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Preface

The original object of this work was to
investigate the kinetics of the gas phase pvrolv515 of :
exo—2-norbornvl chlorlde. The stereospecific placing of

deuterium on the 3~-carbon atom-would allow one to deétermine

whether the unimolecular‘elimination of halogen acid to

produce norbornene was a cis or trans process and-whether

" the tran51t10n state was suff1c1ently polar for a Wacner—-

Meen:eln isomerisation to take place therein. The problem \

proved more cooolex:tﬁan exﬁected oartlv due to the sur-
pr151ng oroduction of nortricyclene (also by a unlmolecular
elimination of hydrogen chloride) and oa:tly because of
_interest in the mass spectral fragmentation‘mechanisms of
norbornvl compounds. This interest deveioped‘through the
use of mass spectrometry as a tool to discoyertthe fate of

deuterium in the pyrolysis of the labelled norbornyl chlorides.
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Abstract
The gas phase pyrolyses of exo—Z-norbornyl chlorlde

and some deuterlum labelled analogues have been studied and

the 1,2 elimination yielding the major product (norbornene) \

was shown to occur by a cis process« The other major product .

-

nortrlcyclene, was shown to arise from a 1,3 elimination

involving the 6-endo H atom.

!
7

The uee of the relative abundance of metastable ion-

peaks in labelled conmpounds to isolate and examine a particular

* mass spectral fragmentation has been developed. This technique
has been used to determine the extent of ﬁagnef#ﬁeerwein |

reaction in the preparation of exo-2-norbornyl chloride by

fvarlous methods and to elucidate the mass spectral fragmentation
yechanlsms of exo-2-norbornyl chlorlde, exo-2—norbornyl bromlde,
nerbornene, nortrlcyclene, exo-~2-norborneol, endo 2-norborneol

and norbornane.

. The addltlon reaction between hydrogen chloride and
norbornene has been 1nvestlgated using deuterlun lakelling and

mass spectrometric analysis. The results indicate that the

norbornyl cation intermediate is captured in an asymmetric state.

Q

Some of the above work has been published as shown in

the following list:

1. 3.L. Holmes and D. McGillivray, Advances in Mass Spectrometry,
The Institute of Petroleum, London, 5,. 706 (1971).

2, J.L. Holmes, D. McGillivray and N.S. Isaacs, Can. J. Chem.,
48, 2791 (1970).

3. J.L. Holmes and D. McGillivray, Org. Mass Spectrom., 5,
1339 (1971).

4. J.L. Holmes and D. McGillivray, Org. Mass Spectrom., 5,

- 1349 (1971). ‘

5. J.L. Holmes and D. McGillivray, Org. Mass Spectrom., 7,
in press (1973).
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Gas Phase Pyrolysis of exo-2-Norbornyl Chloride.
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INTRCDUCTICL - - .

2alecen containine hedrocarbors

s

zvrelysis of nng=2enoriornsl srlerice (cxo~Z-chleoro-ticvelo
— e —ry !
(2,2,%) lLercanel was undercaoken. cxo-2=lorbornvl chloricde

Iy

was chesen because of its rigid ceometry and its sresumed
akility to form only one elirmination procuct, norcornene

Ciloveia (2,2,1) heons=l-cna),

ATZ /L7 + we

o lalalling &R0 ~ra=Denarhorascl chlorice —itR Sonkeris

the exo-3 or endo-3 nosition and ceterrminine the deuterium
contenﬁ of the nvrolysis oroduce (ncfbornene), 1t should pe
possible‘to_deduce the extentsorf cis and trans elimination of
hydregen chloride,

v

A pessible interesting complication weould arise

N

if the elirination proceeded viaa transitiorn state capakle

ofjundcrgoing the Yagner-lfeerwain reaction. This feature is
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ot will ke mada here to cover all asrects
©f tha hinetics of cheriéal reacdtions, orlv a brief back-
cround will e nresonted, sufficient o allow discussion

s frer the syrolwesis of 2io=2-norkornel

Iinectics, the studv of reaction rates, is used

S & vrent oo investicate the moghanisms of cherical
reactisngs., T
g
4 e
¥{l) tastaratical Troatitont of ozul+ts la,2a
et - - < - - - - . = — Sl P | -~ T —-—- an
\ =W ThATE QL rzacticn-is described as e arount

o reactant {dx) which chances in a definite meriod of
tire (¢t) . Lxnressine the ratn's devendence on the concen-

tration of the species present we obtain:-

COMELRNT] 2,0 ,Y eoeeees are tsually integers and
C.orCovlh we..... refer te the concentration of the chemical
fracics A,%,C Ll..... Dresent in the svs=ew at a civen

tire. $Similar e¥rressions can be written for the rate of
change of the corcentrations of the otker snecies dc./dt,

dcc/dt escess. and so on. The individual derivatives

¥
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or

= k(éd-x) R

arm '
rt]

From the practical viewnoint o‘ handling experimental das

the 1ntecrated form of the above expression is rore useful,

"S‘ '

when t is 0 the amount changed x is 0 ; whereas.

after tirme ¢ it is = ;o on intecration twi

v A
S viel

-

th

S:-

c |
k = % 1n ? First Order PRate Equation
(C_=-x) . .
© N

For a reaction to be first order a plot of 1n C /(C -x)
against t must ke linear, the slone of the line belnc egual

to 1/%, thus allowing the reasurement of % , the first

Second Crder Reaction

A reactien is said to e second erder uhen the
. . .- C ' * .
rate of reacticn depends on the first power of tiie concen-
trations of each of two reactant species or the second power

.0f the concentratica of one Teacting species. An example

of the mathematics ¢f the for~ar is shown helaow:-

A + B = products . . R



3t = X{a=x) (b-x vhere a and b are the initial
' . _concentrakimang of N

- - and B resgectively

k is the second order
rate Sonstant
X'is the arount of
reactinc srecies censumed
in a garis® of time 4=
dx/dt is ccuivalent to
either —-d{a-x)/4t or
=& (=X} /Gt . K - -
Integration, taking intc account +hat % is 9 when &

is 0 anéd x is x when 't is™t, gives

s

LS

) - z A T a7 ™~ 3
ln‘?TT_TT Secont Crder DNate Zguatien
@ La T -

this can be rearranceéd to

T

1. (2)-_ _1 (2=
k= = Iz - —— In|
- t{a-v) \3/ tia=n) N L=

In this form it can be obksecrved that for a reaction to be

second orxdér a plot of 1In (a-x)/({b-x) acairst t rust be

a

[ED

s ecuzl o 1/k{a-i alleines +ho

linear andé +he slozz
determination of %, the second order rate constant which

~has units of reciprocal concentration and reciprocal time,

Third and higher order reactions are trzated in a
similar manner; however in practice very few examples have

¢ !
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Zn X . B

been found due to the low probability of having a collxs;on
:Y! X .

between three- or more particles.

“
o . Use of the lntegratcd form of the rate ‘equation ' :

is only. one wav of deterﬂlnlnq the order of a reacs 10n,~other

. L p———
. . * [

.mathematical methods of treating the results can be fourd in-
- . . - ib
any text book on kinetics, e.c. Eenson— .

Although reaction rates can ae*c*a‘lv be c’assified
as simple first-'or second order reactlons, several factors
may be present.such as’ rgverse, concurrent ané cohsecutive
reactions which will complicate the interpretation of the
experimental data.

. : I
. <l
(2) Reverse Reactiorns o ~

Some point in a simple reaction may e reached

il

when the reverse reation rate becomes significant, resulting

in a non-linear rate plot. Consider the simple case of a

first order reaction with a reverse first order reaction:-

If a is the concentration of A initiaflly and there 'is no

B. present at the commencement of the reaction, then after a
time t the concentration of A and 2  are given by (a-x)°

and x respectively

gi k(a-x) - k'x where k and x' are the forward ’

and reverse rate
constants (time™!)
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reaction

Sl ana O
¥ ion,

\
e

-
-

resrectively
ectat

C
-
}

first oru&

c

(
ceeeea(3)

the solution being



a=ae _ cessa(4)
c

suakstituting this value for a ;= ecuation (2) ve oktain
T ]

tie follovine enpression

-
dhe .. . A
== + .k = k.a e tesea(5)

1o
0]
[WH
N
[¥R
n-l
0
3
t
.
th -
[N
p]
[0 5
fu
n

a linear differential ecuation of the

. .

L1ITrst Oruer ANiu LTS solution is cutoine:s 25 e sum of

& particular solution, given “v raking the right hand side

&

eqgual to zero and solving the euation, plus a cencral”

. . - e T Tle - -q . e —~n . H + I .t
selutinn, ohtainzd o selvine the equation ertainmed when
H T : - : 3 e - - -~
tne left hanl 3i7c ig mado 2aual to zero. The qeneral
. -— t :
. . =i e . s
selution is cenzl o e 1L tne particular sslution

equals o . The total-solution written as a linear -

P
comig i 3o alamree Y el
COTZlnation 13 shown Relow:
~
: p
7
YT d e -
- —~xisc =40 - . -
= 2 - 2,0 cee (G wheore xl and a4l are
2 bt 2

constants

By sulstituting back into equation (5) it can be shown that

-

which on substituting into the general solution ecuation (8)
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. . ~ 3 ey e dmta . :
Sonsidarine thia sitrlest

th

- , - — LN R Rk e ]
a2 whaerce T (O30 et aab abau-ie

processes axre IZirst ordor, for eramcle

At time 0 (AY = (AP)' D =.(CY = 0, a*% zZnwv ogiso

-

t

-

(A)t + (3)t + (O, = #q. With these conditions the fLollowing

rate ecguation can ke set un for the concentratisn cf M at

anv tire &,
-GN,
= = (ky + k) (R), 2 k' () ceewaa(l)
T - — -
-

[
r

1

On integration

1
'-

the following scolution is obtained

-ln(rR), = k't + const. o ,'
' !

2’
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1
=
3
o

o

Il

const., i : A

-In(A), = k't + 1n(n) 0
(R), = (3) e F't e (2) |

- = kl(A)t cesecnaesa (3}

Substituting ecxnressicn (2) for *he concentratior of

any time t in expression (3) e oktain the followinc

eguation )
d(z-) - it
-~ = k. () .e 7 .
at 1 J
. -ttt
ta bil T = k., (X ’ <
erefore (a)t l( )Oe a

-

‘which on intecration vieids

-1t
(), = —— (A)oe k.t - const. .
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when time = 3 () =3 228 o ° =1 LT
—_— (1)0 = const.

. y

e “1 %'t
(B)t = ;T (A)O - :T (R)nc eeeeeas(d)

An 1de tlcal eipression can be deriveé for +the concentration

of 'product <€ at anr tire t , excent ., is rerlaced b
. 'y

kz . - : -

Effact of Zcrdc:aturc on +ha Rite of ¢

D
)
0
it
’-J
(D}

1

(t
o}

‘constant can

r

-

The effect ¢ temperature cn the r

be most sirply euxpressed in terms of the van's iaff izashore

>
Glni. _ U . o P . =
= . where K is the ecuilibriur constant >
- 27 -
ae oT ‘ eee s . e - . -
- L 1s the cnciialos chanae 3
. . : 2
R 1s the ras constant . =
{calericz oy o la) - <
— . -
’ T is terperacture{aisolute)

A

ENERGY

REACTION COORDINATE _ -
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Substituting k/k' for ¥ where and k' are the rate

[d}
b=

constants Zor the forward and rewarse reaction respectiv

Py

and E-E' for H where FE and E° are the activation

energics for the feorward and reverse reactions ressectivels

- ]

-3¢ equation can then Lo srlit into tvo as shown zclow: -

dlnk T Clnlt T

(1) = ané (2) iU,
dt RT? at RT2

Orn integration, equation (1) gives:-

-

Pom— . v b
- JRT - - . .
or X = Aev wiere & 1s the freauency factor

The intecrated cguation is knovn as the Arrhenius equation

bV N ogm T a y ey ——y vy - o~
-l I ITLOILAAS CAyarolers.,
J =

-1 - D R Py .
[ s 2nd o are roo.zrron to 2

[0

These parareters can te determined be Tmeasuring thie rate

constant at a series ¢f temperatures.  3v nlotting 1nk

against 1/7., the ‘activatipn energy I | can be determined

e

o
-t - 2 A A
If the Arrhenius plot is not linear this may

- \ -

indicate that the reaction is occuring in'more than one

phase. For example if the plot is concave upwarus this

»

ore of the straicht line slct. > . . ;

6.

P T S N,
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could indicate particizaticn 2f a {low activation) surface
2nergy reacticn fogethaor with the aemogennous {hish

Y
act;§§tio*) reactisn,

LY

Radical mechanisms are generallv complex and

involve a series of consecutive reactions which can ke split

into thraoe crouns (1) initiatien reacticns which produce
Zrece radicals &y 2 homolvtic bLend dissociatic ¢
{2) propaczation reactiens; those in which the free radicals z
react to produce intermediates and result in the removal -
. ~
. , N
of reactants (3) termination reacticns, wihich rerove the 3
. P
active intermzdizteos. Radical risciicns can be zeparated <

into twe ¢lass~~, ‘mea-chain and chain reactions.

{a.l) Non-Chain Reaction

- - - - ) ) ‘ - ‘ >
The reaction scherme shoun below 1s an example of a

non—chain reaction:- ' . -

-

{1 1, - nitiaticn ) %z

[

(2) 1. + -» R, 11 + R Propagation

]
r
.
S

(3) R, + RL Termination

3%
(V]
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(a ) Al ™ TV m b Y e o o
L) e kA o a S et iy e aad

The reaction scheme shewn belowr is a typical—

examnple of-a chain recaction:-

b PR Y
(2} *23'_+:1 — 2.5 + 2

1 1" 2 )
\ i Propagation
(3) 25 == I = 1
-
. e >
el - - * b
() 23+ Ry >y 4y 1 2
4
b
- I :
(5) =] + =7 =5 i, f Termination
!
. ke |
T-,. - e
(€) n5 + Ry > -

ais

s def

-1
(D
"

ned as a chain reaction because radical Ri
. . . Q. A .. . .
reguired in reaction (2) is produced in reaction (3) in

addition to that supplicd by the slow initiation reaction

(1), that is, after the initial incduction period the reaction
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e
wroceeds incdeoendentlw of reactiorn (l}. The Kinetics of
this reaction SChere‘gannot be.sol§ed directly but the
approximation is made that once the extremely smail steacdy
state concentration of thé active intermediates haé been
obtained, their concentratiop will not chancge during “the

course of the reaction. The kinetics car ke investigated

as follows: if the reaction scheme is terminated by step (4)

Lo I

then the followrin eqSﬁtions can be drawvn up for the

pbncentraticn oI the intermadiate suecles 25 and Ré : - .
~ ! -
a(r]) ) K
= re 15 2} = RL(RI) (M - k ) (R]) =
d(Ré) ]
= k. (R™) (" - R:) = & (RIY (DY =
- “2(31)(”1) k3(R2) 4(R1)(?2) 0 1
[a Rt - ~
: b
From the above ecuations it can be shown that . :
T N 7 ’
ey o[22 ) .
- - - A
1
2“2<4 )
i y
The rate at which the reactant is consured is civen by:-
d(:l) oy
2771 1
at 1771

If kl is very small relative to k2 then
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a1 .
1. - . .
- e . - -_-2 (I{l) (-:l)
- /! . 1. 1R
- « S17va0%y
- 1 ( 2%,

im1l exoression it can oo obsarved that it is

first crdzr in L, s the roactant,
If the rcaction schers is terrirated Ly stex (3)

instead of step (1) then the fellowine expression is

obrtained:-

_ -k (e oy _ s
. - 1\ l) . )
it : Ko
. >/
in this g¢asc tig reactien is 3/2 c¢rder in ”1 , the =
. . o
reactant. Finallyr if step (6) is the termination »rocess it . by
. . i = - 2
can be shown in a sirilar manner that the rate is of 1/2 £
to ) - ;
order with resrect to :l s e reactant.
S
In practice all threc tercination steps Tay occur
to various decrees resulting in sore unpredictable fractiona
order 0f reaction. t ’
Sore radical reactions can he inhkibifzd bv reans
of compounds like cvclohexene andﬁcyclopentenqzwhich reacdilv
react with the free radicals present in the system. In the
%

case of alkyl halides they can be used to separate radical e

and moleécular reactions.
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(b} Unimolecular Elimination Reactions -

Unimolecular elimination reactions have no
inductipn‘perfaa and are not affected by initiatb£; or
inhibitors; the reactiéns are é}rst order at'high pressure
becoming second order at very low pressure (a theoretical
requirgment7). ‘Good examples of uniﬁolecular elimin&tion
reactions afe the pyrolyses of the alkyl chloridessa and alkyl
esters’. “ .

"(e¢) Mixed Mechanisms

Gas phase reactions often occur by mixed_mechéhisms
i.e., both molecglar‘ahd chaiﬁf?;éctions. In order'to‘study
the molecular‘reactién it 1is necessary to remove the chain
reactions by the addition of inhiﬁitors such as cyéléhexene .
which removes the free radicals. Exdmples of mixed mechanisms
can be found in.the gas phase pyrolysis of alkyl bromideslo'll.

(d) Surface Reactions

Gas phase pyrolyses carrieé out in clean pyrex
reaction vessels have been observed to give irreproducible
reﬁults,and can be extremely rapidlz. However if several
pyrolysis runs are carried out in the reaction yessel 2
the rate of reaction is often reduced by each‘run-and'
finally becomes reproduciblelz. ?his is dué ﬁo the presence
. of a pyrolytic carbon coating which builds up on the walls
of the reaction vessel; An alternétive method of coating

the reaction vessel is to pyrolyse allyl bromide or

E

STEI VAR OTS

VORIV TY



22—

cis butene-2 in the vessel;3 N The surface reaction on the

clean pyrex walls of the reactlon vessel is due to the polar '

‘surface whlch directs c1s el:.m:.nat:.onl4 « -The carbon

coated surface can be made reactlve towards radlcal reactrons -

by small quantities of oxygen, which can act as a source.of

o

free radicals. If for some reason oxygen should enter the

- -~

——

reaction vessel then the surface must be retreated w1th

-
‘e

allyl bromide or C1s;butene—2.-, | -

In order to test for a heterogeneous reactlon,.the'
(normal) unpacked reactlon vessel is replaced by one packed
_wrth glass tubing in order to 1ncrease the surface to volume
ratlo. (Both vessels belng coated with»pyrolytic carbon);

A . . . . -
The rate will be observed to increase in proportion to the

surface to, volume ratio if a significant proportich of the

-
R
A
s
.
~
et

reaction is heterogeneous. No rate change will be observed
if the reaction is homogeneous.

At suff1c1ently low temperatures even in the

CUNACIVRVTY

presence of a carbon coatlng a heterogeneous reaction may ' }
become significant. ?hls can‘be.detected in at least two
ways, (1) the Arrhenius-plotfwill start to curve_when a -
significant part of the pyrolysis reaction is occuring by.

. the (low Activation Energy) heterogeneous route and (2) on
going from an unpackedrfaction vessel rc one packed with
glass tubing, the ‘rate will be observed to increase in

proportion to.‘the - change of surface to .volume ratio.
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(3) Briéf Fevievw of fas Phase Pvrolysis of Alkvl Chlorides

>

~

ané Alkxkewl Bromides

Irn the ¢as'pha$e pyrolysis of alkyl halides both

molecular and radical reactlons have been onserveds“'ac

r

as well as: nixed molecalgr and radical" reactlons11 lSa 15b

Tenk tticns have been ok erved in the case‘of

- The radiga

l——J

dlchlorlces wheére the cblorlne a“oms are on dl‘ferent carbon

: .. 8C,8d L. . : -
atomns and =zore rznc brorides c,( -, lZl..ulir reactions are

]

ooserved for ke ~orno chlorides, and the dichloridés'where

trhe two chlorire atoms are on the same carbon’ atomBa

The results for the alkl chlorides are in excellent acreement
ot en s et ; oy oa a7 12
with the princinles pointed out oy-Barton et al. far

predicting whether a reaction w;ll te rolecular or radical. 5
These authcrs sta=ed "a chlore ccrpound will decompose by a &
. . C . o

racdical chain‘mechanisn only sc lonqg’as neitHer +he cormpound | T %
. . : A ;
itself nor the reaction- products are inhibitors for the . s
cT N ' >

chain reactions", sce Table I 3.1.

Molecular elimination of hydrogen chloride from
alkyl chlorides proceeés dv a 1,2 elinminaticn, this is
ihferred-from three sets of experimental data. The first

is that only olefin ucts are okserved in the :vrolyscs

16
alkvl hallces, no rlnc connounas are ooserved ' cecondlv

~in the pyroly31 of l-bromo-bntane only 1- butene is

. . -
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Table T 3.1. 1%, 8 -

Predicted Mode of Decomposition of Chloroalkanes

_ComEound ﬁnimolecﬁlar Radical Chain
Cz2HsCl | X

CHaCHCl, : X ‘ .
CH,CI1CH.C1 - R N ‘
CHzC}CHClz

CH,CLCCl1,

L - T

CHC12CHCl2
CH3iCH,CH,C1
CHSCHCICH;

CH3CHCLCHzCl

CH; (CE2)2CHE,C1

- S R ]

(CH3)3CCL

hEr g

CH,C1CH,0CH2CH,C1 ' - X

CeHsCHCICH: X

NECIRIREN ST Y

CsHsCH2CHL,C1 X

e WA ETIE TY A A ATTR gk

obtained when inhibitors were present {to remove the
| 11

e

free radical reactiohs ). The final set of data comes

from the pyrélysis of neogentyl-chloride which has no

H
" g ————— e v
— -
'
'

-——
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B carbon-hydrogen bonds, if elimination oecurs oniy by a N
1,2 process then only rearranged products should be observed
After the radwcal reactzors are removed by means of
1nhrb1tors it hes been shown ;Sa _ that the molecular
eliminarion_of hydrogen chloride involves a 1,2 shift
of a methyl group leading to 2-methyl.-l-butene and 2-
methyl-2-butene .
o113 ' (CH3)2CH CH == CH, - -
CHB—-?——CHZCI 1,2 shift

CHy - -
3 - \\\?CHQ)ZC ==CH CH,

(a) Transition State in the Molecular Pvrolysis of Alkvl. s

Chiorides and Bromides

Prior to the 1950's it was generally accepted that

the transition state for unimolecular ellmlnatlon of hydrogen

!
-

-

Ty

hes

-

Yo

~

Ve

~

l -~
Z

-~

-

-

-

~

i

halide involved a planar four centre transition state.

Green et al. 17 péinted out that for a series of alkyl
bromides, although the frequeﬁcy factors A for the thermal

decomposition were essentially the same (~10!%) the 3

¥
s T g m—r et = g
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between the activation energy and the-homolytic-bond
- dissociation energies D(R-X), a clear correlation existed
bétween the activation energy for elimination. and the hetero-
1yti§ bond dis$§¢iq¢ion enerqgy D(RTX7).

Evidence that the transition state is affected
by the £ carbon-hydrogen hond, but only to a limited extent,
can be obserﬁed from the efféct‘of g methyvl substitution
(see Table I 3.a.2). Here the rate only changes by é.factor
of three or four vhen a 3. hydrogen is replaced by a methyl
group whereas -in the case of « methyl‘substifution the
rate changed by a factor of sevéral hundreds for each hydrogen

replaced.

Tahle I 3.a.2. o9

Activation Energv and Rate Constant Ratios

for a Primary 3-!"ethvlated Series

Colis n-CsH» i-C4Hqg

1 ' .

Cl E'kcai.mole™? 57.8 55.1 56.1
Rate Const.Ratio 1 3.6 4.7

Br  ETkeal.mole™? 53.0 51.1 50.4
Rate Const.Ratio _ 1 ' 3.4 7.3

18 \ .
Thomas and Maccoll suggested that a possible
description of the transition state is a primary elongation

with polarization of the carbon-halogen bond with some
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Activation Energles for a Serles of a-Vethylated ‘Substituted Alkyl
on the Bas;s.of the Senl—Ion—Palr Theory

Ealices Calculated

Halogen

S c1
- Br

I

CaHg

58 (58)

58 k53f

45 (51)

" Alkyl
‘i-CsH7-

t-CiHs
47 {51) 47 (45)

47- (48) - 47 (41).

45 (46) .- 42 (38)

Values in parentheses are experimental results.

. Act;vatxon Energies for a Series of a-Methylated Substi-
_ tuted Alkyl Ealides Calculated on the Ba51s of a Modified

Halogen

Cl
Br

I

Table I 3.2.4.

8k

Semi Ion Pair Theory K

Ca2Hg
56 (58)
56 (53)
54 (51)

Alkyl

1=-CsHy t=CusHs

52 (51) 48 (45)

52 (48) 45 (41)
44 (38}

50 (46)

Values in parentheses are experimental results.

Y
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substltutlon is underestlrated Bensongh'Z)conSidered an
alternatlve rmodel in which both the vlefin and the hydrogen
halide are 1n1t1ally polarlzed parallel to thelr reacting
bonds by the equivalent of .2 U2 e formel charge. The
results obtained for the same set'of a methyl substituted - !
halides on the basis of this model are. shown 1n Table I~ ‘ L
3.a.4 Sh',the agreement is better but there is Stlll present

“an underestimation of the effect of the a methyl substitution.'

In terms of the “Ion Fair Theory' it is possible
that if the cerbon—halogeh bond is sufficiently elongated in
" the transition state, then the hydrogen ‘atoms both cis and

trans to the halogen in the.ground state hay.be ;osti

Conversely in terms of the "Semi-Ion .Pair Theory" a planar
four centre transition-state allows cis elimination ‘only with
'symmetrical displacemeht;of-the departing hﬁdrogen halide.

The first investigation into the sterospecificity

etV IRV ISy fraaag

of alkvl Hallde pyrolvsis was reported by Barton 21 who

ooznted out that a olarar four centre transition state will
. 22

require a cis elimination. He and others undertook

1
the gas phase pyrolysis of menthyl chloride and they observed

: ’ 3 75% - l25%

[ —
.
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a predominance in the yield of menthene~-3 over menthene-2
which these authors claimed was evidence for cis elimination.
However, Harding and Maccoll 23 have pointed out that this

is the ratio one would anticipate, since the hydrogen eliminated

to give the menthene-3 is tertiary while that eliminated to

give menthene-2 is secondary. Maccoll and Bamkole 2%

confirmed Barton's results and then investigated the pyrolysis

of neomenthyl chloride.
\\.',-‘
.-~Cl

N -, +

[ 15% | 185%
They found an 85% yield of menthene-2 which is consistent w1th
a predomlnantly cis ellmlnatlon.

The simplest mono halog;n\é;mpounds which can
yield more than .one product are the éécondary butyl h&lides
and pyrolysis of these compounds vield l-butene and cis and
trane 2-butene. Maccoll and Stone s observed that 42%,

34% and 17% l-hutene was obtained from the secondary chlorb,
Ibromo and iodo compounds respectively. In tﬁé case of -the
former two, ammonia was added to try to prevent isomerisation

by the halogen acids; the ratio of cis to trans 2-butene was

observed to be very close to the thermodyn;ﬁic value. Other

autho'rs_zs'27 have investigated the pyrolysis of secondary
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butyl chloride on different surfaces and have concluded that
an alkyl bromide surface in the presence of halogen acids
catalyses the isomerisation of the butenes, The present
trend of results 25 2627Lndlcates(1n the absence of any
catalysed isomerisation) that although thqwgigzggggg ratio
is very close to the thefmodynamic-value the<5utene-l to

cis or trans ratio is clearly not thermodynamically controlled,

It has-been pointed out that if co-planarity is a

requirement in the transition sﬁate then the trans isomer
should predominate%sindeed Heydtmann and Rinck 26 -fobserved
this in the pyrolysis of secondary butyl chlorige.

Clearly absolute determinations as to whether the

) ellmlnatlon from alkyl halides occurred by a cis or trans
mechanlsm would be. of con51derable help in postulatlng
the transition state for the eliminatibn of hydrogen

halide as discussed in the preceeding pages.

MOV AN DY '()l;—é A

(4) Gas Phase Pyrolysis of exo-2-Norbornyl Chloride

(a) Review

The gas phase pyrolyszs of this materlal has been
briefly mentioned by Herndon et al. 28, 23/4 ﬁhey reported that
the rate for the elimination of hydrogen chloride from
exo-2-norbornyl chloride relative to that of qyclohexyli
chloride at 400 and 500 °C was 0.67 and‘ 0.77

respectively. They also reporfed that the olefin
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formed, norbornene, rapidly underwent a retro Diels=-Alder

reaction yielding ethvlene and cyclopentadiene.

> M +
- C H»o
A second paper by Herndon éé’al.Bo in the
same year reported the kinetics for the gas phase retro
Diels~Alder reaction oflnorbornene in the temperature range

300 to 440 °C; the foliowing Arrhenius expression was

presented covering that temperature range.

log k = 13.78 £ 0.19 exp(-42,750 * 560/4.573T) sec™!

=
-
~,
o
it

-
[

-

{b) Experimental

VOIS RIS T

Chemicals: exo-2-Norbornyl chloride uged in the
gas phase pyrolysis was prepared by bubbling hydrogen chloride
through a solution of -norbornene in methylene chloride at’

-78 °C and it was purified 5y distillation. The preparation
of gfgré-nérbornyl chloride~ (56% exo-3 and 44% §XET7)'d1 ’
gzg}2—gorbornyl chloride-3,3-d,, exo-2-norbornyl chloride-
_ gggfs-gggfs-dz ana nortricyclene (tricyclo (1,1,1) heptane)

are described in Part IV of this thesis.



Apparatus: The pvrolvsis was performed uéinq-a
typical static vacuum svster as shown in Fie., T 4.b.1. -~ e
The féaction vessei*was ﬁgated bv a fufnace ihermostatically
controlled to = 1 °C and the ten?erature vas. reasured by
a chromel-aluriinum thermocouéle and a potentioreter. The . . .
gas chroratographic unit shdwn,in Fic, I F.b.z consiéts of
a Gowméc thermal conductivity detector (usiﬁg-a Trygon D.C.
power supply) and a 1 metér column at roor teﬁperature
containing 103 & weicht_diiscde sichthalate on -Ch roraserb P:
-Heliﬁm was-used as the carrier gas.
Pro¢édure: A typical pyrol?éis was carried out:

£ -~ - h | F [ o . - . . - -
by reczZinc a SATTLe O CHO=~ZI-NCrZornvti Chigride Lnrtoc thoe

side arm of the reaction vessel {sce Fig. I '4.b.3) using liguid

nitrogen, the sample was then flashed -into the reaction
vessel (of kndwn“volume, previously treated with pyrolysis-

products to eliminatc¥surface catalvsed reactions) at a -

b0

MOV NVTY 0l

.
+

specifiic temperature, bv flanminc tré sicéec arm, covcring it with
"an electrically heated tube and then measurinc the initial
pressure usinc a null class-ciaphrag céuce {sce Fig. I 4.b.3); C .
ed “v one of the ‘ollowlnc

m
!\‘

toring the pressure of

the reaction kinetics were tne1 stud

technigues. {I) By continuvally ro

the reaction mixtp;e: the nu¥l glgsé phrég gauge shown
. \ -

in Fig. I 4.b.3 operates by adding a bq;ancing pressure

to the side of the gauge external: to the .

‘ \
reaction wvessel such that zero deFlectlon of the

% Reaction Vessel 200 c.c.'fSampTe Size «JISO i moles

\



_ 36,
light \beam is . observed the. pressure in the reactlon
vessel is then equal to the’ external pressure applled

(II) By titration of the hydrogen chlorlde prdduced in. the

' pyrolysxs--the reaction was stopped after a ngen tlme by
freez;ng out the reactron mlxture in a side tube cooled to
"quuld nitrogen temperature (see Fig. I 4.b.1) which is

then sealed under vacuum.‘ The tube was then broken under
ice-cold water and the resulting solution titrated with a
standard_borax-solutlon (all glassware and solutions involved )
; in the tltratlons were chllled to 0 °C to prevent hydrolysrs

of the chlorlde,whlch occurs at a slow but measurable.fate

' at room temperature). LIII) By gas phase chromatography:

-
—
—
-u—l-
b
=
-
e
~

:

the-analytical apparatus is as shown in Fig. I 4.b.2: the -

hydrogen ehloride produced in the'pyrolysis-must be removed

from the sample before it can be passed through the diiso-

ety ki

decylpnthalate column (hydrogen chloride decomposes the’

- hy
ester); this was achieved by allowing the sample from the

I ATA NS

reaction_vessel-to pass through a U-~tube cooled'to—;119 °C
'tethyl bromide slush bath) where the pyrolysis products were
frozen out, except: for hydrogen chloride and ethylene whichd
wereiremoved by pumping.' The reaction mixture was then

warned to room temperature and swept into the gas chromatof

graph unit by the helium carrier gas.
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{(c) Results

A typical first order rate plot for the formation
of hydrogen chloride is shown in Fig. I 4.c.1.. The remaindef
of the experimental results in the temperature range 300-370°C
are to be found in the Appendix on page 72 , Table I 4.c.1
contains the rate of formation 6f hydrogen chloride‘at these
temperatures. The Arrhenius plot for the formation of
h§ﬁrogen chloride in the above.temperature range is shown in
Fig. I 4;c.2 and the Arrhenius parameters derived from the
plot yield the following equation:-

k = 13.79 * 0.70 exp(-49,000 + 200G /RT) sec—~

The producfs expected from the gas phase pyrolysis
of exo-2-norbornyl chlofide are hydrogen chloride, ethylene,
cyclopentadiene and any undecomposed nérbornene. However,
on substituting the rate of formation of hydrogen chloride
(kA) (defermined by titration) and the rate of the retro-
Diels-Alder‘reaction (kB) reported by Herndon et al. at a
specific temperature into the following expressibn:

B, =B e-kBt - “aPo (e-kA? - e-kBt)/

t - ‘o E;:E; _
'Qhere B, and A ére the initial concentrations of
norbornene and exo-2-norbornyl chloride, and

- where Bt 'is the concentration of norbornene at any

time t,

which represents the concentration of the first product in a

c e

ORI Y
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Table I 4.c.l.

Emm T 3 - i ST R ‘-.-" . 5
Rate Constants for rorrmation cf Hvdr-caen Ciloride, Cyclopentadiene and

Nortricyclene* at Various Temperatures in the Range 300-370°C \\;’/
Rate Constant Rate Censtant Rate Constant
Tenp. for the for tha for the
°C Formation Formation of Formation of
of Hvdrogen Cvclogzentadiene Nortricyclene*
Chloride (sec™?) (secT?) . (sec™?)
296 6.3 x 10”°¢
310 1.5 x 10™° 1.0 x 107° 0.5 x 10~% -
/\322 3.3 x 1075 —_ —_ o
330 7.1 x 10~5 4.7 x 10”5 2.4 x 1075
335 1.2 x 10~* — — :
338 ) 1.1 x 107" — , —
341.5 1.8 x 10~°" - — —_
346 1.6 x 10~" — —
46.5 2.1 x 10" o~ S — ‘
350 2.3 x 10" 1.4 x 10~ 0.9 x 10™* :
352 2.9 x 107" - —_ —_
360 5.2 x 107* ' — . — -
370 : 7.0 x 10”" 4.5 x 107" 2,5 x 10™*

* Determined by the difference between the rate of formation
of hydrogen chloride and cvclopentadiene.



43,

UL IAV L U A0, CANADI
' : ’ DL 0LE-GL T obuvy oanuv oadirng, oy, cﬂ . S
oprIoYD uoboaphijl Jo uojILLLio] OYF G 32(d SnNIUOGAIY *ZOo*p I *bidg '
¢ 0l X _ | 1 .
SLl s oLl S 9l 09l 9g
L. ! 1 A .
-0 9 -

PPy ST Y

ke



44.

set of :consecutive first order reactions(see page 10 for
derivation), it soon became clear that the amount of norbornene

was effectively zeroc. However thg amount apparen;ly.determined
by ggs-phase chromatography was substantial, ‘The nass spectrum
of this ﬁaterial obtained from the pyrolyses showed that its
molecular weight was 94 bu£ it had.relative abundances for
many of. the ions significéntly different from those observed

in the mass spectrum of pure norbornéne. It was concluded that
- the isomer nortricyclene possibly was being_producea in thé
pyrolysis ané therefore some nortricyclene waé prepared by a

31

Bamford-Stevenson reaction on the tosyl-hydrazone of

norcamphor (see Part IV for details). It was found to be

(AFANVETOY

thermally stable at pyroinis temperatures and to have the

L1 RICY

EOHEE

. . )
same retention time and:!mass spectrum as the recovered pyrolysis

'product. No other product could be detected at the limits

77y

of the g;l.c.

When pure norbornene was placed in the reaction
vessel the sample pressure was obsefved to increase very
rapialy as the fast retro Diels-Alder reaction proceeded; after
the pfessure rise was complete no CsHio isomers could be
detected by gas phase chromatography or mass spectrometry.
Nortficyclene placed in the reaction vessel under the same
conditions was found to yield no pressure change and the mass
spectrum of the recovered material corresponded to nortri-

cyclene with no indication of ethylene or cyclopentadiene.
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These results show that the isomerization of norbornene. to.

nortricyclene and vice-versa does not occur under these

[}

conditions.
Thus the gas phase pyrolvses of exo=-2=-norbornyl

" chloride can be represented as showm below,

HCl |
. CH, |
.+
— & =

A typical first order rate plot for the formation of

AT

cyclopentadiene is shown in Fig. I 4.c.3, Phe remainder of the

33

results in the temperature range 300-370° are shown in the

Appendix on page 81 . Table I 4.c.l contains the rate of” ?

OV DY

formation of cyclopentadiene at these temperatures. The

Arreenius plot for the formation of cyclopentadiene in the i
above temperature range is shown in Fig. I 4.c.4 and éhe
Arrheniﬁs parameters derived from the'plot yield the following

Arrhenius equation:

k = 12,97 £ 0.70 exp(-48,000 * 2Z000/RT)sec™?

It was not pdesible to measure all the products in

one sample. However at each temperature studied it was
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observed tha£ the rate of formation of cyclopentadiene (which
necessarily represents the rate of formation of.nofbornene
Since‘the rate of the retro Diels-Alder reaction is very

much greater than the rate of formation of norbornene) is vir-
‘tually a constant ffactipn of the rate of formation of |
hydrogen chloride (see Table I 4.c.l). Owing to.thé

. solubility of nortricyclene in the-unpyrolysed exo-2-
nofbérnyl.chlcride and the difficulty of sweeping the chloride
from the U-tube (see Fig. I 4.b.2) onto the gas chromato-
grapi column it was not possible directly to measure_tﬂe‘

absolute rate of formation of norﬁricyclene. In order to

establish that the problem lay in the analysis of the

-~
~
—
~
™
nt
s
e
.
.

nortpicyclene the following investigation was carried oﬁtf
An injection port was‘fitted between the sample collection
U-tubeiand thé gas-éhromatograph' -column; the ratio of

nortricvclene to-cyclopen;adiene‘;n a pyroly%&itsample was

then obtained (I) by injecting the sample onto “the column

and (II) by sweeping a similar pvrolvsis product mixturé S
directly from the-U-tube (N.B. the injection port was
presenﬁ fo?-tﬁese experiments only). In the latter cage

the fatio of nortricyclene :.cvclopentadiene was found to be
'1:5 while in the former the value was 1:3, substanﬁiating
the.séurce'of.the analytical problem. The rate of.formation
of nortricycleﬁé'was measured by the difference between the

rate of formation of hydrogen chloride and cyclopentadiene .



49,

-

(which represents the rate of formation.of-norboR?ene) at {

each temperature. Table I 4.c.l contains the rate of formation

of nortricyclené in the temperature range 3004370 BC and
the Arrhenlus plot construcked from the data is shown in

Fig. I 4.c.5. Eron this plot the Arrhenius paraneters were

. A
obtained | : . ' \ 7

k = 13.29 = 0.70 exp(-43,00 + 2000/RT)sec™"

Owing to the complexity of the system one cannot
: ! E .
determine the- rates of the individual reactions from the

.

pressure-data alone, but by using the rates of—formatipn of

RSP ATE N FANN

hydrogen.éhloride measured by titration, cyclopentadiene
measured by éés chromatography and nortricyclenc detérmineq
‘vby the difference in rates between tﬁe hydrogen chloride .
and cjplopentadiene;(see Table I 4.c;li one can calculate

. the expected pressure changes using, the equation shown below

¥
I"!;
X
5
-3
L
.
=
—
S
-

for two first order concurrent reactions (see page 15 for

. derivation).

Xe1 o .
(B or ) =202 (p)e7KE —‘1 oz 2) (a)

_ kl ) bl

where kl is.the rate of formation of nortricyclene

k, is the rate of formation of cyclopentadiene
(which represents the rate of formation of
norbornene)
- " ‘Yﬂp )
' A_ is the initial- .concentration (pressure) of
exo-2-norbornyl chloride
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Bt is the concentratlon of nortrlcyclene or
tire hydrogen chloride produced in this
reactlon at time t . :

Ct is the concentration of ethvlene or cyclo—
pentadiene or hvarogen chloride ‘produced in
"this reaction at time'-t .

k*- is eguakﬁg&,the sum of ky and k,

it is assumed that the concentration of nortornene at any
‘time t vis zéto.

The total'préssure change is'determined by
calculating the individual pressures of tﬁe'différent-species
at a particular time t and summing them té give the totai
pressure ét that t@me:-thié Qas reéeatéd for a'series of

times and a pressure-time plot constructed. The experimental

and calculated curves for the pressure change during the

'pyroljses7at several temperatures in the temperature range

-

325-385 °C are shown in Figs. I 4.c.6 to 11 . The

'good to excellent agreement provides additjonal suppdrt for
! . . N

the assumption that the discrepancy in the mass balance lies

VOIS TY

in the determinat;on'of the rate of formation of nortricyclene.

The curves: are compatible up to 60% reaction in the case ©6f the

pyrolyses-carried out at- 385 °C . -
| ~in order to chéck that no surface @ctlon was
occurlng, the gas phase pyrolysxs was carrled out in a
packed reactzpnfvessel (s/v 5:1}) in the temporature .range

340-370 °C , the kineti&s_ﬁg}ng followed by hydrogen
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chloride titrations. The results are shown in Table I 4.c.2
and are in good agreement with those reported in Table I 4.c.l
for the formation of hvdrogen chloriée in- the unpacked

‘reaction vessel (s/v 1.1:1) thus confirming the absence of

a surface reaction.

Tabkle I 4.c.2.

Rate of Formation of Hvdrocen Chloride in a Packed Reaction

!

Vessel (s/v ratio 5:1) in the Texmperature Rangé 340-370°C

1

Temperature Rate Constant for the Formation . -

0 °C of Evdérocen Chloricde (sec™!) ' X

3309 . 1.3 x 10-" =

. _ ;2
o 339.5 | 1.4 x 107" o
341 1.9 x 10™*% )

366 : - 1.0 x 1073

(d) Discussion of Results

v T

Inspz;;ibn of the rate plots (see Fiqst_I 4d,c.1
and 3) iﬁdicate that all the reactions involved in thé gas

phase pyrolyses of exo-2-norbornyl chloride are first o;dgr
and unimolecular, anv sigﬁificént amount of a free radical-
.reaction present would be inhibited b§ the build up of

cyclopentadiene. Thomas and Macc01132 showed cyclopentadiene

to be an efficient inhibitor but stated that it should not

™~
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be used owing to the possibility of dimerisation: this
seems an unreasonable -statement considering the temperatures
involved, )

The Arrhenius plots shown iﬁ Figs. I 4.c.2,ﬁ and 5
for the formation:of hydrogen chlofide,cyclopentadiene'and nor-
tricyclene are linear also indicating that the reactions are = '-

homogeneous and occuring only in the gas phase.

"5, . Labelling Experiments

The gas phase pyrolysis of exo-2-norbornvl chloride

was undertaken in order to determine, gquantitatively, whether

FRIATE R Fa!

hvdrogen chloride was eliminated by a cis or trans mechanism.
This chloride was chosen for its rigid structure which
prevents rotation about the C-C bonds and the belief that

it formed only one product, norbornene, which rapidly

P -
N, -

decomposed by a retro Diels-Alder reaction to yield ethylene

and cvclopentadiene.

WAV




If, for example, the norbornyl chloride was specifically
labelled in the exo-3 position (as shown above) then.simply
by measuring the déuterium content of the cyclopentadieng
one can dééerminé the extent of cis or trans elimination in
the formation of norbornene. Thé kinetic ekperiments hoﬁefer
showed thatls;gniﬁigant quantitieé of nortricyclene were
produced. By usiﬁg the appropriate .labelled chlorides and
measuring the deutéiium content of the norﬁricyclene prodﬁced
it should therefore, alse be possible to determine which

hydrogen atom(s) are involved-in the formation of the . -

nortricyclene.

(a) Preparation of Compounds and Method of Analvsis

The pyrolysis products of the labelled compounds
{see Part IV of this thesis for methods of preparation) were

swept through the g.l.c. column using helium as carrier gas,

the separated compounds vwere then trapped in a U-tube by
ﬁeans of ligquid nitrogen, after they leave the column, ' .
whilst the helium floweﬂén over the detector. ‘The helium was
then-pumped off under vacuum énd the samples were transferred
to small éas bulbs. These were then attached to.éhe'mass .
spectrometer and the deuterium content of the pfoducts'
determined by compéring the relative abundance of appropfiate

molecular ion peaks at low eV.
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(b) Results and Discussion -

It has been.observed that when deuterium chloride79
is added to norbornene two products are obtained as a result
of a Wagner-ﬂeerwein reaction, narely exo~2-norbornvl

chloride-exo-3-dl and exo—an?rbornyl chloride-szn77-dl .

)
’+DCI —> //I’PJ,/“L ol

‘ In.order to determine if a Wégner-MeérWein reaction
1s taking place during thé gas ohase pyrolysis, exo-2-
norbornvl chloride-3,3—d2, was prepared by reacting endo-2-
norborneol-3,3-d2 with triphehyl phosphine in excess carbon
tetrachloride and the product was an%;ysed fof the extent of
Wagner-ﬂcchQin'reaétion and dcuteriuﬁ'content. The
Yagner-Mecrwein analwvsis is carriec out by compariné the
relative abundarce of the ﬁetastéble‘idn peaks for the chloro=- .
ethyl radical loss to the dideuterated chloroethyl.radical loss
from the molecular ion, (it has been showvm (sée page 130 for
details) that the chloroethyl radical loss involves ;he 2 and 3
carbon ators an& their attached hy§rogen aggms, with the
fourth hvdrogen atom coming from the 25§976iébsition) the results

indicated that 11.5% Wagner-Meerwein reaction occurred. The

and 8% 4

ceuterium content of the halide was 922 d 3 -

2

>

N
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-The comvound was then pyrolysed and the deuterium content
of the Dyrolysis products determined the results are shown
in Table I S.1. Tho theoretical deuterium content of the

cyclopentadiene was then calculated {assuming & cis

elimination ) using the deuterium content and Wagner-Meerwein
analysis of the starting material. An isotope efcht of

3 was assumed for HC1:DC1 relative elimination ratesB;’33.

Position of label in 8x0-2-norbornyl chlorlde 3 3- d
‘3:3fd2’ -7,?-d2, exo-3 d endoj3- 17 -?—dl
% Label 81.5 10.5 .5 3.5 1.0

’ ¢
Species lost . ' , T
in pyrolysis 2% HCY DCY HC1 501

Predicted % : -
label left ’
in the cyclo- :
pentadienes 2?.2-d1 10.5-d2 1.2-4 3.S-d1 l.O-dl
(Isotope ‘ :

effect of 2

used )

Sunr of dé’dl and d, cyclopentadienes left:-

4y 4 da

. '10.%5 31.7 3.0 Total 3.3
Thus the calculated percentages of the labelled cyclopentadiene
obtained from the pyrolysis of exo-2-norbornyl éhloride-3,3-d2
are

- 24%'62 73%"d1 | 3%"'6-0 -

[ P L p—
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The good agreement between the above resblts and the experi- -
mental values (see Table I 5.1) indicates that only the
hydrogen atoms on the 3 carbofitatom are involved in the

elimihation'of hydrogen chloride which yield§~norbornener

<+ - -

‘and therefore proving the_absence of a Wagner—Meervein reection

" in the gas phase pyrolysis. . The nortrlcyclene formed in the
above - pyrolyses was found ‘to have the same deuterlum content -

~as its parent chloride lndlcatlng that the hydrogenratoms'on

'the 3 carbon atom were not involved in its fofmaeiee.. X

Lb( b*ﬁ*—

’;//

‘p o
e
: o

.

EEQTZLnorbornyl chloride, prepared by the addition

of deuterium chloricde te norbornene (shown by netastable ion .
analy51 > &f the chloroethyl radical 1035 to contain 56% exo—
2-norbornyl chlo:l@e-g§273-dl and 44% 25272—norbornyl chlorlde;
22277-51> was’ pyrolysed and the deuteriuﬁ contents of . the
ptoducts were as reported in.Table I 5.1: The expected-

deuterium content of the cycldpentadiene was calculated

in exact’y the same manner as for the exo—2-norbornyl e ———

\\\

chlor1de-3,3-d2 . The calculated result . Wwas 65% dl-
PN * ’ )

.;}“,\ . '- ) " ! 'y
‘%nd 35% do which 1is in good‘.agreement with the

}‘ “' . P ) .-. - . - * i ~
‘GOmb;nediwith 220 NHZ'N.M.R.‘analysis?g(see also page-ETé)
/ - o | e o

Q..- . h -

— - -



'experimental result (see Table I 5.1) anunls COWD&tlble

with cis ellnlnatlon in the formation of norbornene.. Again -

P ~—

N—the deuterium content of‘the-nortricyclene was' the same as

the parent chlorlde lndlcatlnq that the Hvarogen atoms 'in

the exn-3 and svn-7 p051tlons are not involved in the
- —_ L “

forration of nortricvclene. ' i

; T .
- : In order to deterrine v“eh“er both the exo and

gggg 6‘hydrogen;atoms are'igvolved in thé‘fofmatian of nortri-
‘cycleﬁe thelpyrolysis ot EEEfZ—norbdrnyl chloriﬁe—gggfs-
exo-6-d, was.undertaken and the‘deut?rium cpnéents of the
pyrolysis products deterqiﬁed;y'These are reported in Table

I=.1. The ethvlene had the same deuteriur content as the

parent'chIOride indicatinq that the hydrogen .atoms on the

exo 5 and 6 0051tlons vere not involved in the formation of

Lk

norbornene. Similarly the deuteriur content of the
e . . )
nortricvclene was the same as that of the chloride indicating

F R
VI

]

LIty
[

that onlv the endo-6 hydrogen atom can be involved in the

(s

T
1Y)

formation of the nortricyclene. This indiczates that a tran
elimination was involved in this case and again confirms

that no Wagner-Meerwein rdaction occurs during the pvrolvsis

(2 Wagner-*eerwein-reaction would invert the exo and endo

nvdrocen atoms on the 5 and %«:a:hon atoms). This pvrolvsis

was repeated using a sarple of exo-2-norbdrnyl chloride-exo-
S-exo—s—d2 - which. was richer in deuterium and these results

are .also reported in Table I35 .l.t They substantiate the -

A,
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 previous' results.

A
£
i

-

D~ ¢ T To — =
. . ' D S ) L,

. s
Discussion of the Transition State in the Unimolecular Gas

Phase Pvrolysis of Alkvl Halides

v

The kinetic results obtained in this work indicate
that exo-2-norbornyl chloride behaves as a typical secondary
halide insofar as the-elimination activation energy is

concerned. Labelling experiments show that in the formation

of norbornene,a cis 1,2 elimination is involved while in i
the formation of nortricyclene an apparent trans 1,3 process
is occuring, in neither case is a Wagner-Meerwein reaction

-

‘observed.

e

These, results place exd-Z-norbornyi.chloride between -
alkyf halides (bearing a B hydrogen atom) and isobornyl and _(

bornyl chlorides as follows:"~

(1) Simolé (Unsubstituted) Aliphatic and Monocvclic Halides;

. ; -
Primary, Secondarv- and Tertiarv 89

In this group 8 hydrogen atcoms are available and ) ,;"

the various products obtained in the case of seconddry and.

. T
tertiary aliphatic halides can be explained by simple _ : ‘
E
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rotation about the carbon~carkton single bond.
. . . ‘
(2) exo-2=orhornvl Chloricde :

In this'compound 8- hvdrogen atoms are available,
However, one of the products obtained, nortricyclene,

apparently involves a 1,3 elimination. No Wagner-Meerwain

reaction occurs'during the pyrolvsis.

r .

(3) Iscbernvl and Bornvl Chloridess>

(o]
H

ISOBORNYL
CHLORIDE

’,/;;: These roastants also contain 8 ‘hydrogen atoms;
products requiring a 1,2 elimination, a 1,3 elimination and
a Wagner-Meerwein reaction are observed.

/ (4) " Neopentvl” Chloride

Tﬁis compound has no 8 hyvdroden atoms, a Wagner-
/ﬂééfwein.feactibn is believed to take place™>® but the
‘unusually complex mechanism invoked for this pyrolysis (a mixed
free .rédical ‘chain and molecular proéess) makes this
conclusion uncertain.

In th? case of the simple aliphatic and monocyclic

halides the (partial) positive charge is alteady on the

preferred site-and there is no other equivalent site in the

molecule.

. y ,fff\\;

=,
Lk
e
o
—
[
o
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CH,

g+ - Cﬂs §+ & . | S+f S ¢-
-CHzCHz Gl - /CH—'CI CHy-C—CI.

B N
> '. =;’CH3

e : o
Consicerinc tnhe 1,2 Sliminaticns in YorbornvliChloride,

CH

LY

|
Isobornyvl {and Zornyl) Chlorice and ‘leopentyl CThloride.

(This argument is presented in terms of nan-c
y .

carbonium ions, a similar scheme can be drawn

assical

- — -
[

up using

classical carboniur ions).

- -

(P

In each of the above molecules theré are two

-y
-t -
-
[

possible locatiuns for the (partial) positive!charge. For
i

norbornyl chloridg the sites (1 and 2 carbon %tbms) are

. - L

. ,
.equiva;eﬁéfénd because of this the presence of the chlorina .

-may be sufficient to prevent migration of thelcharge,'
explaining the ﬁbsence of the Wagngr-xeerwein!products. In
. .

; . . 1 ‘ ‘
‘the case of isobornyl (and bornyl} chloride the L carbon
atom (which i$ textiary) is preferred.over.th% 2 carbon

atom (which-'is secondary) for the site of theﬁ(pértial)
f S

; , ' | N

) f’ . . . - . l ! \

/ ' , i

! o . -
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positi%e charge, similarly for neopéngyl chloxide the
preferred site gf. the charge is the 2 carbon atom, assumin&_‘_n
that the proposed methyl rﬁigrationlsa takes place; (In
the case of isobornyl (and bornyl) chloride and neopentyl
chloride the “chloride could be said to follow the positive
charge".) (i ‘

. \ L4 e

In the next step, the 1,2 elimination of the -

-‘halogen acid occurs,from‘the rearranged and unrearranged moletﬁleé,
provided B hydrogen atoms are availéblé. Thus (1) for norbornyi~
chloride (no migrafion of the (partial) posd tive charge) where
8- hydrogen atoms are avallable, the elimination proceeds to
yield norbornene, (2) for isobcrnyi‘(and bornyl) ch?grlde where
B bydrogeg;gtoms are available at both possible’ locations of
_therposiﬁive charge (1 ah&éi.garbon atoms) the eliminatién
yields both rearrénged'and—unrearranged products, %3) for l
neopentyl chloride there a:é only B hydrogen atoms available at
the preferred site of the charge, fhétzhcarbon atom, and thus
" only rearranged products are obtained.in‘éke elimination.

<- . The éctivatiog*energies for’the,eliminations'are
typical for éecondaxy chlprides in the case of norbornyl
éhloridé} and isobornyl f{bornyl) chloride; thisg is reasonable.
whén one considers that the secondary chloride ﬁ;ansition
state must be formed first befére‘pny'reerrangemgnt can

ccour.,

P

AL ORN
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Considering the 1,3 Elimination in Norboxrnyl Chloride .and

Isobofnyl (and Borhvl) Chloride.

\.

The products obtalned from this elimination are

' probably derlved from a transition state 1nvolv1ng a slightly
more polarised carbon—halééen.bond relﬁtlve to that in the |
case of-the 1,2 elimination (the différence may not be

large,due to the geomet;yﬁbf the mélécules). This difference

is @xemplified in the case ofknorbofhyl'chloride where the

rate of formation of‘nértricyclene (1,3 elimination prodg’t)

is half that of norbornene (1}2 elimigation product). There

is no similar kinetic information available in the case of

'£50bornfl and bornyl chlorides.

)
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v 72.
Kinetic Data for the Formation of HYdrecgen Chloride in the
Gas Phase Pyrolysis of exo-2-Norbornyl Chloride
Terperature Range 300 - 370 °C - -
"Unpacked Reaction Vessel. =~ L " <
] ) - .3
: o

~
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Température 2269C. ' <
Time Norbornvl Chlorida ivdrecen Chlarida lea a/(a-¥)
(min.) 'Pressure (roleslé' " (moles ‘
{em of ¥g) x 10 x 107 .
15 2.20 .105.0 . 2.20 0.0099
30 2.20 105.0 4,25 0.0174
45 2.20 o 133500 ) SV89 . 3.0249
60 2.20 1035.,0 7.10 o T 0.0311
75 2.20 1Cs.0 A 7.80 - 0.0338
20 2.20 105.0 8,30 . 0.03867
Rate Constant 6.3 x 10-6 gec~! _
Temperature .310 °Q,
Tire | Morboravl Chloride I'vérccen Chlorida  lee a/(a-x) B
Amin,) Pressure (reles) _ (ﬁolesg_ ' %
= flem of ig) x 10-6 : x 10~ ' 2
\::& : -
7.5 231.7 2.2 Q.0042
15 238.7 3.9 0.0152
22.5 204.4 3.8 0.0083
-30 ' 181.7 5.2 - 0.012¢ ¥
37.5 . 202.3 6.4 .0.0140 -
45 215.2 8.1l 0.0167 9
. ! “,
Rate Constant 1.51 x 107° SeCI‘..-1 i
- | b
Temperature 322%, ! - v

: , - (
Tire. Norbornvl Chloride Bvdrocen Chloride loc a/(a=-x)

{min.) Pressurc - (woles) . moles ’
{em of lg) . x‘lO'é x 10" ;
. ' 7 N r P -

5 2.30 134.0 ! 0.7 . y 0.0029
15 2.15 97.4 2.0 J - 0,0090

20 2.75  124.5° 5.0 [ . 0.0178 ;
30 3.00 136.0 | 7.0 . 0.0229" .

37.5 2.50 113.90 ; 9,0 " 00,0360

45 3.00 136.0 . 10.5 . 0.0349
. Rate Constant 3.3 x 107° gec™!

s

‘ .

) . .-

4 L
V T P-4 '
‘e - ) . |
R
- | »
. .- . ' . ;

s
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Temperature 330°G.

Time “orbornvl Thloride Hrdrogen Chloride lqgﬁa/(a-x),h
. 4

(min.,} Pressure (roles), (moleg) )

- {em of Eg) x 10 Cx 12

-3 - 5.45 239.5 2.4 7 © . 0.0044 ‘

10 . 4.85 213.1 . 6.8 . 0.0141 v
15 - © 5.45 239,10 13.1 0.0244 .
.20 5.45 23%2.1ka -, - 14.4 0.0269

2250 . 5.0¢ - 219.7 -~ 20.5 - - 0.0425

30 4.90- 21%.0 23.6 : 0.0505

35 3.95 - 173.6 ) 22,6 - 0.0603 -

42 - 3.70 162.6 . 26,5 . - 0.0771

45 4.50 197.8 = 34,9 0.0843

45 4,15 22, Ul 0.0807 ,

50 3.50 153.6 . 29.6 . 0.0926

55 3.0 -162.3 - ' 34.7 . 0.1045

55 3.95. 173.3 .35.8 . 0.1005 : .
60 . 5.45 239.1 .- .58.2 i 0.1211 : :
" 60 3.65 . l60.4 35.9 . - 0.110Y o

Rate Constant . 7.1 x 107° sec™!’

Temperature 33500_.

Time Morbornvl Chloricde t'vdrogen Chloride log a/{a-x)
{min.) Pressurc (moles% (molesLé
- (cm of Eg) x 107° x 10
5 1.40 62.0 2.0 0.0142
10 2.95 130.6 . 8.0 ' 0.0310
15 2.00 88.5 8.5 0.0438
20 1.5% 68.6 5.0 ) - 0.0610
25 ~ 2.15 85,2 17.0 . 0.0854
300 = 2,40 106.4 23.0 . > 0.1058

Rate Comstamt 1.2 x 10™* 'sec™! Y ‘

,"‘. \ . .
i - - :
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Temperature 338°C. ' : ¢ /

Time Norbornvl Chlnride livdrocen Chloride loc a/(a-x)
{min.) Pressure (moles) (moles)
(cm of Eg) x 10 ° x. 10
10 2.30 145.4 17.6 . 0.0557
15 3.55 .~"156.8 - = 26.7 0.0810
20 2.15 04.4 23.4 0.1064
25 2.85 . 125.8 .o 3307 0.1364
30 3.15 138.7 - 42.7 . —-.0.1584
Rate Constant 1.1 x 10™“.see—* ' ‘ ST
Temperature 341.5%%. - o .
- . . o *
Time - Yorboravl Chloride  lUydrogen Chloride log a/({a=-x)
(min.) Pr&¥sure (moles) (moles) g
{cm of i¢g) x 10 x. 10
2.5 2.05 1 89.7 2.7 0.0133
5.0 2.25 . 2g.4 6.0 0.0273
7.5 2.05 89.7 8.2 0.0416
10.0 2.05 - 89.7 N 9.6 . 0.0492
12,5 . 1.95 85.3 11.90 0.0600
15.0 1.85 80.9 . l4.l 0.0832-
17.5 1.50 R5.6 - 2.6 0.0587
20.0 1.95 5.3 15.1 0.0846 2.
25.0 1.15 " 50.3 10.6 0.1028 g
Rate Constant 1.3 x 107" sec™' .
Temperature 346 °C. . ‘ - N
~ Time Norbornvl Chloride Ivdrocen Chloride log a/(a=x) F
(min.) Pressure (molesy (moles) §
(cm of Fg) x 10 x. 107
5 3.10 134.9 - 8.0 . 0.0266
10 4,45 193.7 17.5 C 0.0411 E
15 5.50 .239.4 - 33,8 0.0661 / .
20 4.20 182.7 ‘ 32.0 : 0.0836 L
- 25 6.15 T 267.7 58.2 0.1065
30 2.55 111.0 . 28.5 0.1288

-

. Bate Constant 1.6 x 10~* ‘sec™?

"‘v’\_/f
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Temperature 346.500; _-f — /,.
Time Norbornvl Chloride  Hvdroaen Chlericde ‘loc'a}(a—x)
(min.) Pressure imolegg ' (molegg' | '
(cm of Hg) x 10°° - . .x 10 - o
5 2.35 102.5 A0 | S0.0173
10 2.35 102.5° ~ T~12.0 . © 0.0541
15 - 1.80 - 78.5 13,0 | 0.0786
20 2.00 81.0 - 17.7 . 0.107
25 2.10 91.5 , 22.4 0.1227 - -
30 1.55 67.5 1.3 ) 0.1463 '
Rate Coustant . 2.1 x 107" sec™!
Temperature 35000.
. ' ," »
Time Norbornvl Chloride BEvdrogen Chloride log a/{a-x) -
{min.) Pressure (moles%‘ - {molesy : E
(em of Hg) x 107°. x 10 _ e
5 ™ siss 23¥.6 . 17.3 A 0.0337°
10 4,85 206.1 25.7 , - 0.0579
15 4.90. 208.2 35.4 0.0808
20 "3.45 l46.8 - 36.2 ¢ 0.1229
25 5.05 . 214.9 62.4 '0.1489
30 4.65 197.6 70.5 o 0.1916 . j
Rate Cozstant 2.3 x 107* sec ~! " 5k
Temperature 35200.
Time Norbornvl Chloride  Hvdrogen Chloride -log a/({a-x)
(min.) Pressure Imole§) . (moles) T
(em of Hg) =x 10 " x 10°°
225 1.85 7907 .61 " 0.0346"
5.0 2.45 105.8 _ 14.3 .0.0630 -
7.5 1.50 . 64.6 1.8 0.0875
10.0 1.80 77.6 C17.L ; 0.1081
12.5 1.70 73.1 - 18.9 : 0.1299
15.0 1.50 =~ ' 64.6 N '18.1 03,1427
' Rate Constant 2.9 x 10™* sec™! ° (’ﬂ“j"
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Temperature 360°C.

Time = MNoxrBernvl Chleride  Evdrogen Chloride loc a/(a-x).
(min.} Pressure (noleg) (moles),
{cm of tic) x 10 - x 10~
10 . 2.25 95.56 . 28.1 0.1514
15 14.90. 209.5 . 89.2  0.2409
20 3.10 - 132.1 54.9 0.2327
25 2.20 - 93.6 L 49.8 - 0.3298
30. _ 2.75? l16.2 _ 72.8 - 0.,4041 t
Rate Constant 5.2 x 10" sec™! |
v
Temperature 370°C. )
Tize"  Yorboravl Calozife Ivdrocen Chloride log’ a/(a~x)
{(min.) Pressuro (:ole_sé ' (::oles:_ie ' .
' (em of Bag) x 10 x 10
2.5 4.70- 194.¢ 20,2 ¢ . 0.0477 . <
5 . 4.15 172.0 35.9 0.1214 : -
7.5 - 4,75 ' 196.3 - . "51.3 0.1015 -
10 6.15 254.5 | 96.2 - 0.2059 . . Qv
10 4.25 175.5 : 55.1 0.1636 " LT
- 1205 4.25 175.3 . Ti.e 0.2254 > F L.
15, . 3.90 161.6 73.2 © 0.2620 o
20 4.20 174.2 o931 ¢ . 0.3311 , Z
30 . 2.60 107.8 . 6.0 St 004432 pE
Rate Constant 7.0 x 107* sec™!? |
i
'S
Vel
r . /\Q
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Kinetié'ﬁé;anfor the Formation of Hydrogen Chloride in the

Gas Phase-Pyro;ysis of exo-2-Norbornvyl Chloride = . _ .
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Temperature 339°C.
Time Ndrkornvl Chloride _Iiyc’:focen Chloricde loc a/{a-x)
(min.) Pressure (moles] o (molegy) -
{em of ig) x 10 x 10
TS T 2:30- - - 89,2 1.0~ 0.0049
i0 2.60 100.8 [ e s T 0.0266
15 2.50 97.0 10.0 . 0.0472 —
20 2.15 83.4 . 1.3 . - 0.0€32
25 2.15 3.4 : 16.5 0.0958
30 2.50 97.0 N\21.5 0.1088
Rate Constant = 1.3 x 107" sec™!
N e 339.5%. i
Time Norbornvl Thiloride Hvdroaen Chleoride log a/{a-x)
{min.) Pressure (roles g {moles)
(cm of Hg) x 10 g T "@ 6 5
Ny - ~— _ £
10 3.15 122.0 8.7 e 00,0327 v
15 .. .3.50 135.¢ 15.5 - 070464
~. 21 3.30 127.9 24.4 0.0989 ™~ .
v .25 3.20 "124.0 21.0 0.0812 LT ;
30 2.50 116.0 28.6 - 0.0123 e

Rate Comstant 1.4 x 107° sec™!
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Temperature 341°g.

" rime o ﬁorbornyl Chloride “gydroqen¥Chloride. log é/(a;x)
(min.} ‘Pressure (moles), (moleg)
» (em of Hg) x 10 "x 10
5 4.00 155.0 . 5.5 0.0154
10 ' 3.95 152.5 16.8 0.0508
15 4.39 165.5 ' 28.8 0.0795
20 3.90 . 149.5 31.5 0.1021
30 . 2,80 108.0 &= 30.9 0.1464
Rate Comstadt 1.9 x 10™* ‘sec—! '
L
‘Temperature 36600_
Time Norbornyl Chloricde gy'roqén Chlorice log a/(a=-x)
(min.) Pressure (molesg - (molegg
(cm of Hg) x 1v x 10
5 7 3.35 124.4 34.1 0.1391
19 3.55 131.9 65.8. - 0.3001
15 . B.ég 131.9 77.4 0.383¢
~.30 2. 107.7 82.9 0.6378

Rate Constant 1.0 x 103 sec™! . o
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Xinetic Data for the Tormation of Cvala

eatacdiare in the

e

Gas Phase Pyrolysis of exo-2Z-Norktornvl Chloride

Temperature Range. 300 .-. 370 °C

Unpacked Reaction Vessel.

+
fl .
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-Temperature 310%¢C.

Time vorkornwl Chloride Cvclonentadiene log a/(a=-x)
{min.) Pressure [molegé ’ (molesé
_{em of Eg) x 10 x 107

30 4.60 208.8 ? 3.6 . g 0.0075

30 3.60 163.4 . 2.8 ° 0.0074

45 3.80 172.3 4.7 0.0121

60 2.95° . 13401 5.2 0.0170

&0 .75 - 133.¢€ 5.2 0.01638

a0 2.40 . 109.2 5.7 " 0.0231

120 3.45 156.7 10,9 ' 0.0312 -~

Rate Consténti 1.0 7.>'<‘10"5 sec™ !

Tempefature 3399C.

Tire Norbornvl Chloride  Cvclosentadiene log a/(a-x)

(min.) Pressure (moles) (moles]
{cm of ¥g) x 10 x 10
10 - 5.40 237.1 _ 5.7 0.0106
15 5.5¢ 241.5 . g.8 0.0145
20 - 4.50 197.5 ‘ 9.3 0.0210 -
25 4,05 178.1 2.2 0.0314.
30 4.60 . 202.0 16.4 : 0.0378"
30 - 4.10 180.2 . 16.1 - 0.0407 P
35 C4.75 293.8 o 21.8 ! 0.0479 It
40 4.45 125.6 +22.4 0.0528 ‘ ’
45 4.20 184.6 23.1 0.0581
50 4,35 191.0 , 25.2 ' 0.0614
55 4.45 195.6 - 26.7 0.0637
60 4.75 208.6 32.4 0.0730
65 4.45 195.6 33.6 0.0818
Rate Constant 4.7 x 107° sec™!
- 1\,.
R
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Temperature 350°C.

Time Morhornvl Chloride Cvclorentadicne log a/{a-x)

{min.) Pressure (mole%? {moles)
| (cm of Hg) x 10° x 10~°
5 4.85 - 206.4 - 6.0 0.0128
5 6.65 283.0 11.8 0.0185
10 - 5.50 233.7 24.2 : . 0.0475
10 4.00 170.1 18.5 - 0.0500
15 3.95. . 1588.1 . - 20.8 . 0.0573
15 4,00 170.2 . 18.4 0.0497
20 , 5.10 217.1 - 33.3 : : 0.0723-
25 4.55 193.5 . 37.4- 0.0936
25 . 3.80 ‘ 16l1l.9 : 24.8 0.0726
30 4,75 201.8 45.2 0.1101
35 3.95 - 167.9 39.6 0.11l68
40 - 3.80 161.6 “40.3 _ 0;l?46 '

Rate Constant 1.4 x 107" secffuf““

P A

L

Temperature 370°C.

v o

Time Norbornvl Chloride Cvclopentadiene log a/(a-x)

{min.) Pressure (mole%? o (moles% : o
: (cm of Hg) x 107 . x 107 A -
2 4.20 173.0 14.3 0.0378 as
3 5.00 206.5 18.5 0.0369 -
4 4.65 191.8 23.6 0.0570 o
5 4,95 204.1 25.4 0.0577 |
6 6.03 2496 35.7 0.0669
7 5.40 222.8 . 35.5 0.0755 .
8 4.90 +202.2 37.8 0.0899 j
g 4,35 179.5 © 31,7 0.0844 .
10 3.9¢0 160.9 ©31.9 ) 0.0960
12 4.15 171.5 _ 39.0 0.1121 :
14 2.20 90.8 23.1 . 0.1275
16 2.80 115.5 28.7 0.1240

Rate Constant . 4.5 x 10~ sec~!
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PART IT

MASS SPECTPAL STUDIES OF SOME NORBORNYL COMPQOUNDS
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OQJECT ®F THE INVESTIGATION

The initial object of the mass spectral investigation
* was to determine the fragmentétion mechanism of exp-2-norbornyl
' chloride (259:2-chloro—§icyclok2,2,1)heptane) and norborﬁene
(bicyclo(2,2,1)hept-2~ene) ; inrérﬂer to ‘help lbcéte the
position and amount of deﬁﬁerium in the reactants and products

.of -the gas_phase pvrolysis of exo-2-norbornyl chloride.

7
4. .
5 3 5 ll-4 3
] Cl ) ‘v
2 f 2

In thé course 6f the investigation of the mass
spectfal fragmentation of §§972-norbornyl chloride a néw
technique wgg devgloped,'namely the use of the relative
intensities of the metastable ion peaks, for a particular
fragmentation in the 1abelhaicompqunds,to deduce the fragmen-
tation mechanism. .This techniéue was also used in the
inveétigatioh of the fragmentatiop mechanisms of the norbornene
ﬁortribyclene‘(tricyclo(l,lj,éfheptann)and norborneol
(bicyclq(2,2,l)heptanol)‘ :molecules. The metastable ion
studies were combined with accurate determinations of appéar—

ance potentials. In order to helpsﬁetermine which of the

fragmentations arose from the bicyclic structure o
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(bicycio(zyz,l)heptane) and which resulted from the effect
of the substituents, the mass spectral fragmentation mechanism

of norbornane was investigated. -

' INTRODUCTION

Material in this section will consist only of a
general discussion of principles, of use of apparatus and
interpretation of results. - Detailed considerations of many,.

phenomena will appeéf-in discussion of the present results.

Pl

(a) General Discussion of Mass Spectrometry
(1) : The main directiéh‘of research by‘the'organic i
. cﬂemist in the field of mass spectrometry, has been towards

obtaining a set of rﬁles whereby a compound can be identified

A e ) R
and its molecular structure deduced by inspection of the mass

'.63 g

spectrum. The mass spectrometer has been uéed‘by the physical C o

- i

chemist as a means of measuring heats ol formation of ions, ot

bond dissociation energies and other energetic information,
¢ i

but advances in this field have been restricted until
recently by the lack of electron impact ion sources in which
a monoenergetic electron beam can be pr¥oduced. Attempts by

theoretical chemists to predict the fragmentation mechanisms
35

of molecules by the Quasi-equilibrium theory have been

successful in the case of SOme’small'molegules, but the .
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agreemant between theory and experirent ceclines with increase
. - ’ 2 , |
in molecular size and the presence of a netero—atom.

The above oaracranh brieflv outlires tle direction
of research in. the ficld of orcanic mass opectrouetrv to the
present day. althouch a great aeal of information has ueenh
obtaired in tne forr of catalogues of spectra of rcanic

; 36 T e e st .
molecules and talles of ichisation and arncarance
e 37 .o s e -
~potentials .+ tihe 1nterpretaticn of mass srectra ‘still owes

much to enmpirical rules.

(2) Brief Qutline of F*ocesscs and Instrurenbatlon ln
38, 39a '

Mass Spectrometry

any

The raterial under investigation is passed into the

ion chamber of the mass spectrometer (the instrument being

under hign vacuun,.see Fig. II(a) 2.1.) in the form of a

-

vanour or gas. The "olccules in the ion chamier are bwombardad

-

fon
Sou;;:?ﬁs

Collector”

Samplas
Reservor

Fig. II(a) 2.l1. Single Feocusing Hass - Spectroreter.. |

- * -

a - ' ) : .o : -
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b

£y a stream of electrons having 70coV. enercy. %Yhen an .

electron passes close enough toc a molecule an clectron is
expelled thercefrom vielding a molecular ion.

a M+ e =0at

+ 2o
Holecylar Ion

"70eV.. is approxirmately acuivalent tc 1,€20 X cal

mole-l Az = ' + L° Lorolytic Rond Fission reguires
50-120 x cal sole”l 40 A:D = A: + ot tieterolvtic
Pond Fission .recuires 150-250 k cal rnoie_l 40. Thus there

is sufficient excess energy in rmany of the rolecular ions
for ther to underco. fracmentations bv many different processes.
The molecular ion fragments either (a) by the loss of a

radical to:rvield an even electron ion, or (k) by the loss of

a2 neutral rolecule giving an odd =lectron ion

+
(a) Ay =2t + 2 or a + st
+ +
() (A~D)° = A" 45D :

The molecular an@ fragment ions are pushed towards the exit

slit 3y repeller plates, vhere they are accelerated by‘a

.larce rotential drép {(2-3 x V) into'the'field free'region and on
into the curved analyser tube where a magnetié field is )

applied at right angles to the flight path. Ions of low rass

are deflected by a greater amount than ions of higher mass by



the irneosed rmagnetic

. .
fad e - -1 L 4=
L. Oy varvine the strencth cf the

rh

i~
iz

=

magnetic field it is ness3ible to sweep the srectrun of ions - _
over the collector slit and determine the relative abundances = .

of eaclh ionic srecies present in the spgectrum. The spectrum

.

is gernerally prasented in the fern of a var cragh (see
Fig. II(a) 2.2) or table (sze walle II(a) 2.1) with the

.

relative intensities of the ion peaks expressed as a percentace’

0f the rest intense neak (hase Toan.
‘ , ‘

3

T
n
\n

%

100T]
>80 _ S _ e
L )

601 : .
b ’ '
C40 10

uo}38sTuUOT TBIOL

Q
@201

et
S
-
-
- .
L)
1
p%2

¥

80 | 1C0 -

ill‘ ll l'. l.l L w1l _ ‘l 1l
. o@f m/e S B

Fig. II(a) 2.2. Prar Graph Representation of the Mass

Spectrum of Norbornane.
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List of Relative Intensities ¢f Ion Pezxlis in Morrornane
bl e

zxpressed as a Dercentage of the “ost Intense Peak (Ease Peak).

35 29 53 14 6a_ 5
40 6 54 a4 77 3 .
a1 - 23 " 55 ¢ 79 4 -
. 42 h—"éz':;___i_ s 2 s . s’

43 3 és s, 82 6 -
44 3 66 N 95 5

N 51 4 67 1% 96 31
52 2 68 76 97 2 |

P har

e

Production and Studw of Ionsr

——
(53
At Y

(1) Formation of Ions in %£he 'lass Swectroreter (See Fig. II(b)
4la

F

Za
*

1.1.)

Pkoga
imis

T4

Ions arc gcnerally zroduced ry horiharding the

iy

\

molecules with a stream of electrons. _The electrons are:

emitted from a hot wire filament and repelled-across. the ion

charber bv means-of a small potential negative. with respect to .the -

ion chagber, to a positive target. The electrons follow a spiral ”;

path which is induced bya small external macnet; this is to increase |
the residence time of the electrons in the source. The molecular 5
H
1
1

and fracment ions are repelled towards the exit slit by one

(



. ACC PlatzGround)

| —

| — - |

Lens l—-—.'_=_——*_—_| —_—————— L_ens

1 [T
. . i
Filament lon Exit _ ~ :
Sht . - ) _
‘ ~ Electron .
- N Beam —_lTQFQef
- —_ - -—[___.
E:;j i | | e—
. 0 ’-
Plate  sgmple (at +3C0QCV
D " inlet
?lg‘ II{L) 1.1, Schucrssic of Ion Shestar,

or two repeller nlates at a small 0051t1ve “otentlal Aelatlve
to the ion charber. DIy varvine the ooteﬁtlal on the *eocller
plates it 1s possible to focus the ions on the source exit

N

on nDean 1

(D

e
caan

[&]

|_J

1

0

0

l.l

slit. The raesulting mated L:r means of

4
a
m

|—‘
0
9]
t
O
U
..J
l.l
a
]
8
(1
1~

©s rnricr tn accs

. e oL
ratlon Lnto
p

the field free recion. ”50 oevloc of tirme the electron is in

™~
~the vicinity of the molecule is consicerahly less than one
¢ . .
vibration and therefore the excitation must be of the >
- 41b )
Franck-Condon Tvre . In Fig. II(k) 1.2 (a) the molecular

. +, L . . N . . .
1on (l1.) is stakle in the ionisation npotential region
therelbre a rolecular ion peak should be observed; (b) at the

_ilonisation potential mixed processes will be presenh e 4
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but
- the
its

Al

excited state. \

ENERQGY

7
—

. ' 92.
T

+ : . . :
, A, .and B" }, the molecular ion peak will be present

it will not be the base peak (the most intense peak in
spectrum); (c) the molecular ion (M) is unstable at-
ionisation potential and will not bhe orserved, only ion

and the neutral molecule B* will exist, both in an

i

\(b) - (C)
. ; .

At B

Excitation
Ener

i
I
i
|
'
]
§



Focusinc andé Resnlu+tion

of Ions

(2.1) ‘tacnetic or

- .
oLragctlon

.5
Fccuninc.4*c

After. acceleoration

have the same kinetic energw

ev = {1/2)av?

The racnetic field

Torce Ifro-.

Magnetic Field

>
This force will

-

on the ions

force is given by

(ercs)

is ax

e

-

93.

(Fig. II(b) 2.1.1)

all ions with the same charge

which 1s given by the expression

(1)

whaere e
\;’

m.

the expression

(dynes} where I
e
- - v

charge {(esu)

acceleration
sotential
(exc/esu)

rass (g} -

velocity (cm/sec)

richt angles to the fliqht‘path:

results in a sidewavs force beinc applied to the ions,

field
{ oersted)

rmaaretic
strencth

charce (esu)

i) '
clle

velocity of
ions {(cm/sec)

velocity of
light (cm/sec)

he baldnced by the centrifufal force acting
s &

=



Centrifugal force

On cormbinina the exgra

resulting enpression i

. o
v’ :
= — wihere m
= .
e v.

ssions for the twe

s obtalned

vt iew
- - r - C

which on rearrangamant

<4
]

hY

Suhstitution. for 2

m Hiy2
e '
ve?
' zﬁ‘i
m _ ku?
e ) v - & " & B & & &

cives

. [
-

in (1) gives

(2) wiiere k.

95.

rass (g¢)

= velocity of the
ions (cm/sec)

s of curvas:
£ {

are
zath (co)

= nass (g)

= magnetic field

PR
(S eaE Y

strength

= potential drop (voitz)

= nurier of electironic:

charges

2c?
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Fro- btime oupressicn i1t can bo ooserved that ¢
fazusing of 2n ion cf a rnarticu
collector slit,ore can either vary the ragnetic f£ield strength

or the accaleration potential. In oractice the ragnetic

in

imld srrencth 1s aarerally scanned at a fixed acccleration

mntential.

Analyser ' values 4
' Analyse'r )
sut |/, Tube Cso’lllfci'or

Collimated
ion Bedm

Values

Q

Collector )

Fig. II{r} 2.1.1 Analyser Tule

. . 414
(2.2) vVelocity or Tnercetic Ion Focusing

(Fig. TI(L) 2.2.i>
Tons are not formed at one point in the ion
charber and as a result those ions_closer to ané travelling
‘towards the exit slit will havé_élightly higher post-

acgeleratioﬁ velocities +*han those further away oOr travelling
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Source Monoenergetic
Shit len Seam

Fie. IT(k) 2.2.1 Sector snalvser

(2.3} Doukle Focusing

Using magnetic focusing it is nossible easily to

Y . . .-
sgcparate l1ons of .approximately intearal mass. rowever, the

- . T oy

!

mass of isotopes-are not integral (rased on 126-12,0009). For
“ekample Nz,CO and Cpie have the sarve nominal mass of
28 u. , but their aksolute masses are different. The

evact masses can be determined by corpining energetic and

magnetic focusing giving the double focusing mass spectrometer

(Fig., II (b) 2.3.1).

5.
[
4

-
-

A m e e e
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Source
Sut
i - Sector
b — ™ o a-iIN Pldf?’

1on Source

First Fleld
Sample ‘Free Region - 1S Analyser

Reservorr ' Sht

" Second Field
Free Region ——>

-

' Gbnacfor-snf

Collector’

Magnet

Fig. II (b) 2.3.1. Double Focusing Mass Spectrometer,
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A

. The magnetic analyser receives only a monoenergetic ion beam ;/,/////;//,,
from the énexgy analyser, and as a result is able to resolve -~ S
jons which differ in mass by 10 p.p.m.

v

The ability to separate ions of ferent mass -
g P . .
is measured in terms of resolv:.ng/power41e . Resolving
—
/
power is a measure of ‘the dlfflcultv of ion separatlon, and

4As given by the expression

r o= E% where m = mass.of the ion peak‘
Am = difference in mass between
the peak of mass m and its
nearest distinguishable
neighbour, the peaks are seid
to be senarated when overlap :
of the peaks is S or 10 percente. i
L} L
|
- : i
Single focusing instruments have a resolving power of up to )
~ 8,000, Double focusing instruments can have resolving %
power of 200,000 and greater - . }
. . §
(3) Detection of Ions4lf i
[
: \
(3.1) Photographic Plate i
With this method of mass speqtrometry the magnet . %
i
18 set at a predetermined value and (there ~is no collector |

slit) one simply photographs the spectrum using.a photo-
graphic plate.

(3.2) Faraday Cup

The Faraday cup is used when large samples are

available. It operates b§ measuring the potential built up

N et R TR e R WSS AR LAL LR -

- T
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bhetween ground axé a collector cupn. ~hue sensitivity of the

Faraday cup is fairly low and as a result higa sample nressurcs

are used; this may cause ion-rmolecule reactions in the source. ’ 2

(3.3) lectron ultiplier (preamzlifier)

ohe electron multiplier is the riost cormenly usad

- - . . - - ,
detector, 1t 1S extremcly sensitive anc hence only very low =

sample pressurecs are necessasy, thus regucing the possikility
of ion-molecule reactions. Spectra have heen casilv
obtained on cormercial instrumonts fror nanocrar sarnles.

<
(4) Interpretation cf the Tracmentation Pattern

Fragrentation processes are generally stadied in

an erpirical manner. One approach has h:een to study the >
spectra of an homolocous series containing a corrmon functional - N
Group or structural unit and to observe general trends.

Impirical rules are then proposcd to fit such observations.

R T

(PR

Tor exanmple witd simple aliphatic hvdrocari:ons, as the  lenhgth

P BT

of the -chiain increases from ~ethane throucihh butane the

SR AT

1

molecular ion is seen to he e most intense peak in the

spectrum. 32Beyond putane the intensity of the molecular ion -

¢rops off rapidly as the chain lencth increases anc the
spectra are similar in ceneral appearance to that shown 1in
- - -

Pic. II.(b) 4.1. 3%°  irrespcctive of ‘the chain lengEn.

1f there is a branch in the chain then an akundant
neak will be present cue to 2 nohd rupture at the site of

the branch; Thus from the mass spectrum it is possible to

-

-
N

[N

- o
acc Lag

structure ¢of an alinhatic ndrocari.ch. . ¥

[P W
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1007 o - .

3 -, .. o" Cls 34
3 ] ' : Rel. Abund. of M"‘- 4.48%
4_50 4
a.: -~ ’_ . . .
H BRI
. Il“ l‘_h '“ 4;]1' i . il — lli ‘l - ;'
40 . 80 120 160 200
| m/e
100 Cman
: .7 o n-CagHog. .
€ |- | . Rel.Abund. of M¥=0-46%
2501 '
& ' \ N
- 'l ]. | . l.ll‘ 11 ?.;A.i 1t “4;[ -
~ 40 80 120 160

m/e

Fig. II(b) 4.1. Mass Spectra oﬁ Straight Chain Hydrocarbons.

Some fragnenhatlon types which are freguently
obserﬁed are shown in Fig. IT(D) 4.2. Fragmentations 1 and 2
involve cleavage of a 51ncle bonrd w1tn retention of the-
nositive charzge at a carrton atom stasilized by hydrocarkton
groups. In the £irst mechanism a free radlcal is Lormed, thle
in the second case an olefin is nrocuced. |

In the +hird mechanisnm the carbonlum ion is StablllZEd

-

T ek § TR TR TP T



- loz.

\

Fragmentation-Mechanisms.

Fig. II (b) 4.2.
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t‘*ﬂ“"? rosonan

o

{0

jon. The forration of tiis stabla ion 7£oyidcs 2 marticularl
strong drmvznc force -for. the ‘farrcntatlon leading to it.
The'fourth mechanisnm 15 a prominent ﬁrarrentat101 ?*OCESS in
the mass soec t*'1 of scre cvel ic clefins. chrc;l? cﬁ_lei
tHe rcxrB-Dlels 21lder ‘ragrcntatloh, the fragﬁen:aticn i;

characterised by the cleavace of two honds with the formation

of two stable unsaturated fragrents.

ok

The fifth mochanism shows that ‘a hvdrocen ater
trans&er can occu‘ allowinq formation of a fragment icn and
a stable neutral rolecule. : h . \
e _ - 42 . . L e
« The McLafferty rearrangerent is shown-in the
sixth mechanism and 1nvolves a six remcered intermediate,
observed for example, in many compounds containing caruonvl

graups.

-

(¢} ™Methods of Elucidatinec Fragmentation YMechanisns
In the previous section it was very briefly indicated

how some or1nc1ples for the interpretation of ‘mass spectra
were cdeveloped from observatlons of molecular and fracgment
ioﬂ peaks in normal mass spectra (example: aliphatic

hyérocarbons) Tawover when two oY more functio“al groumss

are present these simple pr1nc1oles may fail. This section

deals brieflv with the four standard methods of 1nvestlcatlon

used to study fragmentation mechanisms.

-

ey
b .
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(1} Metastable Ion Peaks .

Small weak dlffuse peaks are often observed in the
mass spectrum of a coqpound " these peaks are termed’ metastable
ion,peaksf_ﬁfyéy arisejﬁ;om ions of long life time whlch
fragment in the T3 lg\fiee region between the-ion soué&e

gn

exit slit and the magne ic analyser (single focusing machine}.

] 1a.mu
<

PAD

all 1ons 1eav1ng the ion source have the same

kinetic energy as shown by the following equatlon {single
focusihéliﬁstrument).

1

: _ _ 2 _1_ .2 5
etvo - K.E- — ‘f mlvl — 2 m2V2 ‘ .o n etc- . \ (2)

where e.V.

If ion my with velocity V4 ‘decomposes in the first field
free region.giﬁing ion '62 1t can be shown that the velocity

!

t

i

i

1

)

E

i

electron volts ‘ | 1
. : | | g
!

i

| | E
of mp. will be.vy and not v . '
|

I

|



105.
thus the K'E. Of‘\mz.‘: %‘mzvi . -.....-.."..O-‘;.—.Q (3)

as a result the ion will not be observed at an m/e ‘value

egdal to. either R, Oor m, . ] S
o V2
From (2)  vi = 22

S

. . . A ' o
on substitutinc this expression into (3) the Zfollewing

equation ‘is obtained

From equation (4) it can be observed that the metastable ion
peak' (m*) will come to focus at an.apparent mass given by

the following expression

3
LS IE )

m/e m* =

£

[

SH

In a couble focusing instrurent a mehastable ion

-

-t
-

formed in the first field free region (see Fic. IT(J) 2. 3 1)
will not pass through the electrlc sector because ltS
 kinetic energy is_not that of the main beam of ions (the beam
Eontqining the "normal". ions all having thejsame kinetic

- v
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to precurso

- 106,
- ~
~ - .
) e _ Q‘__ . ] -
n in eguation. (2)). gua¥ion (4) can be rewritten
- - —
owing manhe '
. »
. AR
- ™ .o
K.E - 2 1 -2 ]
M ot Z 7272
™

sector ootentlal is reducec from ;Eo‘, that which

main beaﬂ to pass throuan tne sector analyser, in

/ e only those re_ast hle ieons av1nc a daughter'

r ion mass ratio m,/my. will be transmitted -

through the energy -analyser and will_be-detectéd”at_a m/e

value ‘¢ w

2, . A : _ _ . _ )
2_/“1 o -
43

Kiser et al. . have sho that métasﬁable profiles

'potential_s

<

can be examine¢ in detail.by varying the electric sector

tepwise, in small increments of 0.1 to 0.2 V. ,

-

above and below E_ . (vhere E_ ='E m,/m; ) ané scanning the

m ’ m

2,0 .
"acnetlc flelc in the mass regl ion 'rz/ﬂl at eacn sector

potential.

peak shape

. A pliot of metastable peak nelcht acalnst sector

sotential gives a ¢raphic representation of the metastable

and relative intensity (as shown helow),. the

maximum Jele i .E = m,/m.E_ .
. ' appearing at -E_ 2/ 1Eo

An alternative method for examining metastable ions

formed in the first field free region, described by Barber

and Elllot

44

, and by Jennings45 , is to hold the sector

potentlal constant at Eo and vary the acceleration potentiai

[ —
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worastable Ion Peaks Obtained Ty Xiser's tethod

proken Line (a) represents (R-0D) = EDO

(b) represents (R=0i) _i.palled -1;0 | Yorborneol

Solid Line represents (R-0D) - H20

.

upwards from Vo {(that which alldws the main beam to pass

L

through the electrostatic sector) to ¥
A v =V n,/nm
here S/ My

then only dauchter ions formed in the first field free region

will have the reguired energy to Dpass through the electrostatlc.

5

sector at its normal  E . These ions will be o?ﬁerved at

a mass corresponding to m, . This is achieved) by selecting

-

the magnetic field appropriate to the mass of the daughter
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icn Ty and scanning the acceleration petential from V

ro V as shown below.

N Vo ' !ncreasmg Accele%hon '
L o Voltcgc

tﬂauxEBédnf t

4'/’.
-~

Metastable Ion Peaks Obtained by Jennings' Method

- . . . -
-

43 is used when it is reguired to

Kiser's method
compare the relative intensities of different daughter ions
produced from the same precursor, for examﬁle water and 1its
labelled analogues lost from a label;ed alcohol as shown
on page 107 . The Jennings méthod is a rapid and sensitive
procedure for finding precursox to daughter ion relationship,

but suffers from the disadvantage that the source cenditions

are changed whilst scanning.
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A dauchter ion formed in the sccend field free

region (see Fiq. IT(b) 2.3.1) will be observed at its
appropriate m/e value given by the expression ﬁ%/ml and

is independent of the sector analyser.

-

The unique features of a metastable ion peak are : T

nown above; it 'is therefore characteristic of a particular
fracmedtation and is positive evidence that the fragmentation
occurs in the mass spectrum. The absence of a metastable ion

peak cdoes not mean that a fragrentation-eces not occur, the

presence and abundance of a metastahle ion is dependent on
the precursor ion life time and the geometrvy ané time scale

of the instrument.
-+

H

Ions'which dissociate in the scurce are'generallv

of high intérnal energy and have short life times, those which
fragment in the field free regions (producing metastable ions)
are of lower energy and longer life time. Processes which
involve a simple bond rupturé generally have weak or no
;metastabie jons. Processes wnich give rise to metastable

ions are often processes which involve consicderable ;
reérrangement prior to fragmentation;

Metgstable ion peaks are diffuse as a result of .

' . . ‘ . . b
some conversion of internal enercy of the precursor ion 1nto%§

translational energy of the fragment products. The wider %ﬁ
: 3
#

the diffuse peak the greater the eneray conversion. The width

of some very broad metastable ion peaks (called flat top



. : -

metastables) have been related to energy releass by the ~_. .-
S » ‘ R N
equation of ‘Beynon and Fontaine . ‘ - -~ e
4m2 - 42 . P
a = — = wvhere d = width of flat top
™, eV . metastable in a.mouL
- - ‘I“ -~
u = mass ratio (n' 2)/m R
h\‘ PR
) . ev = ion acce‘oroh-01 = .
) potential in. electron - .. . RN
' - volts , R .
o 3 . .,'\‘:"‘. v
. T = energy release in v

electron velts

An example of the use of flat top metastable ion

ceoaks as a mothed of Z2termining cmcess riretis encrgy 1s the
. s . y e 47 L
case of the o,m and np nitrcanz.ines . The ¢ and p

isomers vield a2 flat top metastable ion peak with the sare

energy release, for ti2 loss of nitric oxide from the molecular

iori; the n 1isorer coes notk. Trese results are compatible
with the (M - NO)+1o s in” the orthe ané nara isomers being

stabilized bv rescnance, wiich 1s not possible in the case of

the reta lsomer.

o +

Ion formed by the loss of NO from the molecular ion’ of p-and or-

]

. O+ O O+ .
z o ) o
INHp  p-isomer tNH2 m-isomer - ' -

nitroanilines.
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as greviously mentioned the exact mass of isotopes
.. are not integral. For example while the noninal mass of

CO,Hs and Cpl. are 28 a.m.u. their exact masses are 27.99483,

+

’;7 28,9061 arid 28.0109, therefofe one reguires enough resolution

. - "-. - - k
to be able to distinguish between these three in order o

3 1

dérermine the molecular formula of the ion at .m/e 28.2
. " \

- .

odest resolution of about 3,000 (see II,(b) 2.3)

IJ-

5 3
sufficient for the separation to be achieved. 2t a n/e

‘value arouné 300 there are about 150 compinations of C,¥,0:

and ¥ atoms which «ill give a nominal mass of 300 a.m.u.

-

cSC Lt

A
LA}
|9

'

rion of the order of 50,000 giving =n/e valuzs to

.

icant figqures is reguired to determine the molecular

Ih
'J

o

6 signi

forrula of a given species.

‘(33 Isotonic Labelling

.

Metastable ion §eaks and high resolution studies
give +he origin .and molecular formqla-of the species lost ih
the  formation of an ion bﬁt givé iittle or no information as -
to whiéh atoms in the'preéursor ion are included in the
séecies lost. *Isqﬁdpfé}labelling is a possible route to
deterﬁine which atoms are involved in the-fqrmation of a .
particular ion. Deﬁterium‘is the most widelv used label,
carbon 13C and oxygen '°0 are usefﬁl but more expensive
i;bfépes.?' t |

An example of the use of deuterium labelling is the
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investigation of the water loss in aliphatic alcohols; the .

question that arises is that of the origin of the second hydrogen
atom involved in the water loss. Deuterium labellinglin

48,49,50

butanols and higher alcoholssj"52 . showed

o .
that the process occurs predomigantlg,by a 1,4 elimination
through'a six membered intermediate. This is in contrast
with the 1,2 elimination observed in thermal dehydration,

where a four centre transxtlon state is 1nvolved 53

‘A well documented example of 1sotop1c labelllng is .

the etudf of acetylene loss from the molecular iqn. of benzene.
From;a'étudy'of the felative abundance of the daughter ion |
peaks for loss of acetylene and its deuterated’analogues from
.the moleculer ion of benzene-l,2,3—d3 McDonald and Shannon

were able to show that the hydrogen atoms were selected in

a completely random manner. Jennings S? has conflrmed

.

-
Tt

these results from a study of the relative abundance of thei‘
metastable ion peaks for the loss of acetykene-and its'
deuterated analdgues in benzene-1l, 4—d2 and benzene—l 3,5~ d3 .
Horman, Yep- and Williams >6 prepared benzene-1,3, 5-13cy and
studied the defocused first fleld free region metastable ion
peaks corresponding to the loss of CzHz,'°CCHz and 13¢,H:
from the molecular ion. After correct&on for incomplete . .
labelling and contributions from thel[ (M-1)-acetylene]

metastable ion peaks they observed a ratio of 21+4:6124:1822

which is ih.good agreement with the 1:3:1 value required for

ot
“
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1 o . : -
/‘5

completely random selection of tae carbon atoms in the

acetylene loss. Dickson and Williamss9 carried the.

investigation one step further by preparing benzene-1->3C,-1-D : -

and were able to show from the appropriate metastatle ien

peaks that the carbon and hydrogen atoms were completely
scrambled in the acetylenc 1oss. Thev concluded frem
their results that complete randomisation of the carbon and

hydrogen atoms OCCUIS prior to fragmentation of the molecular -

-

The presence of cormon jons has been detected in

isomeric ions by comparing metastakble abundance ratios for )

: : 58 . ' -
competing reactions. Shannon and “cLafferty and otherss 63

have concluded that isomeric ions which decompose by

cempeting metastable reacticns have the same structure i€

their metastable abundance ratios are the same, whereas

1sore*1c ions of different structure show different metestalle
P 64

abundance ratics. lowever Yeo and Williams have shown that

the metastable abundance ratio for competing reactions will -

o
v

be a function of internal energv of the precursor ions anc

thus ions of the same structure need_ not necessarily display

the same abundance ratio.

LS
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Y

(4) Ionisation and Appearance Potentials

Metastable ion peaks, high resolution studies and
isotopic labellinc have yiélded a great deal of information
concernlnq the fracmentation of cornounds in the mass
spectromoter, however none of thls lnforratlon gives the
structure of tne ion formed. Just as isomers have the same
molecular formula but different structures,.ions in the nass
spectrometer can have the same molggﬁlar formula kut

different structures.

The ionisation poﬁential of a molécule is ﬁhe
minimum energy required to briﬁg about the removal of one
electron vielding the moleculér jon. The appearance potential
of a fragment ion is the minimum energy reguired ﬁo bring

about its formation. For the reaction
e+l'-A 4+ B® 4+ 2e

the appearance’ potential can be expressed as follows

~
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(i

a.p.aty = an.at AT (B° ;
A.P,. —._lf:-)'i'._.l.f(.a)—_ﬂ.:‘.

-—

where the AHf's are the heats 6f formnation, this can be

-

~ re-expressed as

-k

it follows that 1if the it.'s cf the compound !t anéd that of
the radical or neutral melecule B  are known,then from the |
measurenment of the appearance potential the heat of formation
of the ion a’ .pan he determined.

l mhe reasured appearance potential does not necessarily
equal the true anpearance rotential. The difference between

the two heing the excess encexcr reqguired to achieve a rate

constant such that decornositicn occurs in the source, this
. T e . . 328D .
excess enercy 1is ternmed tae kiretic saiit . One rmecasure O

she kinetic shiff is ohtdined Ixsnm the Fifforance Lotween the

jons- which are oktained from lower energy precursors. Io
terms of the cuasi-egquilibriunm theorv the lewer appcarance
notential of the metastakle ions caﬁ be ewnlained b there
being sufficient tire for the energf to redistribute itself
into the correct modesand fragmentation to Sccur hefore

sampling (metastable ions are sampled at the end of the field

free recion). Difficulties arisinag from thke kinetic shift

>
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¥
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can be reducad to a neglicitle lo—nl by usine a véry small
gccelerétion potentiall(of the order of 3 50 vi) instead
of the rore usual valﬁes of 2 to § K.v. thereby increasing
+he time of the ions in ;he source ané allowing tire Zfor
ene;g? redistribution.

. an adcditional terrm must be considered, narely that
at thresholc 2T and B mav be fermed witl: excess internal
ané or kirnetic enerav. This excess energf E* corresponds

+o the energy of activation for the bhack reaction; at the -

present time 1ittle is known as to when E* will have a

\‘

significant value.

An éxample of the use and limitations of appearance
. potentials in structure deternmination is obtaineé ffom_a
discussion of the siructuré of the ion-at m/e 31 in methanol.

The reaction for the formation of the ion can be written as:-

CE;OH + e —» CH3OH: + 2e —> -E) T + B
" m/e 32 m/e 31

3
-

_ . , .

The structure of the (M-E) jon can be formally written
o

.either as CH30+ or CH20H+ . The appearance potential

. -166
equals the heat of reaction (1l.%e.V. = 274.5 x.cal/mole™t )
and can be expressec as follows

H(reaction) = 274.5 = Hg(M-E)" + H ()7 - H, (CH1OF)

or H (1-H)T = 274.5 + H (CUOM) - B (8) o &
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+he heat of formation of methanol (c) and the hydrogen atonm
are -48,1 and +52.1 k.cal.mole™!? 66 respectively

.

Y

i

o He (M-H 2745 + {-48.1) - 52.1 k.cal.mole™?’

g (M-8)T = 174 k. cal. mole™!

£

-

Thus, although the heat of formation of the (ﬂ—K)+ ion in
methanol is known, its structure is ‘not known. Kiser4lg
nas determined the heat of formatidﬁ of the ion at m/e 31

for several alkanols from appearance potential data67-

and found the vglués to fa;l in the :angé 170 to 174 k.cal.
mole-! . This indicates that the same ion at m/e 31 is
sroduced from the various alcohols.

‘ The electron removed .in the formation of the.molecuiaf
ion of alcohols has been shown to be the nonbonding electron -

in the oxyvgen atom 66 , this can be represented as follows:— .

-
. + =

R=-0-H + e —» R-0O-H + 2e

-

Fragmentations which give rise to an even electron species will
- be the epérgetically favoured process 3¢ , in the case gﬁ
alcoﬁols a cleavage will vield the oxonium ion (R = gHi .
Cummings and Bleakney 66 have shown from enerietic consid-

- s

ations,that in the case of methanol the oxonium ion is formed

by a carbon hydrogen bond break, the energy released in
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4

fotming the ovoniun iom Zelnf great enouch to compensate for

the energy recuired to rreak thg C-iE bond.

.+ + .
II—CHZ "‘.O.-H H CHZ =OF\+ B *

Supporting evidence for +he akove structural
assignment is ottained from the value of 235 k.cal.mole™' for
the heat of formation of the ion at m/e 31 vielded bv the

A 7g . . - ) :
Ci13-0=-10 molecule ° , WieIe +he ion at wm/e 31 1is almost -

'certainiy the methoxy cation (CH30+).

e

The abdﬁe discussion has*deﬁoﬁstrated that from
neats of formation oﬁe caﬁ éscertain,whether the sarme ion 1s
present in different COMPOUNGS, ggg'it does not reveal the
iﬁé;tity of the structurc dirqctly. it must be pdinted'out
that at 70 e.V. more tﬁan one ion structure may te present
for a partiSBlar m/e value, whefcas the reasured agpearance
potential will only me of the ion of the lowest arpearance
potential. )
Tonisation (and appearance) potentials are deternined
by extrapolation of the ionisation curve (a plot of the ion et
current acainst electron energy) to zero ion current, thg s
intercept being egquated to the jonisation (or appearance)
potential. In practice a calibrant gas,'af_kndwn‘ionisation

potential, must be run in series with the unknown corpound

since the voltmeter does not give a true potential and the
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A much more serious oroktlem is the tailina, a= the foot of t:n:. oo
) . ' ‘ , . : "o
ionisation curve, which arises from the Maxwell-Boltzmann |
- - . ) ) . - o
distribution of enercy of the electron Leam, causcé Ly
thermionic emission frenm the het €ilament. This-rasults in
an uncertainty of at least =0.1 e.V. (:2.5 k.cal.—ole~ ') in
".. ) j - . “ N
the detervinaticn of lenisation.and or-rearance votontials,

lon
Current

pr——

“he error in appearance.potenticls from the above

. .. . . 1 e iz .
sources nlus theot arisine from the hinetic shiift nas - .
A .
. T2 P £ & .- -3 = Y
resulted. in a wide ranen ¢of hoats ¢f forration Icr iven

ions, ‘maling the commarison of the structure of ions unreli-

- “ R - . = . .. s + - -
able.. For exarole the heatsrof formation of Clia from -
propane are  301,273,262,273 ara 269 k.cal.rmole™? _as o -
- : - - . : " o
eported in the.lational Burcau of Standards, Yakles .of )

Tonization Potentials, Appearance Potentials and leats of

- . ‘ i '37a S
Formation of Gaseous Positive Ions . R

A
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T earls attamnai tg oUvorsone tho enorar Sor

was tc-use a source descrilted Ly F0368,§9. “mnig gource had -

a retarding -potential which permitted only electrons of

a

specific energy into the ion charter. The use of calcul tio:s70

to cornensaté for electron energy spreacd have been avplied to

the ionisation curve in orcder to more s

.
a

narply cdefine the

appearance potential. ‘ -

\

‘tore recently ‘sources have becsre avalilable which
allow appearance potentials to be measured to 0.05 e.V.

al). ﬁot-?iiamént electron source used to oreoduce a mono-energetic

electron beam. One method (used in this work) involves a
two stage cdoullle wemispherical eleciron enerdy salector \
" which gives results.equivalent to those obtained bv nhoto-

electron and photo ionisation sources (see helow).

b) Photoelectron Imission This tvpe of ien source glves

jonisation potentials of atoms 2and role ules »v ionisatioen
G -

-

of thce spccies'using the licht from a heliunm discharce lamn.

- +
; M+.-hv =2 + e

A variable retarding potential is applied to the ejected
‘electrons and from a nlot of electron current against the
retarding potential the value of the petential which just .o

stops the ‘electrons reaching ﬁpe ¢ollector is determined.
By subtragting this potential from the eneray of the helium
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radiation one obtains the enercy required to preduce ionlsation

'.Jn

of the species. This method gives first and hicher order

jonisation potentials -but cannot be used for appearanbe

~.

potentials, since it Shly measures the enerqy recuired to .

1

remove the electron and gives no indicé%ion to the future
v ) e

Ltof the ion. ' . . ‘ - .

73

¢} Photo Ionisaticon Source A hvdrogen lamp is used as

- -

the energy source coupled with a monochromator of bandwidth - i
of 37, this gives an energy spread of 0.05 e.V. (1.25 k.cal..

mole—!). This type of source allows the measurement of both

. .

.

ionisation and arpearance potentials. .
¥with the advent o¢f these new tyDpCes of sources

heats of formation of ions from appearance potential data

are becoming much more reliable.
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o DISCUSSION : ~

1. Mass' Spectra of Norbornyl Halides ,

A. Mass Spectrurm offxofbornyl Chloride (C7H;:Cl exo-2-

chloro-bicycle (2,2,1) heptane)

~

- - -~ ,—"
neview of previous:.rmass' snectral

studies of norbornvl
< : 74
" chloride. ~ Bunton and Del Pesco nave rescrted the

- mass spectra of exo-2-norbornyl chloride and 12 of its methvl

homolocues.  They proposed two fracmentation routes to
explain the origins of the major ions in the mass spaftrum

: . ' . .o+, ; .
of exo-2-norbornvl chloride. The C-Hi: 10n, formed by tne

.

loss of a chlorine atom from the —clecular icn, subsaeguentl:
' . o+

fragments by the loss of ethylene giving the CsH; ion at

m/e 67. For the second fracgmentation route +hev propose the

lq;s cf a C;H3C1', radical from the molecuiar ion o vield

the CSHST ion which sﬁﬁsequently fragments by the loss of

a hvdrogen atom giving the Csi," ion at m/e §7. These
~authors did not carry out any laEelling studies to substantiatc

T -
r

-

-
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their proposad mechanisrms and reported difficuley

anv metastable ion peaks. In addition they pointed out the

possibility of a Wagner-Meéerwein reaction pfior to!

fragmentation in the methyl homologues on the basis of the

Dol i £ the spectra of the Wagner-Meerwein isorars;:
nowever, in manv cases, particularly for the tertiary chloricdes

their spectra were contaminated by products of thermal

decomposition.

The mass spectrum of exo-2-norhornyl chlcride is showm\

in Fig. II 1.A.1l; it is in good agreement with published
74

cata . In contrast td Bunton anc Del Tesco's work it

was observed thgt the spectrum was rich in metastable ion
peaks. Table II 1.2.1 1lists the 12 most intense metastab;e
i9n peéks with their relative akbundances and the fragmentations
responsible for their genesis. Although the relative abundance
Qf the most intense metastable ion peak was only 0.05% of the
Csﬂat ion, {the base peak); no difficultylﬁaé‘experienced in ’

detecting metastable ion peaks.

n cdetecting -

|
1
i

=
‘i
¥
A
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Tabhle II 1.0.1.

) *
Yetastable Ion Peaks SUservec 1n the Yass Ssectrur

of exo=Z-llorbornyvl Chaloride

Generatineg Fracrentaiion /0 ol o¥ R it

. (CLsorvad) ; T

55 - 29 ' 15.3 ~5
67 -~ 41 25.15 10
132 + 67 34,0 32
130 - €7 34.6 100
131 - €8 35.3 , ~9
41 -~ 3% . 37.15 . 11
95 + €7 47.3 . ' 25
67 + €S 63.1 20
79 ~ 77 75.0 _ 18
21 - 79 77.0 11
93 « 9] ' - 89.0(Flat-Top) 21
25 + 93 _ 91,2 (Flat-Ton) 21

*Obtained from tne pormal sgectrum run at 70 ev.
(Hitachi RNU-6D)

-
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(t
Fh

Schere II 1.2.1 shows tiie fracmentations of

o

zfl:%?4(x0437.grhornyl chlorice for which matastable ion peaks were
. ‘ . ‘ - N -

' observed. The formation of the Celis ion at. m/e 81 1is
% \ . :
: shown ‘o arise from the molecular ion by the loss of a CE,Cl®

racdical (trhe only alternative route fcr 'its formation
. . - . . . . R
involves the loss of a CHz: diradical frem the Crilyy . 1lon,

nwowever the loss of a CHz® has never been proven in mass

'_spéctronetrv75’76'77).

*

m/e 130 m/e 95 . | m/e 93
a |

R T
C:7.k1‘l(jT1 I_ C:7'P{" _ 2 A > (:7'k+ér7

~CaHgq i ~Ho

+ A~ g+ "Hp + at
Cs.,HQ CS H, — > Cg Hg C, H,
mfe8l m/e67 ~ m/e65 m /e Ol

{Hz ~Caha “Cats
3 =
+ | e BN 4
me 79 ' mfear tm/e 39
-H
K

-Co -C, Hg

H
CeHf ——> C, Hy €
m/e 77 m/es51

Scheme II 1.A.l. Fragmentation Scheme for Exo-2-Norbornyl -
Chloride. :
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s
From SEheme‘II 1.A.1 it can be observed that the

molecular ion fracments in three wavs: (a) by the loss of a
chlorine ator éiving the. C-,»H“+ ion which further fragments
by the loss of ethylene to give the CsH>' ion (as.obseryed
7 by Bunton and Del Péséﬁ), {b) the C5H7f ion is also formed

directly from the molecular ion by the loss of a chloroethyl
.éédiqal (C2H4Cl). (c) the CoHs ' ionlis formed’ from the
molecular ion by the loss of a CHzCi; radical as discussed
_above, this species further fragments by two successive
losses of a hydrogen melecule té‘give the C;é;f ion., Either
or both of the CsHyfjions‘formed in (a) and (b) éragment by

the loss of ethvlene ané acetvlene.

t

From the information describedé thus far it is not

possible to state how the base peék n/e 68 ‘arises;-it
could come directly froﬁ the molecﬁlar ion by the loss of
C2H3Cl" and/or from fhe CrHyig " ion-by.£he loss of a CzE3”
radical. In'oréer to investigate this point gﬁg—Z%no:bofﬁyl
chloride—gﬁng—dl' was'preparéd By reaéting deuterium
chloride with ndrbornéne'(see Part III): frqmuénspection of

- - ST
the relative intensities of the peaks in the €0's together

with those of the C7H11+ ion (see Table ITI.1.A.2) no firm~ \\\\\\“‘\\\\\

conelusion could be drawn concerning the oxicin of the base

peak. !

i
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Table II l.A.Z2.

Relative Intensities of the Peaks m/e 67-70,
the (11-C1) and Melecular Ion

=

(Correction for '’C) . m/e 67 m/e 68 m/e 69 (u-c1) m™T

exo-2-lorbornvl S
Chloride oo 82 95 - 0 20 - 1%

exo=2-2orkornyl

Chloride-exo-3-¢; :* 53 97 a4 . 20 22 ’

.

On examination of the metastable ion peaks in

exo-Z—norbornyl_chloride-exo-3—dl two interestinc groups of -

rmetastable ion vpeaks were 'observed. The first consisted of

two metastable ions for the loss of ethylene and labelled

‘ethvlene from Ehe C7Hf1+ ion in the ratic of 64%2:3622 :
respectively. The second group was a set of four metastable . é
ions for ﬁhe‘loss of a chloroethyl radical, labkelled and‘t

unlabelled, £rom -the nolecular ion in‘the ratio 56*1:44:=1

respecti;ély for the 3%Cl pair. The presence of these

metastable ion peaks in each c¢roup could arise in two separate

ways or a combinationrof both (1) a Wagner-ieerwein fegftion

is occurringin the prepération of . the labelled norbornyl

chloride from norkornene (2) a Wagner-Meerwein reaction-
5\\\&\\“‘takes place i1, the mass spectrometer prior to fragmentation
N R
by (a) the loss of ethylene from the C;iii 21o0n and

(b} the loss of a chloroethyl radical from the molecular ion.
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In order to check the two possibilities,gﬁéfz-nérbgrnyl
chioride—gggg—3—dl was prepared fromrthe endo-2-norborneocl-
939973Td1 by the method of Stille and SonnenbergTa,
using thionylﬂchloride and pyricdine. "Analysis of the
ethylene loss metastable ion peaks from the_(M;Cl)

species showed the loss of ethylene and mono—deéterated
ethvlene in the ratio 64£2:36+2 respectivelyv ; this is

thé same value as observed for the eﬁhflene loss in exo-
A2—nofborny1 chloridg—g§973—dl . Similarly two metastable ion
peaks were observed for the chloroethyl radical loss from

the molecular ion; howevér for these the ratio was £he
reverse of that ouserved 1in thé exo-2-nortornyl chloride-
'g§9f3—dl
in the ratio of 56x1l:4421 .

, that is m* (M=CzHa 3 3CL) :m* (M-C,113D*5Cl) appeared

79

About this time Brown and MNclIvor reported

the results of a 220MEz N.M.R. study on the-products
obtained from the addltlon of deuterxum chloride %o norbornene

at -78° in chloroform. They observed-that 35z 35 of the

product was exo—z—norborhyl chloride-exo-3-dl and 45:3% of

v

‘the .prbduce was gzng—norbornylichloride-?—gngdl ' thesg -
resuiﬁs are in remarkably good agreement with the metastable
ion peak ratios for tne loés of the”chlorocthyl_radigal from
the molecular ioﬁ of the labelled exo-2-nprbornyl chloride - -
79

. which was prepared in a2 similar manner. Brown and McIvor

explained the presence of the two products obtained in the

-
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praparation cf +he exo-2-rnorbornvl chloride as arising f:cﬁ

wagner-Meexrwein reaction.

| . o
A7+ — A7 A2,

However it is still not possible to tell if a Wagner-Yeerwein

o "

reaction.is occurringin the molecular ion prior to its

fracmentatlon.

Another attempt was racde to achieve specific

T o

deuteration using the preparative. rcthod of Downie and Lee“o,

this method involvad reactinag endé-Z-norbérnecl-B,

3-d2 with triphenylphosphine in excess carbon tetrachloride
to yield (presumably) exo—z-norbornvl éhloride-3,3—d2 '

this preparation was repeated starting WLth 229972—
norborneol-2,3,3—63 to yield_(presumably) the exo- 2—1orsornvl
chloride-2,3,3-d3 .

Tn the chloroethyl radical loss from the molecular
iop of the dideuterated norbornyl chloride only a metastable
ion fdr the loss of CszDzCL- was observed, there being no
metastable ion peak for any other cnloroethyl radical loss:
smn;larly in the trideuterated norbornyl- chlorlde only a N !
‘metastable ion peak for the loss of C2HD;Cl was observed.

From these results it was concluded that a lagner—-Meerwein



130.

- reaction did not occur either in the preparation of the
labelled norbornyl chlorlde (Downie and Lee's method)
or in the mass spectrometer prior to fragmentation by the
loss of a chloroethyl radical from the molecular ion.

The relative intensities or tne-merastable ion
peaks for the loss of ethylene from the Cvﬁllf ions in-
the labelled compounds are reported in Table II.1.A.3,
clearly the ratios do not corresgond to a specific fragmen-
tatlon in any of the labelled compounds. In each case
however the results correspond to the value for random
selection of the hydrogen and deuterium. atoms in the
ethylene loss.  Norbornyl chloride -2~ 3¢ yas prepared
(method-see pagezsa),"and the ratio of IéCzHa. : 12c1 3CHy 1oss
from the labelled 'C{H11+ ion was determined-and found to .
correspond to completely random selection of the carbon
atoms in the ethylene loss.

Inciuded in Table II 1.A.3 are the relative inten-
" sities of the metastable ion peaks.for. the loss of the
chloroethyl radicals from the molecular ions of the labelled
compounds. The results indicate that a specific process is
occurring, that the chloroethyl radical lost conte&ns the 2
and 3’ carbon atoms with their attached hydrogen atoms. The
origin of the fourth hydrogen atom in the chloroethyl radical
was narrowed down by analysis of the metastable 1on peaks in

the mass spectrum of the products obtained when deutexium
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chloride was added to nortricyvclene in a mannars similar to that

~J3
D

sl paseans

described by Brown and McIvor 7; they had shown b-e M,M.R. analvsis

that the addition products were pure exo-2-norlornwl chloride

with the deuterium atom 350:3% at the endo-6 position-and
4353%  at the exc-6 positicn.lhe wemainins 7% they
helieved to be in the anti-7 rosition (see Tart III}). Ir

the present experirents it was ohsexved that the lnss of : -

C,H3DCl  and the loss of C:H.Cl £from the rolecu

=

a

H
[ uld
0
3

:812]

oroouceé ncta;t_b e ion peals having a ratio of

LW ]
1+

1

Mo

respéctively. This result is compatible with the fourth

hvdrogen aten originating from the 6 carbon atom; either

the endo or axo hvdrogen atoms arc equivalent, or the less

involves snecifically the ondc-€ or exo-é hvdroTon ator, ' - B

. : " ) 3
1"ot sossikilities are within experirental ‘crrer. Proof that b
the fourth hvdrocen atom in the chloroethyl rac1ca1 leoss . - 3

is specifically the endc-6 hydrogen aton was obtained from
a sirilar experirment using the lakelled ncericrnvl chleride

-l R - [, T - . A
v of douteriur chlerids o

obtained from the additio

norbornene-exo->-exo-6- dz . Onlv one metastable ion peak was .
observed, namely that for the loss of C,li3DCl. This can be

explained by assuming:the products are (a)}anc (b) (see

) . I
Part III for details) (note the inversion of the gro anad -

{ = ;
endo hydrogen atoms on the 5 and 6 carton ato“s as a *es“lt

of the Wagner-Meerwein reaction) .
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The estatlishment of the chloroethvl radical fraamentation
.indicates that anv Wacncr-lcerwein detected, must cccur . - o

in the preparation of the exo-Z2-norbornvi chlorice (for

(=2

exarple see page 128) and not in the mass spectrometer.

The results shown in Tqblg II 1.A.4 show that the -

base peak in the mass spectra of the nerkornyl chlorides

s

studied rermains at m/e 68 when the deuterium atews are

PRSP Ry = |

Fvevatien

"present on the 2 or 3 carbon atoms and is shifted to hicher

m/e values when deuterium is present on the 6 or 7 carkon
ot - . o .. F

ators, it is therefore unlikely that the basSe peak "CsHs.

. . . .+
arises from the norborrn:l caticn (the Czi:ii1  ion 2t n/e 95},

* et

.where the carbon and h¥drogen atoms are completely

randomised prior to fracmentation by ethvlene loss. It could

be a fagt, specific fragmentation of the CsHy1  ionm béfbfe
scrambling but thé pase peak. almost certainly oproceeds

directly ffom-the'moleqplar ion by the loss of C:H;Cl, tﬁel
étoms involved in the fragg@ntation being_the 2 and 3 carbon -

atoms and the attached hydfbgen ané chlorine atoms.

- -



~

© Table II 1.A.4.

Relative Intensities of the Peaks 1t

Compound - Relative Intensities (corrected, for °C)
x/e 67 f/e 68 m/e 69 m/e 7¢

exo-2-Norkornyl Chloride 82 95 o 0.
exo-2-Norbornyl.Chloride 63.:% 96 1070
—_— _ - \ - -
-3,3 d2 _ ) 3
exo-2-Norbornvl Chloride 72 . 96 . 18 8 )
T -2,3,3-d, S | -
éxo-2-Norbornvi.Chioride .40 - _ .59~ e7 T 0
— —¢-d o |
1 _ N .
exo-2-lorkornvl Chloride 53 97 44 0
- (3-7)¢, . : _ | -
_ . ‘. S~ 5
;f E
. -3
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Scherme II 1.X.2 represents the complete fragmentation ey
pattérn of exo-2-nortornvl chloride as deduced from the
analysis of/éetastable ion peaks in the unlakelled compound -

s | . ’
and a study of normal peaks and metastakle ion peaks in the ’

N

. W om ¥ .
lakrelled corpeounds. The base peak (Csig.) 1s shown as

beinc formed by the loss of CzH3Cl from the mcldécular ion; ~
the fate of this daughtexiion is uncertain; it.rmav fracment
by the loss of a hydrogen atom,. but Irem a study of the

lakelled cornounds this cannot occur. to rore than 15%. This

makéé proposals for the structure of this Ion uncertalin

’ ' . . 15a . '
because rolecular ions of this meclecular formula either

lose a hvdrogen atom to vield an intense or kase peak at

m/e 67 or display an important fragment icn at m/e 53.

. sl s . . . B < e
Possibly it is a terminal ion, i.e. CsHs. 21ONS formed from

th

the molecular ion vossess insufiicient cnergy to fragmen’

further (see results of appearance potential data for

)

»

cvclopentadiene in nerbornene and wortricvclene, racel73)
+ R . .

The Csliy ion is forrmed bv two routes (a) directly from

the molecular ion by the loss of the 2 and 3 carbon atoms

with the attached chldrine ahd 3 hydrogen atoms, the fourth

atom in the chloroethyl loss conming frem the endo-5 position.

(b) from the C1H11+ ion (the norbornvi cation) by the loss
of ethvlene where thé-carbon_and hvdrogen atoms are selected

NG - . . .
at random. The norbornyl cation also fragments Ly two successive
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Scheme II 1.A.2.
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-\+ -H o H+
CzHy —&> C2Ho

-Ct*
m/e95
-Gt =Cl + -CoH
22> coHy 2
m/fe 68 - ‘
o
=C 2H4C! C H.+

Chleorice.

m7993e

..H2

CyHo
m/e-S)

Fragmentation Mechanisn of Exo-2-liorbornyl

-

-
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et

1osses of o hvdrogen melecule to vield {rmrasurahlss) fhe

troeyl cation, CzHs; , the molecular hvérogen losses

being accompanied by flat top metastable ion peaks which

indicate energy release in the fragmentation (see pace 103)

Finally, the molecular ion loses a CH2Cl' radical to give
I .. _ o
the CgHg icn at m/e 8} which fracments by two successive
. +
molecular hyvdrogen losses to give the Cgls (phenyl) 1ion,

which in turn decomposes by the loss of acetylene.

‘Eaving deronstrated the utility 5f£ compaXing the

relative intensities of metastable ion peaks in lanelled

. L ]
corpounds for studvince a particular fracrmentation' mechanisn,

it is of interest to consider their advantages and limitations

E
.

in deducing fragmentation mechanisms. There are four ¢eneral

limitations to studies of daughter ion peaks formed in the

3

source {(a) a particular peak can arise by more than route; - ‘

- o v

for example the formaticn of the Csilz 1on 1t rorbornyl

+
B

Py

chloride fb) two neighbouring dauchter ion peaks could
partially'or completely overlap in the presence of a label
for example the ion peaks at m/e €7 and 68 in norbornyl
chloride (c) two neighbouring daughter ion peaks, where the

daughter ion at hicher mass further fragrents by the loss c¢f

(o]

a hydrogen atom (&) in the case of incomplete labelling it
is often extremely éifficult to draw any meaningful results.
Metastable ion peaks do not suffer from the disadvantaqges .of

the "normal" peaks as discussed above , becaungysually
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gha charactarise 2 SInTle DrOCess. Motastable ions datecsecd
. ‘--' - . .‘ 3 - - -
in the norrmal snectrum are pronailv unicue as indicated Ly
: : X

"
the relationship n* = m;/ml . ‘liowever using the metastadle

, : : i e s 4 .
ion defocusing technigue of Kiser 3 a metastable ion can
he unicuelv catalocued iy the two pararcters o (vvhere
. ‘) ‘ ’ .
n*x = mI/m nd T (where 'E = m,E_/ L E_ is T i
m “2/“1) and T (vhere 'E my B /ry and £ is the electric

sector potential which transmits the main beam! (see the intro-

o

lc

(¢
[ 94
[#]
r
b
Q
)
(9]
[#]
[14]
Q
H
O
fa
th
QO
2}
fu
{h
N
'
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discussion on metastahle ions).
In very simple compounds no difficulty mav be
excerienced in studving normal peaks in labelled analocues

to deduce fragrentation mechanisms (e.g. btenzenc see pace 113

s
=

Tt me e ; 3 arim I omla : : = —~ : P
lowever 1n COTDOUnGS wrmish are rich in fragmenctation pacavars

it is unlilkelv that it will ke possikle to cecuce fragmen-

Y
[T

tation routes from “"normal” peaks alenel If a metastable ion .

vaa &

peal: 1s present for a particular fragmentation then by
metastable ion defecusinc in cenjunction with isotopic
cssitle to examine this fragmentation route

it 1is

. )
Lakbellin

0
"3

unicuely. MNorbornvl chloride - is a relatively sinmple

example., ° . -
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B. Mass Spectrum of Norbornvl Bromide (C;H;,Br, exo-2-bromo-

biéyclo (?:2,1) heptane)

(a) Review of previous mass spectral studies of norbornvl
81

bromide. De Jongh and Shrader and De Jongh et al.82
have reported the mass spectra of €xo and ggggfz—norbornyi
bromide and foﬁnd them to be closely similar except for

the intensities of the molecular ions relative to thé

base peak. They indicated tﬁat the base peak, C7H11+ ’

arises by elimination of bromine from thé moleculaxr

ion and they proposed théﬁ this speqies fragmehts in three

ways (é) by the loss of ethyleﬁe giﬁing the C5H7+ ion ﬂb) by
the loss of methané'giving the Csﬁ7+ ion (c).by the loss ofl

a hydrégen molecule giving the C7Hg+ ion,whicﬁ in turn ffagments
further by the loss of a hydrogen molecule to give the CsH7'
ion. The other fraémehtation pathway presented in their

scheme was the loss of a C:HiBr from the molecular

ion yielding the C5H5+ ion at m/e 68.



Fig. II 1.B.1.

Metastable (m*) Peak

60 80 100

m/e

_?OOf__ ‘ 95

@ :

S 8or

o

= 60r

3

-5‘10‘ &7

° : \

i - +

x20 H \79 : '1“74:*-.1%
Ll dh L il 5 — "y )
40 - 160 180

Mass Spectrum of -exo-2-Norbornyl Bromide

Table II B.1l.

exo~2-liorbornyl Eromice.

m/c of m*

Generatine Fraarentaticn

53 -
67 -
93 -
41 ~
95 =+
67 =+
79 -
93 -
85 -

27
41
51

39
67
65
77
91
93

{Observed)

13.8
25.10
28.10

37.2
47.3
63.1
75.0
89.0(Flat-Tomn)
91.2(Flat-Top)

* 12 of base peak.

éTObserved in the Mass Spectrum of

ve Intensity

+0btained from tne morual spectruz run at 70 ev.
(Hitachi RNU-6D)

S
w

-]

100*
38
55
24
37
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(b) The mass spectrum of exo-2-norbornyl bromide is shown

U - "
in Fig. II 1.E.l. and is in fair agreement with published

81,82

data Tab}e IT 1.B.1 lists the most intense

metastable ion peaks, their-relative abundances and the

' B . .
- fragmentations responsible for their genesis.

SN

B

‘observaticns.

Schema II 1.B.l shows thc fragmentation breakdown

for norbornvl bromide kased on metastable ion peak

It g, N
. GpHy Br =2=—> C Hj L2 > CzHy
l.r.n/e 174 m/e 95 m/e 93 ‘
+_ - + * g
CsH;—32—>CsHs  CrH;
m/e 67 m/e 65 - m/e 9l 3
*l‘csz ' * |~CHe
+ -H T
CsHs—3% > CsHs
m/ e 4l __ m/ e 39
3 + '03H6
m/e Sl

_ Scheme II 1.B.l. Fragmentation Scheme for exeo=-2-Norbornyl

-~

Bromide.
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P

rrom the above schenm e it is obsehx ad that the
mplecular ion fracments bf‘the loss of élgromine atom to
vield the C7F11+ ioﬁ at m/e 95 vhich fragments in two
ways f(a) by the loss of ethylene to yield-the Csﬂ7 ion
at m/e 67 , this species decomposes bv the loss of a
hydrogen molecﬁfé and égctylene to give the C5H5+ and CT
' C3H5+ jons (b) by two successive losses of a hycdrogen.
molecule to c¢ive the C}H7+ ion.

Several deuterated noroornyi promicdes were prepared

from the corresponding alcdhols using the method of Schafer
and Weikerg 83 . Subsequeht conversion of the labelled
nromides into norbornenés‘(sce pageliQ } indicat rad that the
,uﬁﬁe* lirit of Wacner-ﬂeerweln reactlon occuring in the-

oreoaratlon of the norbornyl bromide was 11% .

Partial mass spectra of the above labelled compounds

are sho@n in Table II 1.B.2 where the relative intensities
of the peaks in +he 60's ané the norbornyl cation (m/e ?5)
.are listed. |

Table II 1.B.3. lists the relative intensities of
the metastable lon peaks for the loss of ethylene and its
lakelled énalogues.from the C:H11+ jon in the various.
lgbelled norbornyl kromides. Cléarly the ratios of the | i
metastable ion veaks correspond to the values for the random
celection of the hydrogen atoms in the ethvlene loss, in

a manner similar to that observeé in norbornyl chlorice.

e e = ST T



i

.

Leaf 143 omitted in page mumbering.
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Gn co::arlrj the rass snectra
caloride Fig. II 1.2A.X. »with norhprhyl bremide Fic, IIL1.E.L,
it was ohserved that alt Houcﬁ the relative 1ntensxt1cs of

the ions are diffasrent tae same lons ‘appear in the spectra S

3

- - = 1 - - I
of Yoth compouncs. TFrem this conclusion and the identical
: s el ¥ s i i
hehaviour of tihe Crihy;. ion in both compeunds, it is hichlvy

srokable that the same fracgrmentations are occurine in each

-

2. ass frectra of loriornene and llortricvclene

7 .
4
5 3
5]
| 2 U
- \‘ - o
Introduction '"”v“”

The mass spectra of the.isomeric hyérocarions
norkornene and nortrlc"cle e, "are shown in Figs. II 2.3.1 N ‘

ané II 2.7.2. Tne na]or difference retween the two spectr

iies in the relatlve intensity ¢f the ion peaks at m/e 66
and 79, mroduced by the loss of etuvlene and a methyl radical NI

‘respectlvely, from the molecular ion (see Takle II 2.A l)

C s L ST R TSI
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lecent puhiica:iorssg =64 .o [
hwvidrocarkons uUnGergo rearran !
before fracﬁcntafion; T€ this is the case for norbornenén é
ané nortricvclene, then a posgible exolanation for th i
difference in thé rela£ive‘intcnsities of majdr neaks in ?
their spectra could be due to diffcrences in the rates of \\ .“‘. E
formation and dissociation of'comnon intcrmediatés. Iﬁ was\ i

thercfore of sore interest to c".rlne in detail the sirilarities
and Gifferences in the mechanisns of forr ration of the

various ions.from the twd isomeric hydrocarbons.

v
E % WP e bt s ¥ T E L Bl

\. “ass Spectrum of llerhwornene (Crliye bicveclo (2,2,1) hept-

"2<ene).

(a) Revieow of previous mass sceoctral studics ¢f norbornen C.

* Goto et.al§4,by analogy with the behaviour of

5,6—@2-benzobicyclo (2,2,1) hepténe, and Cristol eg_al.ss

—

£rom the behaviour of 5- orvornene -exo-2-acetate, prozosed

. . .o ’4._'_‘.
that the base peak in nortbornenc _m/e 66, the Cslis. l1on, was

forme d bv a retro- Dlels Alder reaction 1nvolv1nr specifically

carbon atoms 5 and 6 with the attached hydrogen atoms. Dorsey86

showed the proposal to be correct using norbornene-exo-5-

. L [
exo-G—dz. (See Scheme II 2.A.2.) Blemann87 suggested that

. I : .
the formation of the CegHz ion, formed by the loss of methyl
from the molecular ion, occurred by a 1,7 (or 4,7) boné

‘break followed bv migrafion of a hydrogen atom from tue S cr

6 carbon atom to the 7 carbon atom, (see Scheme II 2.A.4).

—
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Biemenn's schemo was subsequently shown to be correct by

Dorsey's work with»nofbbrﬁé:eéézo-S-exo-6-dz . The.deuteriuvm

labelling showéd no scrambling as’ feared by Biemann. - e :

- Dorsey also presented a complete fragmentation scheme for nor-

.

bornene buﬁ'he did not discuss §upporting evidence.
() The mass sPectrum of norbornene is shown in Fig. II 2.A.1
and’ is in good agreement with publlshed data (Steel et al.88

Goto et a1%4 , Cornu and Massot::’6b & Dorsey L Table II 2.A.1
: . €

I
o Ny

lists the eighteen most abundant metastable ion peaks -
o ,

observed in the spectrum, their relative‘abupdance and the
fragmentation reéponsibxe for their genesis. o

Scheme ITI 2.A.1l. shows the fragmentation break -
down for norbornene gased,on examination of the metastable
ion peaks. From the scheme it can, be observed tﬂat the
molecular ion fragments in four waye:- )

%
(a) by the loss of ethylene to yield the Cstgfion at

m/e 66, 6,~Ehe “bade peak, which in turn “fragments by the. loss '@

"

of hydrogen or ac gx&sizj ﬁh ” - e

(b) by the loss of methyl to give the C5H7 ion which
undergoes subsequent fragmentation by the loss of hydrogeh
followed by acetylene.

- . ' + .
(¢) by the loss of a hydrogen atom to vield the CsHs ion

e LR R TR LI R ATYT L TSR TA SR e ke B Douih S AFT T T

I

vhich decomposes by four different pathways.

[y

|
AT

Sy e et e AT T

- ———
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‘Table IT 2.A.1.
‘letastable Ion Peaks Ohserved in the Mass Spectra
of llorbornene ancd lortricytlene.
. ) .
Generatincg Frarentatinn m/e of m* 2clative Abundance (70eWV)
N | 7 ‘ Nornornene lortricyclenc
esiis ]t~ roama 1 Teny 37.2 2(;5"' | a1 T
e - ; :
[C.,I:sl - [c;,:*:3] +Ha . 49 .2 1.1 . 3.5
+ T . ' )
{Cuils]  ~ [C2Hi] +Callz g 13.8 1.2 1.0
[Cstis]™ ~ [CaHs] +CaH, . 23.4 1.6 2.3
. - - . - b
(Csitglt = [Csils] +F . 64.0 - 100 | $1s
+ + N . B :
[Cstig] + [Catin].+C2tH2 24,2 2.5 2.4
!
(Cstiz] ' = (Csris) +i2 63.1 - 6 7.0
[C53T7]+ -~ [C31i3]++C21'51. 22.7 #0.5 0.7 '
[Csi-1" » [Cams1T+Caa 25.1 1.3 2.7
(Cetie) T - (CuEaTHC 33.8 11.6 2.4
[Cetir ]t ~ [Cells] 42 750 - 82.0 1003
‘ Ty b. R
[Crugd = [Criz)l e 89.0 -7 137-¢ 15¢
(Cria) Y = [Ceis] +CHe - 63.5 5 10
J S & : ' ‘ -
[Cris)” » [Cul3] +Cake 28.1 0.8 4.0
(Crs 1t~ [Cs¥r 1V eCaE, 48.2 7.0 2.1
(Crin a1t » rciug1teconys - 46.3 3600 34
[Cqug]+' - [C;Ha]f+ﬁ§' 90.0 3 ‘not observed \
C[CrE10]T = [CeHo) +CHS" 66.4 <1 * 30

a Relative abundance in normal spectrum 0.5% bo.
b Relative abundance in normal spectrum 0.08% bp.
¢ "Flat-Top" metastakle, see text for discussion.

i
!
f
‘

~ . , .
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CaHg <5 CsHs 5 .~ Cs

X
m/S66 mye6s

Schema.II 2.2.1. Fracmontaticn Scheme for .

Norbornene and liortricyclene,

. Some or all of tha ahove fragmentations may go via cormon

inter—ediates.. Several labelled norhornenes, {(see Table II

to
.
. i
L]
tJ
-4
0]
e
V]
J
H
[b]
J
f
L]
[{}
o]
Hh

rom tho correspondéing labelled norbornyl
‘brqnides byfdehydrobrominaﬁion, using the method of Stille

et a1. 89 ' From Table II 2.3.2 it can be observed that in
the case of porborne:e-2,3—dé and norhornene—2;dl the base p
peax has ﬁoved completely from n/e- 66 to n/e 68 and m/e‘67
respectively, whereas in the case of morbormene-exo-5-exo-6-d,

the base peak remains at m/e 66. These results confirm



150.

Table II 2.1.2.

Y¥ormal .and Metastable .Ion Peak Intensities for Ethylene Loss

in the Mass Spectra of Lakelled Norhornenes.

-~

Compound - Belative Intensitv of lMormal Peaks

(corrected for '?C and incormplete labelling)

m/e 66 . . 67 - 68 ’
Noroornene . 100 —_ —_—
Norbornene—z—dl(a) o a 100 —_—
. o
Norbornene-2,3-d, ' - g o/ 100
Ty
Morbornene-exo=5- -
exo-e-d2(°5 . -100 0 0
Compound Relative Intensity of “etastable Ion Peaks
‘m/e Rel.Int. m/e Rel.Int. m/e Rel.Int. 3
, - ’ =%
" Norbornene 46.3 100" ??
::orbornene—z-dl 47.3 0 ' 45,8 100 g
orbornene-2,3-d, 48.2 0 46.8 0 45.4 100
llorharnone-eNo-5- : :
exo-6-d2_ £8.2 lOO 46.8 o~ 0 45.4 0

(a) Contains 74% 21dl ;o 24% 7,7—d2 s 2% &

(b} Contains 91% 2,3—d2 :+- 0% 7,7,l—d3

(c) Contains 79% 5,6—d2 :  17.5% Sdl : 3.5% do .

0

-

. .
Obtaired from the zormal spectrum at low eV.(Hitachi RMU-6D) -

-



151,

" 7 + ' . . 7
o 4 LN - NG
5 . ﬁHg a
6 b g CHz

Schere II 2.A.2. CZthvlene Loss €fror Norbornena

> Fl

Do:se?‘s &ork,'which indiééted the fc;mation of the Csﬂsf
ion, m/e 66, from the molecular fon by expulsion of the 5
ané 6 carbon atoms and the attached hvdrocen atéms,by the
retro-Diels Alder reaction (see Scheme II 2.A.2.). The
appropriate metastable ion peaks for the ethvlene awd -

its labelled anaIOQues)lost from the molecular ions of the

labelled compounds aféo further substantiate these results
(see Table II 2.3a.2.). -

The deterrination of the méchanisr for the formation
‘0f the C5H7+ ion at m/e 79 is hamrpered inr the 70 e.v.
spectra bv the presence of the neichbouring C5H5+ ion
peak at m/e 77 , wihich arises from two fragmentation routes;
one involves the loss of a hydrocen molecule from the ion at
n/e 79 (M* 75.1) ané the loss o6f methane from the (=1) 7
ioﬁ {(M* 63.8). " The presence of the above C;H5+ -1ons

introduces uncertainties into fragment peak height analysis ™ -

of the deuterium labelled compounds. The metastable ion
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peaXx for this process (i

[¢3]
.
~—

is very weak and in the

%o_“al spectrum 1is masked'by the base peak. In the labelled

corpounds the metastable ions for the loss of methvl and o
its labelled analoques are too weak even in the dcfocused

mode to allew accurate com“ﬂriso: of their re
N

intensities. Thus for labelled norbernenes the only

.

availahle numbers are those for fracmoent io

(see Table II 2.7A.3.), rmeasured at low electr

(=

Table IT 2.A.3.

Relative Peak Intensities for Loss of Methv
I

Mnalogues from the lolecular

.

Connouﬁd ‘ Relative Inteonsi
- ‘{corrected for ‘’C contr
‘n/e 32 81 30 70 o
Norhornene-2,3-d, ° 5 60 28 7 i
Calc. (see text) ’ e, T3 . €7.5 29 0.5
.- 1. . b '
Yorbornene-enn=5- .
oMo-6-a., 2 17 73 10
Calc. (see text) n 17 71 12 ’
Sersey 0 v 34 52 s
Norbornene-z—dl ¢ 0 15 63 22
Calc. (see te:it) 0 11 6& 22
(a) Contains 511 Z,2-d, 2° ,7:?7_,,1—:33
3 o —_ =i g C. = 1
(?)yCongalns 792 5,6-d, 17.9% 5¢, 3.5% 4 -~
(8 Contains 73% 5,6-d, 16.9% 5¢; 9.4% &4 ,/\,/'/
(d) Contains 74% 2dl 245 7,7—d2 2% do 7
\.-/

NOTE: MNormal svectruﬂ peaks measured’ at nominal 12-15 eV
corrected for 3¢ asundance ané normalized to 100 units. )
o

\

M
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. . - 1'-+‘; 3 g = . ’
where the <Jill§ -lan“and its labelled analocues are not

I:}

produced. rom these results we can rule out complete random-
ization of the hvdrocen a:ohs'beforc methvl radical loss. For
the dideuterated norkornenes this would reqﬁire CH;:CH:D:CHD;’
to be lost in the ratio 7:7;1. The mechanism which involves
rupture of the b;idge-head boncé, Cl-C7 (or C4-C7) and loss of
the C7 carbon_énd hvdrdcen atoms with the third hydrogen atont
coming from tﬁc 5 or 6§ Jcarkon atom, tentively progosed by |

¢

. 87 : ‘ : .
Biemann and supporteq by Dorsey86 f£rom his stucdyv on the nor-

bornéne-gﬁg-s—gzgfejdz , 1s clearly incorrect. . Such a‘mechanism
does not predict CH:D loss from norbornene-2,3-d2 and norborneﬁe—
2-c‘.l as observed here. Dorsey ﬁrepared his compound by par£ial
_cdeuteration of norbornadiene; his results for norbornene-exo-5-
gﬁg-G-dz are in poor agreement with the correspondinc ;esults

- in this work (sce Table'II_Z.A.3).

Clearlv no sinagle process will account for the
relative intensities of the peaks at m/e 79,80 and 81 in the
various labelleé compounés. Schermes II 2.A.3, 4 and 5 show the
three most likelv rechanisms fer the mcthrl loss frem the
molecula£ jon of norbornene. The first mechanism involves a
Cl1-Cé {(or C4-C5) bond break followed by random selection of ‘a
hvdrogen atom from the'cyclopeptenyl ring by the departing CH:
grcup (C5 or Cé), the second involves Cl-C7 (or C4-C7) bond
break followed Ly random hvdrogen selection by the departing

CH, group (C7) from the cyclohexenyl ring and the third

| J
involves C5-C6 bond rupture followed by randor
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Scheine TI 2.1.3 PFirst Fracnmentation Mechanisr for ethvl Loss

frox the tolezular Ton of Tleriorr=2nn,

H + g
g T
CgH,* CH@

N
-
-

3
b
3

Scheme TI 2.0A.4 Second Fracgmentation lechanism for Methvl LOsS

from the Molecular Ion of lloricrnenc.

> CgH3 +CHAE

Scherme II 2.A.5 Third Fragrnentation Mechanism for miethvl Loss

Srom the Molecular Ion of lcriciicne.

Tae circled nydrogen atoms are those involved in the razdox
selection.
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selection of a hydrogen atom from the rest of the ion

by the C5 or C6 methylene.

IF could be argued that a summafion of the above
mechanisms ié irrelevant and the mixed methyl and labelled
methyi_lo§s arise from an assemblage of ions of different
energies which have undergone partial hydrogen scrambling.
llowever in view of the successful analysis for the methyi
loss in nortricyclene, (see page 16]1) it was felt

worthwhile- to attempt to relate the observations to a

mechanism oxr mechanisms. - |
‘ |
A summation of 15% , 55% and 30% of the-three

-

e

-

processes respectivély gives good agreement (see Table II 2.A.3}
with the experimental results for horbornene-exo-s-exo—6-62

and norborn_ene—z-dl , but poor agreement for norbornene-2,

I T T RN ]

3--d2 . The limitation of this procedure is shown by the
insensitivity of the célculated peak he@ghts to gquite large
changes in the chosen pfoportions of each mechanism.

Thé third method of‘fragmentatioh of the molecular
"ion of norbofﬁg;e is by the loss of a hydrogen atom to give
the ‘C7H9+ ion.at m/e 93 which is the precursor of many
minor fragm;nf ions. The proceés m/e 93 to m/e 91, vielding
the C7H7+ ion, gives rise to a prominent flat top metastable
ion peak centered at m/e 8§.I (see pagel70 fouiscussion

on this pointf. .Owing to the.lack of a suitable mass.

spectrometer having a metastable defocusing facility and high

\
bR
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2.A.2. The eighteen most abundank-metastakle ion peaks

156.
sensitivity it was not possible further to investigate:
+this fraqmentation route.
B, Mass Sovectrun of Mortricveclene (Cslyp, tricvelo

2.6
(1,11,8)heptane)

The mass spectrum of nortricyclene has not kbeen previously
reported.

The mass spectrum of nortricvclene is shown in Fig. II

observed in the spectrum, their relative abundance and the
fragmentations responsikle for their genesis are shown in
Table II 2.A.l together with those of norbornene for ease

~of comparison.

Scheme II 2.A.l1 shows the fragmentations of

|
-
e

-
Y
-
LR

norbornene and nortricyclene. The nortricyclene molecular
ion, like that of nerhornene, fragments in three ways:

{a) By the loss of efh;lcne to vield the CsH;f ion (m/e_EG),
which in turn fracments further kv the loss of hycdrocen or
acetylene. (b) by the loss of a methyl radical to give the

+ . , : :
Celis. ion (m/e 79), the base peak, which undergoes subsequent

&

fragmentation by the loss of hvdrogen followed by acetylene.
L)
A R
(¢) kv the loss of a hvdrogen atom to yield the CrsEs 20n
which decomposzs by four pathways as shown. !

Nortricyélene was prepared from the tosyl-hydrazone l

" of norcamphor by the Bamford-Stevens  reaction (an elimination
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process) under aprotic conditions?1 Nortricyclene-3,3-4,

. was obtained from the corresponding norcamphor-B,B-dz-

prepared from norcamphor by exchange in basic deuterium

o SN

oxide.. This reaction has been investigated by Nickon and

Werstiuk 31'; who demonstrated by deuterium labelling 6n
the 6 carbon atomrfﬁhat a specific elimination reaction was
involved. Howeve§‘it was observed here that the yield of

nortricyclene-3,3-d2 was unpredictable and retention of

- 1abel was variable. Table II 2.B.1l contains the observed

relative intensities of the daughter‘and metastable ion

~peaks for ethvlene loss for a mixture of nortricyclene-3,

3--d2 (77%) and nortricyc;ene-B-dl'(23%); the.latter peaks were
observed to Ee independent of electron energy (in the” |
range 12 to 30 e.V;) and acceleration potenéiais f:oﬁ 500

to 3,000V, This indicates that the fragmentation process

is independent of energy gnd time. The five mgtaétablé

ion peaks for the 1055 of ethylene and'labelléd ethylene
[dz—(M-c'z'H..) : (M—C2H3D) : (M~C2H2D2}] and [dl-(M—C:.Hs.) : |
(M=C,HaD}] overiap only at their fringes gnd their relative
abundancés egsily cén be separately measured. Comﬁletely
random selection of the'hfdrogEn atoms in.the‘efhylene loss
does  not occﬁr’(see Table II 2.B.1), this would require.
that in the dideﬁterated nortricyclene the metastable ion

peaks for the loss-of;ethylene and its labelled analogues be

in the ratio ‘5:8£1 . If the loss of ethylene from the

-

LI
FESS R R S I T

Adamaed BITIREVES

Tiabiiw

o
b
o
-
.

4
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1

Table II 2.Z2.1.

Normal and Hetastablea-

Peal Intensities for Zthvlene Loss

in the Mass Spectrum of Labelled Nortricycleneb.

Relative Peak Heights

(corrected for *3C) m/e 68 67 66
70 eV 36 , .39
15 ev 38 28
12.5 eV 38 - 29
11 ev 38 28
Calculated'peak heights .
(see Mechanism, Scheme II 2,B,1} 37 30

Relative rmetastable
intenasities for

-Nortricyclene-B,B-d2

Predicted by echanisn

(Scheme II 2.B.1 and text)

Nortricyclene-3-d,

Predicted bv “eclhianism-

[M’Czﬁu]f [M—czngn]f

n/e 48.2 . 4€.8
10 4.4
10 4.0

[MszHu}f [M-C,EsD] T

n/e - 47.3 45.8
22 15
20 15

(Schere ITI 2.5.1 and text)

(b) Mixture of norticyclene-3,3—d2 {77%) and nortr;cyclene-B-dl &qz

(23%). -

(a) Measured in normal spectrum with electron energies 12+30V;
-

-

4

the relative intensities were not affected by electron energy
sotential (500-3,000 volts). The same

nor bv acceleration

results were observed Ior Gofocused metastakles at 70 eV.
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Seheme II 2.B.1 Fracgmentation Silechanism for Ethvlene Loss

from the Molecular Ion of Nortricyclene.

-

molecular ions of norbornene and nortricyclene takes.place via
' a2 common interTediate then nortricycléne must undergo
isomerization to norbornene before it fragments by a retro-

Dields Alder reaction. Two feasible mechanisms for the

isomerization are: (a) fission of the .C1-C2 bond followed- by

FRIL Ao £ VETIRL N AR

hydrogen migration from C7 to €2 or from C3 to Cl; this
orocess can (by symmeiry) taﬁe place in three equivalent
wavs. The ethvlene losses for the resulting internediate,
the molecﬁlar_ion of norbornene—dz, woul@ be in the ratio
CzHg:CzHgD:CZﬁzDz = 1:1:1 (likewise for the cil:L compound
C2E,:C2H3D = 1:1) (D) fission of the Cl-C2 boné followed
by hydrogen migration from C2 to Cl accoﬁgéniéd by a C3
to C2 Hy@rogen transfer. Fragm;ntétion of the nor?g;nene
produced would vield the ratio’ Cakw:CaHaD:C2H2Dy = 2:0:1

i.e., no loss of C2H3D .

A combination of two parts of (a) plus one part of
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P
/

‘

(b)'gives.nurbers in cood agreerent with exnerirent
alternative néchanism-iﬁrthat shown in Scherme II 2.3.1.,
_which giﬁes excellent agreement with.expérimental results;
‘The tricyclic system is env1saaed as. onenlnc {ir tnree
eéulvalent ways) te Droduce an ion which is shown as a vinyi
cyclopentene; if. the vinyl group then selects any cne of the
seven cvcloaentene ring hvdrocens before it Ceparts as
?"lene, tirenn the predicted metasta ble ion teak ahundance

ratios for the two labelled comrounds are as shown in Takle

rOL“dS

II 2.R:l. The lattér-mechanism is to be preferred o

of sirmrelicity, hyt at the time this work was carried out there
. > L4 .

was no well authenticated precedent zor hydrogen scranbling.

- i

ina hg@rocarbsn melecular ion which is restricted to some

but not ‘all of the hvdrocer atoms. However more recent

work on norborneol (described in this thesis) has vrovided

supporting evideﬁce %or the akove éreference {(see pace 206

for discussion of this poiht). o ~
Using tH; latter mechanisr and surmmine the appronri-

ate values for the moﬁo— and dideuterated nortricyclenes,

good agreement wés obtaineéd between the Ealculated and

observed relative peak intehsities (see Table II'2.B.1.).

It is worth stressing that this pfoblem could only ke atﬁacked

by measurement of the relative abundances of the metastable

ion peaks; normal ion peak abundanceshln these 1ncowoletelv

labelled compounds are impossible to relate to a fragmentation

mechanismn, .
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Tha "defeocuzzd atlo ieors for the fovraticon

- . e F e e . o
of -the Cgily ilon, the Lase npexlt, were intense and casilw
* ‘ fed

.measured. The relative abundance of these Tetastable ion - s
- -

- “peaks Ior nortricyglcnq-J,B—dz and nortricyclencr3-dl & .

are incliuded ir Takle II 2.2.2, thesc results arc

.

corpatibla with cornletely randor nhodroszcen selesticn in the :

oy

methvl loss from the rmolecular ion in the first field free T <

rerlon. ’ ‘ i

' . Table II 2.72.2, ,
. .. S -
vormal and “etastahle Ton Peal Intensitins for the Loss of

. from the Molecular Ions of Labelled Nortricyclenes.

. . : tm
Compound . . Yormal Peahs (corrected for '°C B
T

1 : g0 - 79 “ L

- mwm/e . 8 .
“ortricvelenc-3,3-d,i 0 53 =1 347 =1 - 13 = 1
s T & _ o -
Calc. (sece %ext) 52 35 3
ortricrelane-l~dy C y IR NEE 21 =1
Tais, {320 tc:ﬁ) S ' oo .31
“etastables . [¥~-Ci;] [11-CiiD] [11=CiiD, ]
L o B /e © LE.3 GE.T “65.2
. . c o . B
Vortr;cyclenc—B,&—cz ) o _ R
(defeocusad 77 &77) - 7.8 6.1 1.5 -
(normég spectrum 15 eb) 7.2 . 7.0 [ S
RS (o). Values obtained by cxtrapelation, fror Tic.II 2.B.1. -
. ~ T . . . . . . . .
(£) Contains 77% 3,3-d5; 235 3-¢,. Tne defocusad netastahles :
for the & corpound were too small to he accurately measured. .
. K . . L ; . . ‘ : ! .
= (*'"ormal sroctrus nealis-measured at 12-15 oV and norrmalized tc P
1/3’3 unitel) - - i d

\

L]




of dl and dzc_;ortric"cle:c. T This made it diffic“l: to”drir
‘concluSLOns fron the relatlve abdrdances of the peaks at '
" m/e 79, 80" -and. .81. -rhe amounts of nortrxcyclene—B 3= d2

in the ni;rpres were in the ranqe_ZO to 0%, t“- 4a1a1ce
being -mainly nortric:ycle:*._e-:%-ci.I . Tig. II 2.~.l showus the

—-—

LS

é }
relatlve 1ntcn51t1es of the fracment ion peaks r/e 79 g0
!
A

and 81 (corrected for 130 natural abundcenize and srall

T

contributions from unlabelled norfrityclene) plotted against

. : e - ’ - . !
percentaqe_nortricyglene~3,3-d2 content for a variety of:

ittures: These fracﬁent-ion Deake were measured at low

electron -energies (nOﬂlnal voltages 12 to l: ev) and wrtnln

-

this Tang their *elarlve abundances remained constant for

PR ETE T
i S d T

a given mlxture.‘ At higher ev values the loss of hydrogen

R

from the daughter ion peaks became apparent. Sy extrapo-

ER )

lation of:;he straight line graphs a reasonably accurate
estirmate for tﬁe-peak heights of the pure mono and di-
deﬁterated comnounds‘was obtained:‘these values are shown in
- Table II 2 B. 2 For pure nortrLCycleﬁe-3-dl ’ rhe relative
peak 1ntens;t1es are very close to the values for random
selection of hydrogen and‘éﬁuteriumeatoms in the methyl

kT

loss (6H3=CH2D = 7:3), observed i€:9:3il . 'HoweVerr ‘the

results for pure nortricyclene-3,3-d, 2Te far from the -
. - . " ' D) . . . ’ . - '
random selection values (CE3:CHzD:CHD2 = 7:7:1), observed ..
‘§;1:2.6:l . That the_ratieﬁ‘of dauchter ion peak§ and- B .
1
. !
-, _ _
- - Ve ) - !‘, . ~
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L\O ] 20 . 4'0‘ — 80 @ 80 100 o
Fragment Peak Height{normalised to 100 u‘nn‘s)
Fig. II 2.B.1l. nelative Intensities eof tHe Fragment
' Ton Peaks m/e 19,383 ané 81, pfer’
”n:tures of 3,3~ c12 gnd 3-d:L i
tIor: ‘cvc1ene. A =m/e 79; @ = m/e 30: ‘
= m/e 8l., ' o
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from (1) at least two processes where the precursocr ions

-?ﬁig;?égion tHe methvl loss involves completely randon

164,

) - - ~
! -

metastakle lon peaks for 3,3-C¢, nortricyclene dire not the
B

same indicates that the same processes or ratio of processes

.

which occur in the ion source do not occur in the firs

Y Yo .

‘field free region. Therefore the methyl loss 'either arises ot

[y

-

have different life fimes or (2) a process inveolving incom-

nlete randonisation occurring in the source (rapidly’

disseciating, hicgh energy- ions), tending towards conmplete
e . . N

randomisation in the first £field free region (slowly

dissociating, low enercy ions}. It has becen pre- ~usly

"o

shown from metastable ion analysis that in the first field ..

. %

selection of the hydrogen'atomé; Considering cgasc (1),

a0z

that at least two processes myst be occurring in the source,

-
5
=
9
2
.
ol
Y

[ T

a summation of three parts methyl loss involving completely

random sclection of the avdrogen atoms plus one part .

involving a snecific loss of eonly Cis ané CtD: for
nortricyclene-B,B—d2 cives cood agreement with experimental

results. I is proposed that in the latter process a
methvlene group 3 or 5 or 7 is lost with the thiré nydrogen
atom‘coming from the 1,2,6 or 4 carbon atom (althouch the

_ ; : : .

1atter'posi€ion is improhable). A similar treatment for

nortrigyclene—3—dl gives good agreement with the experimental

data shown in Table II 2.E.2. ' -

. ,/f/ﬂ\\ ‘J ' L - .
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Althouch casa (1} c¢an ke manipulated to

excellent agrcement with the exéerimental results, at the

time this work was carried out there was no direct evidence B -

to support two distinct fragmentaticn processes. However
~the later work on norzornecl has viulded some ovidence in
suopport of this argument (see page 2)2).

L : - o

The meclecular leon fracrents by the loss of a

hydrogen'atom tb give.the Cvﬁg+ ionr at m/e 93, which is

the precufsor for many nincr fr;gtcnt ions (sea Tahle II 2.A.1
and Scheme II 2.A.1). The process m/e 93 to m/e o1 yieldihg

. the Cijf.ipn,givés rise to a proﬁin nf_flat toz :;tastable'

IR
-t e

I

icn "czk' centered at :?c ge. 1

~ ifornticnl with the

same metastable icon peak in norbornene. Owing to the lack

of a nas§ séecﬁro:eter haviné suitable metastable ion

defocusing fécilities and nhich scrsitivity'it was not possible | .

to invcsgiqétc_in detall by labelling cx;c:imcnté the
R . \

fracmentations of the ion .at m/ec 93. -

.
Secondary Fraamoentatlicng: the SCCOnCary

fragrmentations

. ! 'I“ - - -
~also were/not examired in detail, but Irom the rc astahle ion

wi

studv (in the unlabelleﬁ'comaound) it was observed that ‘the
, +
Ce¢fs ion f@rmec bv the. lpss of mchhvl f*o" the molecular lon
further frag:entsfas shcwn by Scherme II 2.2.1 in a sirilar
/ .

manner to nofbogécnef Similarlv,the sccondary fragmentation

-

,processes oF the Cst. ion are shown in Scheme I1I 2.RA.1 and

N
\

+ .
corresooad to those ooserveg for +the Csts. ilon ia norbornene.
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. Fror the detailed investidation describzd ahove it *
: % o :
is clear that a Jifferent mechaniss onerates for the loss

W

"of ethvlene and methvl radical £rom each isormer. This

result indicates that common intermediates cannot be
. .2 .o .

formed prior to the fracnentaticn by loss of ethvliene or methvl
L Ty - - - .

from these ‘iscme®ic nvdrocarhens. In the casc of the

icdenmcical routes in heth corrounds (as shown by retastalkle

ion studies on tie .unlakelled compounds, see Schere II 2.3.1)

and the formaticn of the Coil- ion from Coiis gy Species in
ench ComnoInG -1 accarwanicd b identicsl enerce roleasine
- . . - ) ’ - .
motdstanle icns, it is not. unreascnable to pronose that the
R _ . oy
- (=10 ion 1s a commen intermediate. . ;
: . r ) i >
The appearance potentizls and aeats of forrmation |- i
. ‘ s S ' T
cf the Csllg. , Cgliy and C-llg% i1ons in nordornene and
: 8 . _ ‘ i 3
nortricvclene were determined in dtrder to see/if the 'same
t ] / .
- ion is forred at threshold in each case. :
The  appearance potentials (A.P.) 'of the various -
. - P ‘.' . ) -.‘ -
ions are shown in Takle II 2.B.3, these werc reasured on a
quadrupole mass spectrometer fitted with an electron impact
- e . L . . el
source having a doukle herispherical electren monccaromator: .
The error due to the kinetic shift will be small
.because the repeller potential was only a few millivolts iy
S ané the ion acceleration potential was small -~ 30 v.
'.\\
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Table II 2.B.3.

L

Appearance Potentials and Heats of Forration for the Ions
. : R o F

[CrE1el. , [C7Hs] ™ , [CsHs] and [CsHel.

in the !ass Spectra of Norkornene and Nortricyclene.

Corpound. Ion Aépearance?Potéﬁtigl lnf(kcal.mole'l)
_ ‘ {ev = 0.01) - _
Norhornene - CrFyg ' 28.9 (see text)
Wortricwelene, -Crlhg - _ 23.8 (see text}
N : + s o=88 90 o
“iorhornene {Cat13]. Se380(8.9577;8.8177; 232
._ g.22/2.a 0271 . ?
Mortricyclene .{C7H1e3T £.92(9.02°%) . 230
. T 88.b b
lorbornene [CrHs] 11.0(11.577) . 232 £ 5
Gortricyvclene (Crielt  11.3 ° ' . -233:50P .
YNortornenc [C;H7]+ 10.46(11.288) 238
“ortricyclehe [Ceilz}  10.17 . 226
- C o+ - 88 a.’
Yiorhornene [Cshig]. 9.22(9.58 ) o 229 o .
lortricyclene [Csﬂslf 9.44 - : 229,a 2
'ICyclopcﬁ? : 90 g2 )

tndicne  [CsHelt  8.56(8.57° ;8.55°7)  229]

' . L . L ' .
(a) It is assured that this lon 1S [cvelo-Cshg]. (see text) ‘

(B} Anmearance cseontials détermined’ bv extrarcolated voltage

- difference method , a less accurate method. )

. o ) .
2.
. A

Thera may however he an error due to the kinetic shift in

' : + . N . .
tho case of the M.P. of the ©CTrie and Colig ians which were

measurg§.on,a\cohventional mass spectrometer, using the AP,

Ve
of the Colir ion, measureé by the preceding method, as an Lo

internal standard (sée discussion on measurement of I.P. and

-
.

i)

T

‘:.“:.' - . ~
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i
_—— A.P. On page 11#). The value for the A.P. of the molécular
ionjof norbornene is in.exceli%nt agreement with £helva1ues
7 qStained from photoion‘izétion90 and éhptoelectron spéctrbs- ' ¢

copy-’z'91 for no;tricyélene the agreemenf_is fair?1:

.‘
a

'1n order to calculate the heat of formation of the-

el
o

molecular ions of the two compounds. from their A.P. the

heats of formation of the compounds are required. -

-

~

A + = . . Y. + .
Be Cr7Hno A.F CsHio : AHf(norbornene)
. 3 |
H +. =_A_.P. Cote ’ .
. & f C:Hiv A PvC7H10 + AHf(nortrlcyclene)
For norbornene three values have been reég;ted; :
1 88- 93 and

31 + 4 kcal.mole™ 24.7 kcal.mole’

223 keal.mole=! 2% . Only the first of these leads to a

reasonable-value for t heat of formation of the fragment

- ion CsHsf . This ion produced by the tetro-Diels Alder

. . e .+
reaction musts certainly be the cyclo-CshHs- ., whose

heat of formation is-accuratélyakhown. The measured electron
. impact Valzz\}br’fg; A.P. of cyclo-CsHsf jon is in excellent
agreement with those obtained by photoionizatioﬁgp and
phétoelectron.spectroscopygz{ The heat of forﬂ@?ﬁon’of
" norticyclene has not.been determinéﬁ, but was estimated by

Turner et a12® who used a.valué_of ~0.9 kcal.mole™ ! (obtained from

-
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.95 ‘
equilibrium data Yo for the free energy‘change for

+
.

the lsonerlzatlon of norbornene to nortrlcyclene. By

assuming only a small entropy .change. for the isomerization,
thev estlmated the heat of fornatlcn of nortrlcvclene by
addlnq the free enerqy chance for the 1somerlzatlon to the - - = ,
heat of formation of norbornene. In view of the uncertaindy . :
of,, heats of forratlon of the 1someric hydrocarbons, norhornene

-&--5"
dand nortrlcyclene, their Heats of formation vere determined - R

' “on- the very reasonablegassumption,tna: the Cshs. ions

I . . : . s .
are cvclo-Csiigs 1ORS 1D both compounds. Using this

assumption, the heat of formation of norhornene was found -to

Y

3%

FEOY R ST BT TR

“

be 28.9 RCal.:Qlc'l‘ ané that of nortricyclene was cetermined

nas

as 23 8 _ kcal.rmole” b,

L

' + . .
If, as previously discussec, the (x-l) ion 1is

7

+
common to both coruounqugnd the Csns. ion is’ cvclo-

ALt 4 LTI

pgntadiene .in each case, then the enercétib/ for the (*1-1)
. i ) + o
and [(1-1)-%2]1-. 1ions should Le ‘the sare 1§/éoth covwonrcs.

If the energetlcs for the C?Pg and C7d7 ions are the |

sare, then thls wlll be a chec? on tne structure of the
_F
Cslga on ané sunoortlnc evidence for a - common Lntermedlate.

- +
~he A.P. of the C?Hg and Col» ions were not

determined using the electron nonOCArowator (hecause of

1

n dlfflcultles in the quadruoole:ﬁass spectrometer

..

resolutio

to which it was attached), but were determined by the

extrapolated voltage dlfference method of Warrengs, u81ng

P
e

\' . ’ f- . -
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. L
+ L i . ' .
the A.P. of the (M—CH;)‘Qpeak as an internal reference voltage.

'From the measured appearance potentials (Table II 2.B.3)

the heat of formation of the C7Hg+ ions in norbornene

and nortricyclene were calculated using the expression

. shown below:

L+ ' L
MH (CoHsT) = A.P. (CyHs ) +AH (isomer) —AHf(H+)

and the heats of formation were found to be 232*5 and 23325

k cal.mole™’

fespectively.
The appearance potentials of the C;H,T  ions are
the same as those of their precursor ions in their respective

compounds; tRe energy release was determined from the width

of theNflat tdp metastable ions, making u$e of the eguation

’ ) . 4
of Beynon and Fontaine 6 '

C A2 12 7 | , .
2 /ut : s .
d = — [ == where d = width of flat top
T my, \ev - metastable ion in a.m.u.
u = mgsg ra?lo (ml-mz)/m2 C.
eV = ion acceleration potential
in electron volts
T = energy release in electron

- ; ' volts
. \\ r -F‘ *
} o Y . : _ !
for the loss of'E hydrqgén molecule in t@e formation of the ' !

CvH%i/,écﬁ/from the C7H9+ ion is 14z2 \kcalﬁmole'l in. both

. + + . ‘ .
compounds. The process CiHg = CyHy + H2 1S remarkgblg in
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taat it i3 fha only waxothoerric- Ln loss process yet observed
N +

for hvdrocarions. The hoats of Iformation of the tenzyl W7

+ . .

ané cyclo-Criiy catilons have been determined as 212 and
- -l - 87 - :
213 kcal.mole . resnectively 7 . The energy data fpr
’ Ly P s ks R S s : P
the forrmation oI the Criiy +ion is surrarised bhelow: )
) =}
..+ et .
Cqrllg = Csla + 1l» 1
AT ‘;.7
LHg He ‘
norkornenc 3Z=3 2i
' or
213
nortricyvclene . 23325 | 212
' or ‘
213 ‘ " . .- "

e

J

tie cnerav release for toth corpounds is  14=2 kcal.mole™! .

It would therefore appear that much or .all cf the exothermicity

{h
b

o S 3 e M 3
.18 L580Cilacics

noL

O
"

s

ls ccnaverte. inte translational kinetic

energy and is observable as metastable ion peak broadening. _

° ) ~ - -~ - - "
- These resulits indicate that the Crils 1lon 1s
irdeed -a com:mon intermediate and provides additional support

= . I R ) PR
for e assumption that the CsEs ions are. cyclo-Cslicg

ha

in both.compcunds. _ - '

Using. the calculated hecats Lormaticn for the

isomeric hydrocarbons in conjunction with Bensons additivity
data 28 the strdi% energies for norbornene and nortricyclene
- I‘ . . N -
. ] " -
were calculated to be 29 and 46.2 kcal.mole

-
! respectively.

_ e

Y
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%

N - y = . . -~ -
fiptsl 4 =2 LD LN IRLr acraor.znnt owLor
- B P -1 -1
estiratel valun cf 22 ‘Rzal.melzT e,

Usine

hvdrocarhons in conjunction with the anpea

- LI . - M 1 =
nf tha Cglis imns L hweats of forr

[

bR bot

noriornene and neriricyclenc were found to

-
-

al.:ola

rosnoechivaelsr,

[§]

-

1
ade

sare  Csilg C7ilq lons being prosent

+

and nortricvclene, ut
o .

B <

‘iens in

sucgest ‘tiie presenc

Lt . -
Ceily easn oz

the Tory
riatermimed the heats cf formation of Cgk,
. : R :

L

"loss) from a «w riety\of
e e s e T
results indicate that Cgliy ions

.

unds.’ iar
Crlyg

produce

nembered ring . CyEpg

~isomers have heats o

-1 sore 10

Xcal.mol

- -y e Ty - 1 .-
for rathel cvyvceclolienadiene 2
oy A Ay At - Trrem Froyy =i e~ +
~antadicnes., The value Zor o2 gty ic

norbotnene
for tlle ion forited from nortricvclene fall
cvcloheotvl aroup of comoounds.

There has seen considerzble inte

metastahle abuadance ratios for coloeting

. A S 58
isoreric  ions.

workers> 2 &3

¢hannon and McLafferty
g
have concluded that

dzcemnose by competing metastable

. -
. : )

Y.z

the abowve heats of formation of

The energetic. studies are cornatible with the
+ ’ ' ”

falls 'in the latter éaroup whereas the value

rance potentials
of these lons in

be 23§ and 226

inr beth norkorncne
e of cifferent

100

rison et aly have

+ .. ©
~ iens " -
i derived g
molectles. Their 0
& from seven i
£ formation of .1

e~ ! lower than

né direthvl cvelo- .
a forrad frerm

- L

X
s within the #’

K
rest in comparing
dissociations of // e

o :

andkofher-

ispmeric ions which

reactions have the sams
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: s ‘ /

structure if their metastable‘gbundance'ratios'are‘the
- same, whereas lsomerlc ions of dlfferent structure show
-dlfferent metastable abundance ratlos. Yeo and ‘wWilliams &4
‘have shown that the metastable.abuhdance ratlo\éhr competlng
reactions ‘'will be a function of 1nternal energv and thus
ions of” the same structure w111 not dlsplay the same ”

x

metastable abundance ratios if they have‘w1de1y different

energy contents.

In Table II 2.A.1 it can be observed that the ratio
of the (70 eV} metastable lons for the dlssoCLatlon of the
CsHs.f ions by the loss of hydrogen and acetylene are
appr¥gimately 40:1 for norbornene and % 6:1 for nor}rif_

. . :
cvclene. For cyclopentadiene the ratio was found to be

[ F TR I ]

>
M4
3
3

v

30:1 . This result also provides support for theuprogosal

widdia

[ EET AL T ]

. ' N
that the ion at m/e 66 in the norbornene mass spectrum 1s
the.cyclo-C5H5+"ion, but no support for the same ion in ‘

o N °, ,

nortricyclene. - ' . ) . T \\\\\.

In the mass spectrum of cyclopentadlene the base
peak is the (M-l) ion, but 1n the spectra of norhornene
and nortricyclene there are only small peaks at m/e 65 .
Therefore most of the CsHg e daughter ions have lnsuff1c1ent
energy to’ dlssoc1ate in the source. The metastableé ratlos
are dl%ferent ‘but- -the ions are believed to be the same;
the difference presumably therefore, lles rn the nergy content
of the ions and_thuS'the metastable abundance ratio rule is an

1

" ineonclusive test.

-



The following conclusionsJhave(beeanréyn from

" the combined information-obtained"fiom metastéble ions

" {unlabelled compoundé), relati#e abundance of'peaks and = -
metastable ‘ions in the ‘labelled éompounds and from the

energetics for the three fragmentation pathways of the

molecular ions-of norbornene and nortricyclene:

(a) the_CgH;T ion; (1) the CsHe' ions arise from different -
érecﬁisor ions, by different mechanisms. (2). the frégmentatioﬁs
'of-the Csﬁs. ions are, similar but (3) metastable lon peak ratlos

are dl:glmllar. (4). their heats of formatlon are assumed to be '. ﬂ!
t@giﬁamg. These iqns are probably.the’;;clo-CsHs.‘ions with .
different energies.' - T ' l | .-

‘(b) theﬁC5H7+ jons: (1) the'CsH-:+ ions occur from different

precursor ions, by different mechanisms in eaéh ispmef'

" (2) the ffagﬁenf;tionsof"the CeHsT ions érg similar (3) there axe
no measurablYe metastable ion peaks (4) the heats of formati?n %
T are different,These‘ionsAare probably é mixture of different
structures. Those which dissociate by hydrééen‘léss méy be
common't§ both norbornene and nof;icyclehe. )

(c) the C7H9+‘ion; (1) the fragmentatioﬂg of the C7H9+ ions are

-
similar” (2) metastable ratios are dissimilar- (3) heats of for-

mation are the same w1th1n experlmental error (4) same .excther—,

-

micity for H; loss. These ions probably have the same ) e

structure (a common intermediate)'but'different*énergy,contents.
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The results obtained in this work show that the\

difference in the .relative ion abundances in the mass

lspectra of norbornene and nortrlcvclene are\not due to the

Jgeneral approach has been used in the lnte%pretatlon of the

dlfference‘lnnthe rates of formatlon and dlssoc1atlon of

of formataon ‘of the CsHs. ions relatlve to the C5H7 lons J

S
~

in the two lsomers. " In norbornene the ethylene loss occurs

by the rapid retro-Dlels—Alder process, whlch requires no

~.

\
rearrangement~ whereas the methyl loss in norbornene, and

the methvl and ethylene losses in nortrlcyclenéyoccur via
slower, low energy rearrangement processes. “The’ metastable
widths for the loss of ethylene from\norbornene ané\nortrl-\‘*l».‘“\\

cyclene were observed to be 0 4 amu and 0 5 -amu which may

be a reflection of the dlfferent mechanlsms. Theafollow1ng

mass spectral fragmentation mechanism of the isomeric
hydrocarbons, norbornene and nortrlcyclene.'

Daugnter'ion abundances ‘sample all ions which
dissociate in the source froh their‘genesis to approximately
107° sec; these are made up of all short lived ions

(probably specific fragmentations) and some relatively

long lived ions. Metastable ion abundances sample all

ions which dissociate within a narrow time interval (say"

1-2yu sec) and are long llved ions only; many have

-

relative abundances easily reconcrled with srmple _

: 4
mechanisms (e.g.., McLafferty rearrangement 2, scrambllng

;
7
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etc). The general approach is to try a mechanism which fits

the metastable ion abundances and "subtract" these from the
daughter 1on-1nten51t1es in some chosen proportlons- then
try to fit the resrdue to another 51mp1e or sensible

-
mechanisn.

——3.--Mass Spectrum of Norborneol (C;H;igh, biCYCIO—(2,2,l)

— —

. heptane— -0ol} . - ' TT e

Introduction

The initial reason for studying the fragmentation
mechanism of norborneol was to try to locate the position of
‘deuterium in the molecule from its mass spectrum, because

it can be used as a precursor in the preparation of labelled

norbornyl chlorides, It quickly became apparent that the

mass spectrum wafhrlch in fragmentation pathways of which ‘ f

only a few have been even partially studledSI'IOl'102 by

—_—

deuterium labelllng. . 'n.ﬁ‘\\\‘

(a) Revrew of previous studies of the mass spectrum of

norborneol: The mass spectra of exo and endo - f‘\u\\\
norborneol (Fig. II 3.1) have been previously reported by' ' \i“f\s\\\a
several authorsS4r 101, 102, 103 ‘The base peak’ (/\\\r\‘

m/e 94, Cvﬁiff arises from the loss of a water molecule _ ;

from the moleoﬁlar 1on. Kwart and Blazer101 proposed that
\._

the water loss 1nvolves exten51ve rearrangement of the molecu--

lar ion, but that the hydroxy%nhydrogen is always lost; they

e,
-~

suggest norbornene is the daughter-ion formed, which then

\\‘
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_pronosed that it was formed hy 1

177.

. - l~ . -‘. - - .
undergees its characteoristic retro-oiels Alder fracnentation.
Y Ve e - It ey o T 2 ottt R . 102
This is .in ccntrast with the preucsals of llursiii and Klasince ’
that the water loss occurs Ly a specific 1,32
R} - = R

.t . . ] --_—-|—' i . .
elimination arc nossibily a 1,4- clirnination. ‘
~T, el e Yal '--I. PR R s - PR — 7 [ -~ + I"
The second rmost intenss naan /o 87, Cch; Kwart
T 21 101 =11 - A a & . - - = A
and Elazer suaaest, results freom a two stoy fraapantaticn
involvineg the loss of a rethrl rodizcal  (2-C) and fhen )
Chal (2=-C) . Prorm hish wezeolucicn studies fhose authars
‘showed that the ien at «/a 57 contained oxroan and they

mSs Of two nrarocarion

.fracmants without redrrgnggﬁfnt of the carwon sihaelcton
el LeREy o . T
“'C”f a precozs sinmilar that obsorvi. in grzlchonansl .
104a Tand cvcloyc;ta:ollO4b e i
OO0
: 94
GEJ c8 i
601
*- - -
C -
=40r a4
© 39 57 83 - -
@ 20 1y l | ‘ ‘ Mt 2
‘l‘ll Ill‘lnh l il ll l'lll ll l 1
40. -

1
60

80
m/e




-
.
o

-

~

(o) The mass srtectra of exo and endo norborneol are

. - . . .. . : - . s

identical and are shown in iig. II 3.17 they ar2 in cood

agreerent with nreviously oukblished data84'101'103

+3

able II 3.1 lists the nineteen wost intense rc:astahie
-ion peaks in thnlnornal mass snpectrunm of tﬁé cornounds,‘
their relative‘ahundance: (xsaich are alrost identical) and
the fragrmentations responsille for their genesis.

Schgre I 3.1 (nect a rechanistic schera) shovs +
fragmentation of exo ané enJdo norborneol based on metastabie
ion peaks. Tﬁe.presence of the ions at m?e §3 ané §4 are

included since thev can ‘only arise diregily from the

\
- Ay

3

molecular ior

-

rom Scherme II 331 it can be observs. crhat . the

)

— *

molecular ion fragments in thre

—

or podssihle four wavs:

)

. o . I .
{a) by the loss of water teo aive 2 Cri1e. ion {vhich

further fracrents v the loss cf esthylene, acetvlene ard a e T .
rethvl radical) (») by %hc loss cf 2% amu to vield an ion
a2t m/e 24, (nethine further is known about this specics)

(c) by_the loss of 20 anu to give the ion at m/e 83
{(which decornoses.by tie loss of hydroqcn.ethyiene and
acetvlene) | Jd) the ion aﬁ m/e 67 wahich frac%-nts hy
éthylene énd acet?lene loégi Tay also arise directly from

the molecular ion kv loss of C,H.,0l° therefrom (bv analocy

with exo-2 norbornwvl chloride).
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m/e94 . - m/e79 ° m/e53

[
* r

CsHg—22> C H, '+ C,Hg'

180.

* 3
'_;2"’4 m/e 68 m/e42  m/e27
—> ¢, H1+ oz it
5 ;g C3 H
mn/e 66 m/e40
C-,H OH_I '23“’"‘“'”'\ m/e 84
7011 P
m/eil2 |
-29a.m.u. -
L 5 ' m/es83 ——*» m/e 8] ? m/e79
* —280.-m.u.
m/e857 —g—>m/e29
-CoH40H" |
* ~28a.mu CoHo
¥ > m/e 35 e :
' + aHz -
E (: 5l_’7

m/e 6?

Scheme II 3.1,

[e2 S

m/ess

Frasnentatlon Scheme for ewo and endo
Norborneol. *




Several labellcd noo..orncols were prepared v the

.

rethods descrihed in Part IV of this thesis invol-ing”

-
.

cormonly used reactions. In order to help identify. the
various ions formed in the fracrentation pathwavs,’ the

‘crirarv. frasment lons hﬂve‘ﬁcéﬂ‘;abellcd‘ 21,224.... etc.
The following discussicn on the relatively minor
fracment ions D n/e.é3 and D. /e €3 vreczies the
discussion on the *formation of the Lase peak
prepare a_sui:ablé béckground for the cdeveleoprant of the
concepts_used in the inEérbretation.of the water loss from

:

the molecular ion.

Ity

Formaticn of Icn D2 at /e 23 . The iecn at /e 23

ra

arises bv the loss of 29 amu , however it is not passible

from the daughter ion peak heights in the labelled compounds

o

(see Table II 3.2a)to determine how or what species is-lost,

in addition no metastable ion paak was obscrved for this
[ .

fracmentation. ’

Frorm a study of the ratios of the relative
inténsities 0f the metastable ion peaks in various labelled

compounds for the secondary fragmentation of this ion

(]
1

(see Table II 3.3) :

-
5
”
»

m/e 83 - CaHy

it is possible to deduce one route of formation of the ions

= m/e 55 .

A YITIRR LA R

I T
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Takle IT 3.2.50L.

'Relative Intensities of Pealis for the Formation bf (+1=3.C0)

(a)

Ion Da in Labelled Norborneels and (M—Cgus) Ion Dg(b).
Corpound Relative Intensities
(Correctad Zor **C)
‘Cnlakelled and “orndauterated /e 23 8
oxo and ende llorkornecl 11 n(a)
endo-orhorneol- (OD) . ' 0(0) 12(10)
exo-llort.ornecl-(CD) 0(0) 13{(1%}
endo=-o 'aneol—exo-z—dl : 0(10) 13(G)
\ o
’exo—Norko%neol—E-dl 16(0) 6(19)
exc—ﬁorbofﬁeol—ondo—B—&l ' - 11(0C) C8(10)
.exo—ﬁorhornco}-(SEE-exn _ .
T3¢, ané $¥h-ziasTed) o 7(0) 5(10)
Dideuterated " /e 83 34 85
cnic-ﬁorbo:neol-3,3:d2 11(0) 6 (9} {10
—— ' {“4 M . N
orkorneol-axo-5-exo-56-d, . 24(0) 11(5)  2(19)
mridoutsrztds =/a . 23 2% 55 2¢
— =
endo-—?{rorborneol-z,B,B-d3 11(0) 4(0) 0(~8) 38(0)
\ .
Horborhsol—(OD)~exo—5-exo—6—d5 1£(0) 13(0) 200} 1(10)

(aj Yél&es in parenthesis.

/ . t
(b) +Values obtained by subtracting values in parenthesis from !

values in Table 'II 3.2.a.
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at m/e 83, this ion will be labelled ion Ds . It is
'observed'that for endo—norborneo%:exot2—dl there is only
one métastable ion peak for ethylene loss from ion Da
_(m/e 36.4) correspondlng to the process (m/e 83),\D3-C2H~.,

indicating that the deuterium on the 2 carbon atom is lost

completely in the formation of ion D3 . In exo and endo

porborneol—OD.there are only two metastable ion peaks obse£5ed
(m/e 37.3 and 36.1) which correspond to the loss of CzHu

and CpH3iD from m/e 84 (ion D3), indicating COmpléte
retention of the hyd:oxyl.hydrogen in the formaﬁion_of ion

Dy . Tﬁe relative intensities of these latter metaStéble
~ion éeaksl(m/e-37.3 and 36.1) are close to the value for
‘randon{ selection of the hydroéen atoms in the ethi/lene loss
from 9 hydrégen atoms and 1 deuterium atom (the deviatién

from. these values is certainly due to the metastable ions

being taken from the normal spectrum, and their relative
intensitiés are effected by the presence of nearby metastable
ion peaks for the process m/e 41~-H;) . Ion Dg (m/e 83)

can be fsrmed in two ways from the molequlé; ion (a) by the
loss of HCO (b) by the loss of /EZHE' ; in view of the above
‘results (random_seleqzipprof//E;Hu from 9H and 1D ), ion D;
can only-arise/fﬁﬁgzgss of HCO . It is proposed that the
precursor for ion D; is tﬁe cyclopentyl acetaldehyde

cation (see Schemes II 3.2 and 3); Norborneol-exo-

5-exo-6-d, and norbornébl—2,3,3-d3 show the same metastable
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.1 - - T S = —
Metastabhle’ Ion Pealt Tntonsitlces Ior TR

e
and (M-DCO) in the !'ass Spactrum of Labelled Cormpoundss

Corpound Relative létastable Ion Peal Intensiﬁiés
‘tonodeuterated [*1=DCY1~C,il, '
-~/ 3c.4
ento-orhorncol- . .
dwo-2-d, (a) . 100 ,
Calc. . . (1o3y _ N
(=10 =Catiy [M=CD1=Caii3D
n/ec 37.4 RN
exo and endo '
‘lorkorneol-~0D (n) " 68xl.6 32:=1.6 -
Calc. ‘ (64 36 )
cro-Tlorhernacl (35°%9- )
exo-3 dl and 45%-3vn _ '
o -7-d,) T(B)  €6:1.6 34:1.6 2
Calc. | (84 T 36 ) ) i
: ) ' 5
Nidoutaraterd [=HCO1=CaHy [M1=70NT1--C210a7 [P =t =Ca Ty Eg
K /e 35,2 3¢.0 N
Nlortorneol-cxo=5= . : ‘
exo=-G=d, 400,86 51=0.6 G+0.6
calc. | (38 51 1)
Trideuterated ) [M=DCO] -Calls [1=DCO) -Ca2¥ 3D [M=DCOI-C,iizD
- n/e 36.2 36,0 35.9
endo-Ylorborneol-2,
-3,-3-('13 .+ 43 47 , lo
Calc. ' (28 51 o 11

+ Metastable ion reaks obtained frow normal spectrum at low e. V..
the pcor £it between experirmental and random values is due to
the mresence of the metastable ion peak for tnc process
m/e 41 - ¥, (see Table II 3.1).

(a}) Metastable ion peaks not observed for }M—CEO)—CQHg and its
. labelled analogues. :

(b) letastable ion peak not observed for {#~DCO)=Caily . - ) B
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. - Nt = bl T
208 for ef’'vrlang asd Tanella
.

~non

9]

{

Lon D3 {sce Talle II.3.3) and <hesze meaks have similar
relative abundances, close to the value for random hvdrogen

selection.. Therefore norborneol-exo=-3-evoefi-d loses. onlvy
R —— L SRS

‘-_‘—_'. \52
1.C whoreas norhorneol-2,3,3-d, 1loses onlv DCO in the
— vl —— r——

forratien of ion li:. These results prove tiat ion Dy is
formed by the loss of the 2 carben atem and attached
Twvdrogen and oxygen atoms . {see Schemes II 3.2 and 3). Ion

Dy fragrants(as zes hoen shown)uy wie 10ss of ethvlene in

' . : L+ L
a randorm manner giving the CuHy ion which in turn

. N ,
fracrments characteristically bv the loss of acetylcne62
“{motactalble as :je'15.3).

Torration of Ion 2. at r/¢ 83. It has been observed from

S . . 101
hich resolutionr studies -

that the ion at n/e 57
contains oxveen, this in.conjunction with a retastable ion
zeak {(m/e 39.2), which.corresponds to the loss of acetvlene

from m/e 83 vieldine /e 537 , 'deronstrates that this ion

{r/e 57) cannnt arisa Iror len D . Mwart and zla:c:lal, by
analogv with the formation of the ion at m/e 37 . in the
mass spectrum of cyclohexan01104a and_gﬁclopentanolloqb,
e . B
vronosed that the ion at m/e 57 in norborneol is (CHZ;CHCHOH)+

N

: 3
and suggest that it is formad kv the loss of a metnyl '

radical (3-C) ‘from the molecular ion folloired by the loss

*

of Ci3H, (involving the 4, 5 and 7 carbon atoms).



A

U 1g9.
N
The following alternative route is proposed

for the formation ofithe CaHs0™ igﬁfkm/e 57)

e

. . L |
CsH1:10H., + C2H:s + C5H70+ ‘ (1) .
m/e 112 = . m/e 83 ' ’
- - o - Ion Dy
\ £
CoH70" =+ CaHz+ CaHs0' . C(2)

m/e 83 . m/e 57

The CsH70" ion ;:\igﬁlled ion D, . Table II 3.2.a lists
the relative abundances, in the labelled compounds, for-the
ion peaks at m/e 83, -84, 85 and.86 and the ion peaks at

m/e 57, 58 and 59 corrected for !3C , ‘Table II 3.2.b

lists the‘above peaks in the 80's after adjustment for the
contribution for the formation of ion D3 . From these | .
results several deductions can be made concerning the
férmation and deéompoSi£ion of ion Dy, . The hydrogen atoms
attached to carbon atoms 3, 5 and & are involved in the
.\gthyl 1oss.from-the molecular ion, while those on the 2, 7
;nd hydroxyl positions are not. Froﬁ these results it is
proposed that the precursor for ion Ds ariées by a 7-4
‘gond bieak followed by a hydrogen migration from the 6 carbon
atom to £he 4 carbon atom accompanied by a 4-5 bond

rupture (;ee Scheme II 3.2). 'Tﬁe precursor idn then loses

an ethyl radical by migration of a hydrogen atom from the -

5 to the 4 carbon atom followed by a 2-3 bond rupture giving

~
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ion Ds (sece SCheme II 3.4 ). Only the hvdroxyl hvdrogen
ané@ that on the 2 carbon atom are completely retained in the
formation of the. CaHso+ ion at m/e 57 , this in‘;onjunction
with the above data indicates that the acetylene loss from

ion Ds- occﬁrs by a2 1-6 bond'break as shown in Scheme II 3.%.

High resoluticn studies of the ion pezk at m/e-83_
revealed %lclosely spaced doublet-of appfbximate}y equal
intensitv, the doublet inaicates the presence of both an
oxygenated and a hydrocafbon species at m/e 83 . “The
oxvgenated species being ion Ds which arises by the loss
of a hvdrocarbon moiety, whilét ion D3 1is the hydrocarbon
- species pfoéuced by the loss of an oxvgenated group.

The formation of iorns D: and D4 serve as an
example to demonstrate how two ions of different structure,
with the same mass, can be formed from the same molecular
ion by two completely different mechanisms and also fragment
by their own separate pathways. |

Loss of Water from the M2lecular Ion

Tables II 3.4 and 5 list the relative intensities of
the normal aﬁd metastable ibn peaks which cdrrespond to
the loss of H20, HDO'éqd D20. from the various labelled
norborneols. These results confirm the obsifvations of Kwart
101 ' 51

. 02 % .
anéd Blazer , idumski and.Klas;ncl , and P®nz and Biemann

that the hydrogen atoms on the 2 and 3 carbon atoms are not

involvedin the water loss. The values reported in
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Tables II 3.4 and 5 indicate that the water loss lnvolves
partially the uvdroxvl ax drcgen, the syn-7 hyvdregen atom
and those on the 5 and ¥ carbon étoms. It was not vossible - )
to show experimentally whethar the hydrogens in the 1,4

or anti-7 position are involved.

Table II 3.4.

Normal Peak Intensitiés for Wwater Loss

in the Mass Spectra of Labelleé Neorborneols*

t

i

Compounds Relative Peak Heights (Corrected for '3C) ek

. 23

/e 95 ST

exn~Norborneol-0D 47 53 - N
endo=-Norborneol=-0D 47 ‘ 53
exo-Norborneol-G-dl ‘ - 85 : 15
(Calc. see text). (87 13)
exo-Norborneol (45%~svn- -84 16

7-d; + 55%-exo-3-d,) _ |

{Calc. see text){ T (84 16)

* Wwhen deuterjum is present on the 2 or 3 carbon atoms only

H20 1loss is observed.
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Tawle II 3.5, ' '
-f- - .
Mletastanrle Icn Pealr Intonsities fcr Uater Loss in the
Mass Spectra of Lakelled lorborneols*.
Comvound - Relative “otastaile Peah Intensities
“enodanteraiod =i M-l
" " n/e 79.9 73.2
eno=rorhornceal- (ND) , &7 33
endo=-lorborneocl- (0D} 67 33
. - {a} ' .
—xo—sorcornocl—:-dl 61 3¢9
(Calc. see text) (58 42)
‘Dideuterakted : Mall O M_UD0 M=DaC
) m/e 20,5 70,2 77.5
lorborneol-exo-3-exo-6-8, 56 - 44 0 :
(Calc. see text) _ (s8 - . 42 0 ) s
exo-to:hsrneol (3€% cro-5- i3
exo-6-d, and 44% endo-5- ' i
endo-6-d,) - C3 37 . 0 '
’ - -
{Calc. sec text) - (58 42 0 ) :
Triloctoratoa ~/C 21.3 29,1 - 78.53
Norborneol- {OD)-exo~5~-
exo-G-d2 ~ 4 57 9
(Calec. see text) (33 58 9)

Metastable ion peaks obtained by defocusing technique
Error is to *2% .~

* When deuterium is present on the 2 or 3 carbon atoms only
#,0 loss is observed.

{a) Value for svn-?-dl norborncol calculated from (3-7)dl
norktorneol (“1=1:,0 : M=I1iDD = 83:17).
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Exo and endo norborneol-OD were prepared by simple

_exchange in deuterium oxide. Several unexpected results were

observed in the spectra of both cOmpOuﬁdé,‘which were

identical; (1) both HOD and 120 losses were observed,

Ithis indicates that the hydroxyl hydrogen atom is not always:

involved in thé‘water lqss. This is in COhtréét with the
results-obtaingd from aliphatic-alcohols48_51 vhere it has
been shown that the wéter.loss occurs b; a simple 1,3 and
1,4 e&imination Qia 5 and 6 membered,riﬁgs.

(2) the ratio of HOD:K,0 in the normaiLSPectrum is 1:1
whereas -thé ratio for tﬁe metastable ion peaks for the same

processes are. “1:2 , this indicates that the water loss

is not occurring by a simple rechanism (see discussion of

ion life-times,page 175.

-
-
-
r
-
*

The change in the ratio of HOD:li:0 in going from

Ceimar—s & 4 wasoan
0 YLD 8 Sdadiss

[ Y

peaks to metastable ion peaks indicates that the same
processes (which result in water loss) or ratio of processes
which occur in the source do not occur in the first field

free region (retastable ion peaks). This indicates that

.the water loss occurs by one of three pathways:; (1) the

water loss involves at least two érocesses where the precursocr
ions have different lifetimes (2) a process involving
incomplete randomisation in the source, tending.;owards
complete randomisation in the first field free region

(3) a process involving incomplete localised

randomisation occurring in the source, tending
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towards complete localised randomisation in the first field

free region.

Complete randomisation can be ruled out on two
grounds.- (i) The ratios of the.relative abundaﬁces of
the metastable ioﬁ peﬁks for water loss in the labelled
compoﬁnds, do not correspopd £o the wvalues for coﬁplete
réndomisétion and .(ii) the absence of' involvement of the

hydrogen atoms on the 2 and 3 carbon-aﬁqss. Of the two remain-

" ing processes, the first is preferred (at® least two specific

watéE losses) on the basis of observations on the secondary
‘fragmentatlon, the loss of a methyl radical from the C7H10f
ion (M-H20). The relative abundance for normal and metastable
ion peaks for methyl loss from the C7H10? ion in the labelled
compounds are reported_ln Tables II 3.6 and 7. In all the
labelléd compbunds the values for the ratios of the methyl
and it§~1abelled analogues lost in the source and first field
free region do hgﬁ fit a singlé specific or random process
but approach the random values. The metastable iOAS'for the
loss of m;thyl from 552 and endo norborneol-OD argaidentical
and show tﬁat methyl loss occurs from both the M-HDO and
H-H,0 species. However a very weak metastable ion peak was
observed for the loss of deuterated methyl from the M-H:0
species, repfesenting about 3% of the total methyl loss.

From the above results it was inferred that the -loss of

HDO from norborneol-OD was followed by methyl loss in

8

\
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e
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.

Intensities ig;,xﬁ%hyl~Loss

fror (M-H:20) Species i§/;;bélled

llorborneols.

~

o,

I
)

2s (Corrected ‘or

Yieno=deutovated /2

exo-“iorhorrecol= {nD)
endo~-liorborneol- (0OD)

endo—xorborneol—exo-z—dl

(Calc. sce text)
exn-?o:bnrn:ol-G—di
(Calc. see ter+)

exo—ﬁorborneol-cndo-B—dl

(Calec. s2e text)

1y

exc-..

O

rhornecl-
ani 44% sv
(Calc.,

Dideutarated m/e

endoﬂﬂorhorneol-B,B:dz

e

{Calc., sec text)

Triccuterated n/e

endo-norborneol—2;3,3-d3

(Calc. see text)

~J
e

Pt
SN £ 4 [ X7 I 2N B2
0 fx D I M

K

€0
66

51
56

At

)

)

[ I(o
[ .

20)
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Relative Intoensz

ities oI vebtantaile ‘Ion Doalew
o BN e e -
, for the Loss of Methyl Zrom the -i#.7) frecies.

Compound Delative Int

) ensitics
Monodeutaratad (3=1DOY =TT =) =Cla (el . 7)Y =ZiHND
) n/o c6.4 67 .4 £z.7
endo-liorborneol- (0D) 67.5 30 | 2.5
exo-lorborneol- (0L) . €7.5 32 2.5
endo~Norbhorncol-amnn=2=1, N _ 5= 45
(Calc. sec toxt) (0 . 56 44 )
exo—Norborneol—endo—B—di 9 54 46
(Calc. see text) (0 . 56 44 )
-exo-lorkorncol-i-d, A iz 66 22
Calc. secz teut) E {13 65 2l ) E
i
exo=-Norborneol=-({(44%-svn- ;g
7-61 and S6% gxo-i-i.) 7 37 3¢ 23
(Calec. sn2 text) (7 59 34 ) 23
Dideuterated (M1=Ea0) =C (M0 =TT (M=l 0Y=CiD,
™/ 5243 €C.7 55.0
endo-ilorrnornecl-3,3-d, 31 46 23
(Calec. sce text) . (32 48 20 )
Sorborneol-5,6-d, (2 5¢ 35 -
(Calc. see text) . (56 40 4
Trideuteratcd . (1=1,0)=CHi (1-1i20)=-CH.D (M-#.0)-ClD; (M«I11.0)-CDj;

n/e 64.3 67.6 © 66,0 _ 64.3

endo-ilorborneol- .
— 2'3'3_53 20 28 42

{Calc. see text) (20 . 36

"]
[

[es]
~—

* "Dcfocuch" metastanle ion

L“)
[p]

caks, Eiser's mothed. -

l{s

(2} Value for methvl loss and cdeutefated analogue £from (1-EDO)
75% Cha: 25 CuzD (Calc. 76:24). : g

Ul
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which the hydrogen a;éms are probably selected in é coﬁpléteiy

random fashion.  That which oceurs by H,0 loss is

followed by a speC1f1c methyl loss (dlscussed in detall later).
Although there is no well authenticated evidence

for molecular lons_rearrang;ng to two different strh;tures and

'thajfrggmenting by the ldss of éame species, it is proposed | f

here that the water loss inlnhrbcrneol‘oécurS'from two | h

different form; of the molecular ion. The first route for

water loss invoI?eg the hydroxyl hydrogen and gives rise ho

ion ‘D, , the second route does not inﬁolvq the hydroxyl

ﬁ%ydrogen and gives 'rise to ion D; .

(a)- Formation of Ion D,

It is proposed that the formation of ion Dy

(see Schemes II 3.2 and 5) arises by a 2,3 bord break

[R T U NI T IR T

giving the pfecursor cation which then loses water. The
- hydrogen atoms-involved are the hydroxyl hydrogen atoﬁ
~with the second hydrogen selected from one of those on Qhe
6 or 7 carbon atoms, Supportlng evidence for the formation
of the cyclopentane catlon is obtained from the M-CsHg

fragmentation which yields ion Ds.

(b) Formation of Ion Dj

The proposed precursor ion for the formation of

ion D; #rises in a similar manner to that proposed for the

second water loss in cyclohexanol >0,105,106 . Its
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9
V3

formatl
1,2 bond runture followed L" niigration of the hudromvl
hAvdrogen ator to the l‘cgrbgn;atpm vieldinc the cyclopentyl
aceta’coixue catlow which then loses water, the hydrogen atoms

13
. - ' . o I
heing selectad at random from the 5 and 7 positions. A

N

sirmilar tvoe of randor loss involving selected £;E}ogen atoms )
has een shown to occur in the water loss f cvclohexane=-l,2- -

. R ' I{'\ .
107. Surnortine evidence for the forration of the

diol
cyvclomaentvl acctaldehvds cxtion is obhtained from the M-HCO

fracmentation which vields ien Di: 2and the M-C:H,0H

fragmentaticn which gives rise to ion Dg .

m

Tie ratio of the daugyhter ilon peak heiohts for

the'loss of [CD:li20 " is 1:1 in exd and erdo norkorneol-0D.
If one part of  water loss (a), which gives rise to
ion D; 1is added to one part of water losé (b}, which

cives, “’sc to‘lon D2 , ¢ood agreement is cobserved with
cxperiééitai results obtained fronm daughter ion peak heights
.0f the various lake icé cormpounés, as shown in Table II 3.4.

- . -

The ratios of the metastable ion peaks for the loss of

*

HOD:M20  was found to be 1:2 in norbornecl-OD. If one part

of watér loss (a) is summed with two parts of water loss (b),
cood to excellent agreement with the experimental results is :i
observed in the labelled norborneols (éee Table II 3.§).

The difference in the ratios between the daughter and

metastable ion peaks arises from the slgﬁfr rate of formation

of ion D= over ion Dy . hfgj
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'Fragmentation of Ions D, and Dy by Loss of Methvl -

]

As preylously discussed, the results for methyl loss

from the M-Hzo species (see Table II 2.6 and 7) do not fit

‘a single épecific or random mechanism., - The fact that ion —
‘Dz' in norborneol-OD loses methyl ana no more than’ 3%

methyl-di ' {as observed from metaetable“ionsJ, indicates

a specific rather than a random processvéér.the.fragnentation.

Since the values for the ratios of the methyl loss an the
labelled norbonneols ten&‘tdwards randon values.ané in view

of the above results it is proposed that the methyl loss from

ion D; involves completely random selection of the
. 7 . :

hydrogen atoms and the methyl loss from ion  D; involves a
localised-process wherxein the three nydrogen atoms of the o
methyl group are selected from four. - Three of these hydrogen
atoms are those attached to the 2 and"3‘carbon atoms, the
fourth being selected from the remainder of the molecnle:'
There is ne proven preceéent for such a localised process in
a.hydroearbon, but a similar h¥ypothesis has been proposed to
explain the ethxlene loss from the molecular ion of °
nortricyclene (Part II 2.B). A summation of.67.5 parts of
'the random methyl loss from ion D3 to 32.5 parts of the
‘specific methyl loss from lon D2 gives éaod to "excellent
agreement thh the relative abundance of the metastable icn

peaks (see Table ¥I 3.7). The choser. proportions of the

two processes were those observed in exo and endo norborneol-OD

-
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(which were identical). An éiample of the

summation of the - two methyl losses is shown beloy in the -

.case of nbrborneol-3,3-d2 2

CH; CH2D CHD, . CHj; CHD CHD,

Complete Random 47 47 6 x .675 32 . 32 4

0 16 16

Localised Random O 50 50 x ,325
| 32 48 20

1

AN

In a similar manner, using the ratio of the daughter ion

peak abundances for methyl loss from ion Di1. to methyl loss

from ion D, in exo ahd endo norborneol-OD, (which were
identical) ,for the summation of the random methyl loss from
ion D; to the specific methvl loss from ion D: , fair
agreement was obtained between calculated and observed
daughter ion’peak heights in the labelled compounds

.{see Table II 3.6). As can be'observed,from the table more
label is lost thaﬁ predicted by the mechanism.

These results indicate that not only are ioﬁs D,
and D, formed by differegt‘mechanisms, EEE they also fragment
' by different mechanisms, by the loss of a methyl radical in
each cése, to vield 65H7+ ;ons differiné’in structure and/or
~energy content. This correlates with the observation in
norbornene and nortricyclene (Part II 2) where the same
species was shown. to be lost from the two isomers by

differént mechanisms.
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3

o &Vin

’

1%

For .ions D2 and I; , in addition te
different structures, ther will prezakly have different .
internal energies. The energies will only.coveQ a narrow
range since the ions in qucstibq (D1 and D2) are fragment
iens and not molecular ions which are proéucéu Gilrectly
from elegctron borbardrent. It is proposed that ions D,
ané D:; fracgment by the loss of a methyl radical kv d

mechanisms as a result of their having diffcrent structurcs

and internal enercgies. ' —

rt anéd Blacer proncsed that the ion at rn/e 66, .
CsET”  arose by a retro-Diels Alder reaction of the (“=E20)7"
speciles, which they believed to be nofbornene. This reguires
Enat in 2 dl

peak at m/e €6 should he substantially reduced and the

ané 3,3 dz-norhorneols {sce Table II 3.E) the

seaks at m/e €7 (in the case ¢f 2 &, - ncrkornecl) and

mn/e 68 (in the case of the 3,3 dz-norborneol) should ke

substantially increased, hut this is not observed hére

(see Table II 3.8 and 10l ). The proposed structures for

-

ions D; and D, make the formation of norborncng a2s. an
intermediate vefy unlikely. In suppor*, it %' worth noting
that the half heicht width for the ethylehe loss metastable
in norbeorneol is the same as that for noftficyclene(narfower

than that for norktornene)
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Table IT 3.9. .

L

Relative Intensities of the Peaks in the Upper 60's -
in Labelleé lorborneols

Relative Intensity

Cornnound /e 66 £7 ER £9 70
exo and erde llortorneol 253 33 25 5 6

exo-llorktorneol-onda-3-2

. 26 30 23 19 11 e

enﬁo—ﬂorhorneol—cxo-z-dl 25 34 30 . & 5
exo ané endo %orborneol-(hD) 26 34 23 13 4.
endo-lortornecl-3,3-d, = 31- 32 25 6 5
e:do-fo:horneol-2,3,3-63 33 33 23 3 o4 .
b Horborneol-(SG%-exo—B—dl 21 30 25 19 5 »
oo AAC et A Y T - - -

ana Gt emourte jen .

. TR 17 :

exo-Norborneol-g-d, 23 25 26 21 5
Morborneol-exo-5-exo-6-c. 6 .15 31 29 18

-~

il -
-

e

-~
-

Low eV. studies indicéte that'tﬁc icns at m/e 66
and m/e 68 -arise from the "same precuysbr ion”, this coupled
witﬁ‘the presence of metastable ions at ﬁfe 46.3 and m/e
49;2:éorrespondinq to the processes (ﬁ-xzoj-CzHu and

,4&—320)-C2H2 resoectively, confirm that these ions arise

from one of both of the CyH;o  ions. From inspection o
the peaks in the upper 60's (sec Table II 3.8) in the

labelled commouncds one observes that when deuterium is
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present on the 2 or 3.carbon atoms the position énd
felative intensities of the'peaks are not substantialkly
changed. However when deuterium is on the 5, 6 or 7
carbon atoms. the peaks are displaced to higher mass. This
indicates that the ethylene and acetylene losses from the
Cyng ion or ions involve the 2 or 3 carbon atoms with
their attached hydrogen atoms. In view of the preceding

statment it would seem reasonable that these fragmentations

would arise from ion D3, rather than ion D; wherein the

2 and 3 carbon atoms are shown as separated (see Schemes

IT 3.5 and 6}.

The ,Csﬁt- and -Csﬁt' ions both fragment by the

w“ - - . . -
*. loss of acetylene as indicated by metastable ion peaks at

m/e 26.1 and m/e 24.5 .(see Scheme II 3.6).
The structure of ion D2 , C,H}E raises an

interesting point; it has the same structure as that

- proposed for the molecular ion of nortricyclene. The latter

lébes | ethylene-(see Scheme II 2.B.1l) and the suggested

— .
mechanism involves the loss of the vinyl gfoup with the
fourth hydrogen atom selectea at random from the cyciopen—
tene rﬁng. For the methyl loss from ion D2 , a mechan%sm
similar to that‘discussed above f£or the ethylene loss frg%
nortriéyclene was proposed, namely a process wherein the &5-

three hydrogen atoms of the methyl grbup were selected at

random from four; three of the hydrogen atoms are those
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indicate that
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resolution studies which show that

solely of

precursor

37 an

~
-t
P

fcrr-ation of ion

one can recadil:r expizin the Ds (sce
Scheres II 3.2 and 7). The orecurser for ion Ds  1is
forred Lvw a 2,3 hond hreak with o concurrent ricration of
the 1 W-drocen aion £ vRe 2 caricon 2ter and a2 7,4 hond
-
Brozk. The oracursor icn then loses C,¥D Ly a single
o . e . .+ - o
5,6 bond rupture vielding ilon Ds , CuieO. . This route
0f formation for the ion at /e 73 is supnerted by high

m/e 70 consists

-

Cuilgl.

This fragmentation is in keening with the proposed

ion for the forrmation of
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- A . 131
awart and Blazor $UTTe3Tad Rt Sho iam e
: S osha ian e
-+
.
I"./G 67, Csliqg

ncocurs frpm A twe step framrmentaticon involving

the loss of a rethyl radical {the 3 carioan aterm) and tuen

. .
H.0H (_“ 2 zazhon atem). Tm oncrharn.

S LY SR e DR B
oI R AL R L P
a“ﬂ_}ﬁ—,%{l? SRe-EOR-T2naing ot /e 67 wehiila in
- - - - -’-': ~ 0 -— .". - . - n i .
6cl,(3 7)c’.l and 5,%4, nmorbornenl iz ion is “lzrlacad &n
aicher rass (se2 Table II 3.8'. Frem Llus. rec:iles $t ia

- + - . - . . - -
propesed (Ly analegy witkh the chlorousisl rad

M -

the molecular ion of exg-2-norornyl chledide (Part IT 1.30)

s e - ™ . = - - - - - . 1
that 1on D Is Zormcf In a one step Irasrontation B orhe
: L
l = R [ S el e ] M a e D L e e T TN
oss of Coi.Cl Irem tac meleculiary Lonm (5eo Saormprae TI 302
g L - lod -— -,
anc 8) Inveoluing carben atems 2 ool 2 oesisdy £moiv atbastad

hydrogen and oxvgen atoms, the fourth hvdrogen atem mossibly

-

comes from the 6 positicn (agair by analocy with the

chloroethvl loss from tie molecular ion of gHo-2-nortornvi

P i3 = PRI S : .
CSITIVEe 2VIICNCe Igor Talg LraoTontation routs
|

chloride).

o

3 -

was cbtained in the form of a weoa metastabhlz in tha

=+ -
unlabelled comnound. Ion Dg (Csl;) decaom

’U
8]
0
0
73]
o
<
t

o
0
H
o}
0
2]

of ethvlene anc acetylene_to give the Ciii and Cslis  ions

as indicatedhpy'the vresence of rmetastable ion seaks at

RS

n/e 22.6 and 24.5 respectively. “These are the sz

: | . _ ] .
fragmentation rrocesscs that were observed for the Col'y
fragment ion in norkornyl chlorice (Part II 1.2). The above

A"

fragrmentation mechanism is in keeping with the pronosal
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.then with this information return to the relative abundances

. - : 211,
that the precursor for the formation of iecn Dg
saneyas that for ioen D, (see Scheme II 3.2).

s

S
Other Secondarv Framentations

Idh Ds , CGHIT fﬁrther fraéments by three

sucessive losses of a nydrogen molecule vielding the c;x?
ion; this parallels tihe loss of two‘hydrogen molecules fron
the !1~Cli;Cl species in norﬁornyl.chiéride-(Part IZ L., | : )
One or both of the (I1=k30) secies loses a hvdrocen atom
to vielé m/e 93 which in fturn loses a 5ydrogen melecule
to give the CoHY ion, accompanied hv enerqy release as
indicated by a flat top metastable ion peak centerad at

r/2 89,1 (frum the proposed structure and kFehaviour of ions

MITYY

Dy and Dz <during fracmentation (sece Scheres IT 2

.5 2né €),

|ﬂ‘

.

ion D; appears a rnore likely candidate for the loss of a - i

PR

AV aver:

molecule of hyvdrogen).

SUMIMARY . . - o

Several atterpts to interpret the fragmentation

pattern of norkorneol using lakelled compounds and the relative

abundance of daughter ion peaks have tecen unsuccessful owing

e

to the large nurker of overlanpinn fragmentations bresent.
However using the relative abundance of metastable ion peaﬁ§§? .
in conjunction with labelled compounds it -has been possible

\ -

to isolate and interpret individual fragmentations and ' -

B -




of the daughtor ion zealis and une

In this manner it was zossible %o start with the primary -

fragmentations and unravel much of_;hé fragmentation pattern

of exo and endo norborneols.

The results have indicated that exo anéd conéo

norborneel behave alrost identically in all aspects of their

fragmentations. Thez major fragrmentation routes of norborneol

can best pe explained by nostulating three primary rearrance-
e

-

rents of the molecular ion (sce Schome II 3.2). Several. ~

i

interesting points have been observed; (1) two ions exist

.

at m/e 83, one arisas by the loss ofa HC1 radical from the
molecular ion thelsecond arises from the loss of Cails", <the
former fracnernts by the loss of ethvlene wiilst the latter ' .
fragments.by acetylene loss. (2) the loss of water from

thé molecular ion to produce the base peak, occurs in two

- wavs, procucine two structurally and prokably erergetically
different C;E;af ions whicﬁ fragment by the loss of methyi;

nanisms in cach case. One of the i

Hut by diffgrent rec

O

ns
(D2) also fragrments by the loss of acetylene and ethylene
whiist the other (D)) fragments by ?he loss of’a'hydrogen
atom followed by the loss of a hvdrogen molecule to give

the ‘C7E7+ ion. (3) ion D2 has been progosed to be the‘
vinyicycidpentﬁniu-éatidn, the saﬁe as observed in nortricyc}ene.
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4, Mass Spectrum of Norbornane (C,g;z, bieyclo (2,2,1) heptane)

Introduction g )

The mass spectral fragmentation ﬁechanisﬁ‘of
norbornane wasistudiéd in order to determine which, if any,
of its fragmentations were charactéristic of the bicyclic
structure, and to compare these results with those obtained

from the related molecules discussed in Part 1II.

-

(a) Previous studies of the mass spectrum of norbornhane:
The. mass spectrum of norbornane has been pfevibusly-
a4 _ . . ) |

reported Jbut no comments or discussion have been

recorded.
(b} The mass spectrum of norbornane is shown in"?ig; IT 4.1

and is. in fair agreement with prevously published data84'.

i+
B

Cerrairs ey
FITS R hH

Table II 4.1 lists the most intense metastable ion peaks in

the normal 3pee£rum of the compound and the fragmentation -

responsible for their genesis. < . e
Scheme II- 4.1 (not a mechanistic scheme) shows

those fragmentations of norbornane for which metastable

ion peaks were observed. From tﬁg scheme it c¢an be seen

that fhe molecular ion fragments.in five ways: (a) bf,the

loss of'a hydrogen atom té give the CyE;,T ion (which

further fragments by two successive losses of a hydrogen

molecule or the léss of a hydrogen molecule followed by

CsH¢). (b) by the loss of a methyl radical yielding the ,

4
p}
H
u{
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.

Table IT 4.1.

c ¥* -
Metastable Ion Peaks Observed in Norbornane

Genesis ) ' g _ MR
.+ + N
Cilis = CaHiy + Hj . : L 37.2
+ +
CueHs =+ CaH3 4 CoH, ’ 13.8
+ .
CsHy" = C3HsT + Cali | . 25.2
>
+
CsHy — CsHS+ + H; . 63.1
+ + ‘ : -
Cellg = CLlEs + Caliz 2 34.7
¥ + ‘ o
Celly = Cgliy + Ha . : 77.1
T
CrHe' =+ CuH3" + CyEe . o o 28.1
| . ) N . _
CsHea =+ CsH, + H, . . B9.0
+ + )
CsH11 ~ Cqllg + IIg 91.0
+ + ' :
Crl12" = CsHe® + Calfg 45,4 a~ -
4 + .
CsHiz2" + CsHy + Cais” 46.8
+ + - )
CsHy2" = Cskg” + CzHy 48.3
+ + . .
Cril1 2" =+ CsF + C“ - . 68. 4 , :

¥ Obtained from the norzal spectrua run at 70 eV;
(Hitacni RNU-6D)



| , criornano.
- 100;
67
80" — = .
. |68 81
. 60F
L .
c .
~ 40+ 54 |
® .
& o l | 96
i illl ll . 1 ll s | S|
40 60 80 ‘ 100
m e
= —|+"H' +
e C7Hi2—>Cy H’“—29 C?*‘*s —2—> Cz H7
W/ 96 m/e 95 m/e 93 . m/e 9l
s CLee
+ -CoHa + =CoH V4
CeHg ™% = Cgq Hg— 2> Cz”s - C4 Hg
m/e 8l . _m/eB53 m/e 27 m/e S|
l _~Hy % 1 —
- “CoHa -+ w
- m/e68 - m/e79 o
2
-02H5 . ~C +
_— 05H7—zgz>ca"’5 >Cs”3
m/e 67 . _ “mse al m/e39
l 2 -/
25—> CgHg Cg Hg -
m/e66 m/e 65

Scheme II 4.1. Fragqmentation Scheme for,hdrbornane.
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7 the loss of dcetylene or liz).

Lo
Cstia ion {which decsmzoses be
of Myylene = y e T . - o
nylene to produce the CsHa® ion (no y

further 2issociations of this species were observed).
C5H7 ion (which

(d) bv the loss of an ethyl radi cal giving the

fragments bv the loss of acetylene or a hydrogen molecule)
e T
Cske™ ion (rno further

thane to vield the
' - -

(e} By the loss of e

dissociations of h;s species were observed).
Several labelled norbornanes, See Table IT 4.2

iwere p:egéred bv recuction of the“uESJturated compounds with

deuterium gas over platirum oxide catalyst or.bvhreductzon

s

of various labelled norbornvl tosvlates with lithium alum;nlun\\‘,_

-

. Y .
hvdride or deuteride,
The order of presentation of the eragm_ntatlon

-

processes is chosen for the sake of clarity.
Ethvlene Loss The cdaughter ion peaks for ehe eehvlene ané ethyl
fragmentations overlap in the labelled compounds. Table II 4.2

these daughter ion peaks

e abundance of
and ethyl’

contains the relativw
ounds,split into ethvlene

in the labelled comr
losses on the basis of the ratio observed for these frag-
Since in the mono

mentations in the unlabelled compound
the ethylene and ethyl losses show almost

labelled compounds
labelled and unlabelled, a similar split

equal abundance of
was used in the dadeuterated comoounds.
For ethvlene loss from the molecular ion, the

results (based on the split in Table II 4.2) are compatible



Table IT 4.2,

{a) Relative Abundance of
Ethyl Loss.

217,

Daughter Ion Peaks for Ethylene anc

Peaks (Corrected for 13C and
normalized to 100)

Compound -
m/e 67
Norbornane >58
exo-Z-dl‘Norbornane 28
endo-Z—dl Herkornane- 29
exo-2-exo-3-d2 Lorhornane. "21
2,2-d2 Norkornane 20
(b) Relétive'ibundance of Daurchtor
" Compound M=CaH,
Norborrnane 100(42)
- exo-2-2, MNcrbornane 55(23)
endo-Z-dl Norbornane. 59 (25)
exo-2-exo~3—§2 Morkornane 47(18)
2,2—6.2 Norbornane 0 52(24)

L0

68

42
49
46
32
29

-
Teaks

th

M=C,oHiDx

45(19)
41(17)
0 ()
0 (0)

69

or

70

-

Tthvlene Loss
M-CaoHaD2

PSR R

53(24)°
48 (20}

(c) Relative Adlundance of Dadghter Ion Peaks for Ethvl Loss
Compound M—CHs M~CyH(D M=C,H3D,
Norbornane 103(58) —_ —_
exo—2-dl Norbornane 52(30) 48(28) —_
Calc.™ ’ {30.5 49.5)
endo-2~-d,-Norbornane - 50(29) 50(29%) —_
Calc, {(50.5 - 49.5)
exo—2-éxo-3—d2 NMorbornane 55(32} .9 (5) 34(21)
Calc. {49 . 16 35
2,2-d, Norbornane 50(29) - 15.5(9) 34.5(20)
Calc. ) (47 16 37 ) .
Values in parenthesis are the actual values obtained from : *

Table (a) after being split into ethylene and ethyl losses.
?
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with a process involving either the 2 and 3 or 5 and § carbon

-atoms- and their attached hvdrogen atoms.
+
[ 3

2

The metastable ion peak for ethylene loss from the

{unlabelled) molecular ion was too weak to he of mechanistic

value..

Ethvl Loss In the case of the ethyl radical lost from the

moleculay ion no mechanism or summation of mechanisms could

be found which will vield an excess of C,4,” loss over the
- . S
C2H3D; loss in the dideuterated compounds as observed

i
3
B
9
3
E

in the daughter ion peaks. For example if the ethvl fragment
‘is formea by a 1,2 bond break followed by,loss-of_the 2
and 3 carbon atoms and their attached hydrogen atoms with

the fifth hydrogen atom being randomly selected from the
Cyclppentane ring (cf. nortricycleng and n§rborneol) the

following results are obtained for 2,2—d2—norbornane:

M=-Cs>Hs M=C,HD ﬁ-C2H3D2
1,2 bond break - 0 0 8
4,3 bond break 0 0 8
4,5 bond break N 6 2 0
1,6 bond break . 6 2 0
Sum 12 4 + 16
Normalized 37.5 12.5 ‘50

Exp 50 15.5 34.5 '



I1f an attempt is made to explain fhe results by an isotope
effect favoring hydrogen over deuterium selection for the <
fifth hydrogen atom, it is found that even if the value of
the lsotope effect is very large the results would be
‘SOCzPs OC2H4D: SOCszDz i.e., no major loss of C;Es and
no loss of CthD « Thus if the results ere to be exple;ned
through an isotope effect it must be applied to the ring
.opening‘step, e.g. the presence of deuterium on the 2 carbon
atom making the 1,2 carbon-carbon bond stronger than the

1,6 bond. Similar bond.strengthening has been preposed in
the fragmentation of aeuterium labelled aliphetic hydro-

carbons 104d.; 1,1,1-ad j-Pentane has beeﬂ shown to lose more

-

CH, than CD; for example. -

CD3y—~CH2=Cli2-CH2-CHy

]
3
3

’1,1,1-d3-pentane

Isotope effects for ring opening (listed below) were applied

to our above example, 2,2-d2-norbornane.

Table II 4.3.

- No. of deuterium Type of secondary . value

' atoms effect . ~ used
1 B 1,25
2 B 1.50
1 o 1.50
2 o 2.00
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and the results caleclated as shown'belcw:

M-CzHs M-C,H.D M=C:H3D,

bohd break

1,2 0 0 8 x 0.5 0 0 4
4,3 bond break 0 0 8 x 0.66 0 0 5.3
4,5 bond break .6 2 0 x 1 - 6 .2 0
1,6 bond break 6 2 0 x 1 6 2 0
Sum 12 4 9.3
Normalized 47 16 37
“Exp 50 15,5 34.5

-The_agreement here observed between raleni-t0d and experimental
daughter ion abundances and for the other labelled compounds
{see Tablg II 4.2) is fair to good, supporting the proposed
mechanism in conjunctiqn with the isotopé effect. The
isbt;pe effect was appiied to other possible fragmentation
processes for ethvl iosé but without similar-su;cesé.

- ;
Tthane Loss Sirong fmota

1]

table icn oeaks were'o?served_fo: etivl
(C2Hs) and ethane (C:Hs) losses from the holecular ion:-théée

| _overl;pped in the labelled cbmpounds. The relative abundance
of these metastalle ion peaks in the labelied.compounds

were splié:into ethyl-and ethane metastables.on the basis of
their observed ratios in the unlabelled compound; these are
shown in Table TII §.4. 1At_the time of writirg no mechanism
with or Qithout an'isétope‘effect nas been deduced which can
explain the relative ébundance of the metastable ion peaks

for ethyllor ethane losses from the molecular ion.

The relative intensity of the daughter ion peak for Sy

ethane loss is extremely small (6 % B.P.) and in the presence

\
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Y

.Table II 4.:. . AN

(a) Relative \“Lﬂdﬂnce of Tetas able Ion Peaks* for Ethvl

ané Echanc Lnss.,

Compound ' . M-C,Hg M-Czﬁs
m/e 46.8  45.4
Yorbornane r 66 34
M~CaHs M={CaE.D/CoE¢) 1:=C:lisD
 m/e 47T 46.3 45.9 .
ging—dl lorzornane - 46 41 13 . T

M=CoHg M={Ca2l.D/C:flg) M={C:H1D2/C2HsD) M=C:2llu32

n/e.  48.6 .a7.2 45.8 44,4
ex0-2-gX§=3-c - k ' .
Jierbbrnore 31 ‘ 38 2 7
2,2-d-tiorbornane 32 ﬁ '35 24 9

(b) .'Relative Abundance of Metastable Ion Peaks for Ethyl Loss. .

Compound ' M-Coils M=C.H.,D M=CaH31D2
. Norbeornane 100(66) — ' —_
exo-z-dl;norbornane 70(46) 30(20) —
exo-2-exo-:-d,-Ncrkbornane 47 (31) 17 (11) 36 ()
2,2-¢, Norbornane . 49(32) 15(10)  36(24)

‘{¢) Relative Abundance of Metastable Ion Peaks for Ethane Loss.

Compound . M~C, Hg M—CoHsD  M=CaHuD:
Norbornane 100(34) — —
e*-co—2—d1 Vorbornane 62(21) 38(13) —_
exo-2 -e*’o-—3—d -lorbornane 76(26) 0(0) 2h 7))
2,2-d, .orsorﬂa“e ) - 74(23) 0(0)  26(9)

' - . 43
* DeFocused vatastable Ion Peaks, <lse~g Method

Values in narentheses are the actual values obtained from
Table (a) above, after belnq split into Ethyl and Ethane losses.
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of the strong M-CiHs and M-CzH. peaks no mechanistic infor-
mation could be obtalned ‘from the corresponding peaks in

the labelled compounds.

Methyl IossTherelatlve abundance of the daughter and metastable

ion peaks for methyl loss from the molecular ion are sen51t1ve

to repeller plate potentials {(ion residence time in the source).

In the Hitachi R.M.U.-6D mass spectrometer th M=-CH,
daughtér ion peak is base peak jéintly with the Mngﬁs
daughter ion peak and no metasfable ion peak iswobéerved
(under normal scanning conditions) for methyl loss from the
molecular ion with a nominal repeller plate poten;ial of zero.
However at a repeller plate potential of about 30 volts.

(max. value obtainable) the (M~CH;) daughter ion peak

abundance drops to 60% of base peak (M-C:Hs), and the metastable

ion intensity for methyl loss is now 3% of base peak. This
observation can be used to test whether the ééme process or
sum of processes is occurring for methyl loss lea&ing to
daughter ion peaké (£ragmentations occurring in the field
free region). The relative abundance of daughter ion peaks
for methyl ahd its deuterated analogues lost froq_the
molecular ion of 2,2-d2-norbornane were compared at repeller

plate potentials of 0 and 27 volts.

Repeller plate " M-CHD2 M-CH2D  M-CH;
potential :
0 volts 14 26 60

27 volts 15 25 . 60

o

[T

AU TGy
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Recalling that some of the ions which fragment in the source
at low re?eller plate potential will fragment in the field
free region At highér potential {and thus be recorded as
metastable ions peaks) we can infer from the above results
tyat the same proceés (or sum of processes) which occur in
the source also occur in the field free region; |

Idn residencg times in the source-are affected
iﬂ a similar manner by the acceleration potential. The '
relative abundance of the metastable ion peaks (obtained by

‘metastable defocusing, Kiser's method 43 ) for the loss

of -a methyl radical and its labelled analogues from the

molecular ion of 2,2-d2-norbornane were compared at

‘.)'\'-

acceleration potentials of 2 and 8 Kv. in the M.S.902s

mass spectrometer.

PSSR ETH T I TR

Acceleration  M=CHD: M~CH2D M-CHy
potential :

2 Xv. 7 24 69

8 Kv. 7 27 66

The ratios are again almost independent of thé ion source
resi&ence;time indigating that the same process or sum of
lérocesses are cccuring in the‘source and first field free
region., It can be observed however that the results for

daughter ion peaks and metastable ion peaks are.significantly
"different whichnmay indicate that more than one process is

‘OCCurringvinvolving ions of slightly different life times.
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This small difference between d;ughter and metastable ion
peaks is also observed for the other @eutefated norbornanes
(see Tables II 4.5 and .6). |

It is proposed that the methyl losé occurs by the
two processés described below. (a) In‘a manner similar to
the ethyl radical and involving the same isotope éffeéts
(see Table II 4.3). That is, a 1,2 bond break followed £>y
the loss of the 2 carbon atom and its attached hydrogen
atoms, the third hydrogen atom being selected at rahdoml”
from the cyclopentane ring (this canloccur similarly for the
3,5 and 6 carbon atoms). (b) A 1,7. (or 4,7) bond break
followed bv the departure of the 7 ﬁethylene group, th;
third_hydrogen atom being selected at random from the

cyclohexene ring. | 7 -

A sumﬁation of two parts of process (a) wifh one
part of process (b) aives good to fair agreement with _the
relative abundance of the . daughter ion peaks observed in the
labelled compounds for the loss of methyl radicals (see

Table II 4.5). Similarly a summation involving equal parts
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Table II 4. 5

' Relatlve Abundance of Daughter Ion Peaks for Wethyl Loss
B (}3C Corrected).

Compound o M-CHsy  M-CH:D °~ M-CHD,
exo-.’!-’d1 Norbornane 77 23/ —_

calc. | 78 22 —
endo-z-dl Norbornane 76 24 —_—

calc. - 78 . 22 — -
exo-#z—exo?-B-d2 Norkornane " 51 ' 37 ‘ 12

cale. . 59 "41 . 0
2,2-d, Norbornane 64 25 11

Calc. 72 17 1

——

Table II 4.6.

fiscgs = 2 zziiiaad
Favi vl b WAV

*
Relative Abundances of Metastable Ion Peaks for Methyl Loss
- and its Labelled Analogues.

Compound M-CHy;  M~-CH:D M-CHD, M-CD;
exo-z—dl Norbornane 82 ' 18 _— —
Calc. ' 80 020 _— —_—
exo-2-exo-3-d2 Norbornane 72 28 0 —_
Calc. ‘ 66 34 0 —
| 2,2-d2 Norborrnane 66 27 7 —_
 cale. 74 - 18 8 —
exo-2,3,5,6--d4 Norbornane 30 57 13

Calc. - 34 51 15 0 l

‘ . 43
* Defocused Metastables obtained by Kiser's Nethod ~.
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of processes {(a} and (b) vields good to fair acreement with
the relative intensities of the metastable ion peaks for

methyl loss (see Table II 4.6}.
The relative abundance of the methyl losses are

fairly insensitive to.large chahges in the amounts of

orocesses (a) and (b) taken and there is little to be cained
from adjusting the mix in a atterpg to obtain closer
agreement-with the experimental r sults. What these results

do show is that by invoking an isotope effect, reasonable
. . ¥

mechanisms can be found to explain: the loss of a methvl

radical from the rolecular ion of neorbornane (without an

isotope effect no mechan

[ 28
H;

sm specific or random, or summation

of mechanisms, could be found to account for the experimental

data.

1

-

- The C7H11+ ion formed by-the léss.of a hydroged.
atom from the molecular ion fraaments bv twd successive
losses of a hydrogen‘molecule,'gggg‘losé being_accompanied
by a flat-top metastable ion peék. Thé C7H9+ ion formed
in this fragmentation route also loses Cj3H¢ .. This
particular fracrmentation pathway is observed in all the

norbornyl compounds studied in this’ werX.
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W

Conclusion of Mass Spectfometry Section

The mgin copclusions to be drawn from this section

of the work, are that‘by‘ﬂsing the methods listed below it -
_is possible to interpret mass spectral fragmentation
mechanisms in considerable éetéil; )

(1) Observations of the relative abundance of metastable

ion peaks in labelled compounds allows one to isolate a
particular fragmentation irrespective of the dégrée of
labelliﬁg, this is rarély possible using the felative

~abundance of daughter ion peaks.

(2) Metastable ions arise by slow, low energy, routes and

as a result their formation can generally be explained by one

-
-
-
-
-

or two simple mechanisms. Daughter ions on the other hand are -

i TV e

formed by fast, high energy, processes with‘cbnt;ibutiéns from
slower low energy processes 'thué céusing diffiéulty

in interpretation. By subtracting the mechanism(s) which
explain the metastable ion peak abundanee in some chosen
proportion from the daughter ion peak abuhaance,'it is often
possible to fit a simple mechanism(s) to the remainder.

(3) Knowing the mechanism of a primary fragmentaéion will
often lead to an underétanding of subsequént fragméntations.
in the samé route; the inverse is also true (that is the -
mechanism by which an ion éecomposes is related to the ion's
formation and correlates with the decomposiﬁion of the

daughter ion produced).
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(4) It hag been shown that a compound ‘€ontaining a hetero-atonm’
can lose the sare spécies bv more,thanhbne mechanism to form
ions of the same empirical formula but with.different ’
structures and probably different energies. These isomeric
hter ions mayv also be identified if they fragment by .
different fragmentationhpathwéfs. o Pu
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Cﬁaracteristics of Mass Soectrometers Used

hY

'\\ . Two instruments were used in this work. Normal
spectravrelative peak intensities in labelled comnounds
and undefocused!metestable ion neaks were obtained using
the Hitachi\B‘M ﬁ. 6D sinple focusing mass Snectrometer
while derocused\metastable lon peaks were obtained on the |
A, E I. MsS 9023 double rocusing instrument.
}The_Hitachi R.M.U.-6D mass spectrometer consists
of an electron impact ion source- magnetic enalyser and a
choice of two detection systems, either tne Faraday Cup /Z?\
or the electron muItiplier. The energy of the bombarding \
electrons can be varied from 8 to 80 eV.. The acceleration |
voltage can be aojusted in a stepwise fashion from 90C to
3,600 VUA»S, enabling 1ions in the mass range 0 to 1, %OUe m.u.
to be investigated. The source slit is fixed.at 0.6 rm.
but the collector slit can be varied from O to 1 mm., allo#iog
2 resolving power of up to 2,000. The electron multi-11eop
detector sjstem has a galn of up to 10u, eo.that sroetr:.
can be obtained from sample sioes as small as 1 . mole.
The inlet systems are cavable of being heated up te 200°C..
The A.E.I. MsS902s mass sp ctr meter consists of
an electron impact ion source, an electrostatic analyeer, a-
magnetic analyser and & detection 3y§¥em of either a Faradsy
Cup or . electron multiplier. The ere¥gy of the bombarding

E electrons can be varied from 5 to 100 - eVr Acceleration

\
voltages of 2,4,6 and 8 kV. are avallable allowing a large

\

\
\i
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_mass range to be covéred{up to about‘a,ooo g8.m.u.). Three

variable slits are Dresent on the instrument} ore is vresent

cn the source bxit . aﬁother at the exit of the electrostatic

sector and the last one 1s at the collector. A dynamic

resolving power of 10,000 is nossible » Whilst static _
reso%vfﬁg.power can be up to ¥00,000. Thelgléctron'multiplier
hes a.gain ol un to 106. The iniet systems ére carable of
being_héated up ta 250°¢.. This_instfumeht_has been modified
.to allow defocﬁsing of metastable lons by Kiser's L3 and

" Jenning's LLSmethods.

[t
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Part TII:

-

Some Observations on the Additicn Reaction

v

Between Hydrogen Chloride and Norbornene,
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Object ¢of Investication

During the initial attempts to prepare specifically

mono-~deuterated norbornyl chloride (for gas phase pyrolvsis
see Part I 5.2 ) one of the preparative methods used was the
addition of deuterium chloride to norbornene at -78°C in

: . 70
chloroform. Subseguent rass spectral and N.'l.R. analvsis =

MNa.le
of the exo-2-norbernyl“chloride nrocduced indicated that the
deuterium had almost an ecual crobabkility of beinc located

in one of two positions.

+bcr T B - oF
o (a) -

(b}

X * .,
.

\

e
N
s
.
i
[
'
|
!
|

Tbe percentage of the two produets obtained at =78°C

[gé) and (b) above] wére observed to be 56 2% and 44 * 2%
respectively. The mass spectro;etric analvtical technique,
which regquires vefy little sample, is gquick, accurate and

easy to pérfofm isee Part II 1l.a). It was-also simple to add
deuteriun chloride to norbeosnene under contrclled conditions

and so it was considered to be of some interest to carry B

out a temperature study to observe if any .effzct was - ' ,

involved. The second point of interest was whether the .

\
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presence of the deuterium 'in the 3 position procduced' the 56:44
product-ratio through an isotope effect, or whether the
possible intermediate, the norbornyl cation, is'captured

in an asymmetric state.

Introduction

- . . 103 .
Winstein and Trifan™ . observed that the hydrolvsis
and acetolysis of exo and endo norbornyl brosvlates

yielded only the exo-products

0 = ' .
0Bs 4ng " 2 X
N _ | OBs N
- \ : "~ where X *Ac O™ or OH™
‘Winstein et al.109 showed that the exc-norbornvl brosvlate

hydrolysed 10* times faster than the endo-norbornyl bréSylate.

Q- .
elo&laéxplained the difference in rates by postulating that

H
rear attack of the exo-2 substituent by the & carbon atom
(which is cle?yly not possible in,the case of the endo-~
;ubstituent) enhanced the removal of the exo substituent.
Winstein rdgépsehted tﬁe intermedia;e as the non-classical

carbonium ion shoﬁn\gglow.

A e ————
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T

It can be 'seen that 1n Winstein's non-class;cal

carbonium ion, carhon atoms 1 and 2 are identical

, &S are

carbon atoms 3 and 7. Attack on the non-classzcal carbonium
ion ihﬁermediate by the hydroxyl ion can therefore occur

~with equal probability at carbon atoms 1 or 2. The Wagner-

: weerweln isomer is the product obtained when the: attacklng

species adds to the 1 carbon atom,

Roberts et all o, lllgflnted out however, that the

non—classzcal carbonium ion could not explain the presence

of '“C in the 5 and 6 positions which they observed in

the hydrolysis products of no:bornyl-Z,B-‘“C-brosyiate.

i'
i
|

3 . . .
Roberts et al%lo’l‘lexplalned their results by proposine that
the reaction proceeded via the ﬁon—classigal nortricyclonium

ion 45% of the time

—— i e

e e et e
v
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and via Winstein's non-classical carbonium ion.los'l09 55% of
the time.

' . . 112 ‘

_Winstein | suggested that an alternative
explanation for Roberts' results could be obtained from
three forms of the non-classical carbonium ion, the inter

conver “ion being achieved by hydride migration implying : - i

carbons 6,2 and 1.

™
—
=
s + 2

+

H.C. Brown 13 statedthat there is insufficient
evidence for non-classical ion§ and tﬁgt the,fesults can |
best be explained in terms of an equilibratiné‘pair of . i
élassica; carbonium ions. In this case the product distri-
bution will be kinetically controlled and will depend on thé_ | o

"rate of establishment of the equilibrium (k,/k_,). relative '
to the rate of attack of the anion (k,) . In this case the
Wagner-Meervein reaction occurs when tﬁg attacking aqion
adds to the rearranged classical cérbonium'ion (bf, see ' ' :
paée 254 . The classical carbonium ion pair in conjunction
ﬁith 2 6,2‘hydride shift can equally well explain the

results of Roberts et al.llo'lll.




5 » ' | 234,

The question as to whether the structure is

classical or non-classical has been keenly pursued over the
last 20 years. One approach to the problem has been to

study the kinetic isctope effects on solvolysis and acetolysis

114,115

of various norbornyl compounds . For example in the

acetolysis of norbornyl brosylates 115 . the results of

which are presentéd in Table 111 1.115

. the secondary
kinetic isotope effects in endo-brosylates were observed to
have the Dreuzcted va%Pe for a cla551cal carbonium ion, but

in the case of the e\o—brosvlahes the % netlc lsotope effects




Table III.1.

Secondary Deuterium Isotope Effects in the

Acetolysis of 2-Norbornyl-Brosvlates

Compound

exo-2-Yorbornvl Brosvlate-

éndo-z—dl

endo-2-NMorbornyl Brosvlate- .

exo—zedl

exo-2-Norbornyl Brosylate

-3,3—&2

encdo-2-Norbornyl Brosvlate

—3,3-—d2

Transition State

Classical.

Bridged

" Classical

-

Classical
Bridged

Classical

115

Exnected
kI*!/RD

“1.15-1.20

1.10

1.15-1.20

1.30

235,

Qbserved
1~
"}i/kD

1.10

1.20
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are éﬁsérved to be lower ﬁhanth:se for the cl$ssical
ca;bonium ion. 'In térns of the noﬁ&classical carbonium ion
it is-argued that the low kinetic isotope effect for the
gigrbrosylate is due to the presence of the rear attack
of the exo-2-substituent by the 6 cartcn atoms. liovever,
the results can be explaired ecually well in terms of
Brown's classical carbonium ion pair if it is noted that
the deuterium atoms will_occﬁpy different positions in each

of the ecuilibrating carizoniunm ions

—
——

B effect . y effect

and thus would result in a reduced secbndary kinetic isotope
effect!

This problem, the structure of the norbornyl
cation has also been invaestigated by the addition of hvdrogen
and deuteriuﬁ chloride to various norbornenes {(substituted;

labelled and unlabelleci-ic)']']'6_llg

).Anexamﬁle is the addition
of deuterium chloride to benzo-norbornadiene 11 ’ the‘
resulting products were found to be a 50:50 mixture of tﬁe
two deuteroéhlorides. These results cuia be explained either
by the non-classical carbonium ion or by a fully equilibrated

-~

pair of classical carbonium ions.

N
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The stable norbornyl cation has been detected in

strong acid solutions such as £, I3, 120 HF-SbFsS02 120 ’

r
FSO;-H-SEFS-SO:‘lZl‘ and GaBr;-S0: 122 so-called "magic" and

;uper“ acids. Tﬁe low temperature (-60°C) N.M.R. spectrum
ofhthe norbornvl cation in SbFs or Sst-soz 120

was shown to cogsist of three peaks at. é 5.35, 3.15.and
2,20 (relative to external T.M;S.) in the ratio 4:1:6

respectively; on warming the acid solution to a temperature
120

of ;S°C the three peaks were observed to collapse to a
singlet.
| These results can again be explained equally
well -by both the classical and non~classical interpretations.
Classical, if the Wagner-Meerwein reaction and the 6,2
hydride shift is.rapid, with a slow 3,é hydride shift, then
the foﬁr hydrogen atoﬁs on the 6,2 and 1 carbon atoms will
. be identical,. similarly the six hydrogen atoms on the 3,5

and 7 carbon atoms. The hydrogen on the 4 carbon atom is

unique
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7 '4 rd 4 :
s I s ¥ 70
36 . 6 :
’ ' 2+ + 1 2

Non-classically, ihé results can be ewplained in terms of
the face or eaquilibrating edgé protonated nortricyclene

(2 non-classical carbonium ion where the %ydrogen atoﬁs on
the 6,2 and 1 carbon atoms are migrating round thé.cyclo—

propane ‘ring)

, : .
Olah et al.l"3 used Raman spectra to study the

norbornyl cation on a very short time scale, vibration’

transition rates are faster than hyd:idé shifts or Wagner-
Meerwein reactions. On comparison of theflow temperature:
Raman spectra of the nérbornyl cation in "magic” aci& with
protonated nortﬁic?é!:ne, identical spectza were obtained
showing that the structure of thawnorbornyl cation was

protonated nortricyclene in these media. Further studies

by Olah et al.124 on carboﬁ'1’c N.M.R. and low temperature
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N.M.R. indicated that in strong acid solution the structure
of the nerbornyl cation is best reopresented as corner /

protonated nortricyclene.

The Norbornene Addition Reaction

.

Results and Discussion

Brown anc McIvor 10

have shown By a 220 M,.Hz.
M.M.R. study that the addition procducts obtained bv reacting
deuterium chloride with norbornene at -78°C in chloroform

were 55 * 3% exo-2-norbornyl chloride—exo—S—dl and

45 * 3% exo=-2-norbornvl chloride—svn-?-dl .

'@H}m BN A@w;ﬁ}

It has_beén shown (Part II i.AJ in the mass spectrum of
Brown and MclIvor's reaction products, thét the ratio of the
abundéﬁces of the metastable ion peaks for the loss of
mono~-deuterated an uniabeiled c%loroethyl radicals from
the molecular ion is 56 * 2%-C2H3nc;:44': 2% CHWLC1l .

It has also been shown that in the mass spectrum of gggf

2-norbornyl chloride the loss of a chloroethyl radical



- 240,

(C;HgCl')frqm the molecular ion involves specifically

carbon atoms 2 and 3 and their,attacﬁed hydrogen atoms with

the fourth hydrogen atom coming from the endo-6 posiﬁion.

it was decided to use the ratio of the labelled
chloroethyl:unlabélled chlorocethyl metastab;e ion peaks ;5
a measure of the product ratio resﬁlting~from the Wagner-
Meerwein reaction during the addition of hydrogen or
deuterium chloride to norbofnene and deuterated norbornenes.
A typical set of metastable ion peaks for the.chloroethyl
loss from the molecular ion of mono-deuterated exo-2-
norbornyl chloride prepafed by deutefium‘chloride addition.
to norbornene, aré shown in Fig. III.1, these metastable
ion peaks were oStai;ed using é{singlé fbcusing mass
spectrometer. Fig; f&I.Z shows the same set of metastable
. ion peaksvbut obtained in the defocused mode using e

a 44,45 .
Jennings r*° method on a double focusing mass spectrometer.
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Deuterium éhloride was added to norbornene in

. two ways: (1) in the absence of sdlvent by,adnitting the

deuteriun chloride gas into a cooled evacuated tube contaiéing
~the norbornene, (2) by bubbliﬁg ceuterium chlcoride through

a chilled solution of norbornene in methviene chloride.
' Table III.2 contains the results for the product
ratios.gbté&ned when deuterium chloride was added té norbornene
in the presende and absence of methylehe chloriﬁe solvent

at -21¢, -78°, -95° and =-119°C. As chserved from Table III.Z2

3*

identical results were obtained in eagch czse

r the maces

sﬁectral analysis showing that 44 * 2% of the deuterium is

, -
-4

ln the syn-7 position and '56 + 2% of the deuterium is in

s

the eyo-3 nosition, giving a product ratio of 0.79 which is
T,

lnde:enacnt of teﬂoe*atu*e over a rance of ~100°C .

-;;h"-;«

v In orcer to check that mo secondéry reaction
involving positional change of the label was occuring on warming
the re;ction mixture to room temperature, i sanmple o} exo-
2-norbornyl ch}oride-2,3;3fd3 .was treated wi h deuterium

chloride under conditions identical with those of the addition

)

reaction at .1119°C Examinaticn of tlie metastable ion t;/,

;

peaks for the. loss of the chlorcethyl radlcals in the

labelled norbornvl chlorlde before and after the above . ‘
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Table YII.2.

+ ' o :
Percentage of-Exo-;—dl-Ex -2-Norbornvl Chloride and
vn-7jdl—Exo—2—qubornyl Chloride Cktained When
Deuterium Chloride is Added to Norkornene

N

at Various Temperatures.

Temperaturé Percentaae
°C . exo-3-d, syn-7-4,
-21 . 56 x 2% - 44 = 23
“ " -78 57 = 1% %)' 43 = 1%+
57 * 2% 43 & 20
-95 55 = 29 45 = 2%
4119 54 = * 2% ‘

2% 46

t+ Percentages measured usinc metastable iqﬁ seaks obtained at

low eV on a single focusing mass spectrometer.

* percentages measured by defocused metastables obtained -

. "
on a double focusing instrument. - _ T,
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treatment showed only one metastable ion peak, corresponding
to the loss of C2HDiCl from the molecular lon,:r ring that
nelther deuterlum oosxtlon nor lsotope content had changed

as a result of the treatment with deuterium chloride.

In terms;of the classical carbonium ion pair
the greater yield of exo-2-norbornyl chloride-—exo—B-dl over

éxo-2-norbornyl chloride—svn—?—dbg could'arise as a result
- ‘ \
of k2 (rate of Cl attack or the\porbornvl cation)
being slightly creater than k, (rategqf 4mation of the
) ‘ 7 .
- 7
4 | 7 3 4
> D k S -
e Z@s«-ncn m K1 + Cl
& ! 2 G. I . 2+ . ;'l 6 2 .
. - . -\Lkz |
. ‘ - Ta D- [ 5
) 5
o Zb/s + @3
R 5Cl (o) B 5 (b)

rearranged seconcdary carbonium ion). The results recorded

in Table III.2 show that the product ratio (b/a) is

indepénde@t of temperature; thus, either both kl_and k2

~



246,

have the same {(or no) te":erature coeffxcient, or if the

eaulllbrlum kl'k-l is achieved and lies, bv virtue of

an isotope effect, in favour of (a) then the eguilibrium constant:

too must have no temperature coefficient.

A B8 secondary isotope effect could be an alter-

.native explanation for the product ratio being independent
of temperature and the deviation of a/b £from unitv. The -

reciprocal of the product ratioc, 1.21 is & measure of the

isotope effect and it is similar in macnitude to the observed

. .. : . 125
Kinetic isotope eifiects I{oxr the soivolysis of laballed

endo-2-norbornyvl bronides and brosyvlates but greater than

the value obtained from the exo-derivatives. 7his is 1in

. 116
dircct contrast w H the statements of %rown et al.

and Kwart et al. 126 who claim that the effect of a &

deuterium substxtuent on the 3 carbon atom (in the classical
carbonium ion pair} in dlrectlng the halocgen ion to the
alterﬁate sites would be negligible.

“The observed deviation of the nroduct ratio from
unity and its temperature independence could be exvlalned
by a 8 secondary isotope effect operating in a non-classical

carbonium ion

&
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The isotope effect can be envisaged as resulting from a

reduction in the hyperconjugation between the delocalized
positive charge and the hydrogens on the 3 carbon atom due
to the presence of the deuterium, this will reéult in more

positive charge being present 6@ the 1 and 7 carbon atoms

relative to the 2 and 3 carbon atoms. ilowever, the charge

on the 7 carbon atom is obtained at the expense of fhe
1 carbon atem (hyperconjugation) and the reduction in cﬁarge
at_the 3 carbon atom will result in a Siightly greatef

charge on the 2 carbon z2tom, thus ;hc 2 ¢
more positive relative to the 1 carbon atom, inspite of the
g;eater total positive charge over the 1 ané .7 carbon atoms

mentioned above.

A third-explanation which must also be considered
is that the ion is taptured in an asymmetric state
possibly as shown below (the classical explarnation is really

another form of asymmetric capture)

-+ DCl —_—
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There are several regorts in the literature
concerning isotope effects which cccur when deuterium is

present on the 6 carbon atom in the norbornyl structure
127, 128

. _These'authors have observed that the kinetic

isotope effect ‘(kh/kd) for the solvclysis of exo-2-

norbornvl brosvlate ié cf the order of 1.10 , but for the
endo-2-norbornyl brosylate thére is no isotope effect. It
wag_tbus'deemed ot some interest to investigate the effect -
onthe product ratio of a deuterium atom located at the

6 carbon'atom, in order to distinguish betwcen the akove
explanationé. This was studied by adding deuterium c¢hloride

to horbornene—exo-S-exo—G—dz in the absence of solvent at

th

-131.5°Cand -86°C . Metastable peak analysis c¢f tne products
obtainéﬁ)at each temperature showed only one metastable ion,
namely that for ‘the lgés of a monodeuterated chloroethyl ~
radidal from the moleéqlar ion of the trideuterated norbornyl

chloride. 1If the two species obtained from norbornene-

exo-S—exo—S—d2 are (a) and (b) shown below:

D
=

Ay
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then in each case only a monodeuterated chloQoethvl radical
can be lost. Products (a) and (b) arise from chloride
-addition to the norbornyl cation at positions 1 and 2. Néte

. f .

+  the inversion of configuration (exo—dl'to'endo-d at

1
positions.5 and 6) when the chloride anion adds to the 1

position.

The addition of deuterium chloriée to norbornene-~
e:-:o-S--exo-G-d2 shows the presence of the VWagner-lecerwein
reaction but not its extent. In order to obtain a measure
. he ‘ .

of the prcduct ratic the zddition reaction was re

. ‘ . - '
- using Xydrogen chlorice and norbornene—exo-s-cxo-6—d2

~at -131.5°C and -86°C in the absence of solvent and at
~78°C using methylene chloride as solvent. For the addition
at each témperafure the metastable ion peak analysis of the
— chloroethyl ;a¢icals lost from the products showed 44 = 2%
loss of C3H;DCl and 56 = 2% loss of CgH»Ci giving-a_
product ratio of 0.79 . lThis‘ratio is thus independent of
temperature and within éxperimental error, the same as that
obtained in the addition of deuterium chloride to norbornene.
These results can be explained in terms of the
classical carbenium ion pair in the same manner as éhe
product ratio obtained from DBCl  addition to norbornene. -
The greater vield of gggfs-gzng-d2-25972-ﬁorbornyl chloride
arising from k, (;ate_of chloride ion attack on the

norbornyl cation) being élightly greater than kl (rate of
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formation of the rearranged seccndarv carboniurm ion). No
isotope effect can be invoked with the classical carbonium

ion pair because cancellation of the equivalent vy

effects would yield a product ratio of unity.

We will now briefly consicer these experimental

.y : - . . . 1
resul;s in terms of the non-classical carbonium ion 13.

¥Vinstein explained the faster rate of reaction for solvolysis

1252 and acetolysis 129b

of the exo over the endo compounds
in terms of‘thelrear attack from the 6 carbon atom to the

exo-2-substituent, an effect which is not possible in the

case of the endo-2-substituent. : B

R R

- - mm o -

-=>

exo Reor Attack endo No Rear Attack

&

The rear attack may arise from the rear lobe of

the exo-6-hydrogen carbon bond; as this interactlon occurs C

a corresponding weakening of the 1,6 bond must also occur

\ | L
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to give the resultant non-classical carbonium ion. When
the deuterium carbon bond can interact (along the 6,2 partial
bond) with the delocalized charxge, see above, it makes the 2

carbon atom more positive relative to the 1 carbon atom.:

. o
£ hd

This could explain the observed vield of-g§975—§59f6-624
exo-2-norbornyl chloride.

The product ratio obtained when deuterium is in
the exo-6-position can also be explained by the ion being
capturgdlin an‘agymmetric s%ate {(see page 247). This agrées
exactly with thé reéults thained oﬁ adding deuterium chloride
to norbornene. |

In order to investigate the effect of deuterium
’ s
in the endo-6-position, hydrogen chloride was added to

130 at -78°C in the absence

norbornené—endo-5—endo—6-d2
of solvent.. Metastable ion analysis of the products
indicated a product ratio of - 085 (46.5 * 2% C2H.,Cl to .

54.4 = 2% C,H:DCl loss). _These'résults must be interpreted

with some caution since the label in_this norbornene was

ﬁot positionally pure as shown by a careful mass spectro-
metric study of‘ﬁﬁé olefin (see Appendik, page 276). Eowever
these results (see Appendix, page 277 for details) .are
compatible with a product ratio of 0.79 (44 * 2% exo-5-exo-
6-d2-exo—2—norbornyl chloride : 56 % 2% ggggfs—endo-é—dz—gzgf

2-norbornyl chloride). These results can be explained

in terms of the classical carbonium ion pair in a similar

!

)
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manner to the product ratios obtained in the DCl addition
to norbormene and HCl addition to. norbornene-exo-5-
exa=6-d; - | |

The non-claésical carbonium ioﬁ in conjunction with
a' B secondary isotoée effect is ruled out by the
preceding results, this would regquire that the.inverse

‘ratio be cbserved,\gamely 44 = 2% endo—SQendd-G-dz;

exc-2-riorbornyl chloride and 56 = 2% exo-SJexo-G-dzh

‘exo-2-norbornyl chloride i.e. no difference in the ﬁ%oduct'

ratio regardless of whether the deuterium is in the exo or
endo position.

The results of DC1 a@dition to norbornene, EC1
addition to‘norborngpe-gfgfS-éig-S-dz and EC1l addition tqn

norbornene-endo-S--e-';ldo-G—d2 can be explained in terms of

the non-classical carbonium ion in the same mannexr as the
classical carbonium ion pair, i.e. that 'k2 (ﬁhe rate °§¢
chloride ion attack on. the noerrnychation) be slightlyy'\
'greater than kl {in this kl would be the rate of formation
of the non-classical carbonium ion). This explanatioﬁ in

terms of the classical or non-classical carbonium ion

requifes that ko/ky remains independent of temperature. .
The above description of the results in terms of

the non-classical carbonium ion and the similar description

_in terms of the classical céfBonium ion pair (see page 245)

=  could be termed capture of the norbornyl cation in an ' T

0



asymmetric seate. Brown et ai.ll7 explain their results SRS
for the addition of deuterotrifloroectétiq:gé&éyeo norbornene

(see below) in terms of asymmetric capture of the norbornyl

s OxCCFy 02CC F3 . 0200F3

37% ‘ 26 % 37%

catien, which they show as occurring via the classical carbonium
ion pair. An alternate form of asymmetric capture is;ehown
on page 247 .

In order to confirm that no 8 secondary 1sotope
effect is operating and the norbornyl cation is lndeed
captured in an. asymmetric state, hydrogen chloride was
added to a mixture of norbornene and norbornene-_z_fV d; i

the absence of solvent. The mixture of norbornenes was

obtained bv the specifically cis dehydrobromination
of the addition products of deuterium bromide and norbornene N
which were a mixture of exo-zenorbornyl bromide—ggéfB-dl :

and exo—2—norbornyl bromlde-_ng 7-d4 ", Metastable ion

analysis of the final product (see Ap?endlx for details of
calculations, page 279) showed that the monodeuterated HC1

N i
addition product consisted of 55 '+ 2% exoﬁgfnorbornyl
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chlori&gﬁsvn—7-dl and 45 * 2% exo-2-norbornyl chloride- .

eﬁb-3-dl substantiating that in this reaction the norkornyl

cation is indeed captured in an asymmetric state.

-
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Having shown the absence of a B secondary
isotope ehfect the DOSSlbllltV of an ¢ 1isotope effect
vas investigated by adding hydrogen chloride to norbornene-

-

2,3-d,.

0 4 HOl = |, or”

D

The addition reaction was carried out at -119°C. This.

gave the largest isotope effect, which.also is temperature
depvendent. - ‘etastable ion analysi% showed that the
product ratio is  1.15 t(l,?—dz (rearranggdfproduct}}/
(2,3-4, (unrearranged product)}]. The addition was

repeated under identical conditions using deuterium chloride;
here the product ratlo was found to be 1.52 . Clearly there
is an @ isotope effect which ove*rldes the asvmmetrlc
caéﬁure and since the vroduct ratio depends on whether

1
hydrogen chloride or deuterium chloride is used it is

»

suggested that a solvent lsotqse effect is also operatlng.

To obtain the rearranged products the chlorlde

. jon-must add to the 1 carbon atom, for this to occur the
ion must’” undergo a rearrangement, which we know (from the
deuterlum chloride addltlon to norbornene) is stopped beisre

completion (i.e. capture in an asymmetrlc state). The
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observed results -for the addition of hydreaen chloride-and"“w\,

-

deutefium chloride to“noqurnehe-2,3—d2 (1.15 and 1.52

' respectively) WBuld‘seem to rule out the possibility of =

o

participation by the classical carbonium ion pair because
for these a product ratio' greater than unity [(rearranged

pqoducts)/(unréarfan@ed‘?foducts)] is very unliﬁely.

$ Eydrogen chloride and deuterius chloride were g

added to norba:nene-2,3—d3 at a serigs.of terpefatu;es in
: . .

order to investigate tnhe

- P

somperature dependence of the o
secondary. isotope effects Reascnable curves can be drawn
through the points (see Fig. III 3) for the products from

-

’ both the hydrocer and deuteriun chloride addition procducts.
" 1 .

'j:
:‘. -t .

For the hydrogeh chloride addition products} the product
rati6 approaches tﬁé value for the deuterium chloride |
.addition to norbornene at the higher temperatures, the
product fatio for the deuterium chloride addition products
approaches'a-hiéher asvmptotic value at the higher
temperatures. |
{ - If is observed from Fig.-III.3 that a few points

l .

lie off the curve particularly at the lower temperatures;

however every attempt was mde to carry out the reactions
under identical conditioﬁs and it waé féft that the variation
could be_épé o Elighf changes in the rate of'additioﬁ'of7the
hdloéen-acid'gqg."To investigéte‘this point, hydrogen C

I i

Ly

€

I
3



~F " 1 258.
Loy
T~

cnlorlde was added extremely sloglv (1 cCm pressure every’

sl ww

1o

2 mln. for a oerlod of 1- hour in the absence of solvent)

- to norbornene-2 3-d2'cooled to —131 5°C, the product ratlo
was found to be 0.33 . The addltlon was repeated at -119°
and ;53 °C’ with the same. result., - These values dndicate that
on slow addition of hydrogen chlorlde the product ratlo is

independent of temoerature and the value is alrost the same as

the product ratlo (h 79) obtalned or‘deuterium chloride L . |

o

ST

addition to norbornene. kpoare“tr, wii DauW acd;tlon of

v

hydrocen chlorlde there is no . secondary isotope effect

from the deuterlum on the 2 carbon atom but only’ the
product ratio which arises by the asymmetric capture'of

the cation.
3 . N | —_
Lee and hoag observed very low o 1sotope .

effects in their investigation of the acetolysis of exo- ' D

. 2=norbornyl brosylate—endo‘—Z'—dl : they presented two arguments

to .explain thls result. The flrst was in terms of the
non—cla551cal carbonium lon, the low value was Delleved to

“arise from anchimeric assistance (rear attack-of the exo-2

substitueﬁtmh?'the 6 carbon ator) which confers SN 5 charac-

ter to the reaction at the 2 carbon atom. SN .5, reactions

Co. 132,133 .
;have been shown to have no « 1sotope effect™""'"". This

Vo
' Pr0posal could explain the lack of an @ isotope effect -

in the slow addition of hydrogen chlorlde to norbornenke=2,

3-d2. Their second explanation was in terms of the class;cal



carbonium ion pair; as a résult of the charge nrigration, tre
Geuterium atem effectively alternates between an « and 8

isotope substituent and would thus yield a reduced o

secondary isotope effect.

The effect of adding nedrecen chleride rapidly

(1 atmosphere instantancously in the alsence of salwvent) to
.norbornene-z,B—dz was then investisated at scveral tempera-

tures in'the range 0°¢ to =131.5°C. Tkl risults of thésa

experiments are sacwn in Fig. III 4, c1®arli» thaese values
3§

. CLl .

are temperature cdepencdent. The observed tepperature depencence
E . s ’

appears to pe a. function of solvent: note the sharp rise

Ne
o 3

neiz;igﬂ lizuifac=ien temgerature of nvarocen cnloride

(-24.2°C), the

P
1}

- e
. [

-
o

a3

nvirozen chloride would

|

zenc® of

g4
)

vield a highly polar solvent. In orcer to study the guestion

.

£ Dolarlsabllltv the addition reaction was carried out in .
/ »
////'a series of.solvents of ‘increasing d c’eccrlc constant. The

o © results of the addition reactlions carviod cut at =78°C,
' where the Qeviaticn from the slow value ig srall, are shqQwn °
in Table III 3.. The polarisability of the solvents clearly

affects the product ratio, bLt the effect is too small to

account for the cev;atlon of the product ratlo £rom the

value obtained on glow aédition. Ko temperature effect was
observed in the deuterium ¢ chloride add tion to norbo*nene v
(where only the value for asymmetric capture was observed).

\{ ‘Therefore the tempeg;tﬁ%ggeffect in the reagtion must be

. .
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where (O = Slow Addition .

1-ab . X = Raptd Addition ‘ | e

.
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%

. Table IIT 3. L v -
cf£fect of Solvent Pelarity on the Product Ratio of
svdrocen Chloride addition to Norbornene-2,3-d, at =78 °C. ;
Tk v . \' - .
Solvent Dielectric: Dipole loment * Droduct
" Constant (Debves) | Ratioc
sivérogen Chloride 11.86 . - 1.08 slow addition’  0.80
: fast adéition =  0.87
! .
Ether , 9.68 at -40°C 1.15 - 0.96
: 10.4 at -116°C B
othylene Chloride .115.23 1.60(acdéition at 1.00
‘ — ' _ ¥ - =-83°C)-
. 2 :
Ethyl Sromide - — . 2,03 ' 1.00
—-\/‘
o T
t - /
AY
- 5
“-‘" '-..a
‘ | TR
3
,” l'_l
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linked with the deuterium on the 2 carbon atom; it isrpossiblv

due to an induced effect conrected with the presence of‘
S . ¢

excess hydrogen chlor;de..

- ' Mayo et al 1347 have studled the-kinetics of hydro-

gen chloride addltlon to lsobutene .in the absence of catalvsts
in non-xonxzan solvents. Thev observed tbe rate to be
third order in hvdrogen chloride and flrst order ‘in
isobutene. They also observed a large increase in the rate
“

if the reaction nixture was first cooled +0 the temoeraoji

of liquid nitrogen and then warmed to 0°C, "arter which the

rate was measured. The thixd order in hydrogen c%lotide and

./ y . - R
the temperature effects were explained by the.forﬁetlon of a

.

hvdrogen chloride-isobutene complex at the lower -temperatures

~

. which .slowly decomposed on warming, at a rate lower than the

rate of addition of the protan. It was proposed that the

n

rate limitino step was the protonation of the double bond by

the hydrogen chloride cormplex.

Pocker et al%?s ,136 have more recentlv oerformed

T

’:51m11ar studies on thefaddition‘of hydrogen chloride to

e »
oleFlns ‘and they observed a second order deoendence in

_hvdrogen chlorlde and flrst order deaendence on olefln

.

concentration. They also invoked tbe suggestion tnat the

ratealimiﬁing'step was the protonation "of the - double bond

"

by a hydrogen chloride complexf

'U coa
\. . - -

P
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_effect oqrgoing ‘from hydrogen: to deuterium chloride (there

263.

From the above worle{_s-it is reasonable‘to assume

that in the initial, protonatlon ‘of the double bond a connlex

1nvolv1ng 2 or 3 molecules of hydrogén chlorlde and the

-

norbornene would be formed, however after completion of the

12%¢

&

In the tenoerature range where hvdrocen cnlorlde ©

protonatlon the complex would: be exnected to break doﬁn

w111 be in elther the llduld or solid ohase, it is llkelv
that a halogen acid complex w1ll be assoclated with each-of
the o carbon atoms in'the norbornvl cation {one of which has
a hydroqen aton attached to it and the other has a deuterlum

atom) and ‘this may be the cause. of the solvent lnduced a

~

lsotope ef‘ect

2 ~

The product ratlos obtalned at different terperatures

when deuterium chloride is added both slowly and-raprdly_to

'norSornene—2,3-d2 are shown in Fig III-5. Two main

drfferences~can be observed between the hyqrocen and deuterium
chloride additions to norbornene%Z 3—d2; (a) 4in the slow .
addltlon of deuterium chloride the asynptotic value at 0°C

&
is 0.94 and not 0.83 as observed w;th hvdrocen chlorlde
and at lower temperatures there is a small change in the

product ratio, (©) with_rapid addition of deuterium chloride

the product ratioc cranges more rapicly than 1in é@? case of

hydrogen chloride.. These differences in”the product ratio’ PR

for slow and fast addition could be due to 2 colvent isotope

s L
ot
‘o
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Product
Ratio
1 -5t

where (O = Sloyw Addition : | N

-4 - X w»Rdapid Addition )

bon
b
X

o
7]
¥

1

o - -50 . -100°
Temperature °C

Fig. III 5. A Plot of thé Product Ratio Obtained from the o !
Deuterium Chloride Addition Ego Morbornene-2,3-d, -
Against Temperaturc. : ' .



N

is closer packing in the deuterium chloride in the liguid -
and solid phases relative to hydrogen -chloride
resulting from the stronger,” shorter bonds in deuterium

. 7
chleoride 13 Y.

Summarv

An investigation into the structure of the norbornyl
cation 1ntermed1ate in the nydrogcn chlorlde addltlonﬁ
reaction with norbornene in non-ionizing solvents {or meala}
has been performea. Deuterium atoms were placed ln various
positions of the bicyclic st*uc*ure and their effect on the
prodhe? ratio (which ar;ses_as a result of the Wagner-
MeerWein reaction) was determined. It was eh:erved
when deuterium present in the exo and endo-3- positions,

’

exo and endo-s-p051tlons and the svn—?-éosition,that within

exnerlmen-al error a constant product ratlo (rearranged/
unrearranced = 0.79) was obtalﬂed and thus was independent
of tenperaturc from =-131. 5 to 0°C. Tnese results show

that the dev1atlon from unity for the product ratlo is not

due to a B isotope effect. The induceéd «- isotope

" effect (hvdrogen and deuterium chloride additicn‘io norbornene-
N - :

2,3-d ) is greater at lower temoeratures, but the, value also
{

depggds*éﬁ the rate of addltlon of the halogen acid. When. =

hydrogen chloride was ‘added to norbernepe-Z,B—dz ip‘thel

-

e )
£
.'\

4
Ty
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-presence of solvents ox 1ncreasxng polarlsabllltv at
-78°C, the indgced'a lsotope ef‘ect was again obse*ved
indicating that the reaction is sensitive,to reactlon-

mediums.

Nortricvclene Pddition Reactions

_ Discussion

Brown ‘and McIvor '~ investigated the addition

of deuterium chloride~to nortricyclene~at-—78°d in chloroform

7
N

63.%'

2

and observed (from a 220 M, bz N.MW.R. stud

of the exo-z-norbornvl chloride product contained deuterium

=Y
in the endo-s—oosltlon, 43 + 3% 1in the exb—G—nosition and

+

(they presumed) app

roxlmatelv 7% in. the ant1-7-r051tlon.

(on the

protonated cycloorooane138 139)

. 79 . . e etee
Brown and McIvor - ané Stille and Hugnes

basis of work carried out on

proPosed that the adé;klon reaction initially passes thiough ': .

tﬁe corher protonated nortrlcyclene which then undergoes.an-

g \{
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lrreverSLble change to either the class;cal or nonrclassical

carbonluﬂ ion _ekorc addition of the chlorlde ion. Theoretical
" aad

- -

calculatlons by Kloprman indicate that the protonated '
nortrlcyclene is more stable than either the classxcal or

'non—class;cal nortornyl cations.

‘ . The procuct of the addltlon of hvdroaen chloride
tolﬁortiicyclene nag heen shown to be only exc-2- noroornvl
chloride.79‘ ,  there is no experimental ev;dence for the

- production of endc-2 -norhornvl cilirur: ue. This product is

b.

thus icdentical to that observed in the addition of hydrogen
79, 116

‘chloride to ggrbo:rene Nortricyclene is.a highly

. ‘e
sv"“é+:ical roleculc"n . .

A

and there are thrce ecuivalent hands (1,27;2,6 an nd 6,1) which
can be ruptured on the addition of deuterium chlorice.

If the reaction goes jnitially via the corner
'protonatéd nortricyclene as‘suggésted‘by Brown andé Mclvor
19 118 '

and Stille and liughes . then the denterium atom

~

will have-an eaual probability of being found on either ‘the
5 2 or 1l carbon atgms as a result of the hvdrogen atoms at
_these posztlons mlqratlng around the cvclopropane ring.
~Brown and Melvor's 79 results show that this is not so.

Vo
el
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. . _ e
{see page o~ 1. The location of the, aeuterlun atqn is
)

relative to tne position occuOLQﬁ by the chlorine ato“.
I1f either the cLassical'or non—classzcal carboniunm

'1ons are the structures lnvclved, then on the addltlon of . ) T

deuterium chlorlde to no*trlcvclene a/’;ocuct ratio of unity

‘will be obtalned because if the deuterlum-gpes-ln exo

o

relatlve to the’ flnal pos;tlon of the cnlofine,'the‘Wagnér-' -
Meerwain reactiom will yield exq-a—dl and éggg—é—dl in |
- some ratio {see addltlon of hydrogen chlorlde to norbofnene?-
gﬁng-EEQfG-dz ' page_249), lf on the other ?and the dethILUF '
goes‘in endo the inversé fatio will be obtained (see hydrogen. )
Chlorlde a\dltlon to norbornene enao-s-cnco—ﬁ-dz; see page 251)
but the net result, ‘will¥be a psocuct ratio of unity.since s
there is an equal probability of the deuterium entering
either exo or endo. If an asymmetrlc addition is 1nvolved
the summatlon of the different asymmetric preducts w111\also
lead to a product ratlo of unity. .
P * wortricvclene was prepl *ed by the kam ford- \\\\\_
Stevehs-u rsaction 31 on the tosyl-hvdrazone of norcamphor
under aprotid co;ditions. The resulting h¥drocarbon was
G.L.C. purified in order to.remove some 6% ndrbornené,:a

-~ ~

bi~product of~ +he reaction.

Deuterium.chlorlde ‘was added €o nortrlcvclene at | g a

d°C and -96°C,infthelabsence of solvent and at -78° USan'

—re Ty
-

-
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'ﬂethxlene cnlo*:.cn as. solvent. The metastab%é ions'for.the
-chloroe*hvl radicals lost from the molecular ion ‘peaks of the
addlulOﬁ oroducts chtained at thne various terperatures were
analysed and found to. be identical, a ratlo of 51 '+t 1%
CoHJCl = 49 = 1% C.HsDC1l being observed in every caseﬂ

These valuas ware *ﬁtérﬂreted as the distribution of the
<;‘.eut:e:r:11:.1“._].a.ie‘l in the exo-2 norbornvl chleoride, tnat ls>f

SL = i% oI the dguterium is in the gﬁgfs-pos;,lon and ‘ .' C ';;.

49 + 1% is in the cnde-G-positlon (remempering that the

"’f"’ )

chloroethyl radlcal loss involves the hvgéfcen;ators on
‘the 25éi3~3-carbon atoms and the endo-6- hvdroce1 atom).

I+ must be, sointed out, however, that tha. 75 de_terlum in
b ' 79
‘the .anti-7-oosition Dronosec bty 2rown and Mcivor
will be included in the exo—s—deuterium count, thus the above

results are in good acreement wlth those of Brown and

vMclvor 79 . We doukt however that deuterium is sresent

Q-
1

. : . ;&

in the 7-position in the products obtained from the addltlon

of deuterium chloride to nortricvclene. The pfgsence of -

deuterium in the 7-§ositién could arise from traces of

-

norbornene in Brown and ucIvor's nortricyclene sample and
|

.
furthermore their studies were carried ocut on products which

'

were only 92% 1abelled. in View'of the'Eomplex;ty of.Fhe
¢ ' e 220 M.Hz.) it .
N.M.R. spectrum (not comoletely resolved even at 0 ), N |

is poSsmble that the unlabelled product could be %nterferlng

-

with the M.M.R. anaiys;s .

S

v
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. Summary ’ . . : .

' . . RN
. . :Qhe results ob alned from the addition of deuteriume

chlorlde to no*trlcycle '€ are as bredictéd."Ther conve" no

. .
new 1nbormqtlon but confirm the results c‘ Brown and 4
i S .. ) . ' ? L
Mclvor _ “uszng\gn lndependeﬁE method. 7 ¥ i
. _ T e B T . .
. \ E e - _H_—h“—_ﬁ-“—'.—-w—k

Discussion-of the Induced & Isoteooe Iffect in the Addition of
s 4 . . . ]
© Halogen acid tci;o:hornenc—Z,B—:ﬂ - - .

~ . < R

— - 2
: . ~ T . -
The induced a.rsqtope_effect onlyvy occurs when a

\“‘

ceuterium aton is nresent on one of the o car“on atoms andé-

the halogen acicd is addead *aoldl" at tempera tL*es lo

*-—-_,_‘_7“‘
than -80°C. This suggests thé\presence of a\Eomolex between. -
- - . T T
the halocgen ac1d (1nvolv1nc 2 or 3 ﬁolecules of halocen acidé -

134~ 136) and the a carbon atoms of the norbornyl«catlon. '

To e\plaln the product ratioc of 1.15 obtained when

hydrogen chleride is adcded rapidly to norborncneJZ,B—dé at

—131;5°C in terms of the élassicai carbonium ion pair, kl_ : ‘\: 
must- becore greater than k2 (by reduction of #2 due tQ.
the presence‘o% the comblex sﬁd'deﬁtérium). This 1is _ e
requiéed in order to explaiﬁ tﬂé greater vyielc of ssarranqed.

product. However the rmaximum value one would eipect would

M

- s

¢

{

: . . » . & ' .
be unity where an equal concentration of th classical
‘carbonium ions was present. To achieve a\value greater than

'unity means that the complex and the presence of a -deuterium
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+ ClI™

where X = Complex

T —————
———

aterm on one of the 2 carkbon atqms is causing £I72 shange in
the eguilibrium bctwecnrthe two classical carbonium ions.

One would anticipate that the eifect of the complex on the

equal;brlum between tbe classical caroonlur ions would be

-

greater than fﬁe\a isotope effect since the conﬁle:ec
. “\-.

norbornvl catlon (a) (seeabove) will be formed first and ) .

- u

——

'will recduce the rate of" regrranqcment‘{nﬁa\Fabhe*_than

enhance lt, contrary to the o served rcsults. "ﬁiternatively ot
\-“\

.
Tl .

e one woulc have to- savy- that ion (k) was more *eac*lve than e

- ’ - ) -

(a) due solclv to the prcsence af a’ deuterluﬂ atom on 'OnRE C

. a

of the'a carbon a:oms,'ﬁcwever no changc is ciserved in the
. ' . . .

product ratio when hydrogen chloride is added slowly to

R A . . “‘-\ . . N

- : - .

norborqene—2,3-—d2 -
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- r
- - . . -
.

On exarining the cornlexndé norn-classical carbonium
. - - .-, ‘
ion which may be formed in the ranid adéition of h?drogen‘
- LN :

chlorlde to norbornene -2 3-02, it can Ee observcd tqat the

dlfFerence ketween ‘the. comnlewed 2 carbon atOm and the o -
\ - . - o~ i N . ._
—— e S - ) —— B .

Z.Ck-X whei"é R = C-omp!éx

orplexed 1 carbon atom lies.dnly in the ¢ secondary
isotope effect. When deuterium is present on one of the ' - - .

a carbon atoms two changes must .occur in: oréer to explain -

» B R : . . v o s . .

‘the product ratio of 1.15 - (1) the rate of formation

of the non-classical carbonium ion must become relatively

- . ‘v

‘faster thaﬁ the rate of attack of the chldride_iop”to

.

allow time for (2) the charge cens;tv to increase at tﬁe o g

'1.carbon atom at the. exoerse of the 2 carbon atom. The
- ‘ change in charqe]density-could be caused by the_éomplexed
‘hydrogen bearing a'carbcn atom (1 carboh atom) attracting

the delocal;zed charge in one dl:ect;on and the c0ﬂotc wed.
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ceutcr‘uﬂ zearing ca;:cn.;:o:‘(Z carktcn atcm)

the other directinn, =mpe foIMCT warinag th

+

o)

ar

} ‘
W}

11

3

i

%]
b ok

r

a

-
H -

th

£
feoct.

eater 2

The leference hetween tne c-% and C-D bonds wlll hecone

~ =
creater at low r teroperatures ; this could exp

ion (shown ue;ow) the prOuuc ratio should o€

of whether hvcrocen or ueute*lhm cllo:ide was

only on the temperaturc.

Considering the f

-

be orotonation of the coubl

throunh a comnlex involving
134—136

(see pace 202) , 1t

where

irst steo in the ad
- ! . - g *

e bong, which is Qe

2 or 3 halngen ac

is unlikely in th

lain the larcer

s. The lsotoﬁe

% =HCl Complex '
y=DC! Complex

Gition reaction to
ligvcd to ochr

ids melecules,

e rapid
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~ 3 < 3
~The relative anuniance

N\

workornene is krowna Lo 1gse ethvylen

veaks observed for norbo:nehe—endo-S—Qnﬁo-G—d

.

of ethvlenc anc jrg labell

ijon are:

Relative Apundance

m~hese results indicate tha

~ the éideute:atad comnound

£ the

is as

deuterium dis
£n1lows:

1

e durinc its

W
)
0.
}.ﬂ
0
0
=
-
fu
H

16

tribution-in
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-
b

L
s - C i watiad . = .
‘drogen Cilerile Adlitizn o lorbornenc-sade-3-snie-4-d

On the basis of the metastable ion analvsis of

“

norbornene—eﬁdo—5-endo—6-d2 (see pace 2706) and assuming a

- .

oroduct ratic ¢f 0.72 in the additicn of hvéreman chlkride

the followinc oreoduct distribution will he obtainmad.

/-Ci ~Cl

cr | . M
c

S0%

C! RS Nl |

56 % _ 16% of the do

-

-

. s
R 15% of the d»n .

.
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1
-

mne above products will yield the following - relative

abundance of metastable ion peahks for the .loss of chloro-

ethvl ané labelled chloroethyl radicals £from the rolecular -

iORS. .-— ) - . ) . . ‘ -~ .
i - =
. - -
' R ~
M-CzH4Cl - - 29.6 M=C2HuCl 6 M=C2i4Cl 8
I .
»-C,HE3DClL  32.4 © M=C:if32CL 8

“=Cak,D,Cl .8

; M—CszQLQL__g_‘///,/»H

M-C.Cl = 29.6 + 6 + 8

< = = 43.6 48n
$ M-C,E3DCL = 39.4 + § + 0 = 47:4 ° 523 .

ThusAgy‘calculation,the'expected chloroethyl:renodeutarated

a
3

.« The

s

chloroethyl loss will‘bé in the ratio 48% :°5

v

" observed experimental results, after correction of the .

.relative abundance of thcechlorocthyl loss metastable for
S ' ' ot ) M
3¢ 7 yere 46255 @ 54.5% for chloroctavl:monodeuterated

chlorowethyl loss. +These results are compatitle with a ’
- . - e . - - “ - - -

procduct ratio of 0.79 and asymmetric capture (see text - -for

discussion, page 251 ). -
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vdrocen Chloride.additicn o 2 wispnre cf loriernane and

' ﬂorborneng—svn—?—dt .

-\ ' : i
From low eV s*ucxes of the rolecular ion of thc

. addition orouucts the aeuhcrlu" content wis o sc“vco to be

30.5% ¢; and "69.5% 4 - mhe intensity of the Totasitable .
ion meak for the mo:odeutc:ated.chlorbcthyl cadizals lozt
‘ 5 )

g from bhc ﬂolccul ion of the lakelled compgund was not

.

(.

neasuraJle due to hhe nr sence of osverlanpine peaks; hence

4

'the 1ntens~*" was calcul ated f:on +ne deut

~-

ium content and

r .
H
+
Pt |

the abundance of the metastable jon peaks for the. CHloroe thyl -

radicals -lcst  £ron the ~olecular ions of the lame 11cd and
- . ) - . . . - - ) - ) '. ’ . b
unltabelled compounds: . o 8 ) ' ;

4 -

r

{ﬁ; - C,H.Cl = 144.5 units = 69.5 = 1.5% unlavelled
o. ' : : T
Sooml - (CaliuCL® C2HSDCD) Which equal 30.5% ifcnolabelled.
: 1" “ '
S : - T o = 3.4 + 1.5 units
wr o CalLCl ’ . = 34.9 £ 1.5 units = 55.2°
R Qoo C e
\ .o ; - CL1;3DCL L= 25.5 * 1.5 units = 44,8°
1 s ‘ C

. ' / - , ) .

These results show *haf/gge addition products frowwfhg

-

norbornene-syn-7-d, are 555 exo=-2-norhornyi chloride-syn-7-2,

//,//////and/zg;/;go-2 noroorrvl chloride-exo-3- dl .
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Part IV

Preparation of Norbornvl Compounds
-
:;:?’ # x ~



Introduttion

necause of the interlinked nature of thWe synthetic
routes leading to the various norbornyl compounds and their

deuterated analogues, the ﬁcthods involved are céescribec

together here in Part IV ané are not incluceé in the
-

/

experirmental section at the cnd of each c“aobc:. The

interlinking pathways are shown below:

-

i
¢

. norktricyclene €—— Norcampicr Norbornene—-€30Xid€ = &

Norbornyl Chloride <—— Horborneol-——)ﬂbrbornvl cromide
S

Norkornadiene —> vposhornane €—— LDTLOINORE

| - | . k3

Commercially Aavailable Comoornc

Norcamphor, norborneol (50% mixture of exo an@f

endo) , norbornene, norbornane, no;bornadiene anq.

S—norbornene-z-;l (504 mixture of exb and gggg):vere‘”

obtalned fro“ B‘d icH Chemical Co. Iﬁc., ﬂilwaukee,fWis;
Hydrogen chlorlde (a.hvdrous) and aéuterium.(tech)‘were
obtained from Matheson of canada Ltd., ‘Whitbv, Ontario.

Deuterium chloride was ocbtained from Merck, Sharp and

4
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-

nonme of Canada Ltd., Montreal, Cuebcc., Deuterium oxide

a

~was also obtained from Merok,‘Sharp and Dohme and from the

Atomic Enerqy ConmLSSLOn.

Preparations

. o e Aamed €4 .
Deuterium content, location and identification of
compounds’” 'as checked by mass spectrometIy ancé t.M.Re
where aooroo*;ate. : ' o B

1. 3,3-d2-no*ﬁarohor P;epared ov keto—-enol +automerism

exchange of norcamphor (2g.) in alkaline D20 _tsgl) for . =«

three 24 hour pericds, fresn D20 Dbeind used for each period;'

The norcampior Wwas recovered after cach exchange bY extracting’

with sodium dried ether followed by evaporation of the

solution tokdryneés.' The deuterium content of the norcamphor

.-

~r
was found to be petter than 98% dz by rass soectroretrv.h

-

The labelled norcamphor was usec immediatelv and hcver stored

for rore than 1 bour in order to.avoid pack exchange with

atmospheric water. - I | T .-

2. (a) endo-xorborneol Obtained from norcamphor by reduction

with lithium aluminium hvdrice undcr'anhydrous conditions

- 73
using the metnod described DY Stllle 2~d Sonnenberc

2. (b) exo?z-al—eqco-uorbor“eol ,“reoarec from norcamshor

by reductlon thh llthlun aluminium ¢ deuteride under anhydrous

‘Conditions as descrlbed jn 2(a). The deuterlum ‘content and

the identity of the product was obtained fror mass spectrometry.
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2. (e) 3; 3—a —eqco-\orgorneol Obtalned by reductlon of

3, 3-d2-norcamphor thh lithium alumlnlum hvdrlde uqxnc the

conditions descrlbed in 24a).

.2, @ 3,3, 2—d -endo—dorborneol pPrepared by reductlon of

3,3—d2—norcamphor using 1ithium aluminium deuteride as the

reducing agent, the conditions are described in 2(a) .

2. (e) exo-2-uor“orrcol preparec u} reactlﬂg noﬁuo,réne‘

wlth acetic anhydrice c;vmnq norbo*nene eDOVde v“xcn on
reductlon with llthlum alumlnxu. hydﬁlce cave “the reculred
alcohol

2. (£) endo-B—dl-exo- -Vorborweol Obtalned in the séme

manner as evo—2-"orbo'“eol tut using lithium aluminivm
deuterlde in the reductlcn sbep, see 2(e) for conditions.

2. (g) (ewo-endo)6-a1-e\o-2-ho*50f“eol a 50% mixture of

eto-G-di and enao-G—dl-cyo—Z Znorgornyl chloride was obtained
by alkallne hydrolvszs of (exe ndo)6—dl-exo—2—nornornyl
chloride (0.5G.) by refluxing the chlorlde in agueous

potassium.hydroxide zor about 6 hours or until the solid

,alcohol'is observed on +the walls of the condenser.

2. (h) (exo-=3, syn-?)-di-exo-2—Norborneol 3 mixture of 57%

exo-B-dl and 43% svn—7-d14exo—2—norborneol was obtained by

alkaline hydrolysis cf (e\o—3,syn—7)—dl«exo—Z—norbornyl
chloride using the conditions described in 2{(g) .

2. (is exo., exo-S,G-dz-Noxborneol A 50% mixture of\exo,exo-

-5, G-d -exo—norborneol and exo, exo-5, 6-d2-endo-norborneol was
2 __ﬂf
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. obtained by reduction of S:ES}QSrnene—2—olh(l a.) with
- -deuterium gas (30 lbs./sg.in.) pver platinum oxide catalyst

using ethyl acetate as solvent,

72. (3) (éxo,e&o,éndo,endo)S,Sédz-exo—Norbornéol Ahmixture

of 56% exd,exo-S,6-d2-exo-2—nérborneol'anq 44%_E£é2;22§9—5;
G-dz—gig-z-rorborneol was ob% iﬁed by conversion of exo, exo-
5,6- dz—rorborneol td ewo exo-5,6- dz—ﬂorad*ne“c by the neéhod-
0of Stille, Sonnenberc gnd hlﬁstie 89 On reactlon_with _
- hydrogen cblorlde at -78° C_(us;nq metHylene ChiorEQQ as

solvent) gives the mixture 56% exo,exo:S,G-dZ;ﬁortorhyl

chloride and 44% endo,endo-S,GLdz—norbornyi‘chloride-ﬁhich.
- : S

. on alkaline hvérolysis.vields the required alcohol.

3; (a) exo-2-Norbornvl Bromnide’ Preparéd by reacting either

exo or endo norborneol with triphenyl phosphine and bromine °
unéer anhydrous conditions, and decomposing the triphenyl
phosphine dibromide to give exc-2-norbornyl bromide. The

'preparation was carried out under the conditions described.

by Schafer and- kﬁ;nberga3

3. {b) endo-2-d -emo—2&Nornornvl Bromide - Obtained‘by treating .

1

exo-Z-dl-endo -2-norborneol with triphenyl pnosphlne and bromlne-

as in 3(a) and decomposing the trlphenyl phosohlne dlbromlde

complex.
3. {c} 3, 3—d2—exo-2-Worborny1 Bromide Obtazned by reactlng
3 3—d2-endo—2-norborneol by the procedure descrlbed in. 3(a).-

3.'(d)73,3,2-d3

treatment of 3,3,2-d3-endo-2-norbornéol by the method

~exo-2=-Norbornyl Bromlde Yielded by the
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outlined-In 3(a}.

4. (a) 2-dl-ﬂorbornene The'pkoduct was obtained frox the

deh?drobromiﬁa&i“ﬁ.og 3,3Ld2eexc—2—norbornyL breride by
the method of Stille, Sonnenberg-and Kimstle 8. 7 | ‘

- Morhornene was recovered from the reaction mixture by

_pregarative 5.L.C. - } e i

4. (b)”2,3-d,fﬂdrbornene By the: "ethod 11d1cated in 4{a)

but using 2,3,3-dj-exo—2-norbcrnyl bro 1de in the dehvcro—

[ 4

brorination stepo,

4, (c) exo, exo-5, G-dz—Norbornene Obtained by dehydro-

indicated in 4(a). -

5. (a) ﬁortricv:lcne was prepared from the tgsylhydra;one
, of no}carohor‘bQ ﬁhe nanford-Stevens reaction unéer

aprotlc con rditicons as dnscrlbed by ickon: and Werstluk31

An alternatlve method for obtaining nortrxcyclene was to

stir exo-2—norbornvl toluene—o—sulphonatel4; with actlvatea

alumina in carboh tetrachloride for 24 hours and extract
the product by spreparative G.L.C. using a carbowax. 1500
column _ . .

S. (b) 3,3- d -Nortricyvclene and 3- dl Wortricyclene A mixture,

of the two nortrlcvclenes was obtalned when the tosyl

_derlvatlve of 3 3—d2-norcanphor was deconoosed by the

-Bamford-Steven;on reaction 31 " under aprdglc conditions

as descrlbed in 5{a). We were unable to dec1de which

'experlmental condltlons effected the ratio of mono and

o
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ai ﬁeuterated nor trlcvcleﬂes. .

© 6. (@) exof2-dorbornvl Chlorlde Obtained by bubbling

hydrogen chloride throigh a nethvlene'chlcride solution of -
norbornene at -78°C under anhvdrous condltlons. The
ghlorlde was identified by N.M. R. and mass sPectronetry.

6..(b (3-7)d -ovo-Z-“orEorﬁvl Chlcrlce . A nmixture of 56“

evo-3 dl—eto-z 1or“orrvl chlorlue and 44¢ s"“—rwcl—efo-’—

-

norbornyl chloride-was obtaxned,by bubbllnc deuterlun chlorlce

through a nethvlene chlorlde solutlon of norbornene at

-

-38 C under anhydrous condlt;ons. The 1ocatlon of the
T e w19

deuteriun was conflrmed by N.M.R. and mass spectral

ana1y51s.

6. (¢) (exo-endo) G—dl-ewo—z—'brbornvl Chlorxde' a 50%'mixture

of ewo—G dl-exo—2-norbornvl chloride and enao-G dl-eto—Z-'

norbornyl chloride were obtained when deaterlun chlaride
';2§\§Q§ed to nortricyclere dY the ﬁct“od anlcated in G(a).
mhe lo;atlon of the deuterlum in the 6 positlon was shown
by M.M.R. analysis 79 and the amount. in the exo andé enco

pOSltlonS by mass spectroﬂetry. . -

6. (d) endo—z-dlfeXOeZ-Norbo:nvl Chloride Obtained by the

reaction of exo—z-dl-endo-Zjﬁa'porneol with triphenyl phosnhlne

in excess carbon tetrachlo*lde undéer anhvd*ous conditions as.

described by Downie and Lee 80 _ rhe. location-of the:

deuterium was confirmed by N.M. R. analySLS.

6. (e) 3, 3-d -exo-2-horborny1 Chloride Prepared by treatxng

3,3-d2-endo-norborneol by the procedure. lndlcated In 6(d). .




~ Aguired by.addinq hyérocen chloride to exo,eNC-3,

The location was agzin ceucrmlned by M.M.R. analvsis.

- 6. (£) 3,3,2-d3-cxo-2;:orporﬁyl Chlo:ide .Obtained by treatinc

3 3,2- d3-enuo -2-ncrborneol by txc proceccure cdescribed in
6(d). Deuterium location COﬁFlrned by 2.”.R. analvsis. -

6. (g) (e?o exo-enco, enao)S 6 dz-ewo—Z- orbo*nyl Chlorlce

———

(B3]

-3_-nortornene
—_—— L2 >

’ . ” N .
as described in 6(a) ' ' ' '

4

7. (a) ‘exo,exo-2,3-d,-Yorbornane Prepared by refuction of

norbornene wlth deuterldm ¢as {10 lbs./sc. in.) using

olati Jium OYlﬂe as catalvst, the rcaction was carmed out

ln bthyl ‘acetate soluhlon and ;he labelled norborncne was
recovered by projarative C.L.C.

7. (b) éxo,exo,exo,exo*E,3;5,ﬁ—d4-ﬂorbornane Prepared in the s

same manner as 2,3-d2-nor50rnane but using norbornadiene as

startinc material.

7. (c) 3,3-¢ -xorbornane Tosyl derivative of 3,3-C,on roorneol

2

obtalned by adalng thé alcohol {in Hvrldlne solutlon) drogwise

to an eculmolar cuaﬁtl*" of o- to‘uc“e su'nwonvl hloricde

also in drv pyridene, both solutlons cooled to 0° C during
the addition. The mixture was allowed to stand overnight
at.room temperature after which,pyridinium chloride crystals

.

were observed indicating .formaticn oI tae tosvlate. The

mixture was poured into ice-water, which was then extracted

with ether. The ether'solﬁtioﬁ was washed -with hydrochloric

acid, sodium hydroxide solution and finally with distilled




water. After <dryvinc ovarnight with anhvdrous agnesiuvm

. . . \ .
sulphate, the tcsvlate was reduced with lithium aluminium -

hydride to 3,3-d,-norbornane. The reductlon”rocess was o

N

4]
allowed to oroceed overnlcht at’ room temperature to ensure

completion of the reduction ' -

7. {d) endc-2-¢d.-lorkerrane Prepared from exo-2-d,-

s ™ exo-2-d,-
endo-2-norktorneol by usinc the proceecdure car 2¢ out in .
7(c) Ylote inversion of positicn on reduction: c_ tosylate.

7. (e) exo-2-¢,-lcrksrnane Treveisu oLrom enuo-2-norboraeocl

‘as in 7(c) but using lithium aluminium deuteride in the

reduction step cof the tosvlate. : .
Horhcr:ﬁnr—oﬁﬁn—S-Qndc-S-d2 was obtained frenm
e . - 7_—30 1+ e R *_). ralvsis SL‘.C'C"EStEd
Dr. MN.i. Werstiukr , althouanh N.ILR. analysls sucae

that the lalel was positionallv pure a careful! rass
spectral analvsis (see page 27¢) indicated that the label

Al

also oc cupied other nesiticons.

ovo=2-"arhornvl chleride-3-'3C was cbtained fro
. . . /
Jdr. %.S. Isaacs, The University, whiteknichts Parr, Readling,
England. The svnt etic route involved is shown below. .

' The nosition of the *7C label was confirred ty mass speg- . o

g

trormetric analysis.

& .
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Claims to Oricinal FResearch

The Arrhenlus carareters and "mechanism of the gas

phase pyroly51s of exo-2-norbornyl chloridé have been

establlshed.

The mass svecitral fracgmentation ~echanisms of
exo- =norkernwl chloride has bech determined and the

atoms involved in the specific chloroethvl loss icdentified.

~

The use of the v'e.‘z.a.tz.vc akbundance of nmetastable icn peaks

in labellecd compounas_to 1solate a partlcular fragmen-

tation rathwayv has aeeﬂ ceve’o:ec into a powerful

mechanlstlc tool._ ,
‘a ) ] -

The‘nass'spectral fragmentation pattern of exo-2-

norboPnyl bromide has Leen partiaily established.

-

The mass snectral fracﬂentation, mechanism,and energetics

of CqsH;q isomers norborﬂene anc nortrlcvcle“e Have-

been determined and compared in detail.

<

The nass soectral fradnentatlon rechanlsrsof e 0 and

' endo norborneol have been established. Detailed

~

investigation has shown that the norborneols fragment
by common pathways which ‘can be traced to three

primary b reaks in the molecular ion.

)



'oartlallv determ*ned The resu‘ts show the presence,

~

The mass spectral fracmentacaon of norbornane has been
"o }

of an lsotope effect in the ethyl and methyl los -from

the molecular ion.
The combination of *le Eg;at’ﬁe abundance of metastahle
. ; T

ion peaks and the,cﬁlo:ogthyl fracmentation in norkornvl

chloride has beén developed as an analytical tool: to

determine the amount of deuterium label (and *3C label)
present'in the 2 ?nd 3 carbon‘atoms and in the € endo

position.

- Lo
N

-

Observations on the hvdrogen chloride addition reaction
to norbornene (bv deuterium labelling.and mass spectral

analysis) has shown that the’norbornyl cation is .

4~
H

.captured in an asymmetric state. ;_he asymmetric capture

is not effected by a.5% sebondarv isotope effect but is

influenced by ah a. seconda:v isctope effect.

L
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