. Thelr results are not clear. cut due to the

([ " J

Poeslble oceurrence - of 1somerlzatlon ei the otartlnﬂ materlal ‘ i

*
- p ) [ -

. - . - . .
. . . - . . ) i .
- - . . !
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‘ano/or products durlng reactlons at the temperature employed

\

'qlso the posslblllty of decomp081tlon by a nonspoc1¢Lc free
i

radical process cannot be ruled out. Recently, Yuan21 found nhat e

the relatlve rates of. pyroly51s of 2 25 5,52 dh ovclopontyl Chloride.V (-

to cyclopontyl chlorldo was 1:2 apd wa not te;pérature dopendeé\\o

lmre uegnlflcantly,_ellmlnatlon of HC1: and Dpec1” w1th a relatlvo ' ; r'

atlo of 21 was found in the pyrolyals of cis-2- dl—cycLopenLJl

CbiO;ldﬁa Lllmlnat%on of HCl only Was found in the case of Lrangﬁ"
l oyclopentyl chlonlde The e data cloarl domonstraLed fhat”

ay Your- cenuer, c1s ollmlnatlon mechanlom 1s ooeratlve in- Lho.pas“::

:-phase pyroly51s of cxclopentyl chloxldf 1mllar obechatlons é;;p

Wo_e.ob%aihed.oy Mchllifrayaz-;nioisuotudy of thelpyrolyels of

‘exomnorbornyl chhloride. -

(1) Rearrangements : . S S L T e

)

A Wagner—meerwe”n rea;fagfement loadlpg to h“drogen'chloride

and metnylbutenes was fixst roportod by Maccoll Q\o bwlabourneaj ek

, in the erolysls of neopentyl hlorlde (450 C) ' Th\§\propo Ed ;or ;
uhls homogeneous gas ppase reactlon an 1on—pa1r mechanlsm Anoorson;

! : A
P 1.
anu-Benson e2 however, ¢avored a.radlcay‘Chaln me“hanlsm f\\\\hls A

reaction. Recently Shaplro ao& Swlnbgﬁ}l 26-27 suggestea opat a

?

- iixed uhimolecnlar and radlcal chaen mechanram would best explaln-.

<

. the results w1th the former amountlng %o about LO%%-of the reactlo

xhe~pyroly51s of uhla compound is Lhus Complex ang- rather pOOrlJ

-

wdorstood e .

o
Bornjl aﬂd 1sooorndl chlorldes vere Leportod to yleld

26-31 32

HerndOn questloned

-:»amphene trlnglene aﬂd bornjleno

Yie 51éhi11cance of the Wogner—meerweln rearrangoment for Lhese
’ : . ’ Co- !



‘p,rolyses, due to the fact that bornjlene\unﬁergoes a retro«

" has been studled recently bj Mcﬁllllvragaﬂ It Ebs found that

A The usqyl test for the hgmogenerty of a gaf phasenreactlout

».J' - . £Y . . o . ' .\ .-
: o . -

a

i:*

om@ls—Alder reactlon The pyroly51s of e anorbornyl chlorlde o

) waguer—Mcorweln rearrangement occurred ' :, T
. hoblnsonif has recently reportcd the pyroly515 and o

."

carrangoment of alkjl suostrvéted 1'I‘drc loro Cyclopropanes

~hc prescnied“theso data in support ef the qua51 1onlc 1somer- ‘:ﬂ

r

uatlon of a cyclopropyl catlon to an aliyllc catlon B ¢’

) . - °
‘e - ' ¢
o .

(y) burface offects 1n ga« phase reactlonS“ - .‘__. ’

-~

15 Lo 1ncrease the surface volumc ratio of the reactlon vesscl.
w s . R

il

) Wno rato wlll normally be 1ncreased when all or part of the reacilon

o

\une eroly31s 01 polar comoonnds, partlcularlj ‘alkyl holldcs ﬁn ‘4.

e
1uh1cn h?iogen ac1a 1s ellnlnated 3\\2* The p roljtlc|sen51t1v1ty

cccurs on, the surface a There are two mosﬁ commonl used reactron
A

! a

-

vessel surfaces in gas phase klnetlcs ouUdleb ihese aro "qlcan" s
‘ \

pyrex rlasslTor sallca) and carbOn coated glass (or slllca) Y

4
< ~ ¥

‘Carbon: coatlngs can. be produced by the Py rojysls of Oleflns and

4
2 [

4

o

L
N
o
O
i
n

[3

walogene contalnlng com ounds.- It can also be producec oy prolouged,  .

v

“scasonlng" of the substance ‘whose pyro&ysis lb belng 1nvest1cated

Volllca dlSplays polar characterlstlcs. Th;s is clearly\shogr 1n,,

" v

[

Lowards “clean" glass surfaces 1s expeCﬂ’h in tere#-ox heterolytgc==.

_Dona cﬂssoc1atlon encrgles L(R A ) 61 the carbon—halogeaﬁbond,_l €

T
L

- L - *

& R L .../ I of _ S :
R-P—2 R-Br "Z §-Cl: % ... : B
o » cE o ‘ e e SR
K - . . ' ' /"'"—"‘"'.‘ f ) .
- — Lt .' D, 4 . 'r.
“ N . . ‘- .- . . , B < )
. - o J IR
b & . ) }
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. “v ‘ ‘¢ . . . f . S B . “‘\5_7 .
’ et o

bhaprro and bw1nbournej6 examlned the llnetics'of.the T

o rolysrsfoi alkyl chlorldes cata]yzcd by a’ pyret surface They .

‘leircved that' the polar glass surface ass1sted chq\gc separatlon

F,Ln reactant moleculcsp The ‘physical. plcture was that of a 51mple‘ o

- : 3\
T attachment of Lhe electanegatlvo cQ&orlho atom to aw eicctro_ L. s

i I
—_ .

. \Trrpon;tive urface 81te, i.e., R I ;

. ? r——»_____‘_‘_h_r_.“ R ’ ; . . RN
- \ ‘ , ) . ‘ R . - ___L___-.-__ .,

.........

‘"\“s' &\\ glass surface

e Rl . . M I
te - ' -t ' o LI . S

e The heterogenelty in - alkyl hdIldG ~ni£le810 1ncreascs | -
. D6qf :

irom prlmarj to tertlary compounds The’ "seasonedi\\ action 5

—— T
—

_vcssol surface was bolleved toNE&ag&nate-the wall effect and ml ~—

“eproouc1ble and homogeneous rates~ fne\tnln carbonaceous fllm
1

_ \ uroduced in reactlon vessel “scasonlng“ acted\as a on-polar skin R
\\ - *
‘on the polar glaSs surface of the reactlon vessel and\gas bolleved

-

te be cataljtlcally 1nert ' As a generallzatlon, at}hlgh temperature
i

(above 500 O¢) all organac compounds w111 dep051t pyrolytlc carbon\\
Lo S

‘-\

R

/”on glass surfaces.“,‘,

Holbrookj7 reported thevobservation-of'a strong;eledtron‘

snln resonance 51gnal from allyl bromlde carbon. He suggested e
s . Oa, ' )
supposedly 1nert surfaCes, catalyzed some -5as. phase reactlons.

nolbropk and Rooney38 found that both the rate of pyrolys1s of 0

| cec-butyl chlorlde and ‘the dlstrlbutlon of n—butene isomers Ln .

the- products were dependent on the orlgln and the treatment of the

.1 S S
C

LA



- \oow-surface. They showed carbon derlved from ‘the eth"l chlorlde . o
. e S '
’d 1olk\}s was less actlve towards the

.
.

those derlved from the perljSlS of c;srout 2 eﬁe'dro ailyl ;

"l chlorldo perlJulu

Licm
/. . LI ' \

hlourdo holmes and huojg tudled che odd olectron coﬂccntrailgn
-  and chem1ca1 act1v1ty 01 nyrolytlc carbons produced irom varlousn

¥

\(0mgounds towards ‘the 1somcrlzatlon of crs—but 2-ene to 1L other -
i . ]

) {1somers. Lhey showod that althouﬂh the Odd elctron con*ont Was .

ALPro 1yately the same in all the” carbons, “Lheir chomlcal actrvmtj

r

hE:“u1frorert. 1n' o far as 1somorlzatlon of 61s—but 2-ene lu.-‘l .

ﬁ(oncorned . ihus, ¢hoy concludod thaE“Carbo qpnoducod fromi eis- o
. ' . T \
aut 2~eno pyrolysls was - 1ess actlve towardu 1somerlzatlon Lhan chc R

[}
* "

ruor produced irom alljl bromloe perlyoLS. ,‘ﬁ R

- 1 f

- uost of the 51mple alhyl halldes qecomwgse by a moﬂccular

v
0

‘climipation'process. oome, however, are 4ccompanleo by. a iree

-f‘IddlC&l chaln process. The erogenelty of the process is checled

rnvcstlgatlnb the erfect of changlnb tne surface volume ratlo W

’L} "-f

\ N i) '
. r\the react%on vessel If the reactlon 1s comple*cl homOgeneous, K
: et L

4 . — .
t vary ing bﬁ; surjace volume “ratio has no eifect on_the rate of
:pyrolys;s, \ _ jcﬁjf\\

e

.

& T Tt o

. [ _— —

ﬁ(‘j“‘Dlrectlon of ellmlnatlon T ..

b Jo £ar ‘the overall rate studles have shoWn that in alhjl .//)

halides, the tran51tlon state 1nvolves an apprec abTe cnarre\ ;
S~ =

scnaratlon betueen thé carbon and halogen bona ) Apart from| the e

cﬁ\rce dlstrloutlon in- the trans1tlor states, llttle is known '

+

-~

about tﬁ\\ﬂeometry of ellmlnatlon, exceoc in the case of the o,

22
pyrolysis’ of cycloPentyl ch’.l.or:l.de21 anc exo- Qorbornvl chlorlde

1a%10n of hjdrogen chlorloe o

'
- .

Theke two pyrolyses Inyolved cis- ellml

—"’ - v___"



A A

; o R f
and' a 1our center tran51tlon state Such 1nformat10n could he N
\-. u‘-'
o
ont QLNBd ;roﬂ a study oﬁ 150merlc products whose geometry may

' ,rclloct that of the transmtlon statQ Bccoll sufgeotea thatl _ .

T cO- planarlty Was a requlremcnt of. he tranSLtlon etaie in the

cllnlnatlon reactlen, then tife trans producte lor Lhc pyroljs,Lu

Toitsecs DutylmhalLdee should predomlnatc over the cis productep

L

i, whlch 1eads to the\trans oleiln 1s less sterically hindefEH‘*‘~\\”

n —

IE

Lnan It whlch leads to the cis mepouna ‘The fﬁans—fermris also ‘' _

o
;avored by uhermodJnamlc stablllty The551mplest monohalo .

conﬁounds for which'more than one oleﬁfh maj be ﬁroduced in the

ellmlnation of halogen acid are sec—butyl hallaes These compoundu

8, 40-41, 45510, 42 Lm L:;
qo

-'Djnolyee bJ slmple ellmlnatlon of halogen a01d
eﬁd ehe three 1somers of n- putene are produced maccoll-and Seone
'ahd'ﬂejutmann and Rlnck8 4 have studled the pyroly51s of sec—'
nut&l chlorlde. Thelr st dles do not throw any satlsfactorj k&ght
on- the geometfy of. the ellmlnatlon reactlon because uhere were

\\certaln experlmental problems in determining the ihree ratios of

T

tné‘r*butene 1somers Halogéh acid %Eggpced in the reécmion acts

dS a Soou caia&\et in the 1somer1zat10n of the n-butenes Thqe '

a . . )
\‘\ Y . . } . '
s .




one cannot.iope to get true ratios of the lsomqrs iromsthe

&
v 4 -

X .
reaction il an’ apprcciable cono@ntrﬁflon of the halogen acid. s

dlloved to accumulate in the reactlon SJutem _In the case oi

. ‘u’

L&CCOll and Stone's studles, they decompoocd thé hallde to nearly

its hdli llIe and the ac1d was not remOVed 1rom the reactlon ]

“'voosel Hoydtmann ahd Rinck decomposed the hallde to neeriy

.

LOOJ conver810n and ObV&Ouolj Lhere could be a groau doal q;
. LsomerdzatLon of n~butone5 o . ‘ : :
. \ 7 . .?

.\ The ourfaCG of the roactlon ves sol,}ao descrlbed beioro,

\ dloD pld\”'a role 1in ﬂﬁe pyroly51s The polar urfaco act_as

ooo cata1VScs ;or,Lsomerlzatlon of n-butoneo. neydtmann and

T nc“u’ ql used pota581um chlorldo, whlch is qulte polar Haccoll
\

1nd.ot0ne40 used the carbon;coaplng produced from allyl bromide

x

‘and reduced thls effect in Uhelrd*tudles\go a good extent. However,
wolmes and Ruopg showed that a heterogoneous 1somerlzatlon was ;' -". ﬁ
’catalyaed by the pyrolytlc carbons obtalned from allyl bromldo o q_4?¥
| Lney Htudled4¢’ bh'all Lhe three outene 1somers on thls surface
. and calculated the equfilbrlum constants which woré in good agreehﬁ

§7-52 T

ment w1th other workers rom the study oi dlfferent carbon-
‘aceous coatlngs produced‘from'alldl brom1de,\c1s-but—2 ene, éthyl '.f
oromide and j chloro—a methylpropene, they showed that c1s-but-2 -ene
carbon coatlng was _the least active Lowards the” lsomerlzatlon of

the 1i- butenes.' Thu@-JCapooﬁ&k'recently studied- t)e pjroly51g of -

oec -butyl chlorlde and bromlde u51ng the carbon coatlng prohuc g,

from cis-but-2-ene’.. He pyﬂolyzed the séc butyl halldes to a'

‘maximum'of 15%.s0 that the amount of halogen a01d produced in the ‘

. ¢
° . ot - \ . - :
. reaction was snsufficient to cause any 1somerlzatxon of the "

» -~ Al
] Lo v *
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1-outones produced \@t was found(that the activation ener,j for

ee

the pro@uctlon of 01s—but~a ene . was 81gn}f1cantly lower than

_bnose for the productloﬁ\of but 1 ene and trans but-2 ene

rossible reasons for - thls effect were censmderedq'

’ Tho dlrectlon of ellhlnatlon leading to - e olefln wikh

1

Lho ﬁredter nﬂmber of alkyl substltuents on the doublc bond is

lilantly the baytzeff produc
L

b

I O‘BJHCT OF

\

_alg\l halldes, pyroly51s of alhyl halides tends to yLeld preuomi/“
Ll2- 14 -

N ¥
. . .

S It has besn descrlbed prev1ously that apart from the
'charwe dlstrlbutlon in the. tranS1tlon states, thtle is known
about the geometry of ellmlnatlon for the §Jrolysls of alkyl
-halides. Such 1nformatlon could “be obtalnea from a study of
isomeric products whose geometry may reflec that of Lhe transitlorf~w1-y-ﬂ

scates dec-butyl halides, pyrolyzing by 51mp1e ellmlnatlon of

halooen ac1d ﬁo»produce thre

Howe%er, thelr studies . do no
bepmetry of t@e ellmlnatlon

experlmental problems in det

‘Wsomers, orlglnatlng from a

ination. This .has been dlﬁc
In the present work, two str
5= chloropentane and 2- chloro
,‘eometry of the tran51tlon 5

(
pentane pyrolyses by 81mple

PRL‘SI:‘:NT " STUDY R

v,

[

S

e 1somers of n—butex%, have been -

% throw any satlsfacnory llght on the -
reactlon because_;here\were certain

\
ermlﬁlng the true ratlos of ‘the n—butene

purely homog neous unimo ecular ellm—

ussed 1n detail: in the preylous section.

alght chaln secrpentyl chlogldes,_
pentane wgre cﬁggéi to study the

tate in &

: \

ellmlnééeon\of hydrochlorlc acid.

¢

R

.‘ihOWH as. bay%zeff orlented ellq}natlon Eor more highly substltuted |

& phase'pyroly51s.'h -chloro-
AT, _

,studled intensively by several £roups of woF hefl“’qe"Ql 44’1O ha 44 45 1

1
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K

Trans- and 010—1somers of pent -2- ene a&o produced '2rchloropentané'f'

1 4 L4 .

however, p)rolyses to produce the throeilsOWers of n= penteneo,

o’

‘Ludt 15, pent- -1~ ene, trans- and 01u—pent -2-ene. The follow;ng

\

~Lop wcro Lakon to OVQrcome Lhe exporlment 1.@1f110u1t1eg mentq
. -
s amounts oi‘decom—

*“ncd in thc pro&&ﬁus sectlons. (A) ~ Vario

pogitions oi the alkyl chlor%des were periorm;d\irom O QB'L ;
hooe w1ll serve two purposes blrstly, at low\percontaroloi.“
cccomp051t10n, from 0- to 1OM, the“amount &f hydrochlorlc acid
nroducod in the reactlon 15 1nsu1i1c1ent to C43?€ dpy isoperiy

of P-pentenes produced. Thus the true raLlo of the S\pentene.

-~

Luomcrs can be determined. becondly, at high- percertage of decom—.t

et ¢

-

..-—_.\._.._..,

- 5177¢0 376°C. SR

DOSLthn, from 10 Lo 60m,_the degree 01/catalyzed LbOmcrléatlon

—ar

of the n—-peni:enes, 1f any, _cai be determlned - (B) .Cls—b}t\—a ene
I

carbonecoatlng vas used for pyr01351s. Tt is the least active

174
cnathF lnuloomer1z1ng,theun—%ptenes Tt was assumed that this

[

will also be g?ue in n- pentenes , L T " f
The temperature range employed in erOlyolS of B—thoro—

pentane was from 29; to 350 C and that of 2- ch&oropentane from

e




._""' S . C CHAP'}JLR ;é- I -
. . o ‘g\ o - - .
: _ADPARATU/&) AND EXPERI;'m-JTAL THOHNIQUE L R N
R S e e
SA) ‘ihe vacuum syotem '_' ﬂf\_' i . ; S § 4\ '
. It vas a conVEntlonal‘stotlc vacuum system made of - byrex

o T
gless.n A single manlfold connoctlng all parts of the apnaratus'

i shown in a schematlc d;agram 1n hlguro 1. Infthe evacuation .

.

°uwlb, a trap ll’ a mercury dlffu51on pump D a By -pass, another.'

trap 12, and a rotary oil pump were connected in series. FOur

A

1zlitre bulbs to store the n- pcntenes, hydrochlorlc a01d gas dnd .

“noomall storage vessel for. lquldS whlch was used for trap 0

brap dlstlllatlon, wene connected to the main vacuum llne. To

- -

check the vacuum in the system, a licleod gauge G and a manometer M

-

for handllng the gases in the system‘were-also.connected‘to the

o -

main line. ;

~ Another . vacunm line connected oy-two.taps to the main
I

Iine,'con51sted 01 two 11qu1d sample tubes, and a gas. burette"'

. A
leadlng to the reaction’ vessel (R.V.).  Between the. reactlon

: .
vessel and the tap there was put =@ 81de arm w1th a small bulb B
at'the end‘to condense the sample before decomposmtlon of the

- alh,f% hallde. . | S ‘;"._ _ .
DowaCornlng eiliconeohigh‘vacuum éfease wes used_in all

'the.caps and ‘the traps in tne system. The entlre systen was

evacuated down to'&O 5 mm of mercury u51ng the mercury dlffuelon ~"/2

pump and the xrotary pil pump. ‘The outlets Ll and LZ were used to

‘introduce/the-gas sample in the storage bulbs or in - the system._

; t

LB ' « : / . ) \ ‘
- A . . . ‘ .
. : , .
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(3) ZThe reactlon vessel and the thermOStat

The reactlon veseel was made of Pyrcx glass tublng w1th
a volume of 150 ml glVlng a surface : volume ratlo 1:1 approx-

imutely. The r actlon vessel had one caplllary tube 301ned to

the vacuum ‘line a thermocouple well 1n its center The

-TerCblon vessol was fitted evénly in a thermooLat which was
‘placed in a tran31te sheet box of d:unens:.onu 50x30x40 cm. The

Ry
thermostat con81sted of two . concentrlc electrlcally heated tuoos

« cachi of )O cm. in length The ceramic outer tube had a alamet\
of lo cm. and was'l cm thlck .while the thlckneso and dlameter
“of the steel inner plpe was 1 cm and .§ cm. respectlvely -The
inner portion of the eteel ploe was lagged w1th thlch, unliormij
moulded- asbestos to flt the reactlon vessel and make the latter
irec of any straln The exterlor of the ceramic cycllnaer was
Hound w1th nlchrome heatlng ribbon in- three separate c01ls
connectod to powerstats and the voltage was .so adgusted 1n tho '

- tnrec to get a temperature gradlenvxof less than O 2% along

S
_, the reactlon veggglaﬂ__he_temperata”e—ras‘coﬁtroiIeaﬂﬁfﬂa_:hermo-
,electrorlc temperature‘\ gulator\oonnected in series with the E .

cencral heating coil. A chromel—alumel thermocouple was employea

in the regulator, the one Junct;on of whlch was placed near the’

\.

.DOttom of the reactlon vessel. A mercury plunger relay was also

T
—— _ - o

aced in series w1th the central heatlng 0011 '
Another chromel ‘alumel thermocouple was used to record

the te(ﬁ ature in the reaction vessel and other ‘end wds kept at

-

0% in ice- water maxture to serve as a standard refcrence A
vortable Doran thermocouple-potentiometer was put in séries o
to measure the temperature.

)




s I . . ' LIS

The slde ‘arnm of the reactlon vessel was heated by a.
T4

? :séparwto heatlng 0011 att}phed to' a heated cup to varm tho bulb

f

when{needed.

(¢)  The_« chromatorraphlc apparatus ' ) < -

i

A schomatlc dlagram of the chromatographlc unLt used to

v

'rcsoivo tho Lhree n-pontene ﬂsomers produced 1n the pyr01151s

.ls shown as Fig. e The sample t0 be analyzed was’ collected in

'cuc U Lube X &t -193 C. After warmlnp the ‘sample to roon

|

q\pcraturo‘rp vas passed through the chromatograph column at o

0°c using hcllum as the carrler gas at a rate of oO ml . per h Jﬁﬂ‘
. . ’ “‘.j'r_g

pinute in both the sample and the rcferénco colump The columns. v

-.\orc made from 10 meter copper tubing of O 5 cm diameter and

vere pached w1th 25N (w/w) a 4 dlmethylsulxoWQne on, dnromosorb P
: 1on--ac:Ld—uashed 50~ uO mesh-. 'Tho column when used at O c ¥

resolvea the three isomers satlsfactorlly as, shoun in hlg ‘3.

T iy ‘GowMac' thermal conduct1v1ty ‘cell in a standardé
- !

Jheatstone brldgo circult was used as a detector and a Sargent

-

récorder model SRG was employed to recora the;51gnals from the

dstoctor. B . c | S h

oy

-,

(D) Callbratlon of the n- pentenes/ %ﬁ?

LY

|
-

After evacuating tie SJstem to about lO =5 mm of HE,
/

oent l ene W

a mltted chrough the tap Hl and was condensed

*n/eue storage bulb with llquld nltrogen The pent 1 ene was

;////— decassed three .or xour tlmes tlll 1t showed no 1mpur1ty on _'
cnromatographlc analysis. blmllarlj trans—pént -2-ene agd cis- -

‘pent-2-ene were introduced in thelr respcctlvely storage bulbs.
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[

" (3) Treatment of the reaction vess

o

"o

rd A knovm’ amouht of pent l-ene 1nfumoles (calculated from

the 1ormula. . S }‘

sscd through tho column at O Oc.

\

&
_ . '\ _ L
w =,PU/RT; o ‘ . where n
g P
° . . . .. V
Q. / .
= SN R
: -t
."; . T
' - a a I
_was condensed in the U tube X- and the

-

unmber of.molds

:L):' 4
=\pressure

volume

- gas constant’

absolute

’trapped sanple vas

Y

. .\

temperature)

[

After a. retcntlon tlme of

L“uo nlnutes a peak was recorded on the chart paper

Paking ™

fierent amounts of pent -l-ene, different peak helghts were

recorded and a graph was plotted wlthlumoles agalnst peak hel{ht

In the same manner, graphs were plotced Ulth transnpent a ene '

 and c1s—pent-2-ene, as_shoun inTig,

R S ! Y £,

N

.L‘-.‘

el

\

o

°ﬂbout 50 ¢nm. of Hg pressure of pure cis-but- Z-ene vere p

dccomposed at 450 C for 15 hours in the reactlon vessel I

llcnt carbonaceous L%lm was den051ted on the surzace of. the .-

-

vesse%.‘ .

s -

- (1) Procedure of a thlcal run

S

4
0]

The vapor of well deeassed 2- chloropentane 1rom tube B,

were admitted in the gas burette at,

a hnown volume level Pressure

and uemperature were recorded and the number of moles were calculated

ar

Vas c0ndensed 1n “the - bulb B of {ne reactlon vessel w1tn liquid

rltrogen and theftap K was closed

o
!

for.chat volume of vapor." Thls measured amount of: 2—chloropentane

-

.lhe oondensed chloride was
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5 . . * the three n-pentene isomers. - - Q"fcﬂ R IS




. Ar& ”._ 5186;" _-}f”f'. .:f.f S T;uéq .

apidlj vaporlzed 1nto the reactlon vessel by puttlng a hot glass
,‘cup around the bulb B. The dead space volume was approx1mately
S 1 ml . o - '_ EURTPE -.ﬁ H" o L - f
After. decomposing the 2 chloropentane for a cer&ain time .
the product and the undecomposed reactant were condensed 4in the 1o
'fu Lube X 1n lquld nltrogen The trapped sample was passed

o

o Lhrough the column at 0%C. Only the three n- pcntenes' signals
- f;onoged on\the recorder whereas the 2= chloropenfane and the hydro—,
chloric ac1d stayed §n the column {due to thelr 1ong retentlon
'times) After ten runs, the columns were cleaned oy pa551nc ‘,
cllum and Loeplng chtﬁcelumns 1n wator bath at 50 C for about
‘clght hours. TIrom the helght of- each n-pentene peak, the corres; ;
pondlng amount of the 1nd1v1dual ole11n was- found from the _“f‘

callbratlon curves (Flg u) and thelr rates of- productlon were

y ' . )

calculatgd RPI

) ~ . . . _-" Q)
(G) Purification znd storage of materials

T . N . - 4

.-_(13 Chloropéé&anes

"

- 2 chloropentane and 5= chloropentane uere obtalned fnom'-
i &K naboratorles, Inc and Columbla Organ'c Ghemlcal Co., Inc,,'
. -‘e ectlvelw.' They werée of analytlcal grade-wh1ch were flrst

dlacllred uslng an- 18 inch fractlonatlng col and then trap to

‘crap dlstlllatlons were carrled out’ under vacuum Tn the first.
:QASclllailon, ‘the fractlon of 2- chloropentane was dollected at

0/755 mn of ng, by, 4070 (reporced 979¢/770 fm of g,

D
.a S -
_______ 1 4079) -
‘,ﬁ3" The fradtlon of )—chloropentane was collected at 98°C/ 754
' 20
wm of "Hg, 2“ p L LO74° (reported 98 CJ?oO mm Hg,' l 4002)
. -*gg . .

~
- . ) o
o . : N o : ¢ s



' ,.“; fter these dlstrllatlons,afach chloropentane Vas
. . .- '4
.nuowected to- gas phase chromatographlc ana1y51s Unlj one peak *

ot

L owas iound 1n each case. Tnerefore, these, two chlorldes vere
- ! M ‘ q
aLon as saulsfactorlly pure for the pyrolytlc work.

r

. - v
’ -

;Qa) n-Pentenes i . : g S '

4 - : !
- : o

t

:‘ Pont l_eno and pent 2 ene (MIKCd cis- and trano-loomers)

R =)

.

'-?ero ooLaLned from Baker Chemlcal Co., Eont l-ene (b.p. ;O—pp Ocy ©

enu pon -2 ene (b.p. 55—)7 °c) Were of "Baker grade" of -

_nurlt CLS pent 2 ene (b p. 52 C, 20nD .)819) o;gﬁlgn'nurlbj -

A

was supplied by Aldrlch Chemlcal Co., Inc., . nach isomer (or .y

Wl\Od ClS— and trans 1somers) vas well degassed before uso, by

-conocneln@ 1n 11qu1d natrogen and evacuatlnr any condensog\

Lmour¢tles such as alr. The process was' repeateu aL loaot uhreo ' '_wy

:lLLWOo. on gao chromatography, each 1somer (except the mlted

L -

: ‘Lranu— and 015 pent—a -ene) was found £o contaln onlj one component J

lhosc threc S-somers ﬁere used for exporlmcntal and callbratlor

-

- . . . . | B '

purposes. . . , ‘ Lo e

. = . L. . 0 -
()) Hydrochloric: acid - Cr : . e

HjﬂBOCthrlC ac1d uas obtained from the Mathesonﬂ(_}oT

-

. ~

it was degasséd in the same manner belore uae o ' ' .

.
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- BXPERIMENTAL DATA - B e

_L}s?of!ﬂbbrqyiaﬁi&ﬁél
'ki =_Rat§fof.p:odd§tion af penf-l—eng Yy s
k, = Rate of préduction of trans—peﬁt;a;ene
/ kc = Rgte 6f°prp@30§;§§_gifcié}ﬁent—a-ene

'K' - Rate of prodqg&ioﬁ of total penténes_
| : N | IR
— G |
All tyF penienes produce& in the feaction,rare'aeported

L

in micromoles (}4molesb; N

. :
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B } . .
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L Table s v T
nybrysis of B—Chlorbgentane at BBOQC ) 1_I1 y

’g?/umoles © Time_; 'Trans_Peﬁt-a-ene'.Cié—Pent—a;éne 'Toéal ;
Coosy 'BOO‘IF.'se_q. | 0450 . . . 0.200 . 0.650“ |
o2 300 0.500 - - o1z . o2
3.54 . ‘&6"0_9_ o _'6.1;15"‘-,’; 0195 | o.610
965 | 720" S ‘1_._040 - - 0.460 | 1.Sdo | _
s 1200 . - . 0.985 0.420 1.405 o

© 2.8 1500 - - 0.630 ‘0.305 S 0.955

-

u2l3x10'6 sec

]
O/
T

9028310“65ec'

}21&10"6 sec -

*

s b ’\r] . ‘ .
- . D
r . r

e



o - ‘l s -‘. | - B ‘Ql ; ; | .. . l R : o o . -. '.
| SO Umables o e N
© pyrolysis

£ '3-Chloropentane at 340°C |
© 400 jmoleswt 340%C .. TV

Time‘;‘. Traxs-Pent-2-ene = CisfPéﬂt—a—ehe ~ Total

5 min&_ B .0.168 | ) .d86 - ' OJEBA’
0, _—owe; T . louke L o

‘20 . )Y ou4g0 - 0213 o 0.673
l5b ,?, B _O.?éB‘; S ' 0;379 o i.l;?: .
50 © a0 0499 1.509 |
0 - 1.@50 S o '1,597 p
¢ < . 1400 . 0.675  2.075
_ ii?ilb'ésec“l

. , q
50x10~6sec™t :

20
]

e
fi

/ - l Q== : ‘ S

§.00 u mekes. at 340°C

ﬂ c:fKil?;186xlb;64¢§f1 . | _ /7

Time Prans-Pent-2-ene . CiééPenf-a-ene | Qéggl 1 ) ’
5win..  0.391: '+ 0.203 S 0.59% .
0.0 0.585' o 0.282 , u'o;86? |
0 . 1190 . . #  0.582 L 1972
30 1690 i . 0.855 . - 2.545 '
= k£‘=-l3?x10—6sep—l | |
K 60.5*{?"?5ec"1',24 S
) k& 211200 6sec™t
. _ 2Lix
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s . Table 7

- Pyrolysis of 3-Chloropentané at 35290 ' | e o . N\

f ‘ R : . . . ' . .-
. ; .

,wmoles_ . Time

| Tfahélpeht-afeneCis-Pentéaéené Total
8.10 780.se;;_ o 0.350 . 0.165 0.515
 \11,799 780 --_.- " 0.550 . 0.260 0.810;'
;9.30 .15oof -7 0.840 10.395 1.235
535 2000 6.0 | 0680 - - 0.850 ‘
5.60 3600 fo.élsr B ' o.i;; C o912 o
rL 3;29 5160 . 0.830 '; . '0.383 - 1.213 -

EIEY

K V.E_S?;?xlo—.6'sec,".l

1

S
na
It

'26.2x10f65ec'

‘ K ='88.0x10f6seq"l‘
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- Table 8
_p;,fclysis' of 3-Chiorppentane at z21°c

5

,ﬁmle.s_ | Time :ErhnﬁEani;ﬁ_:%_@'QvisEgn;_aQene Hloizal '
15.1 1000 sec. 0,345 . 0.155 ' - 0.500
1.0 1560 0.450

TUTeg2ll. 04661
L1 2400 ,0.250  0.110. | a
6.15 3000
3.56 . 3300
797 3720

.52 6780

475 . 0.225 .0.700 - o
.305 | 0.138 .  0.443
705 L0372 0 1.7

0
0
0 L
0.555 0.270 ' 0.825 R

LY
b
[}]
i_!
Mo
AN
L]
‘_]
o
[0
,
@ .
(¢}
/35—’
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' 5 .00 Amoles at 312°C

"

Table 9 .

nydlyéis of 3-Chloropentane at 312°C

o 7‘.

\

4

v
.

P

0.421

150
T 0.282

| 91*67‘

150 . e 185 0.655

éné”’;f;otdi.

‘Time  TransPent-2-enes CisPent-2-

6355 .
1.252

Sraas
1.940

N

. - :—‘ . J— ‘— _'
. 0 k=181 x 100 skt

. K

- K

12,0 4 m £ 5129 :

-

]

794 x

\

é8.5:x

Time TransPent-2-ene CisPent—a—gne;f

30 min. 0.316 " . 03150
. 60 " 6.705 I - 0.339

T bosy T omeT

120 100 L 0.5%0

..,,__.—.. ,,__.\,,.._,_‘,_-..f,._...., . . | kt

N I -

1.

B

10"6 sec."l

lC-G sec.

Total
0.466
1.040
1.421

. 1.650

15.0 x
7.37 %

N
Y

22 .2 X
|

1

> B

1Of6 sec.”

1076 sebi—l

-1




1L, 0 amoles at 50200

i ‘ - ansPent-2-ene i §Pent-2 —ene
Time Exan_ELIL______V/ Qlﬁﬁﬁn__a———f

ky =" 8 .50 x 107° s'ec_‘.h_-l'

, =194
o Table’lo ., .
_ ‘Pvrolvsn.s of 3- Chlorepentane at 302 C
7.00 Amoles at 302°C '. o ST
"
Iime jmxuuﬁhni_i_gg_ | QlﬁEQﬂLJ&:EE_
90 min. -0 548 . 0.179 =
192 0.0 0.380
270 ¢ . L0.840 v 0.440
~ S
c‘
& /-
A -1 , . 6
K = 13.7 x 10

Zotal
0.527 .
1.120°
1.280 -

k= 4,50 x .1..0_-6'..9&-:@."1

'0tal
60 min. . O.k2h 0.222 " 0.646
120 - 0.727 0.363 1.090.
180 o 1080 0570 £1.640
252 1460 . 0745 2.105‘g
‘ k= 7.30 % 10°% sec.™t
K, ‘6.4 x 19 6 ._1'
"/j - X = 10.8 x 7070 gec.™t
: | SN



| Table 1l

. .

pyrolysié of . 3-Chloropentane at 29595*' R ,J“‘ B

14 .00 gmoles &t 293°% - T o

. =
.-/ - : . . i ! - - .
© Time . TrahsPent—{i;;E- CisPent-Z-ene  Total: AR L

¢

a0 o;g?é - 0.350 ©1.030
300 S 0.792 - 0416 - 1.18 |
300 ). 0.995 | 0.513 1.508 .,

ky = 5.5 1076 sec. ™t

"\ v ; [ ' ' ké = l.6?-x_10~6 sec. ™ o

K

1]
\
(@]
@]

}:‘ZLO_6 sec."Jr :

;A
%3
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‘ pable 12 . RN

'glyoiysié'of 2-Chloropentane at 376°C

Q.Ootholes'at é76°c‘- .

-

% : — o .

" Time Pent-l—ene T?rans~Pen%—2—ene Cis-Pent-2-ene" Tbtal
600 sec.  0.300° 0.540 0.250  1.070
600 0.330. 0670 © 0.260- 1.260
900 0.410" 000, 0340  1.450°
1200, 0.520.© - . 0.870 . © 0.430 . 1.820

. kq =.125xld"6se071
k, = 238x10 Csec ™t
- L kg E 92.lx107§sec-l
. K = 475x10 0set ™" .
l ' ) [‘
-
/
,’l
-, ﬂ
A

S
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| _ Table 13 =~ ;\’\\ B »
byrolysis of 2-chloropentene at 352°¢ |
¢ ’ : ‘ c : l
- éi}o;imoles at 352°¢ !

“Time .'Pént-1~ene‘ TransPent-2-ene stégn;_a-ene Total

A9
o

5min.. 0.260 - 0.480 = -0.230 L 090
0w 0.440 . 0.960 | 480 7 1.880

| 1 0.900 . 3.600
30 ) 1.3?0 - %'2€5§Q o '? 1..3C0 . 5,200
40 1460 3.055- 1.580 _6;296 |

. O

20 T 0.930  1.770

‘\J

21?? X 1076sec."1 .

!
1

B - : . : ' i ﬁi.qlx lO'6sec.

-
i

22.9 x 10 %sec. \

Isd
-

-
¥

X = 86.0 x 10 %sec.”t

/ .
* o
N .
B . - .,
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o 3 - Table T 1A_ S o ‘.'.
Pyroly31s ofla—chloropentane at 3500

. . .
N . * . - N -
) ' . . . . L] : . ) - . -
. . N - . - v - +
.
. : L .
" } )
. . .

L 12.0}qules‘at 350%¢ - B

Jmmm_. Eﬁnt_l_ﬁng Iransﬁﬂni_a_ﬁnﬁ QlﬁEanL_a_ane ikﬂﬂl
.25 min.  0.420 ~ 0.830 0 410»; 1.660
4 7 0620 ¢ 130 0510 | 2.260
o - 'o.?uQ o~ . 1.380 "';_ 10;690 2

75 oo i.oc . 0.810.

By

.310
310
92 . 1.140 2040 1.080 L.260°

i

a

k) =191 x 1078 gec.”h i
| = 36.2"x 10 6‘&3 et T
.. .k = 17.6 x 107° sec. o f;

rd

N :‘ K = %9.5ix:10—6 sep.-l
y - '
. ( -
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Pyroly51s of 2-Chlor0pentane at 5260

-

: . o
. d : -
.o ' -

: .o : .es = l\ v.' ’ , o ' ‘ v ‘\.
90.0 x moles at 326°C_ R R

' - 3
h .. ) ] A,

Time: . Pent;l»ene \Trans;Pent-a;@nel ClS—Pth 2-ené  Total

15 min, . 0340 < . 0.700 d 33oﬁ L3800 |
S0 0.450 . ;_ '.6.920_ - o. 450¢/"\ 18200 TN
b 30 . 0.670" " ,' | 1.30 .. QB8d .. 2.700
60  '1_.350"’ L 2apo :5.139.; .owdso

8x10 6Sec -1
6 l.
-1

10 5x10

— &k k; = 5.28x10.6
oo Ce ' . I .r.‘ o - -1
e . < - K p;al.Qxlo 6sec_

- < r
. Wt _ B o . ) - ‘ P
L . .
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?yroiysis of'Z-Chlorbpentghe,at §l7écr :‘. R v L

: . o LR L T PR : : i : ‘ : . .
ey . L . - - . . - - . oo N -
- B . . . " . . N ) .. ) . .l .
- . - . ..- N ' : . R n - .
' ’ + o ot . N : . ‘ ‘ S “" . ‘.
. - . . i . ot . *
. ) .
Kl v , .

. '_..“‘ . ; . '0 ! ! N . .
7 les at C : | - -
76.9 _,u_mo.fe 317 S o T e,

f . R
. g . . . . . o
-~ ) Lt ~ . . J

et

Time" Péhtélnéng "TransQPeﬁtna—ene' Cis#Pentiaﬂgne Total,:
15 fin. \ 0.130 ) - Q_'."280 ' -p_,‘ o 'O;iqb : 0.55(}' o
007 . 0;2205 o o.5l0 . O -0.260 - 0990 . ¥ -
45 : ‘;o.iﬁxf/i , . 0.740 o L0.400 1.520. P
0 - ¢ 0.500 - 0.:980 500 . 1.980

g0 . . . 0730 .. 1470 ", 0.780 - 2.980_, : \\\\\\

105 ~  0.810 "55“15650 . o.870 7 ,3333°.<:."*

o0

sk = 240k1070sec

oW
1} fl

ﬁ' B : ) ‘... ’ ) K ;'7_9 xlO' sec’

~

.

‘.}wmlég fime ‘Pent;l-ene Trang—Pent-Z-ene'iﬁ;siéént—a—ene Toéal\- F._
35, - 15'Min. .-0.630 . 1.290 - 0.660 . 2.580 |
386 =15 Lo.680 1,350 . . 0.720 . 2.750

s\
- w

' 2.06xid'6sé57
6

_a.llxlofssecf;’ i

. Vi : v
B .

o
Ho

l IS SRS A

: 1y, 19%x107 sec;l_

-3
Qe
.
<t
i} 12

5 36x10°SeecY

'
.
h - . L3 - . . '
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. CHAPTER b _ | .

| - .| _RESULTS

v o T "

. : “
* !-bhlorqpentane o - ,

'—Chloropentane was decompooea at several temperaturcs‘
N :

“1rom 2935 to JbO C AL certaln tempcratures, different prcssureu )
of &“F chlorldc wvere decomPOSQd to see iy thére was, an3 conccu—
‘Lratlon effect It was found that thc decomp051tlon was of

irst ord;r. The'rate constants were indégyidenh of concentrqtibn;
'andfpercénfége decompo 1t10n umthln orporlmcatal error.

- The individual rates—e% the proauctlon of n-peutenes
4uu thc rates of total n- pentene ‘production have been calculated

, . .
uNQ are shown in Tables 5-11. Thelr average rato conftants are *

given in Table l7a. = | | ' - ’

[ /-’ ] N . . -
. vproduction were drawn and are shown in Fig. 5.
h o . . . ! N to ' . M )
’ . . . . i L ' 1
S ‘ L | o

2= thoropentane , o . -

LA

2 Chloropentane was decomposgd at Ilve temperatures, from

)l/ uo ;76 C."At 317 C dllferent pressures of the chloride were

"
'

accomposed to see dsf there was any concentratlon effect It\i:s’

: round that the‘decomp051tlon was . of flrst order The rate

1

: constants were 1ndependent of concentratlon within experimental

crrors The fbilowlng rates of decomp051tlon were calculatea

from the data glven in the Tables 12 16, d are given in Table

176, | _
The Arrheniﬁs pléts for the individual n-pentene and., the .

6. ‘-.- . ’. | -.‘.I -.'

total'ﬁ—pentené_productidn are shown in Fig
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,- (% . Effect‘othemperatufe on Avef@c Rate Constants -
. (e R - ‘ ‘ ' -

‘for B—ChlorobentapéA' rolysis

A 350°c'| 340 | 332 | 321|312 | 302 | 295
| Rt 4~ {
- NN ¥

TESB' 10% 1, (sec™) | 215,127 | 57.% 26.3|16.6 | 7.90| 3.34
: 1) | 90.5]55.0 | 26.2| 12.3|7:66 | 4:07| 1.67-
321 | 199 | 83.0| 40.0|25.9 | 12.8] 5.00

& -
10 kc_gsgc,

10° K (sec™d)

o

z . N
' ) ' o S T A
. Effect of Temperature on AAverage Rate anstants v
" for Z—Ch;dfbpentane Pyrolysi@
1 ’/ ] . , /-\
A ’ . i
S . o T : ‘ 1. S R ‘
V326% | 352 35& 326 |37 ¢
r/A/ 3 R . . ,

. . L -
1 ‘ - 1‘ =
. N | 3 .

ey (sec™) | 125 21,7 1191, |.5.28 | 2.00
6 l{t ('sec-“l) : 238 - I-_{-l-."+. | 36 .?_ . 10.5 LI-OO k°
“110f k. (sec™ly |92 | 229 | 27.6 7| 5.28 | 2.00°
K c . .
c |

K (Sec ) | 475 86.0 | 79.5 7| 21.00 | 794
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The Arrhenius plots’ for the pyrolfs1s ‘of 3 chleropeqtane_
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Pig. 6. ‘The Arrhenlus plots for the pyroly51s of 2—chloropentane

for each n-pentene and the total_n_pentene productlon..
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CHAPYER 5 S S,

DISCUSSION . -«
fn the: pyroly81s oi b chloropentane and 2- cthropentane | .

the st01eh10metry of the reaetlons can“be represented by

equatlon o1

his followed from two pleces of cvidence. First, no permanent

zas ‘or gtdrochrbens other than the n-pentenes were observed in

7

‘the proaucts Seeoﬁdly;‘the ratios of the final to the initial

pressures approached the theoretlcal value of two2 ll. Also;"

the values of pressure determlned manometrlcally and analytlcally
{ by tltratlng the hydrochlorlc -acid produced) dld not dlffer
7 h ‘ ,

slgnlilcantly

The results 1ndlcate Lhat the st01ch10metry of perlJSlS
of %- chloropentane and 3- bromopentane and 2- chloropentane can

be represented by equations 7 and 8 respectlvelJ

CHB'CHZCHX-CH'BCH5 — cis- & trans-pent-2-eme * HX & (7)

‘ (x= Br, C1) - L
| 'CHBCHECHE-CH-Cl-CEB — cis- & trans-pent-2-ene. +ﬂl ent-l-ene
I .+ HCL ()

. ' . | | ' : )
| loreover, the rates of decompositdon were‘independe%t of

uhe 1n1t1a1 pressures of the halldes/’ 11. These were‘observed

here, The flrst order log plots were satlsfactory to 65m, and
7

756 for»j—chloropentane and 2- chloropentane respectlvely and
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~ . Thus it-was concluded

~everal'half-lives for‘5-bromopeutane
that the pyrolyses were first order reactlons. -The'reactions
showed no induction per10d7 ll.. The addltlon of cyclohexene

‘as chaln inhibitor resulted in no 81gn1flcant change in the
reactlon rate within experlmental error? 11. blnco no 1nh1b1tlont'
WJQ observed by accepted crlterla the reéctlons were unﬂmolecular

Capon, Maccoll-and "?ossll cheched the homogenoltJ ci the

-

eroly51s of 5= bromoPentane. They carrled out the.pyroly51s in
Qs reactlon vessel packed wlth glass tublng to glve a surface:
volume ratlo-lncreased by a factor of 5. No increase was found
“in the mearn rate constant of the unpackea reaction vesSel.l In |
view of the large 1ncrease in" surface volume ratlo, it was concludeu ﬂ
that the reactlon was homogeneous and followed a flrst order law
In the - present work the decomp081tlon of 3- chloropentanc‘
and 2-chloropentane in a reactlon vessel coated w1th cis-but-2-ene
carboh was'studied‘Betweeu 293—35008 and )1?-;/000 ranges respect-
l 1voly The relatlve ratios of n- pentene productlon dlu not change
very much within ‘the temperature rau;es_as shown in Tables 16a .
and 18b for j—chloropentanc and chhloropentane pyrolyses respect-k
" ively: No previous work on individual n- pentene productlon -
measurement for the_pyrol&ses of Z—Chloropentane and 3-chloropentane
has been reported. | - u’ . _ ,
Aswdiscusséd earlier; the p&rolysis of sec—butyl chloride
‘and bromlde uslng dlfferent coaiings for the: reaction vessel has

8,
been studled by Maccoll and .Stone}+O Heydtmann anu Rinck q

58 and Capoor“q;,

bolbrook and Rooney” The ratios of n—butenes

from the pyroly51s at dlfferent temperatures by dlfferent'workers

- and that of their equllbrlum values by different. methods are

"



Y ' /’

- L male s
' : , ' R . 3

Trqns:cis7pent~2-ege-ratib‘foro5;chlorobentane pyrolysis =
. ‘ . 1 . . bty

o | 350%]| 340 | 332 | 321 312|302 | 293

| Trans-pent-2-ene |2.20 {20y | 2.11]2.16 {2.00 |1.95 {71.95 |
Cis-pent-2-ene |1.00{1.00 | 1.00} 1.00|1.00 |1.00 '1.00

. ‘Table 18(b)
. Tfané:cis:peﬁt—l-ene—ratio‘_ﬁof'

' 2-chloropentane pyrolysis -

i
. . _
“ 576°¢ | 352 | 350 | 326. | 317

' |'prans-pent-2-ene | 2.3 | 1.99 | 2.c1. | 2.09 1.93

| Cis-pent-2-ene . | 1.00 - | 1.00 1.00 | 1.00 | 1.00
Pent-l-ene | 125 |‘2.02 | 1.08° | 1.05 | 0.9



: oelocal;zatlon of the odd eglectrons glVlng rise to regions of

'summarlzed in, Tables l9a and b respectlvelJ.

in n'butene Lsomers productlon among the four groups of worhers

o 208s

' . . - . r ' .

] . e _‘J
*THe dlfferences
}

Lor the perlJSlS of sec-butyl halldes can. ne attrlbutod to

-

three reasons.  These are dlscussed as below: ‘ ke

(4} _Isomerization of olefinic products by carbon coatings °

Maccoll and Stoﬁeqo decomposed the halide using a

' roactlon vessel coated w1th allyl bromide carbon. 'Heydtmonh

and n:mcl«.

, Ll

and holbrook and Rooneyﬂ"b used. a pota ssium

'cnlorloo and ethyl cnlorldo coated vossel respectlvely Capoorhq

employed a carbon coating prodhced‘from pis~but—2-ene~pyroiy$is.
liolbrook and Rooﬁey,and Heydtmann'an Rinclk reﬁorted.that

isomerization 01 n- butenes bv ethyl chlorlqe and potasslum chlorlde

coating respectlvely was unlmportant ‘fhe former: also claimed

that.cis—but-a—ene and allyl bromide coatings promoted c¢is- and

s e

Ld 5

trans~but—2 ene isomerization.

" It has ‘recently been shown however, by nolmes and Huo

'that the 01s—but~2—ene coatlng was less actlve towards isomer-

1zat:l.on of cis-but-2-ene than the carbon coatlngs produced from_

allJl bromlde ano ethyl Dromlue.

-

“Their- results suggested that

the greater act1v1ty of allyl bromlde and ethyl oromlde carbons'

wvas due to their'bromine content,,ﬂmbée—ﬁa:—eupported by obser-

vations that cis-but-2- ene carbon could be actlvated by eyposure
to the n—propyl bromlde perlJSIS, in whlch bromine atoms were
tnought to be the chain carrlers Also, ireatment wzth molecular

oromine ralsed its act1v1ty close to that. of allyl bromloe caroon
/

1t has prOposed that the electronegatlve halogen atom could lessen '

- . -
» .
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! SR ‘Table 19(a) SR

» i ' .
But-l-ene:trans-but-2-ene:cis-but-2-ene preduct

ratios for the pyrolysis -of Emdhlorobuténe : ;)/’_ _

workers  Temp.(°C) But-l-ene' Trans-But-2-ene Cis-But-2-gne Coating
T K . r . . g~ : ! h

o

Heydtman =~ 299 S 2.y : 1.95 ©1.00 - KCl
&'. Rian ) RN A . " ‘ . . ‘ - .
(8, 4x) ~ ~ 395 2.03 T 179 - 1.00

v . .ot . L

. Holbrook o o v o
& Rooney 548 1.95 1.80-1.90 - 1.00 Ethyl
(38) : E o ' : chloride
Maccoll - 330 ' . 1.91 1.72 ©1.00 Allyl
& Stone - | ' : . bromidé
(4o} 343 1.55 1:60 1.00 -
357 o2l 1.81 1.00
360 . 1.52 Y17 . . 1.00
36l - 1.75 1.58 ,1.00

o o320 19 15 100

301 1.91  1.67 ~1.00

Capoor - 302 o132, 1.3 . 1. 1,00 . cis-but-_
(L) . ' T ' : ' 2-ene
- 218 1.43 . . 1.4 . 1.00

335  1.55 ' 1.54 ' 1.00

350 . 1.6 - L7h 1.00

\ !

'
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- Table l9(b§~\ . T
. - ¥ o : o s . W
Average valuesl ofp 'Klt and KZt for n-butenes
S at different tempe'ratu'resa. -
‘ ' X 0 ' - - " . --‘ L] .
. Temperaturs, C \ ‘Klt R I\ct
300 O} - 2.49 1.0 |
325 . 2.25 1.55 <
550 . | - 2.06 S o1.52
. A 0
375 1.£9 1.49
. 400 | .15 1.46
" ‘ . . Klt o - ' o
\ B_ut-l-ene' == Trans-But-2-ene
.~ re——Giks-But-2-ene —— Trans -But—Z/—ene
a. Average valies calculated frorm references 46-5i.
1\._-
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higher spin den51ty. Thus holmes and'Rqu9 suggested that if

reaction vessel seasonlng had to be undertahen, py rOlytic>carben;'

w

from a hydrocarbon P¥r013813 (¢.g. cis-but ~2-tne) vas to be

preierred over other types of coatlngs
i ' - a

(i3) The halogen acid catalyied isemerization of oleffn'

r . The second reason could be the 1someylzatlon of n-butenes

aLalyzed by the halogen acid produced 1n the roactlon
f

The effect of hydrobromlc.a01d cataly51s on the isomer—

lZ&ulOH of n-butenes has been studied exten51velg by ‘Ross and:

racco R and Helmes and huobq. Both workers showed LhaL the

rate of‘isomerization depended upon the concentration of butene

and -hydrobromic acid, i.e.,

Q

Rate =‘ké (Butene)x(HBr)

!
A
A

‘was: R L ‘ .

- Rate 52 (cis-but-a—ene)x(ﬂxj'  (%=Br, cl) .
. b | )

I

[~

kct (ols-but—a—ene)- .
" Thus for eqU1molar initial concentratlons of cis~but-2-ene and @

(nyﬂrochlorlc a01d at 400 C, the rate constants kt -1, and k _t were

0.61x10 -6 and 2.71x107° s

-1 respectlvelJ kc-l and kc £
”epresent the rate constants for the 1somerlzat10n of cis-but-2-ene
io but-l-ene and trano—but -2 - eﬂe respectlvelj ' blmllarly, at
h - I | L«
100 C kt 1 = 1 46x10 -6 82C 1 and. kt ¢ = 1,48x107° sec.”, and r ae
-1 - R -1 ined
ki _¢= 2 84x10 “gec and kl—c = 2.06x10 " sec Iwere obtaine
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tor the hydrochlorlc a01d 1somer1zat10n of trans- but 2 -eng and
but-l-ene respectlvely, to their approprlate 1sombrs . Thus, 1n‘

the presence of hyurochlorlc ac1d the rates of 1somerlzatlon

\‘

) "
oi but l-ene to its trans- and c1s 1uomers wcro about the same
- ‘. —l ] )
. (i.e. Ky t 2 84xI0 . and kl "'2 .06x10” ®sec l). blmxlarly,

the'cis—loomer had the tendenCJ to isomerize more readlly'to its

b

transiisomer (i:e. ko 47 2.74x10 6}_ec 1} kt-c; l 4“x10 6 ‘l)

Cout not Jvice versa. ,
Meydtmann and Rlnckg’-#% pyrolyzea the chloride to nearly'
lOON convcr51on and Maccoll and btoneqo to about 50%. 'Tﬁe acid

-nroduced was thought to be enough to cause'ieemerizaﬁion of the

0 . L
n- butenes produced Holbrook "and Rooney” studied»the_pyrolysis ‘%g
of sec- butyl chlorlde iy an ethyl chloride cdated vesSel (with -

or w1thout hydrochlorlc acid present 1n1t1ally) . They found that-

A ¢

the n- butene product dlstributlon agreeo with Heydtmanu and Rleii:i/;//

results u31ng pota551um chlorlde coatlng ¢ In Capoor‘s workmP

-+

the decomp051tlon was never allowea to ,exceed 15%. _Qhe.amount
O\d; halogen ac1d produced Was certalnld 1nsufflclent to cause -dny
' -isomerizatlon' It is 1nterest1ng that Capoor's result had a low

'trans 01s~ratlo range (1. 54 ~1 ?4) ~ The others, however, had a

.

‘much higher" ratio range (1 ?9 l 95). If 1somer1zatlon of the

| ~butene product by halogen acld dld occur in heydtmann and Rinck,

*

haccoll ‘and Stone and Holbrook and ROOneyfs studles, the cis-

’

product/WOuld tend to 1somerlze to the trans form, but ﬁbﬁéyice

Versa. This could 1ndlcate a lack of 1somer1zat10n of n-butenes
) |
by hydrochloric acid in Capoor's work %pd the presence of some +

isomerizafion in.the'latter case. Although the equlllbrlum value,

v -
[N
¢ . oo
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L

= uornera (Table l9b) seems. to 1nd1cate that h L= L 55#0 Op at Lo

’.(trans cis but 2-ene ratlo, about l 9 at jbo C) ml”ht suggeso

llsogerlzatlon of n- butenes by halogon acrd that ‘'was produced.
Jholenook and ROOHEJ
"could ve ac»lve in the elimlnatlon of hjdrochlorlc ac1d in .sec-

'butjl chlorlde decomp081tlon. 1h1s was pOSSlble, s}a%e the {A

work. It was found to be very’ small in: the temperature range - ‘y/
tcoatlngs which mlght ellmlnaté'halogen a01d cataljtlcally, but T

range {1. 45wi 24) was obtal _ The. ethsl chlorlde or the‘V

w

" . . ) . ° s . .

"‘-

1

: “ A . [, .

LN - ‘- . . - e
it .

-t’ -is not known. accurately, experlmental values bJ Varlous ﬁlf

A

"590 t Heydtmann ahd Rlnok, and Holbrook and Rooney'D results

s s . ki

‘that though the amount of halogen acmd produced was anprecmable,

b .
LhL rate of 1somerlzatlon by the a01d could stlll be too slou '

LO be significant— Thus-the- true amounts F ri- nutenes produced

'

irom the ellmlnatlon reactlon could be measured N
¢

- Cw N ' 0

tu) .Catalytic eilmlnatlon of haloren a01d By carbon coatln
* o As dlsCussed above, there seems to be’ no olgnlflcant
1 .

. f 5

38 reported that a 015 but awene carbon coatlnr

o

trans' c1s|ratlos and but-1l- ene percentages obtalned were muche ¥

lower than those’ found in ethyl chlorlde and petass1un chlor1de~

: coated vessels However, the heterogeneous reactlon yleldlng a

B

hﬁgher c1s but 2 ene productlon was corrected for ln Capoor 5

5®

studled (300-350 C), Thus, ittis llkely that 1n the nyrolys1s of

.'Sec—butyl halldes,,there could ex1st at’ least two types of carhon. .

in an opp051te dlrectlon The“crs but 2 ene carbon coatlnr

favored cis- elimination Thus a low trané cis put- 2-ene ratlo

pota551um Chlorlde carbon coatlng, on the other hand favored P

-

Lrans elamlnatlon, Wthh gave a hlgh trans cls but Zpene ratlo“ k.

-t ¢ . ' e
. .

e



- * 3

S

T&PS?_(li?g“I 95} . The equlliﬁrlum constant was fqnnd to be -

i 55*0-05 m‘catalytlc ellmlhatlon reactlon favorlng S&s_
n-ﬂ 38 “D. ) N

produot formatlon w1ll be dlscussed latter

f
. J . .- . M . ; .
) , @ - f ! ‘ i . . ¥ . t
. . . [ — .
r 4 . .

*Lls but-2-ene oarbon coatlng was used dn the present

.

Qtuuy of pyrolyses of %- chloropentane and 2 chlorOpehtane Lhe
F‘\ . rd
iy resuits are different in two aspects from those of Lapoor's work
d . {

on - the pyr01y81s of sec-butyl c:h"'or:LdeLFL+ u51ng the same carbon

sy coatlng blretly, the trans cis pent-2-ene ratlo (Table loa and

'

Table l b 1. 95~2 203 29p 376 C)\ln g chloropentane and ;-chloro—‘
pentane 1s larger than the trans c1s butua ene ratlo (Table 19a;
J jh -1.7; 302 350 C) in Capoor's regults. becondly, in the e @‘

present work, the. product dlstrlbutlon dld not ‘change witk - S

[

porcentage deoomposltlon 1n the range 0 to 60%. Thle:;s shovwn
ir _1n Tables 18a and 18b for the pyroly51s of 3 chloropentane and.
. - 2 chloropentane respectlvel) iThis indicates that the hydrochlorig B
ac1d produced (up to 60%) was 1nsuff1c1ent to cause any 1somer-
atlon.. Thus &he true amounts of n-pentenes produced from the

'.nomogeneous el1m1nat10n reactlons were measured This was further
. f '

4ch¢cked by performlng a serles of experlments on the hydrochlorlc;“

acid catalyzed 1somer12atlon of cis~ pent _2-ene in the 01s—but 2- ene

carbon coatea vessel At 350 C' pent-~ l—ene and trans pent 2 -ene

i

vere not observed when equlmolariihounts of els-pent ~2-ene and
h,drochlorlc ac1d were 1ntroduced 1nto the reactlonfvessel for A

'oerlods comparable to the -reaction time for the erolyses 01 the

. . B -
L3 K

—”mjentyl chlorldes. brmylar eyperﬁments were dane for mlxea Lrans, i

L

and els pentaz ene in arknown ratio and pure pent -l-ene respect-

"V%velj Gaa chromatographic analyses showed that the trans cis
s i . - : ‘ K
. / :I R N > T e, ! . . {

r : v, v
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pcnt~2-ene ratlo dld not change in the former case

Neither"

'

=
From these triue amounts of n- penteLes D

L —

s n;rolyses of - chloropentane and - chlpropentane,”the follow1ng

-

'Arrhonlus parameters were calculatedfrom the Arrhenlus plots

in Migs. 5 and 6 respectlvely (Tables 20 and 21) ¢ Lo
T A - o
The actlvatlon energies for.1nd1v1dual n- pentene producmlon

........

are slmllar to within 2. 2 Kcal/mole. The Af%Penlus pdrameters
gor the total pgntene proauctlon from j ~chlorpentdne and 2-chloro-
pentane on pyroly51s, found by Chytrv and hlS co- worktro? are

~shown in parentheses 1n‘Tables 20 and 2l. The values are in -good |

1 . .
ﬁtreement w1th those of the present work . Arrhenius plots for

() chloropentane and 2~ chloropentane studled by Chytry and h;s

co- worhers together w1th the present study are shown in blbs ra

I
- . ' . - . ) ¢

amd d respectlvely ' _ _ 0

Capoorm+ found in hlS sxﬁdy, the foliow1ng Arrhenlus

’--parameters for 2~chlorobutane pyroly51s. He used cis-but-2-eme ' - T
oL . p ! - . ) .

 carbon coéating as in the present study.

. ' . "

il

> -

2-Chlorobu£ane' -k ’ i,

W

B, kcal/mole . logh (A in'sec"l)

--.Bothli?ne' ©L530% 14 .21
Tréns—Bu£42—ene 52.3 a l};ﬁi_
. -Cis—Bui;Z-enel ! 50-.0 ’ '12.80
T T ' et e . Qi i2h - N

Total butenéS'bbdaucﬁiaﬁlg“"‘53tl“
Cls-but-a ene productlon nJ 51gnlflcantlj lower

°

. Il o : Cmeal,
"aFtivatiQn“enerayfthan,that of the ‘other two lSOmerS*“-, this 7T
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L)

* . " i I 5 n
Calculated by the "method of least squares

|

' P .i'_216f' - e ' - ,
| . Arrhenius Parameters for 3.'~Ch1orbpénta‘ne- Pyrolysts”
. - * : :. L o \
n-Pentene E) (kc!a'l/mcﬂ&-' logA (A ’in~Se'c'])}-
| Trans-Pent-2-ene - w 50.7¢ 1.2 14134037 -
| Cis-Pent-2-ene ° S assta IERR AR S
) Total n—pentene' o 50.5t 1.2 ° Y 14,24 ¥ 0.37 i
pr.oduct'tor!’ - (5}._-0)7 (]4_4)7 -
M ' ) : ‘k
Table 21 '53%!
. R ' h : . * . -
- Arrhenius Parameters for 2-Chloropentane Pyrolysis Co
o ’ ' . . 'P;
n-Pentene , By (kcal/mole)-~ TogA (A in sec-]) ‘\ .
Pent-1-ene - - 57T 1.2 1311038 .
Trans-Pent-2-ene - 499t .27 13.14 % 0,34
Cis-Pent-2-ene  , . 47.3% 1.1 11,90 £10.31
Total n-Pentene . .  50.3% 1.2 13581 0.35° .
" production ' ’ 7 7 - L :
' (50.7) (14:1)° - . :

(seé Appendix 1, p. 234@5'.4/\
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"uu “ests that Zechlofopentane and B—Chioropentane might haee
tower, actlvatlon energles for cis-~ 1somer production as compared
~with-the other two 1somers, produced in the gas phase cllmlnatlon
crocess In the presest study, the actlvatlon energles for
cis-pent- 2 ene production are from 2.2 to 2.6 kcal/mole lower
than those for'the trans—lsomer. | .
| "It is apparent.ﬂ}om the above dlscus51on that so far as

the Arrhenlus parameters are concerned a cis-but-2-ene carbon

coating has the same effect on the pyrolyses of 2 chloropentalc,

,) chioropentane and 2- chlorobutane

(u)’FT ans;c1s ratio observed for OleflnLC Droducts
Interpretatlon of‘the present sots of results, as in the
case of pyrolysis-of secubutyl chlorlde, obv1ously requlros very
careiul assessment of the equilibrium values for the three
n-pentene isomers. Unfortunately the publlshed data for the .

' —pentenes showed some divergépce (see Table 22). Different
eement50 555 5= bb o

F I

workers! values for Klt were‘in fair.agr
fhere was however, considerable uncertainty as_to the value of
© K, and 1ts temperature dependence The'spread of valuwes for
K,y was w1de, partlcularly at 600°K: The mean values from the
references cited in Table 22, were Kq4™ 4 .56 and K, _¢= 1.97.
- The trans:cils ratios observed for the present study'are
compareo wlth values for prevloue work on 51mllar compounds

shown in Table 23%. In general, the product ratlos for the

A T Tumpacked -vessel or- -coated. vessel were close O the equlllprium

vall

te emphasized that under these condltlons, with the exception‘oj

“

0r else Sllghtly in favor of the trans- product It should



C L 20
. o |
P~ " o
S . . Table 22 | |
ValL}es_ for K.y arnd K., for n-pentenes at 300 and 600°K
0000 |k e00®e) | . oo 1 o 1 L
Ky (300°K) | Ky (600°K) K14 300°K) | K;;(600°K) | Rez.
Lo : ' , . !
2.73 - . 1.61 45.0" T 450 53,55
y.27 1.82 — sae o [T
L4 2.25 - ,I 37.8 S L5Y L 57
4.37 2.43 RN B4Y | 58
L .6k 1.7 e ———- 50
*  Cis-Pent-2-ene ‘_—f—.E:‘ Tf(ms-penfc-a—eﬁe N
. M K t . - B .
Pent-l-ene ﬁ Trans-Pent-2-ene
.
) !
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an allyl bromlde carbon coatlng, no trans:cis 1somer1zat10n L .\j

occurred. At the temperatures used for the pyrolyses

]

'in packed

reactlon vessels and 4t temperatures well below 300 °c using

cis- but—2 -ene -carbon- coating in the pyrolypis of 2- chlorobut:{:meL‘LL+
the homogeneous reactions contrlbute llttli\

(usually < 10;5)

towarab the total rate As dlrect cis-trans isomerization

of products did not occur, the trans ¢is ratios obtalned there- -

fore could reflect the nature of the actlvated complcxes for thc"'.

| ]

heterogquous pyrolyses of the-chloro—compounds concerneqwm‘Table,"
25 shows that the cis-product was clearly favored in ever} case

irréspective of whether thermodyhnamic equilibrium favors the
cis- Qr trans-olefln ' ngh yields of cis= olcflns have been .

r

prev1ously reported for[@any heterogencous reactlons Lt 1s

likely that there- may be a.common eXplanation for thls phenomenon._'

P

One such pOSSlble epoLana‘c:Lon)n wag,the‘formatlon of W-complexed

intermediates at the surface, ®everal conclusions can be ‘drawn

from these data (Table 23) . _

(l) The trans c1s pent -1- ene ratlo (2.1:1:1) indicates that

the concentratlons of pent-l-ene and trans pent- 2 ene vere always
° hlgher than thelr respectlvely equlllbrlum concentratlona.,figs\w

trans cis:pent-l-ene ratio was l 97:1.00:0.45 at 350 %c at o
‘ couillbrlum '@ This further confirms that the ellmlnatlon ‘reaction,

catalyzed by 01s—but-2 ene carbon coatlhg was not ‘important in

o

the sec—pentyl chlorlde system. o . 7 .

(2) Maccolll"suggested in his review that if coplanarity was

a requlrement of the tran51tlon stdte in elimination reaction, o
r

"~ then the trans-product ohOUld predomlnate over the cis- PI‘OC“JCt ;; i



ek

D

" Phis can be seen from the projections III and IV, where Ry %nd"'_- .

,Ka are alkyl Eroups or halogen atoms. = - ' LT (\

' 4orm is also-favored by. thermodynamic stability. It has been .

:

_range 500 to 400 °¢. In the prcsent guudy 01 2-¢ loropontane , : !k

'ard b cnloropentane ‘pyrolyses (Rl" CHZCH s R2 Lh ), both the

\

o (iV) | e

{(1I1) which leado to thc trans- OlOle is less sterlcallJ

hindered than (IV) whlch leads to the cis- proquct LhC trans-

mentioned that trans:cis ratio in the pyrolysis of sec-butyl

chloride (R1= R2= CH ) was from 1. q'to‘L 95 at témnerature

ratios werq 2.1+0,1 (29 —)?GOC) This sunnorts haccoll's pOWnu

of wview as it 1s obvious from progectwonu (I1I) and (1¥) that

-the trans:cis ratio should be 1arger in the‘oec~pentJl chloride

' ﬁ‘roly81o.- Burthermore since 2- chloropentane and 3= chioropentane

have the same stabllltJ in both prOJECtLOpo, the trans: cis
pent-2-ene ratlo ‘has to be equal to each other

"”hls model can ‘further be testoa by 1nvé5ulgau1ng 51mllar

" secondary halxde SJStéN\\Wlth‘larGer allJl groups, R, a=d Rg‘

u“c“_molecules_uhlch_mlfht sufflce are uhoun belov
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. H . ' . .-/"
(1) SN _(CH”) CH . CE, ' B
. b - ‘_ \ ' /‘/ o . . )
o o -*H/l ‘\ ~ o | , )
i . ‘ ' \ Ii Cl l ’ ‘ - . l | J
(i1) o RN '
: (‘ j)); | //Lh5 . o _
., o= . _—
OB 1 T | -
' R o cL _ , .
. ” i ' . .
(iii) - CH=) +C P CH
_( J)D | Chath5
- C—C
"] 1 H ¢
. H Cl & A
. 1
(iv (CHJ).C . CH(CHS), S
) | | ‘3)) N H(Qh))a‘ | | :
C—C ! A '
- 1 H -
i Cl
vy, .. (CH.SC O C(CHM).- | N
v, (Cl5)5% ClCHz)5 : ¢
. C_C ' . s
e ‘ / ] [ \}i‘ 7.. . + ,
F Ll ' - ‘ ‘ )
o | ©
Based uﬁbh the resulfs of this work; ong would expect
ihe trans:cis product ratio prodﬁced in the gas phasé eiimihatién
nrocess to be 1ncrea°11g in the order Izom (1) to (v). It shoult
be emphasized, -of course, Ehat the trans- proaucb is also favored
by thermodynamic stability. o ‘ SR : ;/////
- Maceoll- ;p his recent VLer has“staﬁegmthgﬁ."there i?“_;MJ?m_;

' .. ] e s ; :
a close 51m11ar1ty between cas phase eliminations and polar-

in polar solvents".

subétitutionéﬁcsﬁl) and elimination reactions (B1)
v - _ .

: ‘ . .
{ .
- ‘ M
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it was found, for example, that in-the el;mlnatlon reactlon of .

geca\gary alkyl broujlate serles, RCH CH(OBs)CH , in polar uOVGntSoJ . e

- the 2—olef1n was predom;nantly the trans-form. This represented

L g o b .
" a-very sharp range for R= t-butyl, as compared to R= CHE’ Cﬁacuﬁ

dand isopropyl. IR S R
;_:U- ”D.,.' I . } L ;A .n
?HBLU§L (OLU)LHB‘ K trang.c1s = 1:00
- - CZH—CH CH(OBS)CH; = trans:icid = 1.39
(CH 3) pCHCH,CH (085 )CH grans:cis = L.GL-.
N (cH ) 5CCH CH(OBS)CH " trans:cis = 35

This observation'is similar to tpe yresent study. Brown and

. Takasawééj suggested that this behaviour was in excellent agreement

&

with the steric strain 1nterpretat1®n for the 2-olefinic. products.
" s

| ror- example, H4n 2 shyli~ trlmethjl -2~ pentene (V);“Lhc t putyl- ¢ rqup e

cannot aveid being cis to the methyl group.. In the 2-ol¢f1n,

g D T l e R : o T
. H : CHZ S CH CH.-. .
3 YA
. \\C = // _ ”b\\C = C ¢
-\" / . . ) \
CH-—C < CH CH.-C~ ° H ‘
3/
, > CH; ‘1 cHZ |
)CH"- o h QCHw
. D ~ 2
- Wy L . (VI)

o .
L \

- irom, (CH ) CHZCH(OBS)CHj, the t- outy group can avoid steric
interactions, with the methyl group by assumlng the trans confor-,
'"natlon (VI) - In. ¢ Otner words, 1n—a b ; L-mrlmethvl penu—aeene (Vs . .

G

%
__‘H_Ahe olefln can beneflt from the hypepc nJugat;ve stgblllzatlon

\i ) ' Al ( . . R - '
L4 . " .
\ o ,.D.‘ . -
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alforded by the 2-0lefin only at the cost of lérge steric sti;;nm

1

resultlng from the sterlc 1nten&et1Q€a of theéhls—t butjl and

methjl groups. On the*other hand in trans Ly L= dlmetth p@nt aweno,.

the molecule can beneflt from the hyperconJwgatlve/stablllzatlon ‘
of ‘the 2 olefln w1thout sufferlng from the sterlc dlsadvanta*eSt ‘ A
of the cis- t butyl—methyl arrangement o . P ,: ‘
'(3) The trans cis ratios for 1- chloroprOpene,pnd 1- cnlorobu e

were less than and equal to umlty rospectlvely, in pyrolyeiﬁ“of
aoLchLorldes using unpacxed o) carbon coatlnh vesselss) ”2 .Theee
ratios wore slightly larger than their respoctlve equ111br¢um \
values. No. 1somerlzatlon of cis- to tréns-1l- chloro ~olefin or vice
:vorsa was found to occur at- the temperatures studled either alone L

L

'or in the presence of added hydrochiorlc acid. Ii coptanarltg

was a requlrement of the transition state, the reveree uould be'_ S

)

e\pected 51nce the COnflguratlon of the olchlorlde compounos, as

e -

R

discussed prev1ously, leading” to the trans isomer was "less sterloalky
ihlndered Holbrook60 suggested that dlpole—dlpole Interactlo”s

| between the CH3 -and c1¥ Eroups whlch were postulatod to EApla“n

-

.che thermodynamlc preference for cis-1- ohloropropene over trans-- .

i- c]nloropropen,e6L+ were also operative in the tran51t1on-state

.0 ' - R
- - . \

leaolng to the formatlon of the c1s lsomer. The observed trans:, |
&
cis ratios wgre in fact larfer or close to the observed equlllbrlum )

‘value due to these two effects operatlng in the opp051te ulre0tlon.

‘iurthermore, l chloropropene was producea both by the perl{alS pf -

| L6l 60 .59-60 7
1,1 and 1,2-dichloropropane 29~ The latter compound- _

was ﬁ chlorlnated and pyrolyzed to thls product vias slower than
[Xa)
that orlglnatea from the perlJSlS of toe A= chlorirated //



i Loy 61 .. e S
bl =41 : A
by QlCh10TOPTDPane . This behaV}our was explalnea “if tne chlorlne
' i
uLOH not undergolng ellmlnatlon wals 1nv01vea 1n 1one palr &onatrop

‘*; ;Lhe case of'1, 1- dlchlorqpropane and - 1nductlve Jwithdrawal in the.

(
case of 1, 2 dichioropropaneéb.‘ The factor would tend to maxe‘thls

1lor1ne atom more’ nebatlvelj charged in the case of 1, 2 QLChloro—-

A }
propane than'in the case of 1,1- dlchloropropano 1nce‘the 1ncreesed-

L3

stahility of cis- over trans 1—chloropropene hae been attrlbutod to

'“nicctrostdhic attractlon betwelen CHj and ¢1° r"roupo, it chbuld )

'+ be argued that¢more ‘cis= olefrgawould be expected from 1,2- dlchloro~ f
_._-/ .

.*pfﬁpane than from 1,1~ dlchloropropane Tr*s was supported by tho : i
f“-

*oosorved trans:cis ratios of\p b6 and 0.83 roooect1Vely ior theA

v,rolvs1s “of thc compounds @ '
e . . e .
It is. also of interest to. compare thc trans:cis ratios ol

.y )

c‘loro olefln*produced from 1, 1- dlchlorohutane ol and 2, 2 dichloro-

"

Dutaneba. The products of 1ntereot were l- chlorooutencs (trans: cis p

[

;,ratio'% 1.00 in unpackeo vessel a't-450°¢) and 2 chloroout 2 onea_'

'(trans:ols;ratlo = 2.20 at jbO C u51n5~allyl bromlde carbon coating)

-

.rcspectlvel? In the. former case, coplanarlt ano dlpole/ulpole

5 counterbaiancod each other.

and %

Thus. a iow trans:cis ratlo, but greater ‘than the - equlllbrlum/@alue

. rhteractlon between the Ch5

u

Wis ootalned In the latter case however, only coplanarltj operatea

thexhﬁghs -glefinic product was formed in excess ofﬁthe cis- form,
1V1nv ‘a large trens ClS ratio (2 2) con31derably greater than the

equlllbrlum proportlon. This ‘observation was similar'to that
‘ L) :

obtained from the pyrotysis of 2-chlorobutare. : ‘
( _ . ‘
' 2 ' . B . ) »”
. ~ - H - R N

'4(E) Common mechanism for the erOlfols Of Seconqarf“vhlﬂrldes ' 4f¢w"

-—-—..___‘_

In the present study, pyrolysis of 2- chlororentane (315-576° ©),

i | L
. J B

> ., =

. - . ‘ J . . -
. - . , _ , }?
! - ‘ ‘ >
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) ouoteo for comparlson

 two sets of‘compoupdstls strongly indicatl
. R — ) t N

N SR
\ o S S R VR

Y

- aud 3- chloroPentane (293- )50 C) are hLmogeneous and. of the firs st '

P

o“acr There were no 1nductlon perlodsg-and the addltlon oi

-’clohexene caused no appre01able chanee in the PerUCLS or in the
¥

. 7
: reaotlon ve1001ty These results are consistent with.a unlmolecular

@chanlsm for the ellmlnatmon of throchlorlc acid. rurtner OVchncc

'ﬁr upport of this mechanlsm ig prov1dea bJ thc agreomont between

bne ostlmated values for the Arrhenluu paramoters for othor oECOhdar
cilorides thdt have been StudlEd as\shown in Table 24. Values 1or

2-chioropentang and 3 chloropentane are in line with those for othor

,
L

9
chlorides.

v o , .

‘ - : .7
(F), The relative rates'of secondary halides of the form

k)

By _CHK2 Ra (x= cl and Br) - L T ‘

1

It is Qf 1nterest to compare the relative rates for the
er01531s of secondary chlorldes and bromides é&sthe form

l-bHX at b5O C where Rq and R; are alkyl groups (Table 25).

lhe rates for 2- propyl chlorlde and bromide were taken as unlty
pbata for 2- pentyl and 2- octyl bromldes are not avallable o In

calculatlng rate ratlos, 1t was thought” better to use the 31ngle;.
N

set of results obtalned by one worker rather Lhan the. average

Nl

values for the secondary halldesl., Thus Lhytry and his co—workers'

work! on pyrolysis of 2- propjl 2—penty1 and ' 5- pentyl cchlorides,

- B
, and Maccoll and his coéworkers' work on 2- butylh. and 2- octyl

2

1l
c/lorldes, -and 2 proleg, 2~ butyllo and 5= pentyl bromldes were

The close agreement betweon the data for the

ve ol‘:-common mechanlsm

-

% .
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- Arrhenius Parameters’for Second

;;23051'

. Table 24

\"“

§
'

G o~ .
ta

afy;Chlofide Pyrolysis

'13.88

Chloride logA (A'iﬁ‘sécfl)' lEa (keal/m.) " Ref.,
2-Propyl 13.40 . 50.5 " 66
o C13.64 . 51 67
13.4Q 50.3 7
2-Butyl T 1362 “149.6 4O .
14 .00 50.6 8,41 |
14..07 50.8 8,41 '
T 1456 55.2" . gl
. o i | : resent -
2-Pentyl . ./ 13.58 0.3 gtud&.
o | 14.10 ..50.7 7 .
L 14.2 50.5 presént
;-Eentyl \jq i B study
- 1h .40 51.0 7
2-Octyl 13.55 48.7 3
. . ; l o !//
Cyclopentyl 1347 N 48'3'.. t 60
L l” ieXy . 13 .?7 ' \ 50 XV - 3"{'
50.2 . 69,70
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Table 25 - i
Rélative rates -é}f pj}roiysis ‘of secondary
chlorides and.bromides (350°C)
, 2-Propyl | 2-butyl | 2-pentyl |' 3-pentyl| 2-octyl :
a (R.lzsaz_ : : (RlszB’ (R]_:CHB, (R:L:liza: (Rl: CHS’ |
“CHz )| Rp=CpHg) | Rp=n-Cillp))  CoHig) | Rp=n-Cgly
chloride| © 1.007, | . 2.92% | 5.647 5.207 | 4.87°
' 9. . =510 | ToL 511
Bromide 1.00° 2,520 |} | - 5.12 S /
‘ LD |
W
. 3 4
N p
- [ |
- * \
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_(G)‘_Qiroction of elimiﬁation for Eécondafy halides

o

An 1nterest1nﬂ 901nt arises as to the effect oi B~ ethylatlon.
.tor @ alhylatlon and G methylatlon) This may elther be a ¢1rst— S
ozoer offect ‘on-the @ carbon—hydrogen bond, or a second order effoct

-on the A carbon chlorlne bond . If the [former was true, the increase

‘\

in raLe from 2- propyl to 2-pentyl chlorlde shouid be due to elim-
,llatlon towards the genter of the moleculo, rosultlng in pent ~2-ene.
Thus. at 350 G, ifl2-pr0py1 chlor1de7'was assigned a rato of l that

?dgof 2-pentyl chlofide? would be %.64 (see Table 25). 'This would

imply:

CHBFHECHZCH=CH2

0;

CH,CH,CHSC . S - - e HCL
1511 ,CHC1-CH \?; R

T -\’CHCH

The rétiO:of oehﬂ—l-ene to pent-2-ene should be 1:6.5, giving.56%

2CH"CHCH

01 pent-2- ene. Anélysis of the product mlxture gave about 755 of
Pent—Z—ene.’ The effect, of the ﬁ-methyl group (or. @ —alkyl group)
thus appears to be predominantly a second—order effect on the,.
carbon-halogen bond, rather Lhan a flrst order effect on the
carbon-hydrogen bond.  ﬁlmllar~analy51s can be made of ﬁ-motth

‘oubotltutlon.‘

The effect can be analyzed in a different fashion as shown

in Table 26. It shows that ihe added methyl or etth Wroup not

Oﬁly 1ncreases the rate of slimination in.the branch to which it

vas added but alao in tne branch which was unchanged. Here GOw 5

" of the Pdrolytlc proauct in the 2-butyl halide was but-2-ene, and

755 of the. product in 2 pentyl chlorlde was.pent-a—ene. Thus

—a
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' &CcordlnD to Table 26, the added mEtth and ethyl Lroup 1ncrcaueo.

the rate of ellmlnatlon ‘in the "changed” branch of ‘the chiorldeu

Dgr3,T'and 5 5 to 5 7 respectlvely The rate‘of el;mlnatlon in

the brancéh of prropy; chlor;dez was assigneo"to oe'unity.? in -
lthe-bréncn‘which'was'”unchanged“ the ellmlnatlon in Lhat orarch
only 1ncrcascd by a factor of’;oout two (1.5 and 2 5). In 1act
since there are three prinary ﬁ-thrOWen in cach branch of Z-propyl
-cniorlde, andLonly two secondary B- -hydrogen atoms in Lhc p -methyl-
ated or @—ethylated branch,. it .is more anproprquc To comonroj

the relatlve rate per hydrogen atom in fhose “changco“ brancheg.

Whls is. found to be.l:5.2:5.1:0. 4 ior P~ propylz 2—butyl*o,

—nent"12 and- 3 pentjl chlorloes TEprCblvelU (Lablc 26) . similar

rnterpretatlon can be made of the brgmide analogo (Table 26).

b‘ These results conflrm the L w scnsrtlvrty of thc pyrolysis

of secondary alhyl halloos to @ alkyl subotlcuLlonu, and alsq o P

emona31ze the analogy between gas phase eilllnatron and urlnoiecular
p :

solvolyses in polar solventsl.

Further ev1dence of the second- oroer nature of the effect

12
of @—methylatlon came from worL bJ nong and naccoll on tne
oerles (CH- )ECClR with R= LH s pjachj 1aopropjl and t-butyl,

The rate of ellmlnatlon gr 5 inelz;;ncreased with Ffmethjlailon,
L _"_‘——____‘ . . ..
despite‘the fact that in g%e last(cOmpound.eliminatiOn wae»of;
. . T k . ‘ /’) s . A |
necessity entirely in the short/branch (Table L) .
. Jo .

1
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T ;'J - _Appendix 1

Calculation of the Arrhenius Parameters =~ : IR

by the “Method of LehStﬂSquares“

.Experimenta]iy,'the actjvetion energy (E;j and frequency'factor'
. . . hd ..____’p

(1ogA) are determined by plotting the common - logarithm of- the rate constant .

(109 k) aga1nst ‘the rec1proca1 qf the ab501ute temperature (1/T) The slope
the line/ —

~of is then ‘equal to minus the activat1on energy d1v1ded by 2. 303R according

"to the Arrhenius equation:

~ log k '="_10g A= E/2.305 (T) e ()
where R 15 the gas constant

The besEhT1ne is not a]ways eas1]y d1scerned by eye but can‘ H§
read11y be obtained by a calculat1on which e11m1nates personal error. The ' - 't

P

“method of 1east squares 3 genera11y used, in which the sum of the squares
~ of the dev1at1ons of the exper1menta1 points from the chosen line is a -
'm1n1mum. o S _f S e

The equation to a straight 1ine'nay-be expressed in ‘the form:
y=atbx e o)

where a and b are the constants to be determ1ned and y and X are
dependent and in pendent variables rESpecﬂgﬁeiy If N read1ngs have, been

made then:

Na + bex

u

Ly

Further _ EXY afx- + bIX

s
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It can then be shown that:
. . ‘

a:

IX. IXy - zxz.Zy e, L (3)
‘(Ex)2~- Nzx2 :

P

and “#

s EREY S N-z’f)'f\ e (4) -
(2x)2 - Nex’ . . ‘
@ .

IFIn the case of thd Arrhenius equation (1) given above, the .

.,./!:

%‘ S oy T s

.
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_CLAIMS TO ORIGINAL RESEARCH . !
‘ — i o
(1) The mass spectra of neonentyl alcohol brom:de and chlorluo

have been studled Based on the apprdprlate labolllnh‘e\porlnqntu'

w

and the presence -of metastable ion peaks, fragmentation schemes
- . - - ‘ . . .
for their dissociations are proposed.

|

(2} Isomeric CQHSK ions (X= OH, OD, Br and Cl) have been

renerated in the mass spcctrometer from various sources. Thé
' .

ructures of Lhe decomp081nb ions, anu the mochanlumu of

'uecomposltlon have been investigated by oxtonolvo 2h and l)U-

lﬂbelllnr e\per¢mento.

: v

(3) Tho lréses of Hcl afd K,0 from the molecular ibns of the

h;ﬁflorous serlesof chlorohydrlns, CHCH C(Cha) CH Cl (p"O io 3)

amnd ClCHagCH )20H OH. were found Lo arﬂsc from cnlorlve—h‘urox,l
and hy droxyl methjlenc lnteractlor rOQDeCLJVOlJ similar. trends

ver -also observed for the mass specnra of oome chloroacids

‘0

ormefly investigated. “.f

g

(4) The mass opectra of methylcyclopeniene and cy clohexene-

and qamethylcyclohexene and chlohcptene nave ‘been: studled

oo '

rrafmentdtlon of each pair of these isoners for the most part'
' nroceeds'via common intermedlates in which h,drogen atoms have
'lost ;helr p051t¢ona1 1dent1tj The logs of metth radlcal

from methylcyclopentene and 4 methy lcyclohexcro molecular ions

Jr——

1nvclveu, to a great extent, glmple direct bond cleavase.

.(5)‘ The pjrolees of 3- chloropentane and 2- chloropenuanc vere

#rst auudled in a reaction vcssél coatcd U1Lh caroon produccu
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i 01s-but 2 ~ene pyrolysxs.‘ The n- pentenes produced in “the

rC&CthHS vere analyzed by gas- llqu1d chromatography Thelr'.

indlv;dual rate constants fqr theLr preduction and- the corres-
pondingtAfrhenius‘pafameters:were éalculated .
(G) It was found that trans- and cis-pent—z-ene-prOduct ratio

lrom both pyro]yses reflects that coplanartt, is 5 requlrtnont‘

of thc tran81t10n state in ollmlnattov reactlons. That is,
¢ i

the tranS—product predqminated over the 01s—form.
. . . . ]
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