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The developmant of the sclence of catalysis resenbles the
prozress of an autocatalytic reacticn, About 1860, Berzelius formulated
what appeared to be the starting point of the theoretical aspects of
catalytic science with the expreasion “catalytic forces™, and was
followed by Faraday's exparimental studies on the "power of metals and
other solids to induce the combinations of gasecus bodies”, However,
Progress waa very slow until Cabatier made his important and numercus
cantributions to catalytic nydrogenation. This historical event in the
cherdstry of catalyais, really placed it on & firm foundatiocn. ‘Then,
at the turn of the century, with the succeaaful catalytic hydrosenation
of fats and the high=pressure synthesis of ammonia, the sclence and
tecinolozy of catalysis tocik & siarp upward turn. The pasic contIibue
tions by Langmuir, around 1915, and the succesaful production of oleum,
hard fats and amnonia by industry, opened the door to the progress noted
during the last A0 years.

In gensral, tho theory of catalysis nas always followed its
practical applications. It was during the third decade of this century
after ths discovery of deuteriunm that, for the first time, mecnanisms of
catalytic reactions eppeared in the literature, thanks to the work of
Farkas, rdoriuti, Rideal and severml others. They postulated the role of
the catalyst in chemlical reactions from the results obtailned for gas pnase



dauterogenation and deuteriunm exchange of ethylene and ethane in the
presence of nickel metal, iBut tne actual pleture of catalytic action on
oh-mlcal‘ reactions 1s still ambigucus in apite of the great amount of wori
already accumulated,

The flelds of investization can be classified according to the
type of eampound studied, namely, the aliphatlc, the olefinic and the
aramatic coarpounds, whether or not the reaction is homomeneous or netero-
Taneous, and occurs in the zaseous or the liquid phase,

The specific field of interest in this thesis is the study of
the liquid phase heteroruwieous exchings reaction between monosubatituted

benzenes and ceuterdum oxida,
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ARTTRACT

Partizl protonation (10=-12 stomf H) of a series of pere
deuteriommmosubstituted aromatic campounds (98-99.5 atomf 1) was
effected Ly exchange with water in the presence of sctivated platinum
metal, The products were subjected o analyses Ly mass-gpectromet:y
and il H.fla Spactroascopy. Prom a knowledge of the amount of protium
Ltroduced in the ortho, mete and parw positions, cartial rete factors
for each of a series of monosubstituted bensenes were calculated, A
correlation was founxd with ths A values reported in the literature for
the gteric effect of different substitusits, Lo relationship between
elecironic factors and cdirective effacts of the substituent waa apparent,
The dats obtained are intervreted wit: respact to the most likely

mechanisr for the exchange reaction.
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INTRODUCTION

;I'ne procedure devised by leitch (1) for the pmparation.of
benzene—dé by the reaction of benzene witn deuterlum oxide in tne presence
of a platinum catalyst at 110° nas been found to be superior tc the vapor
phase excinange on nlckel at a nilgier temperature (2) and also to the older
method based upon the exchange of venzene with deuterio-sulfuric acid (3)
because it is more comvenient and gives fewer py-proiucts,

ihis method of deuteration was extended to substituted benzenes,
neterocyclic and polycyclic campounds (4,5,6) and is used nowadays as a
general method for introduction of deuterium in aramatic and heterocyclic
CoRpPOUNAds .

Several investigators realized that observations on this reactim
could be of great value in the study of the mechanism of heteroreneous
catalytic excnange reactions., It 1s the aim of this thesis to advance
experirental facts in crder to clarify this matter,

Before considering the present state of this recent field, it
would be instructlive to examdne the proposed mechanlsms of exchange of
etinylene as this wlll serve to introduce many terms and concepts essential
to a study of any catalytic exchange reactions.

As early as 1933, Farkas and Farkas (7) proposed a dissociative
recnanism for the catalytic exchange reaction between deuterium and
olefins (Iiq. 1). But in 1934, Hordiuti (8) disagreed witn this dissociative

mechanism and presented evidence supporting an associative mechanism (Eq. 2).
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™he ansociative mechanism was further supported by the experimental
work by Twiaz (9, 10). ile falled to cobserve a randomization of dsuterium
whan lisht ethylane C ﬂ“ and deuternted etnylene Czoa vere 8llowed to
interact on 4 nickel flloment as catalyst unkier conditions where sxchange
between =thylene snd deuterium was quite rapld,
In akiition, the calculation of the heat of chemisorption by
Lley (11) favored the adsorption aa
C.'iz C‘:Z(z
X1 N
However, Koldsurd (12) reported that Twigr's fallure to cbssrwve
exchange in thia system was at least partly due to the szgll surface area
used, UIxchanges betwoen etnylene-dn and propylone or butenes were subsee
quently detected using nickel powder even at §5°, The same resuit was ovtained

by Amand (13) between ethylene and deuterated lebutene and 2-butene using
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Ransy nickel and palladium, by Douglas and Rablnoviten (18), between
ethylens and et:nylom-da on nickal wire or nickel-Kieselpuhr at room
temperature, and finally, by Flanspan and Rabinovitch (15) who cbtained
complete aquilibrius over an evaporated nickel film at 23° in less than
an 0Ur,e

The aiprificance of these onservations can be guestioned aineoe
tne nature of adsorbed nydrogen on the surface of the catalyst was not
known and no azctusl proof was given that ne residual nydrosen was atill
chanmigorved on tae catalyst,

viore Inforrmation was obtained by Turkevich (16), followed by
#ilsces (17), wnen they ouislned ecomplete analyses, from massespectrommter
tachniques, of the nroducts of ¢xcnanpe between ethylans and dasuterium ras
using niokel wire or pelleted nickel cn kieselpu'ir as catalyst, Prom thelr
Work, a complete saries from etmme-vda to ethano=d. was obtained, which lead
than to concluds that exchanpe and deuterogenation of ethylene are closely
related reactions, but that the hvdrosan redistribution reaction was much
more rapld than alkane=formation, 1.2, tne averass residence time of a
aydreocarbon entity on the surface rust have been long enouph to eastablish
the steadye-state districution of deuternted species among the adsorved
hydrocaroon specles before deserption as alikkane ocourred,

Kextall (18) studied the pas phase exchange snd deutercrenstion
reactions of deuterdium and ethyiene, and found a correlstion between tne
extent of dewteratian and the distribution of the deuterium introduced into
the nydrocarbon. He concluded that the reaction was proceeding from an
adsorbed ethylene to an adsorbed etnyl radieal. 7This adaorbed etnyl radical




must either revert to the adsorbed ethylene molecule or leawve the surface
as an ethane molecule,

A marked difference was noticed between the exchange of ethylene
and the exchange of ethans for which the catalyst showed widely different
activities., This obaervation is by itself supporting evidence that the
8low step 1in the exchange of ethane is ths dissociative adsorption of the
molecule,

The theory advanced for ethylene was extended to the bengene-
deuterium system and it was postulated that exchange and deuterogenaticn
were occurring simultansously and an adsorbed phenyl radical was playing
an ilmportant part in tnhe reactic: (19).

Purthermore, it was found that the distribution in benzene did
nk follow equation 3 which expresses random deuterium distribution for a
sirple exchangpe mschanism,

o al X' (l-x)*
al{a=-n (3
where O is the fractionzl abundance of the organic

molecule containing 'n' deuteriun atoms and nhaving
'a' exchangeacle protons,
x and (l-x) are tne fractional abundances of hydropen

and deuteriurm stors in the hydrogen phase at tire 'tt,

Inatead, a non-rendom distribution of deuterium was found wnich was
interpreted as arlsing frae 2 second multiple exchange mechanism, In
multiple exchange, a parameter "' may Le calculated corresponding to the

mean nuroer of deuterlium atoms enteriny each benzene rolecule under the
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initia) conditions, Tnis paramster ia deflned Dy two rate constants

the first

M = k
= (4)
0

K ¢ i3 the initial rate of entry of deuterium atoms into 100
molecules of bomene—do. It can be cbtained from the
function ¢, which 13 the messure of the total deuterium

content of the products as defined by equation (S).

0-1d1+202+3d3§1!d~+5d5*6d6 (5)
where cll to d6 represent the percentage of total benzene
present as bmzeno—dl to bensene-dB.

Tne ¢ function wvaried in most reactions with time according to

order equation,

de t

EF o - (6
or, on integration, by

=logy, (9, =4) = «t o Yoy, 0, N
?.53 . -
¢, is the final valua correspcnding to equilibrium,
"n:b is an empirical relationsnlp for the 1nitial rate of
disappearance of bcnzene—du in Z with 't', and it 1s
assumed to be valid for a considerable range of exchange

reactions by the eguation



w Ky (b -b)

- ® T -5
or, intemrating

-10%0 (b - b.) - kbt - m (100 - b-) (9)
3.%5 (Im - 5.,
wnere ‘b is tne percentas®» of the total bensene preaent
a3 benzem-da at tize 't* and 'b_' 1a the equilibrium value

of 'u!

For a aimple exchange reastion where only one atom of nydrogen
18 introduced at a time, M 18 aqual to 1, but for rultiple exchange, ¥ is
greater than 1,

hese cuservatione sugrest that the exchane reactlion between
bengene and deuterium in the presence of platinum catalyst did not procesd
by a simple exchange mechanism, having both rates equal, but also by a
multiple exchanpe mechanism, 7This could proceed by & “repeated zecond-
point adsorption® involving a Nurther dissociative adsorption of adsorbed
phenyl radical to form adsorbed phenylene radical (Eq. 10).
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Note:¥ = active catalyst site and will be used throughout the text

to indicate such a site.

{i

h



On the other hand, it seems generally agreed that aromatic
conpounds lose thelr enerpy of resonance on adsorption. The relative
magnetizatidn of supported nickel falls when benzene is chemisorbed upon
it at 150O to an extent which suggests that it is held to the surface by
at least six bonds. (20)

Wnile this observation would tend to discount the possibility

that benzene is only chemisorbed dissociatively, that is, as a phenyl

radical and a hydrogen atom, it does not distinguish with absolute certainty

between the altemmative possible processes of associative adsorption, viz.

(Eq. 11),

 x (11)
E 3
O + ¢ . *Q*
E

in both of which the resonance energy would be largely lost.
LU

Burwell (21) approved the possible existence of u4i:>-*
»x »
in the absence of hydrogen but its varticipation in reactions has not
been conclusively proved.

These results really stimulated interest in this very important

field of chemistry which was very slow to start. Kkemball (22) and Rooney (23)

developed a new mechanistic theory in order to explain several reactions of

hydrocarnons on metal catalysts. Using mass-spectrometric analytical

technique, they postulated that reactive hydrocarpons containing; three or

more adjacent nonquaternary carbon atoms can form a n-bonded commlex on the
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surface of group VIII transition metals, conslsting of a olefinic electron
donor to a_met:al acceptor vhich can be represented by =C ?,I: c-

According to Rooney and Webb (24), the isomerization of olefins
can be explained using the m-complex intermediate between the electron
donor ligand and the electron acceptor metal catalyst such as platinum,
palladium, nickel and rhodium. Two possible mechanisms have been proposed
for the double-~bond isomerization of n-butene s namely Interconversion
between olefinic and alkyl intermediates and interconversion between olefinic

and w-allylic complexes. These mechanisms are shown in Eq. 12 and 13.

But-l-ene

(!

HC :3: CH~CH,,~CH

Trans-But-2-ene ‘ t Cis=-But-2-ene

1 L P HcIcV;IHcrich - 1 l
g ~J
c:;.-c c:t;c

H M CH3

Equation 12
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CH I -H CH  Ci - H cnoClL
N S —— A B N LN
o ¢ 1,C'} il ncfYai S
Ho M CHy +H I + 11 M
Trans-But=2-ene - + H l l
But-l-ene T H,C _;I,I: CHCH,,CH But-1,3~diene
Cis=But=2-ecne - Hl r + H ' l
CH CH, -H CH - CH = CH
\3 /3 e B— /\ P 7,717\
ckc H U’I\CH H.C SCH
H O H o+ Mo CcH + H N
3 Il
Equation 13

This m-complex formation was emphasized since tne discovery of
ferrocene, and the results obtained from the measurements of the surface
potential of the complexes formed. According to Mignolet (25), when
acetylene and ethylene were adsorbed on nickel films at ZOOC, positive
potentials of 1.00 and 0.83 volt respectively developed. These values
sugpest that there 1s strong donation of charge from the m—orbitals of the

hydrocarbons to the acceptor orbltals of the metal.

Furthermore, Hond (26) mentioned a lack of correlation between the
ease of a o-bonding formation of acctylene and ethylene, and the rate of

hydrogenation of acctylenc and ethylene which devend on some reometric
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restriction in the formation of a o-~bonded metal to acetylene and
ethylene, and suggested that this restriction is not involved with the
formation of a m-complex.

Even though no direct evidence for the two types of inter-
mediates has been obtained, in many cases there is more indirect evidence
for the m-bonded invermediate over the o-bonded one. But it is alse
belleved that both intermediates can participate depending on the nature
of the catalyst and the organlic ligands.

Another case where the m-compliex mechanism has been considered
is the exchange reaction between cyclchexene and deuterium in presence of
a metal catalyst (24).

Twe mechanisms are possible:

M /TN d=M [ \-HeM \
—e  { ) — X — y —- i

M M D M D D
rquarion 14
s \ / \ - H / \ / \ /' D\\D / \ D /—
<L/ - \f/ \_?j/ - <\¢_/ L &_-f_%“_’ p"FD
— - i | _
M ™M M M

tquation 15
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The first one (kq. 14) consists in the reaction of a chemisorbed
metal catalyst on the m—electrons of the olefinic group with a chemisorbed
deuterium as>atom'1c comlex on the metal to form a o-bonded metal cyclo-
hexane, which, by abstraction of an active hydrogen chemisorbed on the
surface of metal, gives the exchanpe product. Or, the allylic proton of
ﬁhe n-complex (Eq. 15) can be adsorbed dissociatively by a metal catalyst
to give an allylic w-complex intermediate which can react with an activated
molecule or atom of deuterium to give the exchange product. 'The first
mechanism should be reserved for ethylene-like compounds, but whenever an
allylic system 1s possible, the second mechanism should be more likely due
to a greater delocalization of the electrons in the transition state.

This m-complex mechanism was extended by Rooney and Webb (24)
to the heterogeneous catalytic exchanpe of benzene and deuterium (Eq. 16).
It consists in the reaction of an activated chemisorbed atom or molecule
of deuterium and a chemisorbed benzene-metal complex to form an sp3 hybridized
carbon intermediate which, upon abstraction of a hydrogen atom by the

catalyst, glives the exchanged product.

15

O~=|EX @ 6)
M
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Hence, the only difference between the nechanlsms of exchange
and hydrogenation reactions is that for hydrogenation, the addition of
hydrogen is faster than its removal. In equation 17, the slow step in
exchange is the addition of hydrogen (step 1), whereas the slow step in

hydrogenation 1s the addition of a second hydrogen (step 3) and so on.

+HO .(H +H (3) ‘< an
@ —H@) “h (@)

The lifetime of the C6H7 n=complex 1s an important factor. The
more labile the cyclohexadlenyl n—complex will be, the nmore readily it will
dissoclate back to benzene. Two main factors may contribute to this
behavior. The first one is the nature of the metal itself. The ratio of
rate of hydrogenation and exchange reactions increases from nickel,
palladium and platinum. Secondly, from the nature of the ligand, an increase
In electron density of the benzene ring by substitutlon of alkyl groups for
hydrogen increased the stability of the cyclohexadienyl m—-complex and at
the same time increased the rate of hydrogenation.

Unfortunately this mechanism proposed by Rooney 1s not in apreement
with the results obtained by Kemball (19) who claimed to have very pood
evidence that the exchanpge and deutcerogenation of benzene are quite inde~
pendent. This was based on three observations which can be summarized as

follows:




a) The rates of exchange and deuterogenation are different,

b) The redistricution of deuterium in deuterogenation, a
plenoeenon obaemd in ethylene and ethane, ia absent. o low deuterium
eantent in the cyclohcexzane i3 forned, l.e. tie exchange 18 not perwmitted
to ocecur during the process of deuterogenation,

c) o inhibition of daulsrcmenation by cyclohezane was taking
place because of the constant rate of production of total cyclohexane while,
on the other hard, the exchange reactlion on palladiun was retarded by
gyclohexare,

iowball concluded from these observutions that two entirely
dilfferent meschaniasms cperate for exchanige and deuterogenation reactions,

Volter (27) investiFated the relatlion betwesn rate and fordzation
potential of & serics of alkylated vensenes in order to exardne the llikelihood
of formetlon of & s=corplex intervadiate of the type proposed by Rooney and
supported by razball. He noticed frowm thn sequence of the activation
enervies of hydrogenaticn of the benzenes in vapor phase on ki-MpC as
catalyst that tue hydrosenalion #a3 fecilitated vy increasing tae algylation
(Tanle I). Tnis can e uxplalnec by & reduction in tiae lonization potential
with an dncrease of tiw alsylation of the rinig and, as a result, the formation

of a ciarge-tranifer counlex 13 nroted,
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Activation energy Tonization
' of hydrogenation potential

Substance (Keal/mole) (e.v.)
Benzens 14,2 9.28
Toluene ‘ 13.5 8.82
Ethylbenzens 10,4 8.T7
p=Xylens 1.1 8.84
Mesitylene 8.0 £.39

TABLE I

Cbviously, more detallec informaticn about the precise nature of
the metallic bonc 13 required before full adoption of the wv—complex inter-
mediate i3 posaible., But, ncvertheless, it seems reasonable to say that the
aronatic type o@ma form a v=complex in the first step of exchange and

hydrogenation reacticns.
The discussion up to this point was to show that three types of

acdscrption of unsaturnted arganic compounds on catalysts have been proposed,
namely, the disscciative, the asscclative and the w=complex adsorptions,
all of which have been considered as intermsdiates in exchange and hydro-
menation reactlons.

The reraining discussion will be devoted to the liquid phase
platinum and nicikel catalyzed exchange reaction of arcmatic compounds and

deuteriun oxide,
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carnett was certainly the pioneor in this fleld of investigation,
The first information he obtained (&) was the position of exchange in
subatituted benzenes using platinum as catalyst. ife exarined the products
of exchange of sodium benzoete, benzoic acid, bromobenzene, nitrobenzens,
p=nitrobengoic acid snd triresic acid dy infra-red spectroscopy, and noted
tnat the protons of the ring wers not exchanging st the same rate, Later,
Camett and Sollieh (5) reported that for platinum catalyzed exchange
between hieavy water and the mononalomenated bengzenes, the rate of axchange
decreased witi: increasing size cof the halogen substituent and alsc, that the
croportions of ortho exchange increasad with increasing; alze of the nalogen
substituent, Subsequently, Garnett (28, 29) ovtained a relation between the
extent of deuteration of benzene, pyridine, pyrreol, thiophene, phenol and
anisole and their icnization potentiazls, e foumd that the lower the
1onization potential of tne organic ligand, the faster the exchange reaction
proceeded, On the other hand, whenever these lizands were exchanyed in
presence of lower icnization potential comnounds, such as antaracene,
bibenzyl, phenanthrene and naphtnalsne, a larye polsoning effect was noticed,
Trits poisoning effect was explained by the greater adsorption abllity of
the catalyst on the surface of low ionlzation potential compounds, reducing
at the same time the rate of excnange for those corpounds of nhizher lonization
potential,

Ters {30) toox advantase of Siw newest development in instrurental
tecnnique for analysis, H.%iH. spactroscopy, to determine the orientation

effect in catalytic deuteration tnrowh a method wilch he called massive
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deuteration, Since the assigment of YN.M.R., pealta to hydrogens at variocus
positions had already been rads, it was a simple matter to deterrine the
gmount of residual protons in the ortho, meta and para positions of the
molecule, Examples of the orientation effaect are listed in Table II,

This method of amalyails showed great promise in anslyzing products
of deuterium exchance resctions. The only difficulty liea in the analysia
of protons with very swmall differences in ahemical shift due to the low
concentration of the proton remaining in the sample and also to the electric
quadrupole moment of deuterium which causes the protons spinecoupled to it,
to give slightly broadened lines, This last effect can be elimlnated vy
an HeD apinedgcoupler. This consists of an r.f. unit operating at 9.2 ¥e
which when turned on will cause transitions between nuclear enerzy lewels of
the deuterium nuclel to ococur sufficiently rapidly that they can no longer
interact with the protons whose spectrum is beins recorded (56).

The main objection to the results of Tiers is that only a very
crude estimation of the crientaticn effect in exchange reaction was obtained,
In phenol, for instance, the greater activity of the meta protons over the
ortho and the para protons can be arpued as belng due to the massive
deuteration which extended the exchanse reaction to equilibrium, The results

cbtained by Tiers then, are not too accurate,
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Avom 3

Compound in rHing Poaltion Atom %D
¥a Benzoate 20 ortao 90 %2
me+D 90 & 2
Na Benzoate 70 . artno 57 %2
m+p 7391
Na Bengoate | 61 ortno 26 %12
mdp 8y 2
Phenol 52 meta 63%1
o +p 4 31
Pyridine 35 a 5322
8 4y 2321

TASLE II

Carnett and 3ollich (31) indlcated tiat the exchange rechanism
dous not proceed by a simple wecorplex substitutlon mechanism (tq. 15),
because of the fallure to explaln sdequately tiw ring orientstion effect.
Tney oonslidered two likely mechanisma for the 'zwammsn axghanme reaction
between aromatic molecules and deuteriwm oxide, The first one is essentlally
the same as locney's (28), which they called the assoclative s—complex
substitution mechanism, The second ane, which they callad the disscciative

r=coplex aubstitution mechaniam, consista of initlal formation of a hengene
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molecule chemisorbed as w—complex on the surface of the catalyst. In
the next step the ring rotates to an angle of 90o on the surface of the
catalyst to glve a o-banded (edge-on) chemisorption, and the transition
state for this m-o-bond camversion occurs at approximately 1450 to the
catalyst surface. In the o-bonded state, the aromatic ring undergoes a
rate-determining substitution reaction with a chemisorbed deuterium
atom (Eq. 18).

0*Q-[o]-0-
1=~

(18)

The authors cancluded that the Dissociative w—complex Substitution
Mechanism is of major importance in platinum-catalyzed exchange reaction
because it explains better the ortho deactivation effects in alkylbenzenes.

A m-bonded molecule must rotate through an angle of 90o to form a carboan—

metal o-band, and due to steric effects, the formation of a m-complex or a
o-bond is hindered. Garmett also mentioned that the same ortho deactivation
was noticed in the case of benzotrifluoride, and concluded that the deactivation
is not caused by electronic effects since the inductive effect of an alkyl

group 1s opposite to the effect of a trifluoromethyl group.
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Garmett used infra-red spectrosconic and mass-spectrometric
analysis techniques to determine the ortlio effect in a serics of alkyl
benzenes., Unfortunately, analysis by this rmeans 1s not too conclusive
because no actual indication is given of the amount of deuterium introduced
in the ortno positions. The ortho effect was deduced from the impossibility
of exchanging mesitylene which has three hindered ring protons. It was found
by Demayo (32) that deuterium could be introduced relatively fast in
mesitylene. With these unreliable results, no definite conclusion can ve
made for the non-electronic participation in this type of exchange reactlon.
A more accurate determination of the relative amount of deuterium in different
positions of the ring of the exchanged product 1s needed.

Garnett and Sollich-Baumgartner (33) added two further results in
support of the dissociative n-complex mechanism, The {irst observation was
that benzene—d6 exchanged its deuterium with normal benzene in presence of
platinum catalyst wnich was activated as follows: a larse stock of platinum
oxide (PtO2.2H20) moistened witn water was reduced with hydrogen for 48 hours
at 300C, then exposed to the oxygen of the atmosphere in order to poison the
active catalyst and, finally, a portion of this stock was activated at —90O
for 12 minutes in an atmosphere of nydrogen and then evacuated to a pressure
of 0.006 mm at 100°. Since a n-conplex chemisorbed benzene cannot fumish
any deuterium atoms to the catalyst and the assoclative mechanism required a
second substrate, as deuterium oxide or deuterium gas, the deuterium must

come from the dlssociative mechanism. (IEg. 19)
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They also found that the rate of randomization 1s very close to
the rate of deuterium exchange and concluded that both reactlons have to
proceed through the same mechanism.

The second observation is based on the fact that the catalyst
undergoes marked change in physical appearance during benzene-water exchange
reactions; the catalyst being transformed from a coarse and coagulated
povider into a finely divided film-like state. According to Garnett, both
reagents have to be present 1in order to get this physical change.

The two observations made by Garnett are not entirely valid because

they are based on a postulate which could be wrong. Plisken and Eischens (34)

obtained actual proof by infra-red spectroscopy that activated platinum

still retained a larpe amount of o-bonded hydrogen adsorbed on its surface

even after exposure to niph temperature or low pressure. These o=bonded

hydrogens may very well exchange with the organic ligand through a hydrogen

radical via an associative mechanism. ‘fhe transformation of the physical

appearance of the catalyst which was observed only when deuterium oxide
was present in the exchange of obenzene, is 1n contradiction with the

randomizatlon of deuterium in a mixture of benzene and deuteriocbenzene in
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absence of water which is supposed to proceed throush the same reaction
mecnanism.

Macdonald and Shannon (35) dlsapproved of the dissocliative
r-complex substitution mechanism proposed by Garmett, because of the results
they obtained from the exchange reaction between lsoquinoline or quinoline
and deuterium oxide in presence of nickel on kieselguhr. They found that
isoquinoline exchanged faster in the 1 and 3 positions than elsewhere, and
quinoline exchanped in positions 2, 7 and 8 at a much faster rate than in
the other positions. They concluded that the dissociative mechanism would
predict a slower exchange of hydrogen atoms ortho to the substituents.

It is certainly unfair at this stage to criticize the dissocliative
mechanism solely on the basis of the results obtalned by ilacdonald since
he worked with a different catalyst and substrates. Isoquinoline and quinoline
were not appropriate for a criticism of the dissociatlve mechanism because
they contained an atom rich in electron donating power to the catalyst,
placing this one in a closer vicinity to the positions exchanged. This same
behavior was also noticed for aniline and phencl when exchanged in presence
of platinum and deuterium oxide. The assoclatlive mechanism would also
predict a faster exchange of the ortho protons of the compounds studied.
Until more data are obtained on the nature of the catalyst on different
substrates, not too reliable comparison can be made between different
catalysts.

Garmett (36, 37) reported a new process of activation of platinum

oxide, which he called self-activation. It involved the reduction of Adam's

o]
catalyst (PtO2.2H20) by orpanic compounds at a temperature higher than 120°C,
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The results were promising for aliphatic compounds such as n-octane but
relatively poor for benzene and naphthalene. Nevertheless, decuterium was
introduced, but the mechanism of this reaction is certainly different from
the reaction using platinum black. Because of the greater polarity of the
oxlde surface, the possibility of hydrogen abstraction could be effected via
an oxygen radical.

Before closing this historical resume’, it may be worth while to
mention briefly the work which was done on exchange reactions between
alkylaromatic hydrocarbons and deuterium oxide or deuterium gas in presence
of a nickel-catalyst and compare tne mechanism of reaction proposed with the
mechanisms of exchange reaction obtained using platinum catalyst.

In the work of Hirota (38) on the reaction betwecn p-xylene and
heavy water, that of Macdonald and Shannon (39), on reactlons between
alkylaromatic hydrocarbons and tolulc acid derivatives with deuterium oxide,
and finally, that of Horner and Mayer (40), on reactions between alkylbenzenes
and deuterium gas, a close relation between the results obtalned using
platinum was found. Both the associative and the dissociative mechanisms
were lmplied to fit the results obtained.

Nearly all the theory outlined till now on the mechanism of
heterogeneous deuterium exchange reactions is larpely qualitative. A few
minor quantitative contributlons only increased the confusion already
exlsting between the different mechanisms of reaction proposed. It is the
object of this thesis to present more reliable quantitative data which could
lead to a better understanding of the nature of the reaction and its

nechanism.
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‘he line of thought followed was to take advantape of the newest
developments in analytical methods, namely high-resolution N.i.R. spectro-
scopy and the more accurate mass-spectrometric tecnnique. In order to
simplify the interpretation of data by il.l1.R. and mass-analyses, it was
advantageous to work with highly deuterated monosubstituted benzenes. A
series of monosubstituted deuteriobenzenes was chosen to illustrate the
effect of the substituent in the heterogeneous protium exchange reaction.
The results obtained were compared with other results reported in the
literature on the nature and mechanism of the reaction.

The general procedure was to introduce the order of 10 atom%
of protons into several monosubstlituted benzenes which contained over
98.8 atom deuterium initially. (Tehle III). The products were analyzed by

mass=spectrometry ar? N.M.R. spectroscopy.
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EXPERTFLENTAL

DESCRIPTION OF THE APPARATUS TOR EXCHANGE REACTIONS.

All exchange reactions were carried out in a home-made rocking
furnace consisting of a metal tube with both ends blocked with screwed
metal caps. The tube was heated by means of an electrical filament wound
around the tube and insulated with asbestos for minimization of heat loss.
The temperature inside the tube was calibrated to a precision of £2° over
a range 500 to 220° by means of a thermometer inserted inside the tube.

The temperature was vaerled by regulation of the current throuech the filament
by means of a Variac. The tube was fixed a2t the center by a shaft, and was
rocked by means of an arm which was attached to an electrical motor.

The reactions were carried out in sealed pressure slass tubes,

12 em. long and 2 cm. in diameter, which were placed inside the metal tube.

ANALYTICAL MEITODS,

1) Vapor phase chromatograpihy (V.P.C.).
The purity of the liquid compounds were determined by a Perkin-
Elmer model 154 vapor phase chromatograph, on a 2 meter colum packed with

silicone grease on diatomaceous earth. The analyses were done on the neat

compounds .

2) lass-spectrometry.

The mass-spectrometric analyses were done by two types of nass—~
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spectrometer. 'The first one was a home-made apparatus bullt by Dr. . P.
Lossing of the Natlonal Research Council of Canada and the second one was

a Hitachi model RMU-6D. Each instrument possessed the same accuracy for

the nature of compounds analyzed. The analyses were done at low voltage

(7.5 to 9 volts) in order to suppress dissociation processes. ''he deuterated
specles were determined by means of thelr parent peaks, which were first
corrected for the carbon-13 contribution from the parent of next lowest

molecule weight. The small isotopic effect (41) was neglected since the

analyses were done on compounds of low proton content.

3) N.M.R. spectroscopy.

N.M.R. spectroscopic analyses were done on two types of spectro-—
meter. A Varian A-60 model was used for qualitative analyses of deuterium
content in the aromatic rings. This determination was done on the neat
compounds whenever possible. A high-resolution Varian V-4302 model with a
N.M.R. specialties spin decoupler was used for the determination of the
relative amount of hydrogen in the ortho, meta and para positions and also
to find the chemical shlft of the protons in different positions on the ring

relative to benzene in cyclohexane.

PREPARATTON OF THls CATALYST.

The platinum black catalyst for the partial protonation of deuterated

monosubstituted benzenes was prepared under the same conditions for every

reaction.

Adam's catalyst (Pth.2H20) (12.5 mg) was placed in a pressure
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bottle with a pipetted quantity of distilled water (2.0 ml). The bottle
was attached to a hydrogen apparatus and evacuated to 18 mm pressure and
then the catalyst was activated by shaking during 10 minutes under 12 pounds
pressure of hydrogen. The resultant suspension was then transferred directly

to the container in which the exchange reaction was carried out.

ANILINE—d7

Aniline, freshly distilled, (35 g) was exchanged with 50 ml of
D20 (99.7 atom#% D) in the presence of activated platinum (0.1 g) in a
sealed glass tube at lMOOC for 3 days in the heated rocking furnace. Then
the tube was cooled in ice and opened. The supernatant water was siphoned
out and the heavy oll was transferred into another tube containing heavy
water (50 ml) and platinum black (0.1 g), and heated as before. This
process was repeated four times.

The material from the fourth exchange was distilled in a Spath
bulb attached to a vacuum line. A yield of 25 g (71.4%) was obtained and
the product analyzed 100% pure by V.P.C.

The product analyzed 99 atom% D by N.M.R. spectroscopic analysis.
Unfortunately, the mass-analysis on the product could not be done due to
the fragmentation of the molecule even at low voltage and also, due to exchange
during the analysis, a phenomenon which is always noticed with compounds
having labile protons. The deuterium content of the aniline-d7. It 1s
by mass-analysis on the chlorobenzene prepared from this analine-d7. It is
known that no loss of deuterium from the aromatic ring occurs durlng the

Sandmeyer reaction under carefully controlled conditions (42).
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' mxnm-a., (3.1 &) placed in a 100 ml round bottom flask equipped

with & magetlic bar stirrer, was scoled at «13°C with an acetons-=dry ice
bath, 4 #olution of 8,5 ml of congentratad hydrochiloric acid in 8,5 ml
of water was slowly addede 70 Shilz solution was added dropwise 8 solution
ol 2% g of wz in 5 w1 of wabter untlil a positive tesdh wiih potasslium
dodidowstaren peper was ocotalred, 7This soiution, which was kept cold,
uitd added in pcetions to 2 wellestirped solution of cuprous chilowide in
17 :l of comcentrated iCI at 8°C, The cupreus cnloride wes prepared sceording
to the mgthod desoribed in Vorsl (43), The mixture was allowed Lo ware up
to rvom temporature, at which lemparature the 30lid complex decomposed,
After stirring for 1/2 nour, the chlorcbengens was distilled ocut with
steam, extracted with sther, washed with 102 NaGH solution, followed by
watar, drisd ovor M;q:&‘}a and flltsred. The gsther wad resowed under reduged
prassure on & vacuum lins, The resldue, Jwving & vapsr sressury of sbduld
0.1 um, was distilled i a Spath bulb. Tre distillaste (2.3 7, 63.2%)
analyzed over 99,73 purity by vagcr chasd shromstosraphy.

asoeanalyeist  9R.2 molel d§ anct 5,81 dy»

or 98,4 stomk D,

PARTIAL PRUTONATICH OF CHLORCALNZILNGmd, o
2z

The procedure descriced balow for the partial protecwmtion of
chlemmr:sem-ds was strictly followed for the partial protonation of all

monosubiatituted bvmzmma-ds.

Y
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Chlorobenzene—d5 (0.50 ¢) was introduced into a neavy walled
pyrex tube. ‘he suspension of activated catalyst was tnen addad to the
tube and the catalyst container was rinsed several times with small amounts
of water until the total volume of water in the tube amounted to 5 ml.

The tube was attached to a vacuum line, cooled in ice, evacuated to 10 mm
pressure and sealed at a constriction. The mixture was heated at 110° for
18 hours in the rocking furnace.

The organic conpound was then extracted with ether, dried over
vgsou and filtered into a Spath bulb. The ether was removed slowly under
reduced pressure. This can be effected by opening the stopcock to a trap
in liquid nitrogen in order to have a very slow leak. The vapor pressure
of the residue can be measured at any time during the distillation. 'Tne
residue (0.4 mm pressure at room temperature) was collected in one of the
bulbs cooled in dry ice. 'The yield of distillate was 0.37 g (74%).

l‘ass—-analysis: 54.5 molel d5, 34,45 dys 9.5 d3 and

1.6% d,, or 88.3 atom% D.

The aqueous layer was very sliphtly acidic and a positive test

was obtained for cnloride lons with silver nitrate in dilute nitric acid

solution.

FLUOROB AL b=, - o
J

Anilinc—d7 (5 r) In a 100 ml round bottom flask was dlazotilzed
witih 3.92 ¢ of HapO, in 8.0 ml of water as described for the prepoaration of
[
chlorobenzene., Lo thie dliazoniuwn salt was added In portlons a cold solut lon

>

of fluorcvoric acid (trevared from ) o of 480 hydrofluoric achd and 3o 4

=
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of boric acld). Stirring was continued throughout the addition. Then,
witi occasional stirring, the mecdium was allowed to stand for 1/2 liour.
The solid complex was collected in a sintered glass funnel, wasned witn
7 ml of cold water, followed by 5 ml of cold methanol and 7 ml of cold
ether and finally dried in air overnignt.

The dry salt, which weiched 7 mrams, was placed into a 50 ml
2-necked flask to wnich was attached in series a condenser, a trap cooled
in ice and a funnel dipping into a solution of 10% KOH solution. "The air
was displaced by dry nitrogen and the flask was heated gently with a small
luminous flame at one point of the surface of the solid until decomposition
bezan. From time to time the heating was resumed to keep the reaction going.
At tne end, the flask was heated more strongly while still passing nitrogen
into the system. ‘Ine distillate was washed twice with 107 NaCil solution
and dried by distillation through anhydrous C3012 in a U tube attached to
a vacuum line.

'“he dry distlllate (2.7 ml, 63.6%), which was stored In a freecer
in a well stoppered vial, was shown to be 100% pure by V.P.C.

Lass-analysis:  92.9 woled c15 and 7.1 dy

or 98.6 atoms D.

PRITITAL PROPOMATION OF FLUOHOBLLIEESRE=L, o

A mixture of 0.5 i~ of Cluorobenzence wad $.0 ml of water in proesanee

Y

'

of activated platinum was heated during 3 172 nours at 800 O In the roecdng

n

furmice.  Uhon the tube was quenched in tee and opened. ihe Tluorebenrone

Fz
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was extracted with ether and dried over M(s:SO,‘. The ether was removed on
the vacuum line and a yleld of C.4 m) (81,93) was cbtained by distillation
of the residue in & Spath bulb,
¥gss-analysi{st 55,8 moled 4, 33.0% d,, .63 d3, 1.6% d,
or, 88,6 atond ©,

BENZONTTHILE~4, o

Aninne-d., (3 2) was diagotigzed as descrived for the preparation
of chlombenzem—ds.

This dlazenium snlt was added in 3zall portions to a solution of

cuprous cyenide, prepared as described in Vopel (48), at 60=70° C on & stear
oatn «ith virorous stirring vy hHand wmith each addition. Then & candenser
was attached to the {lask and the mixture heated for 15 minutes on toe
gteam bath or untll decorpesition cessed, The bengonitrile formed was
steam distilled, extracted with pentane, washed with 103 Nali solution,
10% stma ana finally water, 7“2 pentane solution was driaed over ?»'g.‘;;G“ and
flltered into & Spath bulb., e solvent was removed slowly on the vacuum
line reaping the distilling flask inmorsed in ice water, The residue, witn
a vapor pressure of 0.5 mr, was collected in 2 bulb cooled in dry ioe,

The benzonitrile=d.

5
by vepor ptiase chromatouraphy.

cttatned (1.6 ¢, §9.5%), analyzed 1004 purity
“Huseanalysis: 94,2 molel d‘)’ 5.8% 4, or, 98,8 ators ¥ 2,

PARTIAL PROTCMATIOM OF Bl:'?.’ZONI’I’PIIJ’.I—dS. (Firat run)

‘Jauzmitr.‘.le—ds {050 K)o water (5,0 ml) and plat i blaeg
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were heated in a sealed tube at 110° for 6 hours in the rocking furnace.
Tre tube was thon quenohed in ice and opened. The nitrile was extracted
witi penﬁme and distilled as before in a Spath bulb attached to a vacuum
1ine,

The proton content, determined by N.M.H. spectroscopy was only
2,1 atomi D,

“nis product was exchanged agaln as above at 110° for 28 hours.

Mass-analysis: 50,1 molel d, 34.3 g,, 12.0% ci3 and 3.6% 4d,

or, 85,1 atomf U,

PARTIAL PROTONATION OF E&%Z@lmw.-ds.(ﬁecmd run)

“he mixture of benzonltrile, water and platinum Dlack was neated
at 110° for 24 nours and curdfied as in the first run.
rasc-annlysiss  51.5 noled ds. 17,038 ¢, end 1.5% d3

or, 36.0 atord D,

PARTIAL PROSOIALION CF ﬁu‘élfl!ii';—d,lo

Anium-d., (l.0 ), water (10.0 ml) and platinum vlack in a sesled
tube were neated at 73° ¢ for 7 mdnutes in a‘mcks.ng furnace without shakdng
and for 3 minutea witn shaking, 7hen the tube was quencned in ice, opened
and tie aniline extracted with ventane, dried over .‘ip:SO,‘ andd distilled on
a vacuum line in a Spath bulb, ‘'the yield was 0.8 g (80%).

A3 the masgeanhalysia could not be done on the andline, it was

converted to tae cnlorobenzens and analyzed,



s i e A RS G T s

4 B €

VAT Trickdn, D TR i

MFasa-analysis: 55,3 molef d, 29,63 dy, 13.0% d3, 1,62 d,

or 87.9 atomf D,

HNuDIMETHYLANILING~d, o

Aninm-d.' (1.4 g) and freanly distilled methyl phosphate
(bepe 194°C) (1.4 2) were placed in a 25 ml round bottom flask equipped
with a reflux condenser protected from moisture by s Drierite tube, The
mixture was neated to a boil for 2 hours, then cooled to 50° C, A solution
of 1,2 g of ha0lD in 5 ml of 0,0 wss added and the mixture was refluxed
for 1.5 hours, then cooled to 40° C and tranaferred to a separatory funnel
with pentane. The lower layer was drained off rapidly. ‘The pentane solution
was dried over HgSO, and filtered into a Spath buldb, The pentane was removed
under reduced pressure and the low vapor pressure residue was distilled into
oane of the bulbs cooled in dry loce,.

The material (1.4 7, 79.5%) was analyzed by vapor phase chromatow
praphy and found to be 98% pure, The small amount of impurity was
Hemathylaniline,

Unfortunately this compound could not be analyzed by masse
apectmmetry sinoe a metnylene cation was formed readily and by abstraction
of a deuterium astom gave erronsous results,

According to !i.M.ll's srectroscopy, the product analyzed 3.3 atom¥ H,

(1.708% ortho, 0.82% meta, 0.85% para),

PARTTAL PROTCHATION OF N.N—DI!'E’I‘HYWIILIHF—dS.

Hoh=Dimetiylaniline~d, (0.50 ¢) was excnanred with water (5.0 ml)
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in presence of platinum dlack for 4 hours at 30° C in the rocking fumace,
Then the tube was quenched in lce and opened., The H, Nedimethylaniline
was purified by extraction in pentane and distillstion in a Spath bulb
on a vacuun line,

The produst was anclyzed for the proton content by N M.R.
apectroscopy and was found to be 1,873 ortho, 2.,50% meta, 2.94% para or

7.3 atom$ i,

PHENOL~d o

Pnenol (10 z) was exchanged with heavy water (50 ml) in presence
of platimm black in a sealed tube at 130° C for 24 hours in 2 rocking
fumace, Then the phenol was extracted with ether, The ether was removed
under reduced pressure and the phenol exchanmed agaln., The procedure
wis ropeated four tires before a phenol analyzing 99 atomf U by NeM.R,
spactroscopy was obtained, The overall yleld was 9 ¢ (90%).

Phenc:l-ds cculd not be analyzed by mass-—sgpectrometry for the sore
reason as mentioned for anilim-d.,. The analysis was therefore done on
tam.ao:l‘c'.s-—f.&3 prepared from this phenol, Methylation 1s known {o occur
without any exchange of the deuterium on ﬁhe rine (42),

ANISO .
Clean sodium (0.20 ) was added to deuterium oxide (5 ml) in a
25 ml 2=necked round bottom flask equipped with a separatory funnel, a

magnetic atirring bar and a reflux condenser protected from moisture by a

Driorite tube,
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To this slkaline solution was added 1 ;5 of deuterated phenol.
The solution was eooled in an ice bath and dlmethyl sulpbate(l.38 g) was
added durd.n.cr a8 period of 20 minutes. The rmixture was stirred viecrously
by waans of a magetic stirrer for 2 hours in the cold and under reflux for
1/2 hour. It was then cooled in ice water, extracted with ether, washed
successively with water, 108 iiz.ia’:vu and twice #ith watar, The etner sclution
waz dried over ¥gS), and filtered into a %patn bulb. The etier was vevoved
under reduced pressure, The wzisole—dS whicn weldhed 0.6 5 (53,18) was
ccllected in ane of the Lwloa hept in dry lce sl anzlyzed 95,735 pure by
VePeCe

rasseanalysis: 57.5 moled dzy 2.5% 4y

PAITIAL PHOTDCHATION 0P ANLIOL -, o

5
licnj.zso:le-d5 (0.50 ) waa protonated during & nours at 100° C in

8 sealsd tube with 5,0 ml of water in presence of platinum black. ‘Then
the tube was quenched 1n lce water and 0,32 o (782) of aniscle, purified
by distillstion in a Upath Lulb, was obtalined,

S

"usseanalysis:  Ob.2 moled 0‘5, 2855 dys 24 3 Jedn dy

or, 5l.¢ atona il

PARTIAL PHUINOLATION CF P}iENOL-(}d.

Phenol=d, (0.50 ) waa exchanged »ith water (5.0 ml) in presence
of plactinum black at 780 C for 2 nours, ‘‘hen, 0.41 o (32%) of nhenol was

obtained by distillaticn in a Spath bulb,
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The deuterated phenol obtained was converted to anisole whose
mass—analysis was as follows: 06.3 molef A 5 17.8% dy, 9.5k ds3s 4.6% d,,

1.8% 4., or, 88.4 atomi D.

l’

PHENETOLE—dS.

The phenetole—d5 was prepared by the same procedure as for anisole-d5

using diethyl sulphate instead of dimethyl sulphate. The product which
analyzed 100% pure by V.P.C. was obtained in 74.2% yield (0.91 g).
Mass~analysis: 97.8 mole% d5 and 2.2% dy,

or, 99.6 atom% D.

PARTTAL PROTOWNATION OF PHENETOLE—dS.

Phenetole-d5 (0.50 ) was partially protonated with water (5.0 ml)
in presence of platinum for 13 hours at 120° C and was purified as described
for anisole-dS. The yield of distillate was 0.45 g (90%).

Mass-analysls: 53.9 mole® d5, 35.1% dy, 9.45 d3 and 1.6% d,

or, 88.3 atom% D.

PHENOL (92% deuterated).

Phenol (3.5 5, 11.16 mmole) was exchanged for 3 days at 130° ¢
in a sealed tube with 25 ml of deuterium oxide (137.50 mmole) in presence
of 0.1 g of activated platinum.

The product was worked up as described for phenol—dé.
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ANISOLE and PHENISIOLE (92% deuterated).

Misole and phenetole (927 deuterated) were prevurcd as described

for the preparation of anisole--d5 and phenetole-dS.

The products analyzed 92 atomi D by N.lM.R. spectroscopy.

PARTTIAL PROTCHATION OF ANISOLE AND PHEWITOLLL (92% deuterated).

Deuterated aniscle and pnenetole were partially protonated as
described for the partial protonation of anisolemd5 and phenetole-dS.

The proton content of the products were determined by N.IM.R.
spectroscopy and analyzed as follow:

29.5 atom% H for anisole and 22.8 atom% H for phenctole.

1ﬂEJZOIC—d5 ACID.

Benzoic-d,_. acid was prepared by two methods. The first consisted

5
of exchanging potassium benzoate with deuterium oxide in the presence

of platinum black. Unfortunately, after four exchanpes there still
remained 4.5 atom% proton on the ring mostly in the 2 and 6 positions.
Since accurate calculation was conmplicated in a corpound not uniformly
deuterated, it was decided to prepare the benzoic—d5 acid through another

method.

BEN ZEI‘JE-d6 .

Lenzene (25 ml) was exchanped four times with deuterium oxide
(50 ml) in presence of platinum black for 24 hours at 130o C in a sealed

tube.
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Mass-analysis: 93,8 moles d and 6.2% 65
or 99,0 atom¥ De

W%
: Bzwbcmm—ds was prepared according to the method developed
by Best and Wilson (4S).

Bromine (53 ) and mercuric oxide (160 z) were added alternately,
each in 10 separate portions to water {530 ml) with shaking, which was
continued for 10 minutes after the addition was complets. The solution
was then flltered, The filtrate s together with hexadeutericbenzene (8 gz)
was shaken in a stoppered bottle for 16 hours, The lower layer was
3eparated and dlasolved in pentane, and the pentane solution was shaken
with sodium carbonate solution, drled over MgS0, and distilled at atmoze
pheria pregsure,

The fraction bolling at 154-155° C was collected separately (9.2 g.
59.8%) and analyzed 99.3% pure by V.P.C.

Fass-analysis: 95,2 moles dy; and 4,.8% dy

or, 99.0 atom% D,

BﬂiEOIC-c-lé‘ACID.

i Yo magnealum twnings (1.4 &) and 10 ml of ether (dried over Na)

in a 200 ml 3=necked round bottom flasi equipped with a separatory funnel,
a gas inlet tube for dry Aryon and a reflux condenser protected from moisture
with a Drierite tube, & crystal of lodine was added and the mixture was
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atirred by moans of a magnetic atirrer until the solution decolorized,
Then, bromobensens-d, (9.2 g) in 50 ml of dry ether was added dropwise.
Dry Argon was passed slowly through the apparatus during the reaction,

The agitation was continued for /2 hour after the addition. Ory 002

gAs was then introduced through the zas inlet, whilse keeping the reaction
medium in cold water, until reagtion ceased, Tha complex was hydrolyzsd
with diluted hydrochloric acid md the ajqueous layer discarded, The ether
solution was dried over M;gso,‘ and filtered into a sublimation apparatus,
The ether was resoved under reduced preasurs arxl the remaining solid was
sublimed,

The sublimate wes dissolved in 10X solution of KOH and the
solution was washed tuice with pentane and then neutralized with congentrated
hydrochloric acid. The solid that ssparated was filtered and dided in
air. The yleld was 3.8 g (52.7%), mep. 222° C (uncorrected).

METHYL Bh”‘iZOATE-dz

To a solution of bcnzoio-dS acld (1.5 g) in 5 ml of ether was
added an sthereal solution of diazomethane until the yellow color of
disgzamethane persisted, The exoess of dlazomethane and ether was removed

by distillstion snd the residue was distilled in a Spath bulb under reduced
pressure, The distillate (1.6 g, 96.3%) analyzed 100% pure by V.P.C.
Mass-analysis: 95 Mole% dS’ 5% dys or, 39 atomi D,

PARTIAL PROTONATION OF METHYL B&&OA’I‘E—(IS.

¥Yethyl bcmoat.e—ds (0.50 g) was exchanged witn 5,0 ml of water



in presence of platinum black for 2 hours st 80° C, The metnyl benzoate
was extracted with ethsr and distilled in 2 Spath bulb on 2 vacuum line in
a yleld of 0,45 g (90%).
Mass-analysiss 88,2 moles g, 9.8 4, 2.0% d3
or, 57.2 atorf D,

ACEX‘OP&ME-ilg

gz tumings (0.88 ) were placed in a 100 ml 3=necked flask

equipped with a magnetic stirrinc bar, two gas inlets and a reflux con-
denser protected from wolsture with s Drierite tube, After the air had been
displaced by Argon, dry ether and a crystal of lodine were added. After the
color of lodine nad disappenred, methyl bromide sus wes added to the
reaction mixture at such a rete tnat the ether boiled gently, When all

the Mg had dissppeared, the gas flow was stoppede Then tne solution was
cooled in ice and anhydrous CdCl, (3.6 ¢) (fresnly dried at 100° C in an
oven) was added all at once. The mixture was heated to 2 boil while
stirring for 80 rdrtes, 3 finely divided powder was formed, To the flask
was attached a twelve-inen Vigreux column fixed to a etill hsade The

ether was distilled very fast on the steam bath until the distillation
started to slow down., Then dry benzene (35 ml) was added throush 38 fumel
and the distillation was eontinued until the temperature resched 70° C.

The flask was then atteched to the original condenser and heated nearly

to boil. Bumr.tztyl,-d5 ohloride, prepared from 1,5 ¢z of benzoic-ds acid and
3.5 =1 of thionyl chloride, in dry bengene was added, The stirring and
heating were continued for 3 minutes after the addition, Then the mixture

was hydrolyzed with a solution of 10% ammonium chloride, 7The oryanic
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layer was separated in a separatory funnel, washed with water, dried
over Hg,SOu and filtered. 'ne benzene was removed under reduced pressure
on a vacuum line, The residue was transferred into a 3path bulb and
distilled under reduced pressure at room temperature. The fraction having
a vapor pressure of 0.5 nm was collected in one of the bulbs Kept in
dry ice in a yield of 0.53 z (36%).

Ihe vapor phase chromatosraphic analysis on the broduct showed
that it was 96% pure. It contained 4 impurities of tne order of approxi-
mately 1% each.

The acetophenone analyzed 99 atom% D by I.M.R. spectroscopy.

PAFTTAL PROLOHATICI OF ACIu‘i‘OPI-ﬂE‘.I-QOI-LJT-—d5.

Acetop‘nenone-d5 (0.50 g) was exchansed with water (5.0 ml) in
presence of platinum black for 6 hours at 100° C in a sealed tube.

Ihe product of the exchanse reaction (0.4 g, 80%) was analyzed by
H.li.R. spectroscopy and no noticeable increase in hydromen content was
observed.

This product was exchanced arain as above at 100° ¢ for 7.5 hours
and a very small increase in hydrogen in the ring could be detected. o
detectable guantlty of phenyl methyl carbinol was found by vapor phase
chromatopranny.

The relative intensities of the W./.R. peaks were measured by
welght and were as follows: 3.9 mg for ortho, 6.3 mg for meta and 4.l me
for para protons.

ihese flrures are aporoxinative and not too dependable. But
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they coincide witn the relative figures obtainsd for the othor campowxia,

PARTIAL PROTGNATION OF EYWIZEHB-%?:-

Bmmbcnsm—ds (0.5 z) was exshanged at 148° ¢ for 5 days in
a sealed tube with water (8 z) in presence of 10 mg of activatsed Adam’a
catalyst. Then the tube was cooled in ice water and opensd. The Droco=
benzene was taken in pentane, diled over mso“ and filtered in a ‘pth
buib, The pentane was removed on a vacuum line while woeninz the solution
in ice. The bromobenzene was collected in one of the bulbs xept in dry

ice,
It was found that the water at the erxd of the exchange reaction

was acidic (pH = 2),
Masae-annalysis: 92,5 molef dS' T.28 d, or 98.5 stom® De

Ammcm&;-dm.

The ant.‘maccne-dm was obtalned from Merck, Sharp and Cohme of

Canada,
YePe 218.5-215.5° C (unccrrected)

¥ass=analysis: Bi,2 moled Gyps 1He% 3 dg» 143 ay
or, 98,3 atom$ D,

PARTIAL PROTONATION OF AM‘!‘{!MCEME-dlo.

Anthracene-d, , (0.5 g) was exchanyed with water (5.0 ml) in the
prusenca of platinum blaok at 210° ¢ for §& hours in a sealed tube shaken
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in the rocking furmace, ‘ihis hirh temperature was needed in order to obtain
en exchange reaction since at 200° ¢ for 2 hours, practically no exchange

was observed,
The product of tho rvaction was filterud and sublimed,

Vuss-snalysis: 57.80 mola¥ a0
10,00 dg

1026 dB

Gede -.L,

le 5 e
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4,63 d,

1.36 do

or, 76.2% atom? T,

He#oFo analysisg "The nrotonation between the a, £ znd 9=10

positions was in a retic of 1 to 1 t¢ O,

HAPHP}MLE‘."!E—da

aphthalene-ds waa obtalned from Merak, Charp and Doawe of Canada.
Yass-gnelysla:  33.1 moled de, Ve d,,

or, 99.1 atemf D.
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PARTTAL PROTCHATION OP HAPKTRA jis"iizl-da.

Hmhtna]am—ds, (0.25 £) was exchanged with water (2,5 ml) in
presence of 9.2 my of activated platinum in a sealed tude at 85° for 20
mlnutes with ahaxing in the rocking furnace, Then the tube was uenched in
ice and opened, The naphthalene was taken up in ether and filterad into a
sublireticn apparatus. The ether was removed under reduced pressure snd
the dry residue sublimed at 9,1 rm pressure at 40° C, A vield of 0,22 g
(38%) was acptained,

Yans-snalysisy 33,7 mole¥ I

28.0 Cq
Ib.4 <
el ds
)02 d.'
3.2 (?-3
Zel dé
1.5 <
Je9 dQ

HaM,F, mnelysis: The orotonation betwesn the a and tiw 8 positions

LT AT~

was in a ratio of 1 to 2.

PARTTIAL DEUTERATION OF POTASEIUM peMETHOXYSENZOATE,

Potazsium perethoxybenzcate (2.2 ¢) was excnanged with 2,0 (25 m1)

(pH = 8) 1n presence of platinun black (50 i) at 180° C for 66 noyps 1
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8 sealed glass fublng agitated by a rocking furmace. 7Then the tube was
cooled in foe and cpened. The catalyst was filtered off and the flltrate
purped to dryness under reduced pressurs st 7c° Ce The 30113 residue was
dissolved In 25 ml of water and scidified with 15% HCl, 'The resulting
p=mathoxybenzolc acld was filtered and washed with S0 ml of water and finally

dried in alr ovemigat., The yleld was 1.8 g (75.73) m.p. 184-185° C.

PETHYL perETHOXTHENZOATE (rartially deuterated).

The pertislly deuterated p-iwthoxybenzole acid (0.5 &) was esterified

with an excess of diazometnane in other. Then the excess diazomethane and
wost of the ether were removed on the vacuum line, The romaining solution
was washed with 103 KGil, followed by water, dried over FeS0, and flltered by
gravity into a Spabth buls. Tie rest of the ether was removed under reduced
pressure and the product was collected in 2 bulb cooled in dry iea,

Hauseagnalysis: 12,4 moled dys 32427 dys 33.1% 4,, 17.13 d3,

5.2% 4y, or 42,6 atomt D,

HelieHe spectrozcepic analysis anowed that 32 atomf D was introduoced

in the 2 and § positions, and 55.5 atami D in the 3 and § positions,

Caloulated » values 1.15.

PAUTIAL OBUTERATICH CF POCASSIUM peClilOROBUNZOATE., !

Fotessium pechlorobengcate (2,1c ¢) was exchienmed with D20 (25 m1) i
(pii » 8) in presence of pluatinum black (50 mg) at 140° ¢ for 66 nours in a
sealed tube. Then the product was converted to p~cnlorobenzoic acid as

deserivaed for potasaiun semetlioxylenscate, ine yiela ovtained was l.i i

(80.8%); mep. 242.5-243° C,
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METUYL o=CHLORCBENZOATE (nartlsally deuterated).

The partially deuterated peenhlorcbangoic acld (0.5 ») obtained
abowe, waz esterified with dlazometnsne, washad with 10% ¥O{ solution and
finally water. The ether solution was dried with #eX0, and the ether
removed an thie vacuum line., ‘The wmethyl pechlorooenzoate was distilled in
a Spatn buld,

¥ass-gnalysis: 48,7 rmolel dns 3345% 4y, 4. 4% d,, 3.8% d3

or 18.0 atem® L.

NeM,ia speotroucopic mnalysis ahowed that 18 atomf U was introduced

in the 2 and 6 positions, and 18 atomf D in the 3 and 5 poslticas.

Calculated 4 values 1.10.



RESULZTS AND DISCUSSION

s
5
5

k.
ot
S

i

5

g S p s e xSl R
Rt e SRR s

Careful control of the vartous factors, namely, the activity of
the catalyst, the agitation of the reaction mixture, the terperature, the
concentration and purity of the deuterated starting saterials, ensured the
conatancy of the results, The most important factor seemed to be the
activity of the catalysat. As the ¥ value decreases with a decrease in
activity of the catalyst (45, 37), the platinum was activated in such a

menner that the M values werv very close to unity (Table III) in order to
minimige any ambizuity in the results due to multiple exchangze, This
cbjective was achieved with rost of tie compounds but in the cases of

3 Bl RS SRt i i

ik ARG an el AL

aniline, phenol, anthracenes and naphthalene, the ! values were preater then 1,

Calculstion of the ™ value,

from equationsz 7 and 93

(o)
:’: 10?. -(—-.—-—)—-—
] K 4 o~
I: ¥ = _! - - -
k. 100=b (100-b_)
log
wnere ¢ = 390 for notassium pemethoxybenzoste and potassium
.
\I pw=chloroben soae,
| = 480 for moncaubstituted benzenas,
= 773 for antnracene and naphthalene,

b, = 0 due to the nish concentration of water,

Exarple:
Por anisole,
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480
log ————
480 48o=-Uz
M = — —— = 1,01
100 log 100
65,2

Tne accuracy of' the IH value depends on many factors, but most of these

are negligible and, very often, cancelled each other. "he most irportant are:

a) The accuracy of the ¢ value.

D)

c)

d)

With compounds having non-equivalent hydrogen in the ring,

1t would be difficult to obtain this value accurately, but

as it is very high under the present experirental conditions,
the error is very small.

The value b_.

This value was estimated to be zero even though in rmono- ’
substituted benzenes only the deuterium in three positims
1s exchanging. The proton content at the calculated |
equilibrium being close to 96 atom% D, then the b_ value is
necessarily very close to zero.

The accuracy of the mass-spectrometric results.

The isotopic effect In mass-analysls has already been
estimated to be necligible.

The non-equivalence of the protons on the ring.

This 1s the most important factor which could introduce an
appreciable error in tne M value. The musnitude of this
effect, experimentally or theoretically, 1s not known, but

it should not be very much greater than $0.03.
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8) Correction for residual protons in starting compowndis,

This 1s important for anthracene and naphthalene but nepligibls
for the other compoundas studied,

“he mass-apectroretric data reported in table IIL sre based on
the assumption that the isotoplc effect i3 neglirsible, i.e. the difference
in the probability of tonization of (.’6051 in compariscn with csahux and
CGD3.‘!2X, where X is the subatiZuent, was insiznificant but, for higher
protonation, a small cbrwcucn would have been necasnary sccording %o
Yeyerson (4l),

ibe net accunt of protons introduced in the ring was ealeulated
by subtracting the nroton content of the starting nateriasl froo the proton
content of the protonsted product. In the cases of deuterated aniline =nd
phanol, the macs-analyses were done on chlorobenzene und anisole respectively i
and for i, =diretnylaniline mna acetopnencne, the deuteriun dotermination ‘
Was done by il.ilsiie 3pEctroscopy, Since no ACCUrate manseanalyses were
possiola for these carpounds,

“he relstive percentiaye of protona introduced in ortho, meta and
para positions was deterzred by N.'WFe spectrogeopic wmalyses, The results
obtalned are tabulatec in table IV, As only a omall ouantity of protoas
wa3 added for most of the compounds, ldentiffication of the banda waa
relatively simple since, by deuterium cecouplingm of the protons, the bands,
wnich were separated by at least tnrue g.pes. for rost of the compounds
studied, wero well resolvec at iy deuteration (Table V). Por anisole and
phenstole, however, it was not 2s simple since the chemlecal shifts of the

orthno and pars pretons were very close and were not easily identified,




NeM R, SFECTROCCOPIC ANALYSIS.

Distribution of Aromatic Protons Atoemd H
ortho rata para

A 1.99 6.27 3.14 1l.4

a3 0,56 0456 0,28 1.4

A 0,4 7.08 .21 11,7

B 0,48 0.48 0,24 1.2

A 0e20 4,05 8,05 8.3
anisols

B (420 0,20 0.10 05

A Qe 550 6,00 1l.7
Phenetole

B 020 0,20 0,10 0.5

A 1,68 5¢76 6,82 13.7
dsnzcenitrilas

B 0.“8 0.“8 0.2“ 102

A 0.51 1.17 1,14 2.8
Methyl benzcate

. B 0. 40 0.h0 Q.20 1.0

A 10,48 0,94 0,70 2.1
Aniline

3 0.48 .48 0,208 1.2

A H.50 2.32 0.717 11.6
Phenol

B 0,20 0420 0.10 05

A 1,87 2,50 2,94 7.3
Nyti=Dimethylaniline

8 1.70 0.82 0,86 3.0
Bromouenzerns tio detectable exchange

A - thwe partial protonated material

TARLE IV

B « the starting matorial



CHEMICAL SHIVTS

(relative to internal bensens in ops)
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Compound ortho meta pRrs Sclvent and Previous
conoentration ref.

(w/v)

LA G S

wEdednsly

Phencl i3 11 28 103 CCl, 30

s

Fluorobensene 17.5 2.5 14,0 5% Cgiiyo 87

Aniline .5 12 38 50% CCly a7

T T i Bs The . e i
Stikcaidedesl 8 bo S S aRE A B ity

Prenetols 2T1.5 5.9 25.9 102 Cgli,
N Ne=Dimethylaniline 3 -2eT 26 neat &7

NIRRT NG

-1

Methyl bensoate -44,.8 «3.0 =9.1 10% C{SHR

Acstophenone «-37 =55 «12 50% CGHE
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In order to clerify this matter, aniacla and phenotole deuterated to
approximately 92% with a ratic of 232:1 in ortho, meta and para positions
msmctlveiy s Were prepered by douteration of phenol with a lnown gquantity
of D0 in presence of platinun catalyst in order to obtaln 923 deuteration
at equilibrium, The chamical 3hifta of the orthe and para protons were
then e¢aslly detarminad, Wen thesz compounds were partially srotonated,
the band due to the para protort was increasing at a faster rate than the
ona for tne ortho protana for both compounds i.e. the para position in
enisole and prenetole was exchanging at a faster rate than in the ortho
positions,

ine chepidcal snifts cbtained were in very clogse agreement with
those reported by Tlers (3C), Scrmelder (47) and Corioc (48). The difference
in chermical shifts between the orthio and the para protons in N hmgdimetny le
anlline is reportad to be only 0.9 eps in 158 colution in eyclohexane, but
wWhen the analysis was done on the neat compound a separation of § cps was
observed, The chemical shifts of protons in the ortno, meta and para
posltions of phenetols, bonzonitrile and acetophionone are renorted for the
first time in table V,

from the results ovtained by mass-spectrometric analyses (Uable III)
end HeMefe 3pdctroacople measuresmsnts (IJzble IV), it was poasivle to
calculate the relative rates (Table VI) for the ortho, meta and para positions
in the monosubstituted bensenes,

The relative rates of reaction at the ortho, meta and para positicns
were cbtained by subtracting the residual amount of protons in the atarting
material from the amount present in each positicn of the partially protonated

product ,



PARTIAL DRATE FACTORS

ortho mata DAra A value
(49,50)

Phanol 6.2 1.6 1.0 BeT=1.25
Fluorcbenzene 0e25 1.0 1.0 025
Chlorobenzens 0 0.83 1.0 Jell=0,5
Aniline 11 0.580,2 1,0 l.1-1,7
Aniscle 2 0.49 1.0 0.7
Phenetole 0 0,45 1.0 1,0
Benzonitrile 0.1080,03 d.43 1.9 Qe 150425

A bl BB A Ban bl nsrarket i i Bl caingay,

G E e s

Yethyl benzoate 0405¢0,33 G.41 1,0 UeT=1.5

Holeimathylaniline 2,04 0.41 1.0 2.1

Acetophenon:® 0 0.380.1 1.0

LRRSLR L R 5

A ¥ ot accurate values due to very small introduction of rrotons,

TApLL VT




Sxampoles

The rolative rates for thw exchange of deuterated anisocle,

a) Aniaole-ds (99.5 atosg D) has 0,15 residual proton in
each position, as determined by rass-spectrometry and H.M.Re spectroscopy
(Tables III ang IV).

o) The perventage of protons in eacn positicn after exchange
was 0,202 ortno, R.05% weta and K.053 para.

¢) Tne net amount of hydrogen introduced is then 03 in ortho,
3.855 in mata and 3.35% in para positions.

d) Tnen the relative rates for aniscle are: (Taple VI )

ortho 0
reta 0,89
pars 1,0

The relative rates for tne mata position decreased in the

following order:

T
3)2>m.3>5r

The large extent of protonation in the ortio positions of pirenol and

Oﬁb?’CIﬂJHam:’DOCHzC}i 3>CH-C(72CH 3).‘5 (Ci

anlline may depend on thelr larre M valuos. Sueh smaller ortne prctonation
wa3d noticed in fluorobenzene, vonzenitrile, metayl benzoate and i ol
dlmethiylaniline, and none in other czses,

Table VIT ancws thab the overall rate of excamnee of the

monosusat ituted benxenes decrcased pproximgtely in the following ordor:

NH2>O!£aF)(JCii3’C1>L’7CHzCl'{3>CO.‘,CH:;-C.’-J).'-& (CH3 )a)COCé'i3>&r



CVERALL RATE OF SXCHANCE

¢ Tire Ators D Atom$ H
ppm fin
Anlline 73 3 =ine. 3.3 8749 1C.5
Phenol 78 2 99.% 35.4 10,1
Pluorcsenazsnd g0 3.5 98,8 28.5 10,2
Anisole 100 6 9945 91,2 8.3
Chlorobengeis 110 18 33.8 88.3 10,5
Pnenetole 120 13 99.6 84,7 10,9
vethyl tenzoate 80 7 99.0 96.8 2.2
“ denzonitrile 119 24 98,9 9640 2.9
g NytmDimethylaniline 100 6 3642 9k.3 1.9
Acatopnanone 120 28 =53,0 u33,0 =1,0
Sromobenzena 148 5 days 930 9845 05
DARLE VIX
' 3@ = starting material

npu = nartlal protonation material

fr = final material
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A close relation between the overall rate of exchange of the
ring deuterium and the relative rates for the meta position in the series
of cW studied was observed. The only exceptions were phenol, aniline
and chlorcbenzens. The high M values for phenol and aniline can explain
this behavior but this 1s not the ocase for chlorotenzene, It was noticed
that the aguecus layer became very slightly aeldic during tne partisl
protanation of emombenune-ds and a positive test for chloride ions was
ocbtained with silver nitrate in dilute nitric acid solution, The decom-
position was more sericus in the case of bromnbanzena, An soldic medium
was surely responsible for the lowering of the rate of exchange reaction
in both cases, o actual relation between the solubility of the mono-
subatituted benzenes and their rate of oxghange reactlions could Le made,

Finally, partial protonations en nnpnﬁhalom—da and phonmthmm—dm,
and partial deuteration an the potasaium salts of p=chlore and p-methoxy
bengoic acids at & pi of 8 were done in order to study the orientation
effact in molecules posseasing more sterically hindered positiona,

The proton distribution in the partial protconation of napht‘nalm-de
was found to be In a ratlo of 1 to 2 4n the & and 8 positions with 2 ! value
of approximately l.6. For phenanthrene, no prefersnce was noticed betwesn
the a and the 8 pesitiona. Thia can be explained by a wery high amount
of mthraoem—dz in the product snd a larpe M value, 3.54,

A ratio of deuteration of 3 to 5 was found for the 2 and 3 positions
respectively in potasaium p-methoxy benzoate with a M value of 1.15, but for
potassium pechlorobencoate the ratio was nearly equalled with a ¥ value of

1.10, 3Since the I values are low for bLoth compounds the reaction must occur
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through a simple exchange mechanism. furtherwmore, tils conclusion is

corrchorated by tha fact that there was a difference in the rates of

dom‘.emtidz in the 2 and 3 positions of potassium p=chlorobenzoate,
Several things seem chvious from the results obtsined, The sost

isportant one 1s the larse ortho steric effect in neteropenecus platinum

exchanme reactiona, The effect was repormted in the literature several
times, capeclally by Camett (31, 51) for alkylated benzenss and a faw
manosubstituted bensenas, but not quantitatively since they were working
with @xchange reactions carried nearly to eauilibrium. The relative ortino
affaect reported in tabls VI is very szirnificant for most of the compounds
atiklled with anly twe saricus exceptions, namely phencl and aniline which
have nigher M values, rrobably becauss exchange 1s nroceeding by another
rechanism, Thae relatlive rates observad for the meta position followed
approximataly toie same order a3 the A valuna® for mest of the cowpounds
studied with only e serisus exceptlon, benzonitrile, The rsoat losieal
explanation for the benavior of benzonitrile iz that tae linearly cylindrical
nitrile mroup affects sterically the catalytic exchanme reaction more
seriously than the A value would indiente, bocause the steric effect in
the transition state leading to reta exchange i3 much larrer than the ateric
2ffect due to nelzhboring axial protons in the 3 and 5 positioma, (See
dlasram 20).

Anotier coservation in support of toe larme irportance of the

steric effect ia the resamblance between the relative meta rates and the
B A value" 13 the free-ehergy difference between the equatorial-axial
conformation of the particular monosubstituted cyclohwxane, These values

provide information about the order of ateric interactions of subatituenta
in organic molecules,
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overall rate of exchanpe of the compounds studied. The anly other significant
exception besides pnenol and aniline, which are proceeding; throum a different
mechanism, 1s chlorobenzene. ‘he detection of a small amount of chloride ions
in the aqueous medium of the partial protonation reaction could be the reason
for a reduction in the overall rate of the exchange reaction. A much greater
rate reducing effect was also observed for partial protonation of bromobenzene R
for which a pH of 2 was obtained due provably to the presence of hydrobromic
acid formed during the reaction. The results obtained by Garnett (6) that

the ortho positions in bromobenzene were exchanging faster than the ortho
positions in chlorobenzene could be explalned since the acidity of the medium
was greater for bromobenzene than for chlorobenzene and the reaction occurred

through an electrophilic mechanism.

N
il
H C

The second obvious characteristic of tne heterogeneous platinum
exchange reaction is the lack of observable electronic effect. This effect
was also observed by Garnett (31) when he failed to observe any difference
in orlentation during deuteration of the benzene rings in toluene and
aco~trifluorotoluene. Since he was working at very hich deuteration, nearly
at equilibrium, a relatively small electronic effect could certainly not be

observed. 'I'he results shown on table VI prove without any doubt that the



eloctronic effect 1s not participating in platinum catalyzed excnange
mactions_ since the meta partial rate factors are independent of tne
electronic nature of any type of substituents,

The lack of ortho ateric offect in aniline and phenol is most
1ltikely due to strong chemisorption of the catalyst on tie substituents walen
would orlient the arcmatic mcleculea in suon a way as to expose the ortiio
poeitions to a faclle eachanse rwaction. Thuls exchenpe may thus de Cone
sldered to procsed throurn ancthér rachaniar: than tiw ohe for tie otler
positions on tne ring, or for othaer corpounda,

The ateric offect for anthwacene and naphtialens eould not be
studied aince thelir M values were ruch too larpe for there to ve any
simificancy in the dnta,

The relative importance of the two podsible mechiznlsms of Heterce
Fenecws platinum deuterlun cxenangs resctlons, namely the associative and
the dissoclative mecnanisms, for olofinic &nd aromatic campownca s an
interesting subject for discussion. A3 tie main object of this thesis is
to bring some furtnsr evidence for cie or the other mecanism, an attempt
will ve sade to present chjections and suppodts for wvachn of them in the
st of tae results ovtained,

s=-Comlex fommation ray have lrportance in toe assccelative mechanism

since tnis step could be rate detervining, LUt in the dlssoclative machanism,

it 1s certainly not rute ceterrining and no proof can e plven of its
irportance in aroratlc catalytle axchungs reacticus whien M=l, owever, L
M1 toen 1t can explain the sultiple excasnpe reaction,

The maln objecticen Lo tne assocliative mechanism is that there is
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no obvious mechanism for removal of the hydroren in the transition state
since the platinum is chemisorbed flat on the surface of the benzene ring
on the opposite side of the hydrogen attached to a sp3 hybridized carbon.
No free rotation is allowed (Iig. 21) since the m-adsorption bond cannot be

broken.,

o> — @ — B D (21)

’

The dissociative mechanism implies that no hydrogen is needed for
the exchange reaction. But, it i1s well known that nitrobenzene (4),
diphenylacetylene (52), and acetophenone, do not exchange and this seems
to be related to the deactivation of the catalyst through a fast reduction
of the substituents by the chemisorbed hydrogen on the surface of the

catalyst. The deactivation of the catalyst in boiling water is another

example of the importance of the concentration of hydrogen on the surface

of the catalyst to the rate of the exchange reaction. It seems possible that

the exchange reaction might occur without chemisorbed hydrogen on the
catalyst but the reaction should then be very slow.

The possibility of the nultiple exchange mechanism by cnemisorption
of the catalyst on adjacent carbons is eliminated since the amount of

deuteriwn introduced in potassium p-methoxybenzoate was not the same in
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the 2 and 3 positions and also the I value 1s too low for this mechanism.

[ T



The exchange proceeds throusn a ane polnt adscrption ang the gtanility of
this complex determines the extent of the exchanpe at every asdsorption.

.’mo assoclative recnanism is supported by the irportance of tae
pressnce of hydroren,

The great importance of steric effects in the reaction is certainly
in gereerent with the dissoclative wechanlsm oven thousn this affect cowld
a2lso be important in the assoclatlive rechanism since the chemizorption of
the catalyst as a secomplex should not be contered o the rine in mono=
3ubstituted benzenes but should be closer to the para and meta -ositlions
due to steric interaction of the substitusnt, The considerable deactivation
of tiie overall rate of exchanee for hengonitrile and acetoniienore 1s most
ltiely due ¢o the dractivaticn of the catalyat Uy alow reduction of tiw
substituent even thoursh no trace of reduced (mediucts could be dategted by
YoPeCo analyvals,

Therefore, tae objections nand tie supports to the asscelative
and the dissoclative rechioniars ag nresentsd Ly Jomey and Gamett are
controversial and the =vidence ~lven for or arainst thsess mechanisms 15 not
convincin-,

e formmtion of an adscrbed shenyl radical as nrecentsd by
Herball (19) 23 an intermediate 10 tne estalvtic excharus reaction 1s in
arreement With the Internodiate forced wien o pnenyl radical attresas a

monosubstitused Senzense (e 22).
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Defar (53) rave good supporting evidence for this mechanism when
ne isolated the very reactive 1-4 dihydrobipnenyl compound. No biphenyl
was detected in the products of the reaction.

The relatlve reactivity of tne various positions on a given
aromatic ring toward free-radical aromatic substitutlon was determined by
Hey (54) and listed in Aupood's review (55). Lven thousn the determination
of the ortno, meta and vara substitution ovroducts does not rive a verv
reliaple indication of the relative rate, it has some sienificance when
compared Wwith the results reported in table VI. Unfortunately only a few

benzencs bearin; the same substltuents as those we report on have been

studied and thelr relatlve actlvity for the metla and para posltions are

i shown 1in tablce VIIL.

e Rat R SR



PAFRTIAL RATL FACITOR,

meta para
Fluorcbenzane 1.25% 1
Cnlorcbenzana 0,90 1l
Bangonitriie D42 1l

TABLE VIII

The most important effect to note is that there 1z little, if any,
electronic effect of the substituent on the relative rates of meta and
para attack,

With all these data, tre transition state for the platinum
catalyzed exchange rescticn of sonosubstituted bengenes can Le written as
shown in equationa 23 and 24 for the two recnanisecs rroposed,

There are two irportant differences to notes

a2) In the dlascelative mechaniam, the se-complex formation,
while lixely, 13 not necessary wien v = 1, whereas in the assoclative
machanism 1t 1s required as a w-allylic complex in order teo bind the inter-
mediate o the surface of the catslyast,

b) In the dissoclative oechanism, the reta substituent is lccated
mich closer to the catalyst surface since a [ bond is being faroed, It
is therefore clsar that tne dlssoclative rechanism should be more sensitive
to the ateric effect of a substituent in the meta position. Tha steric
effect of con ortho subatituent is stlll larper.

Thus the associative mechanism 13 lass likely to exhibpit tne
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Assoclative Mechanlism
Equation 23
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Dlissoclative Mechanlsm

FEquation 24

Note: the dot represents a delocallzed unpalred electron.
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observed steric effacts, Also it falls to provide a reascnzble mechanism
for removal of the hydrogen In the transition state, For these reasons
the mmilts obtatned wil) be dlacussed on the assumption that the
dissociative mechanism {8 thw most irportant 4in the reaction,

The main controversy for this rechaniss is the non-importanoce
of the presence of hydrogen for an exchange reaction to oceur, according
to Garnett, on one hénd, and the great reduction in rate of exchange
reaction wxhien the concentration of nydrogen is reduced, on the other hand,
Tnis can be explained if it is acoepted that tne rate dsterwmining step 1is
the ruaction of cherdsorved deuterium or hydropen on the surface of the
catalyst witii the o-bonded metal complex. Then the concentration of
cheriscrbed deuteriun should affect the rate of the exchange reaction,
This effect was noticeable when the catalyst was treated with boiling
water prior to tim exchenge reaction. The nonereactivity of nitrobensene,
diphenylacotylens and acetophenone can be explained by the relatively
faster reduction reaction of th2 substitusnts at the expense of tne
reaction of the chemisorbed deuterium with tne e~-poonded metal intermediate.
An additional point worth emphasis is that it is quite poasible that toe
decrease in rate with decrease in avallable chemisorbed hydroren 1a due
to a change in the catalyst 1tselfl,

The avidence for the dlasociative rachanism, propegad Dy Garnett
without any gfood quantitative experimsntal facts, can pve summarized under
the following neadinas,

l. ‘Ihe large ortho steric effact, (Table VI),

For most of tne compounds studied, the steric effect due
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3.

k.

to the substituent prevents a ¢irect approach of the eatalyst
on the ortho positions,

The relative rates in the meta position. (Table vI),

T™he catalyst hes tc agproach the molecule at the least
hindersd site, |

Different mechanisms for reductiocn and exchanze reactions,
Kemball's finding that the sxchange reaction nas to ocour
through = different mechanism than for tne reduction reaction
is respactoed by the dissoclative mechanism, The reduction
i3 most likely nappening through an assoclative mechanism,
The trensition state,

The geometric confisuration of the tranaition state nlmoes
the proton of the sp3 hybridized carbon in a good position
for its abstraction by the w-complex adacrbed catalyst,

Cther factors wnich are egually compatible with eitner the

disacclative mechenism or tne assscclative muchanism are summarized below,

i,

2.

Tne noneelsctrical partiecipation,

The deuteration of the seta and the pars pesitions uependa
only o the steric nindrance of the substituent and not

on 1%a electronic directing influenoce,

The multiple excianme reaction.

The multiple exchangs reaction depends on the activity of
the catalyst to form a wecomplex witn the bensene ring,

The stabllity of this complex relative to the enerpy of the
T 3, for exchanre deterrlnes toe sultiplicity of ths exchanpe

reaction,



3.

The eoncentration of deuterium chemisorbed an the catalyst,
The exchange reactlon can occur without deuterium chemisorbed
an the cetalyst but the reaction will be wvery slow, Then
the greater the concentration of chemisorbed deuterium

cn the catalyst, the faster the exchangs reaction,



CONCLLUSIONS o

The mechanism of naterogensous axchgnge reactions presented
by many worxers are subjected to many cbjiections simply bDecause they were
bazxed an gsnerul qualitative data and not encugh relation was made between
one rosult and the cther, iore attention had to be given to the corplex
in the trensition state and the behavior of the chemisorved hydrogen on
the catalyst., Tnis 1a a very sensitive feld since a mechenism of reaction
which can be conaldered to be appropriate under certain amditiona may
not be 30 undsr cthers, hw@ nature and the physical form of the catalyat
may hawve its primordial importance.

The chemisorved phenyl radical in netlercreneous exchanye reaction
on platinum catalyst seems to agrese with the wechanism of fres-radical
reaction. The quantitative results obtalned in $his thesis are not in
contradiction with the disscciative mechanlam wnich was proposed by Garnett,
Tne presence of chemisorved nydroven on the catalyst explained the relative
rate of the exchange reactiori.

Tne evidence given is far from beinz adsolute and & need for
furtner tneoretical and experirental work is negcessary for a clearer

plcture of tne mechanism of nateropenaous eXchansy reaction,



-7l -

CLALIS OR QRIGINAL WOIK,

ie 'ihe relative rates of orthe, zeta and para substitution in ;eterce
aereous catalyvic vichange reactions for monosubstituted bensencs

nave begn calculated,

2. The chemical shifts of a few ronocaubatitutad bengenes nave been

determined,

3. “Quantitatilve experirentsl facts in favor of the dissociatiwe mechunism,
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