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SUMMARY

A review of the literature on electrophilic aromatic
hydrogen-exchange reactions 1s presented,

A number of mono-tritiated substituted benzenes,
heteroccyeclic, and polynuclear compounds have been prepared
and rates of detritiation have been measured, mainly in
anhydrous trifluoroacetic acid, )

The results provide a measure of the reactivities of
various aromatic positions of dibenzothiophen;
dibenzofursn, benzothiophen, thiophen, diphenyl ether,
diphenyl sulphide, 5~ethylcarbazole, naphthalene, biphenyl,
fluorene, phenanthrene, and diphenylmethane, Conclusions
are considered in relation to data available for the more
familiar aromatic substitutions, such as bfomination and
nitration, and some asnomalies are noted,

An analogy has been shown to exist in the detritiation
of [2-5H]f1uorene and 9,9-41methy1—[é-sﬁ]fluorene on the
one hand, and [R-sﬂjtoluene and [E-SH]-t-butylbehzene on
the other; the significance of this is discussed.

Measurement of the rate of detritiation of o- and
p-tritiated -toluene and -t-butylbenzene in a variety of
media has shown that variations in the relative reactivities
of ortho- and para- positions cannot be ascribed to

steric effects,



The rates of detritiation of the compounds,
4-X-[4'-3H] biphenyl (where X = 4-Me ) 4-Meo) 4-H 4~Cl
4-Br ) 4-N05) and 2-X- [7-OH|fluorene (where X = Me >
Meo) H> C1)> Br ) COgH) NO,) have been measured, The
effects of substituents, in analogous positions, areé very
similar in the fluorene and biphenyl systems, but the
results do not show whether tautomeric effects are
transmitted from one ring to the other in these systems,
Anomalous results for the 2-Meo-[}-3H]fluoréne and
4-Meo-[}'-5H]biphenyl indicate that some intenacﬁion,
possible hydrogen bonding, occuré between the methoxy-

substituent and trifluoroacetic acid,
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Electrophilic aromatic hydrogen exchange

1. _Evidence for the electrophilic nature of exchange

Exchange between hydrogen gas (containing deuterium)
and benzene at the surface of finely divided catalysts
was first observed by Horuiti, Polanyl and Ogden.l

Ingold, Raisin and Wilson,zstudying quallitatively the
exchange reaction of benzene and acids containing deuterium,
came to the conclusion that hydrogen exchange 1s a typical
electrophilic substitution. The reaction 1s reversible,
being completely balanced except for 1sotoplic differences.
The evidence for regarding the process as electrophilic
was threefold:-
(a) Deuterating acids were found to arrange themselves in
the efficlency series D,S0,> D25604> D0 > PhOD > Dzos, which
1s obviously an acidity seriles,
(b) Substituent effects were similar to those observed in
reactions such as nitration and chlorination, known to
involve an electrophilic entity.
e.g+, dimethylaniline was deuterated more rapidly than
anisole by aqueous deutero-acids, i.e., by the deuterox&?hm
ion,
(c) Hydrogen exchange followed the usual orientation laws
for electrophilic aromatic substitution, e.g., phenol,

aniline, and anisole were rapidly deuterated at three

positions only (assumed to be ortho and para-positions),

and this was followed by a slow deuteration (assumed to be

at the meta-position). These assumptions were subsequently
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shown to be correct for phenol and aniline, Further
5
evidence obtalned by Lauer and Day, was that in the

deuteration of anisole, the ortho/para-ratio decreases

with decrease in temperature, 1In electrophilic substitutions,
low temperature favours a high percentage of para-product.

In experiments with a number of aromatic ethers, the
rate of exchange at the para-positions was observed to
increase along the series,

PhOMe > PhOEt > PhOn-Pr > PhOi- Pr

This same order 1is observed in other electrophilic
substitutions wilth aromatic ethers?’v |

McKa?, and other workerz; have shown that the exchange
of isotoplc atoms between two substances follow first order
kinetics, provided there is no isotope effect. Papers by
Harris?o and later by Melandeil, showed that even where
appreciable isotope effects are involved, the exchange
rate approximates to first order, provided that the relative
concentration of the distingulsable 1sotope is small
enough, and there are no medium effects. Thus 1f k 1=
the rate constant for the exchange reaction, and Fo and
F are the relative abundances of the distinguingle
isotope in one of the reactants initially and after

time t, then:

k = log,[Fo
t F
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2 Mechanlsm of hydrogen exchange.

The first detritiation reactions were carried out by
12
Olsson and Melander, Tritium ( or deuterium ), which had

been introduced into the ortho-, para-, meta-, and algha-

positions of toluene was exchanged by shaking the isomers
with 80.8% sulphuric acid. The relative exchange rates

of the ortho-, meta-, and para-, positions were found to

be (47%2), (1.00%,04) and (41%*2) for tritium exchange,
and (51*2), (1,00%.,04) and (46t3) for deuterium exchangse.,
They showed that i1f the substitution 1s represented by:-

T T H

(1)
and the intermediate 18 assumed to be present in very low
concentration, the rate factor

ko 1

k_1+ ko k.1/ko+1
determines the isotope effect in the forward reaction,
This holds irrespective of whether a hydrogen acceptor 1s
involved in reactions -1 and 2, or whether the reaction
proceeds through a low stability intermediate, as assumed
by Gold and Satchell}3’14(see below)., If the 0 -complex
intermediate (1), behaves like an ordinary molecule the
ratio k_l/k2 could be supposed to be of the order 7-10
for the tritium- protium pair, and 4-6 for the deuterium-
protium pair., Consequently the ratio of protddetritiation,

kt’ to that of protodedeuteration,ky, in any medium should



be given by:-
Kt ( ko1/kg g + 1
kg ( k.1/keo )t + 1

1]
[}
(@)

D)
»

The rates k, and k; were measured and the ratio k /ky
varied between 0.65 for benzene to 0.59 and 0.52 for meta-
and para- substituted toluenes respectively. Thus the
1sotope effect appeared to decrease with increasing
reactivity of the nuclear position. It should be noted,
however, that the isotope effect observed is consistent
also with the synchronous Sgd process for the breaking
of a carbon-deuterium or carbon-tritium bond, Such a
process would give an isotope effect of ca. 6 (tritium-
protium), and (deutigfllu;-protium) ca. 4, and k /k, = 0.66.
Gold and Satchell examined kinetically the loss of
deuterium from E-q}tro[é-géjphenol, E-chloro[;-zgjphenol,
‘;-2ﬁ]gﬁcresol and}?H}benzene in various sulphuric acid -
water mixtures, Plots of the logarithm of the exchange
rate against the Hammett acidity Ho were approximately
straight lines of slopes 0.94, 0.90, 1.08, and 1,36
respectively. After considering the concentratlions of
H50+and HSOi-present in the various concentrations of
sulphuric acid, they regarded the dependence of reaction
velocity on Ho as established, in splte of the difference
between the experimental slopes and the expected slope of
unity. The marked deviation in the case of benzene was

attributed to the salting out of the compound by sulphuric

acid. A proportionality in rate constant and zy;has been



-5«
1n§erpreted by Hammett as implying a rate-determining
reaction of the conjugate acid of a substrate, the
pfotonation occurring rapidly to a small extent, with no
water molecule taking part in the rate-determing step.
fast + _
HA + S ﬁ SH + A o-oono-..o(l)
+ slow
SH % pI’OdU.CtS 0010000000(2)
In applying this idea to the loss of deuterium from a
substrate in an acidic medium, Gold and Satchell noted
that SH+cou1d not be identified with (11), (an intermediate
of the type commonly assumed in electrophilic aromatic
substitution), in which the H and D atoms occupy identical
positions.
H D
S
Lot
(11)

The appropriate equations for the hydrogen exchange reactions

are as follows:-

HiO + ArD ==——=  APHD + Hg0 .......(1)

APHDT  ———=  ArH 4+ D" .iu.ee....(i1)

+ fast +
D+HPO S en— DOHZ c-oo.ioocvooo.(tti)

_~—

The attachment of a proton (step 1) i1s fast and involves
a molecule of water., The removal of the deuteron (step ii)

1s a slow rate-determining step and involves no molecule
of water., If the two isotopic atoms occupy equivalent
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positions in the intermediate, then their attachment and
removal must talte place in identical steps. They suggested
therefore that SH must be identified with a conjugate acid
of the aromatic molecule, and must have a structure such
that the added proton does not occupy an equivalent
position to the deuterium to be replaced. Three possible
structures were considered:-
(1) linked less tightly than the deuterium to the carbon
atom at which substitution occurs.
(11) attached elsewhere in the same molecule.
(111) attached to a different molecule to the one undergoing
exchange.
The intermolecular mechanism (111) implies that the entity
ﬂH+(where & is an unspecified composition of a deuterated
and protonated phgnol molecule) is in preference to Hgot
responsible for most of the reactlion converting ED into
the conjugate acid RDHT Conversely, & would be more
effective than H,0 in removing the proton from RDHT They
rejected this mechanism since it is known that H20 is a
stronger base than &.

Gold and Satchell considered therefore, that the mechanism

must be intramolecular and formulated it thus:-

D 1|) H D H H
+~
+
/ + }I 1 > 2 _2 -1 L
-2 2
H-l- D+

RD ‘ c (111) c! RH ..(3)

This mechanism involves a rapid, reversible, loose attachment
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of a proton to the deuterated molecule to give a low
concentration intermediaste (c). This undergoes a slow
rearrangement to the low concentration intermediate (c!').
(c) and (c¢') were sald to have the structure of outer-
complexes, intermediate (III) the structure of an inner
complex; they quote the work of Brown and Brad3175 in
support of these structures. They discﬁssed the mechanism
put forward by de la Mare, Hughes, Ingold and Pocke%6 for
the hydration of/olefins, which envisaged a rapid
equilibrium between acidic species and protons in a "freer
form". The "freer" protons then combine with the substrate
in the rate determing step. Although their experimental
results were compatible with any form of "freer" proton,
Gold and Satchell advanced strong arguments against this
mechanism,

The rates of deuterium exchange in p-cresol with
hydrochloric acid and sulphuric acid, and in E—chldrophenol
with sulphuric acid and with phosphoric acid have also been
measured by Gold and Satchell%V They found that although,
in each case, the rate of exchange followed the scldity
function, the slope of logk against Ho varied for the same
compound in the two different acids., They attributed this
to the variation of the salting-out effect in the
different medla,

18

Satchell observed that in the exchange with ortho-

and para- deuterated anisoles in acetic acid-sulphuric

‘acid there was a linear correlation of the logarithm of
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the exchange rate with the Ho acidity function. He
concluded that the exchange mechanism was 1dentical with
that 1n aqueous sulphﬁric acid,
Gold and Satcheli9 compared directly the rates of exchange

at the nuclear positlons in toluene with that of benzene,

‘The partlal rate factors for ortho-, meta-, and psra-positions

of toluene were found to be 83, 1.9, 83, these figures
agreeing well with those obtalned by Olsson and Melander.
A linear plot of log(rate of exchange) against Ho was

again obtalned.
- 20
Mackor, Smit and Van der Waals measured the rates of

dedeuteration of a number of compounds in a trifluoroacetic

2
acid - sulphuric acid medium. These 1ncluded[ HJbenzene,

.é-zﬂJtoluene,{g-QH toluene,{g-2H1toluene, and[g—gé}t-butyl-
u%enzene. A plot 6} the logarithﬁ of exchange;;ates against
Ho acidity functlon for the acidic medla revealed straight
line correlations of slope 1.0 for benzene and[g-gH]toluene.
Partial rate factors of 23%4, 3.16 and 347 for the 2&3&3—,
meta-, and para-position of toluene and 363 for the para-
position of t-butylbenzene were obtalned. Some interesting
points arose from this work:-

1) These partial rate factors for the several positlons of
toluene differ greatly from those obtained by Gold and
Satchell for hydrogen exchange reactions in the aqgueous
sulphuric acid medium,

2) The ratio of the reactivities of the ortho- and para-

positions of toluene differ from those obtained by Melander
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and by Gold and Satche11 in aqueous sulphuric acid., Mackor
et.al. considered these differences to be attributed to
changes in the medium or experimental errors.
3) The aromatic ring 1s activated in dedeuteration by the
para-t-butyl group to a greater extent than by the para-
methyl group, indicating that hyperconjugation does not
play an important part in the activating mechanism in
trifluorcacetic acid,
4) Mackor suggested that the substituent effects were due
to entropy effects and not through the activation energy,
but Eaborn and,DeanS4 critisized this and belileve it to
be incorrect.
21

Tiers measured, by a competition method, the rates of
‘dedeuteration of the ortho- and para-positions of toluene
by aqueous perchloric acid (70.8%), and also by

heptafluorobutyric acid. He observed that the ortho/para

reactivity ratio in the former medium was 1.09, whilst in
the later it was 0.4. He considered the higher ratio was

an unambiguous example of +I inductive activation but pointed
out that the same effect could be attributed to
hyperconjugation, as argued by the molecular orbital
treatment of Crawford?2 Tiers also suggested that the

reduction in ortho/para ratio on going to heptafluorobutyric

acid is a consequence of the steric requirement of the bulky
acid molecule,
23
Lauer 33 gl. carried out the deuteration of toluene in a

mixture of trifluorocacetic acild and deuterium oxide. The
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partial rate factors were fo = 250, fm = 4, and fp = 420,
The factors for the ortho- and para-positions and the

ortho/para rate ratio are in close agreement with the results

obtained by Smit, Mackor, and Van der Waals,
24
Lauer et al. also measured the deuteration of t-butyl-
benzene in the same medlum and obtained the following

partial rate factors:

fo = 198, fm 7, fp = 490.
which are again in sgreement with those of Smit, Mackor,
and Var der Waals, Further, the similarity in the

ortho/para rate ratio for toluene and t-butylbenzene

indicated that the steric requirement of the attacking

entity 1s small, and therefore the fact that the ortho/para

ratio for toluene <1 may not be due to a steric effect,

M
The rates of detritiation of[ -lbenzene, m- ’ ]toluene

and p- [5HJtoluene in 68.80wt% suléhuric acld a; 25°were
measured by Eaborn and Taylor?5 In 73-75wt% they obtained
rate factors of fp= 250 and fm= 5.0; these factors differed
from those of Gold and Satchell for dedeuteration in 68wty
(viz. fp = 83 and fm = 1.9). Eaborn and Taylor pointed

out that thelr rate factors were based on direct comparison
of the three compounds in the same acid, whereas Gold and
Satchell compared rates for m- and B—[zﬁ]toluene with those
derived for [QHlbenzene by interpolation. The ratio fp/fm
for detritiation in 73-75% acid (viz.,50), agrees
satisfactorily with that, (viz.,44) reported by Gold and

Satchell, and with those (viz., 46+3 and 41t2) reported by
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12 -

Olsson and Melander for dedeuteration and detritiation
in 80.8%sulphuric acid under heterogeneous conditions,

Eaborn and Taylor attributed the apparent disagreement
between their value for benzene and that of Gold and
Satchell to experimental error., They belleved their value
to be correct because:-
1) they had checked their work and investigated all the
possible errors, because of the disagreement with the
dedeuteration results, -
11) the dependence of the rate of. detritiation of |.3H:\
benzene on acid concentration, while being different from
that reporteq by Gold and Satcheil, was very similar to
toluene.

- - ' 26
i11) for monyv electrophilic substitutions, Stock and Brown

that for m- \?H

noted that the ratlo log fp/logfm lies between 3,18 and
4,72, Their figures correspond to a ratio of 3.42 and
Gold and Satchell's to 6.88, Rate factors determined for
detritiation in acetlc acid - water - sulphuric acigv
correspond to a ratio of 3.65, and those for dedeuteration
in aqueous trifluorocacetic acid with a ratio of 4,3x0.8,
Eaborn and Taylor put forward a meéhanism different

from Gold:and Satchell's :=-

NN

(1) (j (11) t/‘f N
—f—‘; &i;iL + HoO —_—. SQT/)g+~DOH2 vo(4)

D H ' H

Both of steps (i) and (ii) must contribute to the
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determination of the overall rate in hydrogen exchange,
Gold and Satchell reject this mechanism since both
transition states of steps (i) and (ii) would involve a
solvent molecule (or entity A of the acid HA) partly
bound covalently. They conslidered thls to be ruled out
by their observation of a linear dependence of the
logarithm of the rate constants for dedeuteration on the
Hammett acidity function, Ho. Eaborn and Taylor were
unable to accept that there 1s any significant correlation
between rate of exchange and Ho. The plot of log rate
agalnst Ho for the detritiation of benzene, leads to a
curve ofislope varying from ca -i.5 to ca -2,2; the plot
for gf[sé]toluene 1s very similar. They consldered Gold
and Satchell's results for dedeuteration of benzene
could be presented as a straight line of slope -1.5 or
as a curve whose slope varled from ca.-1.2 to ca-1,7,
The plots were found to have different slopes if the
values of Ho employed were those selected by Gold and
Satchell from the Hammett and Deyru12>8 data, rather than
those selected by Long and Paui9 from the previous'data.
For some other aromatic compounds, particularly phenols,

\ 30,13,17

more satisfactory log kg-Ho correlations appear to be
obtained. Eaborn and Taylor, however, pointed»out thefe
1s considerable uncertainty about the preclise mechanistic
significance of linear log k- Ho plots even when these
have unit slopes?l Tt 1s their opinion that there 1s no

firm ground for the belief that such plots.exclude the
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possibility of covalent participation of a solvent molecule
in the rate-determing step. In support of their mechanism
they quote the Qork of Kresge and Chianzz who demonstrated
that detritiation of 1,5,S-trimethoxy{sﬁ]benzene by weak
aclds is general acid catalysed, so that proton transfer
from catalysing acid to substrate is involved in the rate-
determing step; they consider it unlikely that a different
mechanism operates for less reactive aromatic compounds

in concentrated- strong acids.

Eaborn and Taylor considered the general mechanism (5)

(
33
for electrophilic substitution suggested by R.D.Brown,
in which 0-complexes (Wheland intermediates), of type

(V1) are not involved.

E
ArH + E = +Ar—H (V) «.....5(a)
B
: +
Ary —— Ar-E (V) eeeerens5(D)
+ .
H

+ +
AI‘—E + B — EAI‘ + BH 0.00000-95(0)
' ——

]

H

The intermediates (1V) and (V) are charge-transfer complexes,

-+
E i1s an electrophll and B 1s a base

1 ql ) <! +

Et] =|! = 4+ BH..(6)
;// +
L: H E H E
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Any one of the steps (a),(b) or (c) may be rate-determining,
and the structure (V1) is considered to represent a point
of maximum potential energy between the complexes 1V and V.

R.D.Brown lists six features of electrophilic aromatic
- substitution which have to be taken into account in
devising a mechanism. All but one of these are, 1n the
opinion of Eaborn and Taylor, egually consistent with theilr
mechanism (6), (the entities in brackets are transition
states). The one exception is Gold and Satchell's
conclusion that a linear dependence of logk on Ho rules
out the possibility of a solvent molecule's being covalently
involved in the transition state in aromatic hydrogen
exchange, FEaborn and Taylor stress that the rate-determining
transition state does not coincide in structure with the
intermediate (V1), but is removed to a greater or lesser
extent from it towards reactants or products. They consider
i1t difficult to see how rate studies can distinguish
befween the two theories,

Kresge and Chiang4 present evidence in support of the
mechanism of Eaborn and Taylor. The loss of tritium from
l,3,5-trimethoxy-[?—2é}benzene is an "ho-dependent" reaction
in the usual sense, The interpretation of this observatioen,
that the transition state is a fully protonated specles
in which the transfered proton has lost all specifiec
interaction with the conjugate base of the catalysing

acid, is based on the gssumption that the substrate is a

Hammett base, l.e.,that it[/s degree of protonation in
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concentrated aqueous acid 1s governed by h,. They showed
that this assumption was false for 1,3,5-trimethoxybenzene
in agueous perchloric acid, i.e., the degree of protonation
i1s proportional not‘to h,, but to the different acidity
function héa?

If the transition state for exchange in 1,%,5-
trimethoxybenzéne was a fully protonated specles unassociated
with the conjugate base of the catalysing acid, the rate
of exchange would be proportional to hé (hﬁ - hR'aH?O)'
Since in the range of acid concentration, the empirical
relation hé - (ho)? holds to a good degree of approximation,
this would appear as a linear plot of log k agalnst Ho of
slope 2.0, On the other hand, had proton transfer not
yet occurred to any appreclable extent at the transition
state, composed of an aromatic molecule and a nearly intact
hydronium ion, then a rate dependence on cy » would be
observed. This would give an Ho plot of coisiderable less
than slope 1.0, Kresge and Chiang consider the mechanism
of this reaction to be the orthodox one for electrophilic
substltution and the actual situation at the transition
state must be intermediate between no transfér and complete
transfer of the proton., The observed acidity-dependence
is intermediate between that predicted for these extremes.
They consider that results obtained with other aromatic
substrates (log k - Ho for phenol and arylethers with
slopes 1.0, ranging to 1.5 and 2.0 for the hydrocarbons

toluene and benzene ) are consistent with a single mechanism

for all aromatic hydrogen exchange, similiar to that
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established for trimethoxybenzene, but with varying
degrees of proton transfer at the transition state. They
consider it 1s also consistent with a single mechanism,
but different acidity-dependencies, for the degree of
protonation of different aromatic compounds,

General acid catalysis has also been observed by Colapietro
and Longsfor the deuterium exchange of azulene-[?ﬁJ(l,S)
in water as the solvent.

In a recent publication, G0127 suggests that the theory
of Kresge and Chiang does not explain the absence of
even a8 vague connection between the velocity of hydrogen
exchange and the chemical composition of an acidic medium
(i.e., the concentration of Hsdi H.504, CHSCOQHQ; in
strongly acidic solutions of water and acetic acid.),

In the view of Gold this 1is the only salient experimental
result requiring a mechanistic explanation. Gold poses

| the question, "how can different and additive contributions
from catalysing Bronsted acids (1.e.,general acid catalysis)
be observed in weakly acidic buffer solutions but not in
strongly acidic media ?",

He proposes that the two kinds of solvent system
considered differ in the transferability of protons, 1i.e.,
the freguency with which protons are exchanged between
their possible sites on different acid molecules., Data
availabli8 on the speed of proton transfers suggests that the

reaction between sulphuric acid and water, or that between

the hydronium ion and water, is several powers of ten times
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faster than the proton transfer from the acetic acid molecule
to water., Gold suggests that general acid catalysis is
observed in a process when the proton remains attached to
a molecule of the catalysing acid, HA, for a time which
-1s long compared with some time interval characteristic
of the molecular motions during the formation of the
transition state; the transition state will have the
definite composition (ArH.HA). An example of this situation
1s the acetic acid catalysed aromatic‘hydrogen exchange
in dilute aqueous solution. On the other hand, 1n a
strongly acid medium, supposing the proton switch to be
fast compared with other rearrangements of atoms during
the formation of the transition state, the origin of the
proton taken up by the substrate will beublurred? The
transition state can then be represented by a protonated
substrate in association with several molecules of base
between which the proton switch can occur. The concentration
of the transition state may then be controlled by the
thermodynamic availability of protons in the system (1.s.,
by an acidity function), and will not bear a simple
relationship to a concentration of catalysing aclds.

Gold pointed out that in formulating a mechanism for
proton transfer the difference 1n mass between the proton
and other entities involved in the process must be
considered, In aromatic hydrogen exchange, which involves
proton transfer from strongly acldic solvent systems to

organic substrates, the potential proton donors build up
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a hydrogen-bonded network which permits very rapid and
frequent proton switches amongst its members;.s9 In the
transfer of a proton from this system to an aromatic
molecule, the motions of heavy particles to be considered
are :-
1) the deformation of the aromatic substrate,
ii) the relative adjustment of the solvent network and
the aromatic ‘molecule for solvation of the electric charge
on the protonated substrate,
111) a rotation or translation to attain a disposition
which places the aromatic molecule 1n suitable relation
to the network for proton transfer to take place.
On these considerations a proton will become attached to
the aromatic molecule as the motions produce an optimum
configuration. The immediate origin of the proton 1s the
nelghbouring member of the solvent network, but the chemicsl
identity of this molecule 1s unimportant if a replacement
proton can be rapidly transfered to it by chain conduction
across hydrogen bridges\?9 Weak sacids, however, retaln their
chemical identity during the whole proton transfer and,
therefore, form transition states of indlsputable composition,

Eaborn and Tayloio measured the rates of detritiation
of[aH\benzene, o-, m, and p-tritio- toluene and t-butyl-
benzene 1n one or more of the followlng solvents; aqueous
sulphuric acid, acetic acid containing aqueous sulphuric

acid, and trifluoroacetic acid containing aqueous sulphuric

aclid. The maln features of thelr results were:-
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1) the spread of rates'variés markedly with the medium,
probably increasing as the solvating power of the media
decreases, '
11) the activating influence of p-methyl and p-t-butyl
groups can follow elther the Baker-Nathan order Me)»But,
or the inductive order But> Me, depending on the solvent,
111) for meta-substituents the activation order in all
media 1s clearly Bu')> Me.
They do not attempt to explain completely the variation
in the spread of rates as the medium 1is changed because
so many factors vary together, but they do indicate what
results are expected if one property of the medium is
changed independently of the others, The results can be
explained by use of the concept of hyperconjugation,
The greater inductive effect of the t-butyl group results
in an inductive order for the meta-group, but hyperconjugation
from the methyl groups brings the overall effects of the
para-groups near to equality, and allows the p-methyl
group to have a greater activating effect than the p-butyl
group in some media. The change from a Baker-Nathan order
to an inductive order as the dielectric constant of the
medium is lowered may simply reflect the increase in the
direct-field component of the inductive effect.

Eaborn and Taylor note the objections‘to relying on C-H
hyperconjugation; spectral transition energles indicating
that electron release by t-butyl group is about equal

41
to or rather greater than that by the methyl group,
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and this has led to suggestions that the Baker-Nathan order
in chemical reactions results from steric hindrance to
solvation by the t-butyl group of electron deficient centres
in the transition state?1’42They regard i1t unsatisfactory
when considering chemical reactivities to regard the t-butyl
and methyl groups as having similar electron-releasing
properties, particularly in view of the greater activation
of the meta-position by a t-butyl group., Explaining the
results in terms of steric hindrance to solvation meets
with difficulties since itvhas to be assumed that there
1s negligeable steric hindrance by the meta- but considerable
hindrance by the p-t-butyl group. The change 1n the
activation order B—Me)p_—But to 2-Me<;p_-But could then
follow as the medium 1s changed in the direction of decreasing
solvating power, but they regard this as unsatisfactory.

They conclude that both hyperconjugation and steric

effects operate to determine the effects of p-methyl and

p-t-butyl groups in detritiation.

3. Substituent effects in aromatic hydrogen exchange.

The rates of detritiation of mono tritio-benzene and
-halogenobenzenes in trifluoroacetic acid containing either
aqueous sulphuric acid or aqueous perchloric acld were
measured by Eaborn and Taylor?6 They obtained accurate

rate factors for detritiation ortho- and para- to the halogens
along with approximate values for the reaction meta- to the

halogens. The results are shown in Table 1 as partial

rate factors (f).
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Table 1
Detritiation of X.CfiH”pH; compounds at 25°.

CF3CO2H-H20-H2S04 CF3CO2H-H20-HCIO4 CF3CO2H-H20-HCIO4

X £ £ £
H 1 1
£-F 1.72 1.79 -
£-01 0.127 0.161 -
£-Br 0.072 0.098 0.085
£-1 0.0865 0.112
o-F 0.136 0.126
o-Cl 0.035 0.036
o-Br - 0.027 0.027
o-1 0.043 0.041
m-F - - 0.002
m- 01 0.002 0.001
m- Br - 0.001
m-1 0.003

The composition of the media in Table 1 are given in the

tables of classified media on pages 21-35.

The main features of the results were :-

1) The spread of rates were dependent uponthe medium in
25,40

the manner previously noted with aromatic compounds.

A plot of log f in one medium against log f in either of

the other media was a straight 1line.

ii) Fluorine activates the para-position in detritiation as

44
it does in molecular bromination and chlorination, the
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+T effect outwelghing the -I effect. In many reactions
fluofine deactivates but the activation in detritiation 1is
consistent with the observation that the demand on the
electromeric effect of substituents is large in this
reaction?4 Additional results for the p-F atom, are that 1t
activates 2,18 times in 76,29wt% aqueous sulphuric acid,

1.7 times in CF,COoH (92,04) - Hgo (5.45) - HClO4 (2.51)
and 2.4 times in CFzCOoH (85.08) =« Hp0 (6.42) - H,y804 (8.50).
111) The deactivation order p-Cl <p-I< p-Br applies in
detritiation as in molecular bromination in nitromethane?5
iv) Deactivation by the ortho~substituents is in the order
FKI<Cl<Br . The reduction in rate on moving the
halogen from the para- to the ortho- position decreases
in the order F>C1>Br> I , which 1s consistent with
inereased importance of the -I effect at the ortho-position,
It 1s noteworthy that the importance of the +T effect for
the o-F substituent is still sufficlent to make this atom
less deactivatlg than a p-Br substituent, .
v) A plot of log £ for detritliation of X.CGHJ?g}compounds

in CFSCOQH(QG.VV) - HQO(O.BQ) - HCl04(2.41) against log kpel
for hydrolysis of X.C.H,.CMe,Cl compounds in 90% aqueous

64
46
acetone at 25° 18 a good straight line for the meta- and

para- halogens (that is the substituent effects in tgsse
detritiations are related to the o constants of Brown ).
A similiar relation also applies for the ortho- halogens,
but the appropriate line lles well away from that for the

meta- and para- substituents.
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The rates of detritiation meta- to the halogens could
be measured only very roughly because of side-reactions
but Eaborn and Taylor reached the conclusion that meta-
halogens deactivate markedly more than ortho- and para-
halogens, as in other electrophilic aromatic substitutions.

Olssoi8 obtained rates of exchange of 0.00186, €.252,
0.0088 and 0,288 for deuterium exchange and 0,00121, 0.144,
0.C0317 and 0.118 for tritium exchange for benzene and the
o, m, and p-positions in toluene in 80.66% agueous acid in
heterogeneous solution,

The rates of dedeuteration of a number of polyalkyl-
benzenes in mixtures of deuterium oxide and trifluoroacetic
acld have been measureg? The effects of methyl groups in
compounds such as toluene, xylene, hemimelllitene, and
durene were found to be'additive, thus providing further
evidence for the small steriec requirement of deuteration in
trifluoroacetic acid, Similar worio on the reactivities
of three polylso-propylbenzenes relative to the corresponding

polymethylbenzene gave the figures:-
1,04;

meta-di-isopropylbenzene : xylene
para-di-isopropylbenzene : xylene = 2,16 and 1,3,5-tri-
isopropylbenzene : mesitylene = 0,27,

Partial rate factors were obtalned for o, m, and p-iso-
propylbenzene:- f_ = 250+10, f, = 6.16% 0.20, L

483121 and also ethylbenzene, m, T 4.52,

: 51
Shatenshtein 1nvestigated the deuteration of ortho-

and para- [QHJtoluenes in 1liguid hydrogen halides; his
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results are given in Table 11.
Table 11
-1

Comparison of rate constants (sec ) of deuterium exchange

with hydrogen halides at 25°.

HI ! HBr -rW
r ol -6 ! -5 i -2
'lo- "HItoluene 2 X 10 I5 X 10 j2 X 10
_ -6 ! -4 |
I gp.% toluene 4 X 10 I2 X 10 i-
I
1 E .
52
Previously, earlier work of Shatenshtein on the deuteration

of toluene, ethylbenzene, t-butyl- and n-butylbenzene in
liquid hydrogen bromide (containing 1-5% deuterium bromide)
had indicated, that for all the monoalkylbenzenen, the
partial rate factors are in the ratio:-

Kp : Ko : r6000 ; 1000 : 5, with benzene = 1.
Qualitative studies on m-xylene, mesitylene, durene and
pentamethylbenzene showed there was no exchange of the

hydrogens of the alkyl groups.

Deuterium-hydrogen exchange of phenol, anisole and

ethoxybenzene in liquid "deuterium bromide" at 25 was
55
also studied by Shatenshtein ; exchange with these compounds
took place rapidly in the ortho- and para- positions.
4. Hydrogen exchange in polynuclenr and heterocyclic compounds.
5

The rates of detritiation of (2-, 3- and 4- H) biphenyl

and of (o<~ andp-''H) naphthalene in trifluoroacetic acid

containing aoueous sulphuric acid or aqueous perchloric
54

acid were measured by Eaborn and Taylor. The results
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are shown In Table 111 as partial rate factors £, composition
of the media is given in mole%.

Table 111

Detritiation at 25

., CF3CO2H - HgO - H2SO4ICF3CO2ZH - H20 - HCIO/4
1 |
Compound (95.31);(2.21); (2.48) (92.04) :(5.45);(2.51) 3
£ !
1
/benzene 1 1 1
jO-“*Hi toluene 702 313 %
I
12-3H| biphenyl ; 133 1 52 Jj
j3-*H| biphenyl 1 1 0.68 !
i i
#-3pi biphenyl | . 143 1 52 i
z ,
naphthalene 1079 1 - 5 70
| B-I naphthalene 127 ! 62 !
J

The spread of rates varied markedly with the medium as
27,25,40
with alkylbenzenes, The 2- and 4- positions of
biphenyl were equally reactive, but the “-position of
naphthalene was considerably more activated than the $ -position
55,56

in agreement with calculations. The values of the ratio

of /log f'Mshowed a general tendency to fall from reaction

to reaction as f£%* ' rises, probably as the electron-demand

rises and calls forth increasingly the -rE effect of the
57,58

£-Ph group. They concluded that, in electrophilic

aromatic substitution, no jingle substituent constant can

satisfactorily represent the effect of a £-Ph or the
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3,4-C4ﬁ4 group.

Deuteration of a number of polynuclear compounds have
been studled by Dallinga, Verrijn Stuart, Smit and Mackor.55
They employed a mixture of trifluoroacetic acid (deuterium
content 96%), sulphuric acid (100%) and carbon tetrachloride,

The partial rate fasetors for the ortho-, meta-, and para-

position of biphenyl were 37.2, 0.3, 37.2 respectively
and the X~ and B- positions in naphthalene were 178, 23.4
respectively; these results are in good agreement with
those of Eaborn and Taylor,

Rice59 studied deuterium-exchange of a number of polynuclear
hydrocarbons, The dedeuteration of biphenyl isomers in
aqueous trifluoroacetic acid gave partial rate factors for
the 2-, &-, and 4-positione of 82, 0.49, and 130 respectively.
Simllarly the partiael rate factors for the 2'-, 3'= and
4'- positions of 4-methylbiphenyl were found to be 360,

3.2 end 490, He determined the initlal rates of

dedeuteration of a number of hydrocarbons in trifluoroacetic
acid and deuterium oxide. In the series of compounds

toluene, biphenylmethane, triphenylmethane, tetraphenylmethane
and benzene, the relative reactivities per aromatic ring

were found to be 158 3 37 : 11 : 7 : 1,

The following rate constants for the dedeuteration of
biphenyl and naphthalene, compounds in liduid hydrogen
fodide and liquid hydrogen bromide have been obtained by

51,52
Shatenshtein, and are .shown 1n Table 1V,
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Table 1V

(=]
Rate constants for deuterium exchange at 25 in

1liquid hydrogen halldes.

o ) ! HI HBr
N T -6 | 5T
(o-2H|biphenyl | 1x 107 |5 x 10
r A : -6 -
[p-%H]biphenyl |4 x 107" |1 x 107
= ! -6

. [«-%H|naphthalene | 5 x 107 |2 x 1073
! I@-zﬁ]naphthalene P 6 x 107°
A )
52
Shatenshtein alao found partial rate factors for the

dedeuteration of p-terphenyl in liquid HBr, 6 x lO'5 for

the ortho- and 7 x 107% for the para-positions. These
figures were calculated from experimental data assuming

no exchange in the meta- position. From initlal rates of
deuteration, partial rate factors were obtained of 8 x 10-6
for the para- position of triphenylmethane and 6 x 107°

for the para- positiogoof diﬁhenylmethane.

Shatenshtein et al. have also studied hydrogen-deuterium
exchange of other polynuclear compounds in liquid hydrogen
bromide, viz., naphthalene, anthracene, phenanthrene, pyrene
and chrysene, and also the deuteration of substituted
naphthalenes in liguld deuterium bromide.61 Results obtained
by Shatenshtein62 on the deuteration of phenylated alkanes
in liquid deuterium bromide indicated that phenyl groups,
separated by aliphatic carbon atoms exert an effect on each
other, |

63
Liquid deuterium fluoride las also been used by Shatenshtein
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as a deuterating medium. This was chosen as a solvent
because of it's high dielectric constant, and rates of
exchange in liquid deuterium fluoride are much greater than
in 1iquid deuterium bromide (i.e., 104 for benzene),

.

The detritiation of 2- “H|thiophen and 5= °H| thiophen

{

has been studied in 59.4% aqueous sulphuric acid at 25’ ,
The compounds were prepared by shaking thiophen66 with
suitable concentrations of tritiated sulphuric acid,

The rate of detritiation of the 2- position was found to

be 955 +140 times faster than the 3- position,

5. Use of catalysts in hydrogen exchange.

Aluminium tribromide was used as a catalyst in the
53
deuteration of aromatic compounds in liquid deuterlum bromide.
The rate of deuterium-exchange was greatly increased

in many cases, but interesting results were obtailned with
some aromatic amlnes, With no catalyst, rapid exchange
took place at the ortho- and para- hydrogen atoms, with
diphenylamine slow exchange of the orthoe- and para- hydrogens
occurred, but no exchange occurred with dimethylaniline,
This difference in behaviour was ascribed to the dissimilar
basicity of the compounds, they decrease in the order:-
dimethylaniline > diphenylamine ) triphenylamine.
This 1s clearly shown by the formation of a salt with
dimethylaniline but not with triphenylamine, The absence of
exchange in dimethylaniline 1s, therefore, explained by lack
of conjugation into the ring of the lone pair of electrons,

which are taken up in salt formation. Triphenylamine forms
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no salt so that NT-conjugation of the lone pailr can take
place., On addition of aluminium tribromide to the solution,
the exchange rate of diphenylamine 1s actually decreased.
This is explained by the formation of a salt, due to the
increased acidity of the solution:-

(CgHg) NI AlBY,
and the absence of any li~conjugation from the lone pair
on the nitrogen,

The catalysis of deuterium exchange in liquid hydrogen
lodide by i1odine has also been studied by Shatenshteln.51 -
The exchange rate of deuterated biphenyl compounds was
found to increase proportionally with the concentration
of i1iodine. The electrical conductivity of hydrogen iodide
did not increase appreciably with the solution of iodilne,
or with the addition of mesitylene or hexamethylbenzene
to the solution, indicating the absence of appreclable
ionisation in the system. Nesitylene and a solution of
lodine in hydrogen 1odide had a red-violet colour and
hexamethylbenzene had a red-brown colour., Thls was explalned
bv the probable formation of a molecular compouhd between
the hydrocarbon and lodine,

ArH + Ig ———= ArH.Ig
Shatenshtein considered the catalytic activity of 1odine

1n deuterium exchange to be due to the equillibrium:-

ArD + HI + Ip

> ArD.....HI.Io
(he did not exclude the possibility that instead of ArD
it's complex with iodine, ArD,.Ip is involved). This
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equilibrium 1s analogous to :-
ArD + HHal+ AlHaly ———= ArD + }{g:AlHaf;

in which systems isotopic exchange occurs. The efficliency
of the catalyst was thought to depend upon the degree which
it polarises the H-Hal bond. Further support for this
explanation was obtained by comparing electrophilic
bromination, which 13 catalysed by metal halides and iodine.
(AlBr; > FeBr» I,) .

. 5

ArH -+ Bre + Io _——== ArH......Br=Br.ls
The positively charged bromine reacts with the hydrocarbon
at a position of high electron density. Therefore the
lodine acts by facilitating the approach of a proton to
the hydrocarbon,
Shatenshtein63has also shown that BFg added to liquid

hydrogen fluoride accelerates the rate of hydrogen-deuterium

exchange,

The substituent effects measured prior to the present
work are summarised, classified under types of medisa,

in the next five pages,
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AQUEOUS SULPHURIC aACID
Composltion Exchange Compound Partial rate factor Hef.

(niole% )

|
._HH H R R R R RR

£o Lm £p
80.6% tritium toluene 47 1.00 41® 12
80.6% tritium » 51 1.00 46~
68.0% deuterium n 83 1.9 83 19

. . f
73.24% trit ium 5.0 254 25
75.30% tritium E 5.0 253 £
71.34% tritium n 250 5.0 250 40
71.34% tritium t-butyl- 170 - 180
benz ene
h_
2- 3-
59.4% tritiuTi thiophen 955 1.0® 66
n- relative rates
ACETIC ACID - STT],pHUHIC aCID - WATER

Composition JjExchange Compound Partial rate factor Ref.

1
(mole%) fo %n. fr
CA”.COoU tri tium tolu AnA 305 5.0 313 A0
(26.0) )
HgSOA tritium t-butyl- 9.3 230 =
benz one
(40.0)
HAO

(34.0)
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SULPHURIC ACID - TRIFLUOROACETIC ACID - WATER

Composition |Exchange | Compound |Partial rate factors | Ref.
(mole%) o I £p
CF;COxH deuterium| toluene 2064 S.16 347 20
H,S04(0.25m) " t-butyl-| - - 363 | "
’ benzene
CFzCOgH tritium toluene 541 9.2 702 40
(95.31) " t-butyl- - 32 863 "
H5S504 benzene
((2.48) tritium biphenyl| 133 - 143 | 54
H?O . -
’ f T
(2.21) =t =g
tritium naphthalene 1079 127 54
|
Detritiation of X.CGH4FH] compounds
Compositlon | Exchange | X Partial rate factor of Ref.
osition relative to X
(mole¥) P
2 m 2
(83.40) " Cl - 0002 0.127 ) "
H580, |
" Br - - 0.072 "
(14.62)
Ho0 " - - 0,00865 "
(1,98)
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TRIFLUOROACETIC ACID - PERCHLORIC ACID - WATER

Composition |[Exchange |Compound [Partial rate factors Ref.
(mole%) £5 £ £
CFCOoH tritium toluene 330 7.2 313 40
(92.04) |tritium | t-butyl- 393 23,7 387 40
HC104 benzene
(2.51) | |
Hs0 tritium biphenyl 52 0,68 52 54
(5.45) | foc L
tritium | naphthalene 370 62 54
|
Detritiation of X.CGH4[5i] compounds
Composition Exchange | X Partial rate factors of | Ref.
(mole%) position relative to X
° m B
. CF3002H tritium F 0.136 - 1,79 43 -
(96,77) |tritium | c1 0.035 = 0.161 |43
HC104 v
(2.41) .
tritium I 0.043 - 0.112 43
HoO .
(0.82)
CFSCOZH tritium F 0.126 0.002 - 43
(89.50) tritium Ccl 0,036 0.001 - 43
HC10y4 v
. tritium | Br 0.027 0,001 0.085 | 43
5,96
éeo ) tritium | I 0.041 0,003 - 43
(4.55)
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AQUEOUS TRIFLUOROACETIC ACID.

Exchange Compound Partlal rate factors Ref.
fo fm I
deuterium | isopropylbenzene 250 6.16 483 50
deuterium | ethylbenzene - 4,52 - 50
deuterium |biphenyl 82 0.49 130 |59
déuterium toluene 250 4 420 23
deuterium | t-butylbenzene 198 7 490 24
2 I . I
deuterium |4'-methylbiphenyl | 360 3.2 490 |59
AQUEQOUS PERCHILORIC ACID,
Composition| Exchange |Compound | Relative Reactivities | Ref.
o m 2
70.8wt.% deuterium| toluene 1,09 0.065 1,00|21
ANHYDROUS HEPTAFLUOROBUTYRIC ACID
Exchange Compound Relative Reactivitigs Ref.
° m P ,
deuterium toluene 0.4 0.065 1.00 21

4

TRIFLUOROACETIC ACID9SULPHURIC ACID-CARBON TETRACHLORIDE

Exchange Compound | Partial Rate factors Ref.
o L
deuterium | biphenyl 37.2 0.3 37.2 55
foa fp
deuterium naphthalepe 178 23.4 585




LIQUID HYDROGEN HALIDES

Hydrogen | Exchange Compound Rate constants " Ref.
Halide (sectl)
2 4
HI deuterium | biphenyl 1x10°% 4x107® | 52
HBr deuterium | biphenyl 3110-5 1x10-4 52
HI deuterium | toluene 2x10"% 4x10°% | 51
HBr deuterium | toluene 5x10"° 2x10™% 51
HF deuterium | toluene 2x10"° . - 51
HBr deuterium | p-terphenyl 6::10.'5 7x}0-4v 52
HRr deuterium | triphenyl- - 8x10.6 52
methane
HBr deuterium | diphenyl- - 6x10"° | s2
methane :
= &
HI deuterium | naphthalene 5x10-6 - 5}
HBr deuterium | naphthalene | 2x10™° 6x107° | 51




PREPARATION OF COMPOUNDS,

l.Preparation of tritiated aromatic compounds,

Most of the tritiated materials were prepared by
hydrolysis of the appropriate Grignard or organolithium
reagents with tritiated water,

(a) Grignard Reagents,

Reactions involving Grignard reagents were carried out
in a three-necked flask with a stirrer, dropping-funnel
and water cooled condensor. Molsture was excluded from the
apparatus by means of sulphuric acid "bubbléré" connected,
by a T-plece, to the top of the condensor and ‘the dropplng-
funnel., The Apparatus and the magnesium turnings were
driéd for at least one hour at 110° before use., The ether
was supplied as "anhydrous ether" by McFarland and Co. and
not dried further,

Enough ether was added to the flask to cover the magnesium
turnings and a small percentage of the bromo-qompound wés
added, the remainder of the bromo-compound bging dissolved
in ether 1n the dropping funnel. Init;ation of'the reactions,
where necessary, was carried out by heating, or by the
addition of a few drops of ethylene dibromide. Once the
reaction had commenced the bromo-compound was added during
a period of about one hour to the rapidly stirred contents

of the flask. After addition was complete the reaction

was refluxed for one hour,

In some cases the Grignard reagent was prepared using

the "entrainment" method. Thig involves entraining the
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halogen compound with ethylene dibromide instead of the
more usual ethyl bromide; the advantage of the new method
is that only the required Grignard reagent is foréed, the
ethylene dibromide reacting to give ethylene and magnesium
bromlide., The method involves the asddition of all the
bromo-compound to a large excess of magnesium in ether,
The‘solution 1s then refluxed and ethylene dibrom{de added,
dropwise, from a Hirshbergesdropping-funnel over a period
of at least 1l2hours,

Tritiated water (supplied by the Radiochemical Centre,
Amersham, and of activity lcurie/5ml., or 1cufie/10m1.),
was added slowly, in a quantity calculated to glve a product
of the required activity, to the rapidly stirred, and cooied
Grignard reagent., The reagent always needed much more water
than the calculated amount, due to the hygroscopic nature
of the basic magnesium halide, formed by decomposition bf
the Grignard reagent., 1In all the preparations, therefore ,
the addition of the tritiated water was followed by the
addition of excess distilled water. The magnesium salts
were dissolved by adding 20% hydrochloric acid, or a
saturated solution of ammonium chloride, the strength of
the acid being insufficient to cause appreciable change
in the tritiated product. The ether layer was separated,
washed succesively with water, sodium carbonate solution,
water, and then dried by standing overnight over anhydrous

sodium sulphate. The ether was removed through an 80cm,

heated Vigreaux column.
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(b) Organolithium reagents,

Organolithium compounds were prepared in an appgratus
simlllar to that,deseribed above, for Grignard reagents,
Reactions were carried out in an atmosphere of oxygen-free
nitrogen, which had been dried by passage through sulphuric
acid bubblers, The lithium was prepared by beating small
1umpé of the metal into thin foll, oxidation being minimised
by covering the surface with 1liquid paraffin., The lithium
sheets were then washed in petroleum ether and'cut into
small pieces 1n an atmosphére of nitrogen., The organolithium
compound formed in the reaction was filltered ffom the
unreacted lithium before hydrolysis. All other stages in
the preparation were 1ldentical with those in the Grignard

preparations,

2. Preparation of tritlated benzene derivatives.

E‘[ ]toluene, [5H] t-butylbenzene and [5}{] benzene, all
of bmec./g., were kindly donated by Dr.R.Taylor.
t-Butylbenzene was prepared in 70% yield by the method of

70
Huston et. el.

7
Nitration of t-butylbenzens.,

Nitric acid,(200g.,d.1.52), was gradually added to an
equal welight of vigorously stirred t-butylbenzene at room
temperature. The reaction was complete after Z2hours, the
mixture was poured into water and the product isolated by
ether extraction., The ethereal solution was washed, dried

(NayS04) and concentrated. Fractlonal distillation gave



p-nitro-t-butylbenzene in 70% yleld, b.p. 132-1330/14mm.
71 :

2=-Bromo-4-nitro-t-butylbenzene.

p-Nitro~-t-butylbenzene (202g.) was heated with bromine (236g,)
in the presence of finely divided iron (40g.), to about 962
After 30mins., more bromine (236g.) was added and the mixture
heated for 7hours, The product was isolated by distillation
in a current of super-heated steam, Crystallisation from
alcohol gave 2-bromo-4-nitro-t-butylbenzene (14%, 40g.),

M, P, 94.5ﬁ

71
4-Amino-2-bromo-t-butylbenzene,

The nitro-compound (40g.) was dissolved in a mixtﬁre of
alcohol (175ml.) and concentrated hydrochloric acid (5.,5ml.),
and finely divided iron (27.5g.) added in four equal portions,
The mixture was refluxed for 2hours and the amlne precipitated
as the hydrochloride., The free amine was liberated with
alkallis, and extracted with ether. The ethereal solution

was washed, drled (NasSO4) and concentrated. Fractional
distillation gave 4-amino-z-bromo-t-butylbenzéne

(24.5g.,70%¥, b.p, 153;%550/11mm. |

o-Bromo-t-butylbenzene,

4-amino-2-bromo-t-butylbenzene (24,.5g.,0.125moles) was
diazotised at 0° and added to 50%w/w. hypophosphorous
acid, cooled to -5° .The mixture was allowed to stand at
0 for 24hours and ether extracted, After washing and
drying (Na2804), fractional distillation of the éthereal

layer gave o-bromo-t-butylbenzene (14g.,61.5%), b.p.109727mm,
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L?- 3H]-p-butylbenzene ( 6.5mc./g. activity )

The Grignard reagent was formed from gfbromo-t-bupylbenzene
(l4g., 0.065mole), magnesium (1.6g., O0.7g.~-atom),in ether. The
reagent was hydrolysed with tritiated wafer (l.2ml. of 100me/ml,
followed by excess of distilled water, Treatment with 20%
hydrochloric acid followed by separation, dryiﬁg (Nag804)

and frdctionation of the ethereal layer gave

&y5ﬁ];t-buty1benzene (6g.,69%),b.p.169°/759mm. , n'’= 1.4915
72

Bromomesitylene was prepared by the method of Smith
in 75% yield, b.p. 226  /760mm.

E§r5é]-1,3,5-tr1methy1benzene (5me./g. activity ).

Mesitylbromide (20g.,0.lmole), in ether solution,was treated
‘with magnesium (0.l1lg.-atom). The Grignard reagent was
hydrolysed with tritiated water (1.20ml. of IOOmc./ml;).
Treatment with aqueous ammonium chloride followed by
separation, washing, drying (NaySO4q) énd fractionation

of the ethereal layer‘gave[%-3H]-1,3,5-trimethylbenzene

in 45% yield, b.p. 164, ns 1,4967

69
Propylene sulphide.

Propylene oxide (30g.), thiourea (42g.), ice (60g.) and
water (90ml.) were stirred at O for 3Omins. and at 20 for
a further hour, The mixture was ether extracted and the
ethereal solution washed, dried and concentrated.,
Fractionation gave propylene sulphide (23g.,60%), b.p. 751
&r5ﬁ]-bromobenzene ( 6,7Tmc./g. activity ).

p-Dibromobenzene (30g., 0.,096mole) was.Pescted ,” in ethen, with
magnesium (2.3g.,0,096 g.-atom) at ~30. The Grignard reagent
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was hydrolysed with tritiated water (S.0Oml. of 100Omc./rr.l.)

Treatment with dilute hydrochloric acid followed by

separation, v/ashing, drying, (NagSO”~ ) and fractionation of
the ethereal extract gave jp-3h |bromobenzene (12g,, 54%) ,b .p .157*
Ip- -thl ophenol (ca. 6.7mc ./ml. activity)

Ibr omobenz ene (12g. ) was reacted with 1lij*hium, in ether, and
propylene sulphide (5,9g.) added over fCmins. 'The stirring

was continued for 2hours and the reaction allowed to stand
overnight, before hydrolysis. The mixture was extracted

with ether and the ethereal solution washed, dried (NagSO/i)

and concentrated. Fractional distillation gave|p-|thiophenol
(5g.,62%), b.p. 169°

r i
P - -thioanisole (ca. 6.7mc./g. activity).

£p—“Hi—thiophenol (5g., 0.052mole) was methylated with
dimethylsulphate (5g.) 1in sodium hydroxide (1.65g.) and

water (1l6ml.). The mixture was refluxed for Ihour; the

product was ether extracted and the ethereal solution

washed, dried (NapSC”) and concentrated. Fractionation
gave I-thioanisole (3g., 53%), b.p. 187-8°
i 7 1I

Im-'ij-thioani sole (7mc./g. activity) was prepared by a
similiar method.
r X1

im Hj anisole (8.4mc./g. activity).

m-Bromoani sole (l4g.,0,075mole ) was reacted v/ith magnesium
(F.Og,, 0.083 g.-atom), the Grignard complex was hydrolysed
~A"ith tri tinted water (1.35ml., 100mc ./nj .). Treatment with

aqueous ammonium chloride followed by separation, washing,

drying (NagSO”) and fractionation of the ethereal layer gave



|§r3ﬁ]anisole (7¢.,86%), b.p. 154

&gsgjanisole (8me./g.,activity) was prepared in an
analogous way. Yield: 83%, b.p. 154°

3. Preparation of heterocyclic compounds.

Dibenzothiophen was prepared in 65% yield from biphenyl
) 73
by the method of Gilman and Jacoby; the final purification

was by distillation under reduced pressure,followed by
crystallisation from alcohol, m.p.99

@-3ﬁ]-dibenzothiophen ("me./g. activity),

Dibenzothiophen (0.1lmolej, in ether, was reacted with
n-butyllithium (0O.1mole) for 24hour374before hydrolysis
with ‘tritiated water (2.7ml.,100mc./ml.). Treat@ent with
aqueous ammonium chloride followed by sepsration,wsshing,
drying (NagSO4), and distillatlion of the ethereal layer
gave [4-3H] dibenzothiophen (17g., 92%),b.p. 152-154" /um.
A sampleAfor kinetics, after crﬁstallisation several times

from alcohol, had s m,p. 991

3-Aminodibenzothiophen.

Dibenzothiophen (100g.,C.55mole) was converted to 3-amino-

dibenzothiophen( m.p.120°é in 50% yield by oxidation,

nitration, and reduction,by the method of Brown, Christiansen,
75 : ~
and Sandrin,
76
S=-Bromodibenzothiophen.

3-Aminodibenzothiophen (30g.,0.15mole), in giacial acetic
acid, was dlazotlised using nitrosylsulphuric scid, and

converted by a Sandmeyer reaction in 25% yleld to
3-bromodibenzothiophen (m,p. 95-96°).
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E-SH]"dibenzothiophen (7me./g. activity).

3-Bromodibenzothiophen (8g., 0.03mole) was allowed to react
with n-butyllithium (0,03mole) for 1lOmins., in ether, at room
temperature?sbofore the solution was hydrolysed with tritiated
water (0,8ml.,100mc./ml.,). Treatment with dilute hydrochloric
acid followed by separation, washing, drying (NasSO4) and
distillation of the ethereal layer gave[?-5H]~d1benzothiophen
(3.6g., 66%), b.p. 141-3/2pmm. The product was crystallised |

several times from alcohol and had a m,p. 99"

2-Bromodibenzothiophen was prepared by the direct bromination
of dibenzothiophen (30g., O.l61lmole) in carben ﬁetrachloride'.r7
It was necessary to distil the product under reduced pressure
to obtain pure 2-bromodibenzothiophen (26g., 60%), b.p.
175-773mm.,‘m.p. 125" (from ethanol).

@-5H]~dibenzothiophen (6.,7mc./g. activity).

2-Bromodibenzothiophen (14.3g., 0.05mole) was treated with
n-butyllithuim (0,05mole) in ether for 10 mins. at room
temperature, before the solution was hydrolybed with
tritiated water (1.35ml.,100me./ml.). Treatment with dilute
hydrochloric acid followed by separation, washing, drying
(NapS04), and distillation of the ethereal layer gave[?-sﬂ]-
dibenzothiophen (8g.,88%), b.p. 155-573mm., MeDPe 99° (alcohol).
1-Acetamidodibenzofhiophen was prepared from dibenzothiophen

"3
by the method of Gilman and Jascoby by nitration, reduction,

and acetylation.

1-Bromodibenzothiophen was preparéd in 22% yield by the
78

method of Gilman and Wilder,
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bpsﬂﬁdibenzothiophen (8 me./g. activity),

1-Bromodibenzothiophen (6 g.,,0,0228mole) was reacted with
n-butyllithium (0.023mole) for 10 mins, at room temperature,
followed by hydrolysis with tritiated water (O,7m1;,
100me,/ml,). Treatment with dilute hydrochloric acid
followed by separation, washing, drying (NaoSO4) and .
fractionation of the ethereal layer gave[}-Sﬁ]dibenzothiopheh
(2.58., 60%), b.p. 141-3/2mm., m.p. 99° (from alcohol).
Dibenzofuran supplied by Messrs, B, D, H., Ltd,, haa 8 m,P.

86" and was used without further purification.
&-Sﬁ]dibenzofuran (8mo,/g. activity)

Dibenzofuran (16.8g.,0.1mole) was reacted with n-butyllithium
| 79

(0O.1mole) in refluxing ether for 24 hours and followed by
hydrolysis with tritiated water (2,7ml,, 100mc.,/ml.),
Treatment with dilute hydrochloric acid followed by separation,
washing, drying (NapSO4) and fractionation of the etheresl

3 : °
layer gave[;- ﬁ]dibenzofuran (90%), bepo 145/3mm.,
m.p, 86° (from alecohol).

3=-Nitrodibenzofuran was prepared in 76% yield by direct

nitration of dibenzofuran by the method of Gilman, Bywaters
80
and Parker,

3-Aminodibenzofuran was prepared in 80% yield by reduction

of the nitro-compound with stannous chloride in glacial
81
acetic acid, by the method of Gilman and Avaklan,
82
3=-Bromodibenzofuran

3=-Aminodibenzofuran (37g.,0.2mole) was converted by a

Sandmeyer reaction to 3-bromodibenzofuran (9g.,18%),m.p, 121



[S-Sﬁ]dibenzofuran (8mec./g. activity).

3-Bromodibenzofuran was reacted with n-butyllithlum, in ether, for
10 mins. at room temperature before hydrolysis with tritiated
water (0.9ml,/100mec./ml.). Treatment with dilute hydroehloric
acid followed by separation, washing, drying(NapsSO4) and
fractionation under reduced pressure gave[ﬁ-sﬁ]gibenzofuran
(4g.,66%).A kinetic sample, crystallised from alcohol, had

a M.p. 860;

‘2=Bromodibenzofuran.

Dibenzofuran (30g.,, 0.18mole), in glacial acetic acid,was
treated with bromine (0.36mole) for 4 hours at 50, no

83
reaction was obtained at 0°gs advised by Bul and Royer,

The product was poured into water, extracted with benzene,.
washed, dried (NaoS04) and distilled to glive 2-bromo-
dibenzofuran (20g., 45%), which had a m.p. 107-8 after
crystallisation from alcohol. '

[é-sﬁ]dibenzofﬁran (8me./g. activity),

2-Bromodibenzofuran (12.3g., 0.05mole) was reatted with
n-butyllithium (0.05mole) in refluxing ether fog 20 mins;
the lithium reagent formed was hydrolysed wifh tritiated
water (1.35ml., 100me./ml.). Treatment with dilute
hydrochloric acid followed by separation, washing, drying
(NasS04) and fractionation of the ethereal layer gave
_[%-5ﬁ]dibenzofuran (6.58.,78%), b.p. 131-3/2mm.. A sample had a
M, Pe 86 after crystallisation from alcohol,

4- Aminodibenzofuran.

Dibenzothiophen (126g.,0.75mole) was converted to 4-amino-
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divbenzofuran (39g., 0.75 mole ) by the method of Gilman
84
and Ingram. The product had the m.p, 81-83+

1-Bromodibenzofuran was obtained in 40% yield (m.p. 680),
85
by the method of Gilman and Ess.,

h-5ﬁld1benzofuran (8mec./g. activity ).

1-Bromodibenzofuran (6.2g.,0.025 mole ) was reacted, in ether,
with a slight excess of n-butyllithium. After stirring at

0° for 10 mins., the solution was hydrolysed with tritiated
water (0,07ml., 100mc./ml.). Treatment with dilute sascid
hydrochloric acid followed by separation, washing,drying
(NagS04) and distillation of the ethereal layer gave
ﬁ-sé]dibenzofuran (2g., 48%), b.p. 11§71mm..‘ A sample was
crystallised from alcohol and had a m.p. 86?v

[é-Sﬁ]furan (5me./g. activity ).

Furan (6.8g.,0,2mole ), in dry tetrafuran, was treated with
n-butyllithium (0.2 mole &5 stirred for two hours and '
allowed to stand overnight. The addition of aqueous
ammonium chloride followed by separation,washing,drying
(NaoS0O4) and fractionation of the ethereal layer gave
l}-5ﬁ]furan (4g., 60%), b.p. 32 "
[é-sﬁ]thiophen (10mc./g. activity ).

Thiophen (8,4g.,0.1 mole ) was treated with n-butyllithium

, in ether, and the mixture allowed to stand overnight,
The solution was hydrolysed with tritiated water (1.8ml,.,
100me./ml,) folleéwed by the addition of aquequs ammonium
chloride, separation, washing, drying (NagSO4) and
fractionation of the ethereal layer gavel%-5§]thiophen
(6g.,60%),b.p. 83°
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_[é-sﬁ]thiophen (ca. 9me./g. activity ).

Thiophen (10g.) and sulphuric acid [Gml.', 69%, consisting
- of concentrated sulphuric acid (4.2ml,) and tritisted water
(1.8m1.,100mc./m1.)] were shaken vigorously for 26.5 hours

at 250?6and the thiophen separated, washed with water,
dried (CaClo) and distilled. The product was shaken with
perthoric acid (20ml.,53.7%4) for 19 hours and'ether added.
Separation, washing, drying (NasS04) and fractionation of
the ethereal layer gave[%-sﬁ]thiophen (6g.,60%), b.p. 83,

Ié-sﬂ]benzothiophen (8me./g. activity ).

n-Butyllithium ( 10.2g.,0.075mole ), in ether,ﬁas'added to
benzothiophen (10.2g.,0.075 mole ), in dry tggrafuran,at -10°
and the volume made up to 150ml., with ether. The solutlon
was stirred at room temperature for 2 hours and hydrolysed
with tritiated water (l.6ml., 100mec./ml.). Treatment with
aqueous ammonium chloride followed by separation, washing,
drying (NaoS0O4) and fractionation under reduced pressurs
GEVGE?-SH] benzothiophen (8g.,78%), b.p. 90-171 0 mn,, m.p.
32 after several crystallisations from alcohol, |

3=-Bromobenzothiophen,

Direct bromination of benzothiophen in boiling carbon

89,90
tetrachloride gave 3-bromobenzothiophen in 74% yield,
b.p. 146-8/22mm.

[é-SH]benzothiophen (8me,/g. activity ).

3-Bromobenzothiophen (16g.,0.083 mole ), in ether solution,
was treated with magnesium (4.5g.,0.185 mole) under

"entrainment" conditions; ethylene dibromide (18.5g.,0.1 mole
being added to complete the reaction. The Grignard reagent
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was hydrolysed with tritiated water (1.6ml.,100me./ml.),

Addition of dilute hydrochloric acid followed by separation,

washing, drying (Na5S04) and fractionation of the ethereal

layer gavel}-sﬂlbenzothiophen (7g.,69%), b.p. 104-6720mm.,
m.p. 32°after several crystallisations from alcohol.

LQ-SEJbenzofuraﬁ (8me./ml, activity ) .

Benzofuran (8.9g.,0.075 mole ) was treated withln-butyllithium
(0.055 mole ) in ether, and the reaction stirred for 4 hours

at room temperature and allowed to stand overnight?1 The |
solution was hydrolysed with tritiated water (1l.,4ml.,100mc./ml.
Addition of aqueous ammonium chloride followed by. separation,
washing, drying (NapgSO4) and fractionation of the ethereal
layer gave[?-Sﬁ]benzofuran (68.,68%), bep. 66°/16mm., -

ng=s 1,5620,

Br5ﬁﬂ-5-ethylcarbazole (8mec./ml, activity ).

5-ethylcarbazole (10.3g.,0.05 mole ), in ether, was refluxed
for 20 hours with n-butyllithium (0.05 mole), an additiénal
0.05 mole of the lithium regent was added and the refluxing
continued for a further 24 hours.nghe‘solution was hydrolysed
with tritiated water (1.6ml., 100mc./ml.). Addiﬁion of

aocoueous ammonium chloride followed by separation, ﬁashing,
drying (NapSO4) and distillation of the ethereal layer
gavel}-sﬁj-s-ethyloarbazole (8g.,78%). The product was
crystallised from alcohol and had a m.p. 67?

3-Bromo-5-ethylcarbazole

A solution of 5-ethylcarbazole (30g.,0.154 mole ),

potassium bromide (12.3g.), water (23ml.), and acetic
acid (400ml.) was kept at 25-30 with a cooling bath while



finely powdered potassium bromate (19.3g., 0.115 mole )

was added dropwlse over SOmins?g The resulting mixture

was stirred for 3 hours at 25° and filtered. Crystallisation
from alcohol gave 3-bromo-5-ethylcarbazole (15g., 36%) ,
M.De 85i

‘S-SH]-S-etolcarbazole (7.5mc./g. activity ).

3-Bromo-5-ethylcarbazole (14.3g.,0.05 mole ) was Treacted
with n-butyllithium (0,05 mole ) in a mixture of dry ether
and benzene, The solution was hydrolysed with tritiated
water (1.35ml.,100mc./ml.). Treatment with aqueous
ammonium chloride followed by separation, washing,drying
(NapSO4) and distillation of the ethereal layer gave
|3-38] 5-ethylcarbazole (7g., 68%). The final purification
was by crystallisation from alcohol and the product had

a8 m.p. 67,

4, Preparation of fluorene compounds,

2-Bromofluorene was obtained in 68% yleld by the bromination

94
of fluorene in chloroform.

E:?ﬁ]fluorene (10mec./g. activity ).

2-Bromofluorene (80g.,0.3 mole ) was reacted with magnesium
(24.38.,1,0g.~atom ) in ether under "entrainment" conditions
and dibromoethane (70g.,0.3 mole ) added over 12 hours,

to the refluxing solution, to complete the reactién. The
solution was hydrolysed with tritiated water (5.4ml.,,100mc./ml,
Treatment with aqueous ammonium chloride followed by

separation, washing, drying (NacS04) and fractionation
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under reduced pressure gave[?-sﬁ]fluorene (21g., 40%) .

The product had a m.p. 114-115°after crystallisation
from alcohol and vacuum sublimation.

9-Methy14é-5ﬁlfluorene (ca. 10mc./g. activity).

[?-3ﬁ1fluorene (14g.,0.09 mole ) in ether was treated with

a slight excess of n-butyllithium, After heating under
reflux for 2 hours an excess of methyl i1odide was added

and the mixture heated overnight. Treatment wilth aqueous
ammonium chloride followed by separation, washing, drying
(NagSO4) and fractlonation of the ethereal layer gave
9-methy1{2-5ﬂj fluorene (11.5g.,76%), b.p. 159-162712mm.
Crystallisatigg from methanol gave a product with a m.p. 491

(other workers report 46° ).

. 9,9-D1methy1-[é-3H]f1uorene (ca., 10mec./g. activity ).

9—Methy1-[?-3ﬁ}fluorene (11.5¢g., 0.064 mole ) in ether was
treated with n-butyllithium and methyl iodide as described
in the previous preparation.

Fractionation and crystallisation from methanol gave
9,9-d1methyl-[2-5ﬁ}fluorene (7¢., 57%}, b.p. 1477/10mm.,
m.p. 96,

Removal of tritium from the 9-position of fluorene,

When the[é-sﬂ}fluorene, prepared above, was used in exchange
reactions it was found that about 8% of the tritium

remained in the molecule after 10 times the approximate
half-1ife of the exchange in the 2-position. When the 2-
9-methyl- derivative was exchanged, about 5% of the tritium

similarly remained unchanged, but none of the 9,9-dimethyl-
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derivative, It was concluded that some tritium had
entered the 9-position when the Grignard reagent, from
the 2-bromofluorene,was hydrolysed, and, in agreement with
thfs, it was found that when the tritio-fluorene and -9-
methylfluorene were boiled with 10% aqueous-ethanolic

- 8lkali for 2 hours, the recovered ssmples retained no
activity after acid exchange. These samples were used in
the measurement of the reported rate constants,

@-Sﬁ] fluorene (6mc./g. sctivity ).

Fluorene (Be3ge, 0,05 mole ), in ether, was reacted with
n-butyllithium (0.05 mole ) and the solution hydrolysed
with tritiated water (1.0ml.,100mc./ml.,). Treatment with
dilute hydrochloric acid followed by separation, washing,
drying (NasSO4) and fractionation of the ethereal layer gave
@-Sﬁ]fluorene (7.584,90%) ,m.p. 114-115" (from acetic acid ).

V-Bromo-[é-zH]fluorene (ca, 5 mc./g. activity ).

This was prepared by direct bromination oflE-SH]fluorene

94 B
in chloroform, The product had a m.p. 112° after distillation
under reduced pressure and crystallisation from alcohol.

7-N1tro-[2-5ﬁ]fluorene (low activity ).

93
This was prepared by the method of Kuhn from[é-3€]fluorene

but more than the expected loss ( a half ) of activity oocurred,
probably due to the exchange of the tritlo-fluorene in the

nitrating acid. The product (yileld 90%) was crystallised

from acetic acid and had a m,.p. 156, 111
2,7-Dibromofluorene was prepared by direct bromination of

2-bromofluorene in chloroform and when crystallised from

alcohol had a m.p. 163:
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2-Carboxy-[}-3H]fluorene (5me./g. activity ).

E-Bromo-ﬁ-sﬁ}fluorene (8.5g., 0.058 mole ), in ether, was
reacted with magnesium (0.18g.-atom ) under"entrainment”
COnditions and dibromoethane (0,06 mole ) added to the
refluxing solution over 12 hours., The Grignard reagent
was poured onto a slurry of crushed,solid carbon dloxide
in dry ether . The ethereal éolution was treated with
dilute hydrochloric acid and extracted several times with
0.2 M aqueous sodlum hydroxide, the extracts being added
to an excess of hydrochloric acid. The 2-carboxy-[§-5H]
fluorene (2g., 27%) was purified by dissolving in alkall
and reprecipitating with acid, and finally by sublimation,

7-Bromo-2-nitrofluorene.

2-Rromofluorene was nitrated in acetic acid by the method
95

of Campbell and Temple. 7-Bromo-2-nitrofluorene ( 63% ),

M. s 236 was crystallised from acetic acid.

2=-Amino-7-bromofluorene.

7-Bromo-2-nitrofluorene (91g., 0.3 mole ) was reduced by

iron powder (73g.) in a mixture of ethanol (1300ml,) and (1800m1
hydrochloric acid by the method of Campbell and Temple.95
2-Amino-7-bromofluorene (49g., 60%), m.p. 140°wa§

crystallised from acueous alcohol,

7-Bromo-2-hydroxyfluorene,was prepared from 2-amino-7-
96

bromofluorene by the method of Gray and Hartley.

7—Bromo-z-methoxyfluorene.

7;Bromo-2-hydroxyf1uorene (18g, ,0.,067 mole ) was methylated

by dimethylsulphate (16.9g.,0.154 mole ) in a solution of
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sodium hydroxide (8g.) in water (200ml.). The mixture was
kept at 70 for 30mins,, and the cooled alkaline solution
filtered. The 7-bromo-2-methoxyfluorene (4g., 20%), m.p. 111°
was purified by chromatography on an alumina column with
petroleum ether (40-66) and several crystallisations
from alcohol.

Found C 6l.54%: H 4.27%
C14H11Br0 requires C 61,1%; H 4.04%
2-Methqu-ikf5H]fluorene (9mec./g. activity ).

7-Bromo-2-methoxyfluorene (2,5g., 0.6009 mole ), in ether,
was reacted with magnesium (0.54g.-atom ) under
"entrainment" conditions, the dibromoethane (0.3 mole )
was added to the refluxing solution over 12 hours. The
solution was hydrolysed with tritiated water (0.3ml.,1COmc.,/ml.
Treatment with aqueous ammonium chloride followed by
separation,washing, drying (NasSO4) and distillation of
the ethereal layer left the crude solid product. The 2-
methoxyfluorene (1.0g., 56%), m.p. 108 was purified by
chromatography on an alumina column with petroleum ether
(40-60) and crystallisation from alcohol but found to be
inactive,

A second attempt, with the refluxing time of the Grignard
reagent only 2 hours, gave the required active compound.
7-Bromo-2-chlorofluorene was prepared in 51% yield by the

97
method of Bachmann and Boatner. The product,m.p.157-8jwas

purified by chromatography on alumina with petroleum ether

(40-60) and crystallisation from alcohol,
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2-Chloro-[§fsﬂjfluorene (7.5me./g. activity).

7-Bromo-2-chlorofluorene (2.5g., 0.009 mole ), in ether,

was reacted with magnesium (0.3g.-atom ) under "entrainment"
conditions and dibromoethane added to the refluxing solution
over 2 hours, 'lhe solution was hydrolysed with tritiated
water (O.Sml.,IOOmc./ml.) and after separation, washing, and
drying (NaoSO4) of the ethereal layer the solvent was
removed, The 2-chlofo-[k-5ﬁ]fluorene (1g.,56%), m.p. 96,
was purified by chromatography (alumina ) with petroleum
ether (40-60) and crystallisation from alcohol.

98
2-Methylfluorene was obtained by the Willgerodt-Kindler

Q9
conversion of 2-acetylfluorene to fluoreny@Q-acetic acid;

the latter was decarboxylated by distilling with calcium
¢9
oxlde.

'2-Methy1-7-nitrofluorene, m.p. 180-181, was prepared in
100
62% yleld by the method of Sawicki.

7-Amino-2-methylfluorene.

2-Methyl-7-nitrofluorene (15g¢.,0.067 mole ), calcium chloride
(4,4g.) in water (90ml.), and zinc dust (130g.) were

refluxed in alcohol for 6 hours.looFiltration,and cooling

of the alcoholic solution gave 7-amino-2-methylfluorene
(10g.,77%), which had a m.p. 104 after crystallisation

from aqueous alcohol.

7-Bromo-2-methylfluorene

This was prepared from 7-amino-2-methylfluorene (10g.)
' o
by the method of Bachmann and Boatner, 7-Bromo-2-methyl-

fluorene (6g., 45%) was purified by chromatography (alumina)
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with petroleum ether (40-665 and after several crystallisations
from alcohol had a m.p. 129,5-130.
Found: C 65,104; H 4,26%; Br 30.64%
C14H11Br requires: C 64,90%; H 4,28%; Br 320.84%
2-Methyl-[ﬁ-3ﬁ]fluorene (8mec./g. activity ).

7-Bromo-2-methylfluorene (4g.,0.016 mole ), in ether,
was reacted with magnesium (0.5g.-atom ) under "entrainment"
conditions and dibromoethane added to the refluxing solution

over 2 hours. ‘lhe Grignard reagent was hydrolysed with

tritiated water (0.4ml., 100mc./ml. ). After treatment
with aqueous ammonium chloride the ethereal layer was
separated, washad and dried (NaoSO4) and the solvent
removed. E-Methyl-[k—sH]fluorene (2.0g.,73%), m.p. 104°
was purified by chromatography on alumina with petroleum
ether (60-80) and crystallisation from alcohol.
[é-Sﬁ]fluorene was used as the starting point of a
first attempt to prepare 2-methy1{?-3H]f1uorene and the
procedure was identical to that described above for
2-methylfluorene. when kinetic measurements were made
on this compound, however, it was found that the loss in
tritium was not the expected first order. A probable
explanation is that tritium displaced from the fluorene
nucleus by acetylation, exchanged with acetic anhydride
so that tritium was incorporated into the acetyl group
of the 2-acety1-@-3H]fluorene produced. The evidence
suggests that some of this tritium remained in the

conversion of the acetyl compound into 2-methyl-{7-5ﬁ]
[



fluorene, This tritium would then be located in the methyl

group, and the hydrogens of this group have been shown to
101 ‘
be not exchanged in acidic media.

S. Prepération of biphenyl compounds,

'E}- and E-Sﬁ]biphenyl were kindly donated by Dr.R.Taylor.

4,4'-Dibromobiphenyl was prepared by Dr.P Greasley.

4-Bromo-[;'-5ﬁ]biphenyl (4mc./g. activity ).

4,4'-Dibromobiphenyl (50g., 0.16 mole ), in dry benzene,

was reacted with n-butyllithium (0.16 mole ), in ether,

for 15 mins, at C¢. The solution was hydrolysed with
tritiated water ( 2.9ml.,100mc/ml.,). Treatment with aqueous
ammonium chloride followed by separation, washing, drying
(NapSO4) and distillation of the ethereal layer gave
4-bromo- [4'-3H:]biphenyl (20g.,54%) , b.p. 172-4/8mm. ,

m.p., 90 after crystallisation from slcochol.

4-Carboxy-[ﬁ'-?ﬁ]biphenyl (4mc./g. activity).

4-Bromo4}'-5ﬁ]biphenyl (0,05 mole ), in ether, was reacted
with n-butyllithium (0,05 mole ),for 1 hour at room

temperature, The solution was poured onto a slurry of
solid carbon dioxide,in ether, and the solution treated

with dilute hydrochloric acid and extracted =everal times
with aqueous sodium hyvdroxide, the extracts beling added
immediately to an excess of hydrochloric ascid. The organic
acld was purified by dissolving in alkalil and reprecipit-
-ating with acid and finally sublimation under reduced

pressure gave 4-carboxy-[}'-Sﬁ]biphenyl (30%), mep. 228f
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4-Bromo-4'-trimethylsilylbiphenyl.

4,4'-Dibromobiphenyl (50¢.,0.16 mole ), in dry bénzene,

was reacted with n-butyllithium (0.16 mole ) and after
stirring at 0 for 15 mins., trimethylchlorosilane (0.2 mole )
was added to thz solution,which was refluxed for 1 hour.
Treatmeht with aqueous ammonium chloride followed by
separation, washing, drying (NasS04) and distillation of
the ethereal layer gave 4-bromo-4'-trimethylsilylbiphenyl
(28¢.,58%) which after crystallisation from methanol had

8 m,P. 801

[4-%H]-4'-trimethylsilylbiphenyl. (Smc./g. activity ). -

4-Bromo-4'-trimethylbiphenyl (28g., 0.085 mole ), in dry
benzene, was treated with n-butyllithium (0.085 mole ),
in'ether, for 20 mins., at Oi The solution was hydrolysed
with tritiated water (2.2ml.,100mc./ml.). Addition of
aqueous ammonium chloride followed by separation, washing,
drying (NapSO4) and distillation of the ethereal layer
gave[4-3H|-4'-trimethylsilylbiphenyl (12¢.,57%). The
product had a m.p. 55 after several crystalllsations

from methanol.

B-5H1-4'-nitrobipheny1 (ca. bmec./g. activity ).

" This was prepared by Nr,K. Leyshon from[}-sH]-4'-trimethyl-
-biphenyl by nitrodesilylation,
4-Methylbiphenyl, b.p. 113/1mm. was prepared in 29% yield

- lo2
by the method of Elks and Hey.

4-Bromo-4'-methylbiphenyl , m.p. 153 was prepared by direct

bromination of 4-methylbiphenyl in ca{bon tetrachloride
03
by the method of Gomberg and Pernert.
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4-Methy1-[4'-5HJbighen11 (6.5me./g. activity ).

4-Bromo-4'-methylbiphenyl (17g.,0.065 mole ), in dry benzene,
was treated with n-butyllithium (0,065 mole ), in ether,

and the reaction was stirred for 1 hour at room temperature,
The solution was hydrolysed with tritiated water
(1.5ml,,100mec./ml.). Addition of aqueous ammonium chloride
followed by separation, washing, drying (NasSO4) and
distillation of the ethereal layer gave 4-methy1-[4'-5ﬁ]

biphenyl (8g., 69%) which had a m.p. 46 after crystallisation

o
from alcohol, (the b.p. of the compound was 124/2mm.).
102
(]
4-chlorobiphenyl , m.p.77 was kindly donated by Dr.K.Shipley.

4-Bromo-4'-chlofobiphenyl, m.p.l57i was prepared in 78%

yield, by the direct bromination of 4-chlorobiphenyl, in
104
glacial acetic acid, by the method of Turner and Shaw,

4-Chloro4;'-3H]biphenyl (émec./g. activity ).

. 4-Bromo-4'-chlorobiphenyl (10g., 0.037 mole ), in ether,

was treated with n-butyllithium (0.037 mole ),for 1 hour

at room temperature. The solution was hydrolysed with
tritiated water (0.8ml.,100mc./ml,). Addition of agueous
ammonium chloride followed by separation, washing, drying
(Nap504)and distillation of the ethereal layer gave
4-ch10ro-[4'5ﬁ]b1pheny1 (5ge,71%), b.p. 145°/0.5mn,

The product had a m;p. 77° after crystallisation from alcqhol.

4-Methoxybiphenyl.

4-Hydroxybiphenyl (90g.) was dissolved in 10% sodium hydroxide
(300ml,) and dimethylsulphate (120ml,) added in portions

over an hour. The mixture was heated on a steam-bath
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for 1 hour and the solid filtered. After drying the
4-methoxybiphenyl (85g., 88%) was distilled, b.p. 13271mm.

4-Bromo-4'-methoxybiphenyl, m.p. 143-144" was brominated

directly in chloroform in 13% yield by the method of
105
Abernethy and Pollock.,

4-Methoxy-’4'-3ﬁ)bipheny1 ("me./g. activity )

4-Bromo-4'-methoxybiphenyl (7.5g.,006 mole ) was reacted
with n-butyllithium (005 mole ) for 1 hour, at room
temperature, in a mixture of ether and benzene., The
solution was hydrolysed with tritiated water (0.75ml.
100mc./ml.,). Treatment with aqueous ammonium chloride
followed by separation, washing, drying (NagS04) and
distilllation of the etheresl layer gave 4-methoxy-
[3H}bipheny1 (3g.,57%). The product had a m.p.89° after
several crystallisations from alcohol,

3-Nitrobiphenyl, b.p. 1527/2mm., was prepared in 59% yleld

from m-nitroaniline by the method of Elks, Haworth and
102
Hey.

4-Bromo-3'-nitrobiphenyl, m.p. 95 was prepared in 90%

yield by direct bromination of 3-nitrobiphenyl by the
106
method of Blakey and Scarborough.

S3=-Amino-4'-bromobiphenyl

¢LBromo-3-nitrobipheny1 (100g.), in alcohol, was refluxed
for 6 hours with stannous chloride (600g.) in concentrated
hydrochloric acid (600m1.).1065-Amino-4-bromobipheny1
(12g., 14%), m.p. 105 was obtained pure only after six

crystallisations from alcohol.



4-Bromo-3'-chlorobiphenyl.

3=-Amino-4'~bromobiphenyl (12g.), in water (300ml.) and
concentrated hydrochloric acid (50ml.), was diazotised

with a slight excess of sodium nitrite. The addition took

10 mins, and the solution was stirred at 0° for a further

30 mins. Freshly prepared cuprous chloride (18g.) was

added in concentrated hydrochloric acid (75ml.) and the
mixture allowed to reach room temperature after 2 hours.
Ether was added and the ethereal layer separated, washed, and
dried (NagS0O4). Distillation gave 4-bromo-3'-chlorobiphenyl

(5g+,32%) ,b.p. 140/1mm., nX = 1.6496
' Found C 54.58%k; H 3.27%

C1oHgBrCl requires C 53.85%; H 3.01%

S-Chloro-[ﬁ'-5H]bipheny1 (6mc./g. activity ).

" 4-Bromo-3'-chlorobiphenyl (10g.,0.037 mole ), in dry
tetrahydrofuran, was reacted with magnesium (0.04g.-atom)
and the mixture refluxed for 2 hours, The solution was
hydrolysed with tritiated water (0,8ml,,100mc,/ml,).
Addition of aqueous ammonium chloride followed by separation,
washing, drying (NapsSO4) and distillation of the ethereal

layer gave 3-chloro-[4'-5H}biphenyl (5g., 71%), b.p. 15576mm.

6. Preparation of Miscellaneous Compounds.

ol= an -YHina alene were ndly donate y Dr. R. Taylor.
ap-9 phthal kindly donated by Dr. R. Tayl

~ Diphenyl ether‘was supplied by Messrs, B,D.H. Ltd.

[é-sﬁ]digpenyl ether (8me,./g. activity ).

Diphenyl ether (8,5g.,0.05 mole ) was reacted with
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n-butyllithium (0,05 mole ) in refluxing ether for 24 hour%?7
The solution was hydrolysed with tritiated water (1l.4ml.,
l00me,/ml.). Treatment with aqueous ammonium chloride
followed by separation, washing, drying (NagSO4) and
fractionation of the ethereal layer gave[?-5ﬁ]diphenyl

ether (7g., 83%), b.p. 125/14mm., m.p.28

4-Bromodiphenyl ether was prepared by direct bromination

and kindly donated by Dr. K.C. Pande.
‘é;5é]diphenyl ether (8mc,/g., activity ).

4-Bromodiphenyl ether (14.,1g.,0.057 mole ), in ether, was
reacted with magnesium (l.5g.-atom ) under "entrainment"
conditions. The reaction was completed by the addition
of dibromoethane (15.9g.,0.075 mole ) to the refluxing
solution over 12 hours and then hydrolysed with tritiated
water (1.5ml.,100mc./ml.). Treatment with aqueous
ammonium chloride followed by separation, washing, drying
(NaoS0O4) and fractionation of the ethereal layer gave
[4-31] a1phenyl ether (7.9g., 83%), b.p. 118/9mm., m.p. 26°

3=-Nitrodiphenyl ether.

Sodium hydroxide (1 mole, 90%) was added to phenol (1 mole)
and warmed to form the sodium salt, A copper catalyst

(l1g., freshly prepared from copper sulphate and zinc in
concentrated hydrochloric acid ) and m-nitro-bromobenzene

(1 mole ) were added and the mixture heated on an oil-bath

at 180°for 6 hours., Addition of ether followed by separation,
washing, drying (NagSO4) and fractionation of the ethereal

layer gave 3-nitrodiphenyl ether (64g., 30%), b.p. 16575mm.
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S-Aminodiphenyl ether.

3-Nitrodiphenyl ether (64g.,0.296 mole ), in glacial
acetlc acid (500ml,) was refluxed with stannous chloride
(250g., 1.1 mole), in concentrated hydrochloric acid

(175ml, ), for 5 hours, The cooled solution was made alkaline

and the amine extracted with ether; the solvent was
removed leaving the crude product but this was not
purified further.

3-Bromodiphenyl ether,

3=-aminodiphenyl ether (60g.), in concentrated hydrobromic
acid (250ml,.,) and water (150ml.) was diazotised with
sodium nitrite (30g.) and water (150g.). The solution was
added to cuprous bromide (120g.) in concentrated
hydrobromic acid (300ml,) and refluxed for 2 hours, The
mixture was poured into water and ether added. Separation,
washing, drying (NapSO4) and fractionation of the ethereal
layer gave 3-bromodiphenyl ether (8g., 10%), b.p. 144/6nm.

[3-3H] diphenyl ether.

3-Bromodiphenyl ether (8g.,0.032 mole ), in ether, was
reacted with magnesium (0,065 mole ) under "entrainment"
conditions. The reaction was completed by adding
dibromoethane to the refluxing solution over 12 hours

and then hydrolysed with tritiated water (0.,9ml,,100mc./ml,).
Treatment with dilute hydrochloric acid followed by
separation, washing, drying (Na2804) and fractionation

of the ethereal layer gave{;-SH]diphenyl ether (4g., 73%),

b.p. 137 /18mm., m.p. 28°
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108
Diphenyl sulphide was prepared as in Organic Syntheses.,

'[é-Sﬁ]diphenyl sulphide ( 8mc./g. activity ).

Diphenyl sulphide (9.3g.,0.05 mole ) and n-butyllithium
(0.05 mole ) were refluxed in ether for 24 hourslovand the
cooled solution hydrolysed with tritiated water (1l.5ml.,
100me,/ml,). Treatment with aqueous ammonium chloride
followed by separation, washing, drying (NagSO4) and
fractionation of the ethereal layer gave[%-sﬁ]diphenyl
sulphide (8g.,86%), b.p. 145/1lmm., ny = 1.6346,

4-Bromodiphenyl sulphide.

112
Diphenyl sulphide (30g., 0.162 mole ) was brominated

directly in glaclal acetic acid to give 4-bromodiphenyl
sulphide (29g., 69%), b.p. 184/10mm.
[}-5HJdipheny1 sulphide (8mc,/g. activity ).

4-Bromodiphenyl sulphide (l6g.,0.06 mole ), in ether, was
reacted with magnesium under "entrainment" conditions and
dibromoethane (0,06 mole ) added to the refluxing solution
‘over 12 hours. The solution was hydrolysed with tritiated
water (1.,8ml,, 100mc.,/ml.). Treatment with dilute
hydrochloric acid followed by separation, washing, drying
(NaoS04) and fractionation of the ethereal layer gave

[4-%H] a1phenyl sulphide (7g., 63%), b.p. 152/18mm., ris 1.6345.
4-Bromodiphenylmethane was kindly provided by Dr.J. Sperry.

B-5ﬁ]d1phenylmethane (6me./g. activity ).

4-Bromodiphenylmethane (12.4g., 0.05 mole ) was reacted, in

ether, with magnesium (0,12 mole ) under "entrainment”

conditions and dibromoethane (0.05 mole ) added to the
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refluxing solution over 12 hours. The Grignard complex
was hydrolysed with tritlated water (1.0ml., 100me./ml. ).
Treatment with dilute hydrochloric acidrfollowed by
separation, washing, drylng (NaySO4) and fractionation of

the ethereal layer gave[;-5H]d1phenylmethane (6g6,71%),
bepo 105-775mm., m.p., 24-5" (from alcohol).

9-Bromophenanthrene was kindly donated by Dr. J. Sperry.

[§-5ﬁ]§henanthrene (8.2mc./g. activity ).
'9-Bromophenanthrene (12.4g., 0,05 mole ), iodine (0.1g.),
ethyl bromide (0.3g.) and an excess of magnesium turnings
were refluxed in a mixture of ether and benzene (30ml, of
each ) for 5 hours. The mixture was hydrolysed with
tritiated water (l.4ml.,, 10Ome./ml,). Treatment with
dilute hydrochloric ascid followed by separation, washing,
drying (NapSO4) and distillation of the ethereal layer
'gave[é-sﬁ]phenanthrene (6g.,71%), b.p. 172-472mm., m.p. 101°
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KINETICS AND RESULTS

l., The measurement of the relative activities of

tritiated materials:

The method used was that first described by Eaborn and
.Matsukawa,lzsand conslists of a simple integrating method
for determining the relative activities of tritiated
materials, dispensing with the complex counting equipment
normally employed. A liquld scintillation system 1s used
but the direct current output of the photomultiplier is
measured with a sultably shunted galvanometer. The apparatus
consists of a photomultiplier tube and head, high tension
~unit, high sensitivity galvanometer, lamp and scale and
gsample cell, A linear relation, between observed current
output and sample activity, was shown to exist by Eaborn
and Matsukawa,lszor tritiated water in dioxan containing
terphenyl; and later for tritiated toluene with the liquid
scintillator consisting of a saturated solution of p-
terphenyl in toluene.127

The scintillation counter head.

The circuit of the counter head (type no. 653/A, Isotopes
Development Ltd.), was modified to that shown in the Figure I.
The galvanometer leads, F and G, were taken through a hole
in the lower casing of the photomultiplier head in such a
way that they did not touch the casing: this ensured

leakage was kept to a minimum. The leads were of cotton-
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A - High tension supply

E - Galvanometer
F,G - Galvanometer 1leads
S - Switch
VU OE
Photomultiplier
Type E.M.I 9514
Figure I

covered copper wire, sufficiently rigid to support its own
weight without contacting any earthed ohlect. The
resistance chain, as supplied by I.D.L. Ltd., consisted of

eleven 470K, and IM high resistances of 5# tolerance.

The resistances across the first, and the last three stages
were altered to IM, since an E.M.I specification indicated
that this would increase the signal streng”” over the dark
current. A further modification was the insertion of two
additional 470K resistances to accommodate the thirteen
stage tube. The resistance chain is shown in Figure 1II,

looking from above the photomultiplier head
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anode

Figure 1II
(the resistance chain consisting of 4 x IM and 10 x 470K

resistances)

The light-tight cap (type ’'A*, Isotopes Development Ltd.)
was lengthened by 18cm. to accommodate the scintillation
cell which was placed on the top of the photomultiplier

tube (Figure III).

light tight cannister

scintillation cell

photomultiplier tube

Figure

-counter head containing chain of resistances

111

leads to the galvanometer

~ H.T supply
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The high tension unit (Type 532, Isotopes Development Ltd.)

The output voltage was regulated to better than 0.02%
for a 10% change in mains imput voltage (including
variations in mains frequency). Short term drift of voltage
was less than 0.02% per twentyfour hours, and long term
drift was better than 0.01% per one hundred hours. Positive
- polarity was used throughout the experimental work.,

The galvanometer (Type no. 7943, Pye and Co. Ltd.)

The galvanometer was of the moving plane mirror variety,
with a built-in window lens such as to give a focussed
Image at a distance of one metre, At this distance the
sensitivity of the galvanometer was 1509mm.4pamp, or
1175mm.//:coulomb. The galvanometer was slightly overdamped
and a high sensitivity was obtained., The galvanometer
legs were supported on polythene sheet to reduce the
possibility of current leakage from the galvanometer, which
was high potentilal,
Photomultiplier tube (E.M.,I. type 9415S)

Once installed this was not exposed to 1llumination
except to a darkroom safelight, during the changing of
samples. This practice resulted in a very low, constant
(pxcept on humid days) dark current. The tube, having a
S-type cathode was insensitive to moderate temperature

variations.
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Scintillation cell

——Bl4 Joint

80cm.,
l —81lvered exterior, protected

with gilt paint.
——ground base
< 45cm.—
The scintillation cell used is shown in the diagrem,
the base was glassblown as flat as possible and then ground.
The silvering on the exterior, to reflect the maxinum
amount of light from the scintillating solution onto the
light-sensitive cathede, was protected with paint, which
was insoluble in organic solvents,

Seintillating solutions

A scintillating solution of p-terphenyl (4g./litre) and

wavelength shifter <i,4-d1-[2-(5-phenyloxazoly1)]-benzené)
(0.0lg./1litre), in toluene, was used throughout this work.
Since the phosphors and solutions are decomposed by ultra-
violet lightleathey were kept in the dark. Ultra-violet

light also causes the solutions to phosphoresce, an effect
129

which can give rise to anomalous deflections.
The toluene (sulphur-free grade), used in the solutions,

was passed down an alumina column since Hayes, Anderson

130
and Langham state that this increases its optical

transparency.
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During all sets of measurements, constant weights of
solutions were measured into the cell, together with a
constant volume (ca. 20ml.) of scintillator from an
automatic burette. This procedure eliminates any quenching
or dilution effects.

The measurement of relative activities,

The cell, containing the solution of tritiasted material
. together with the scintillating solution, was placed on

the photomultiplier tube and silicone fluid (MS 550) was
used to make optical contact between the cell base and the
photomultiplier window, When samples were changed, during
a day's serieé of measurements, the E.H.T. set was left on,
but isolated from the tube by a simple throw switech.

After allowing two minutes for the cell to settle on the
tube, the current was s&itched on and the current passing,
as measured by the deflection in centimetres of the spot of
light on the galvanometer scale, was recorded. The process
was then repeated, with the cell contalning only scintillator
solution, to give the dark current deflection of the
1nstrumenf. The difference between the first deflection
and the dark current deflection then gave a measure of the
radiocactivity of the sample. The deflections were noted
within 20 seconds of applying the potential sinese Pringle,
Turchinetz and Funt151have stated that the dark current of
a photorultiplier tube increases with the time of

application of the potential.
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The deflections obtained were not steady, but showed a
pulsation. This 1s due, in part, to background radiation
interacting with the scintillator, and part due to
interaction of cosmic and gamma radiation with the materials
of the phototube (thereby releasing electrons in the tube
and, possibly also, causing fluorescence in the glass of
the tubelzz). The pulsation did not interfere seriously
with the reading of the'"steady" deflection.,

Humidity was found to affect the deflections produced
by the tube. Since the deflections were observed to increase
with humidity it was assumed that leakage was csused by
condensation of moisture upon the leads and the galvanometer,
On very humid days, when a large dark current deflection
was obtalned, measurements were not attempted.

The lower limit of measurement was found to be about

3 x 10“/ curies for an accuracy of 2%.
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2. Preparation of the acids for kinetic studies,

?even types of acidic media were used in this work.
These were aqueous sulphuric acid, trifluoroascetic acid-
aqueous sulphuric acid, trifluoroacetic acid-aqueous perchloriec
acild, acetic acid-sulphuric acid-water, frifluoroacetic
acld-acetic acid, anhydrous trifluoroacetic acid and
heptafluorobutyric acid.

For kinetic studies in acetic acid-sulphuric acid-water
_mediuh, the tritiated material was dissolved in acetic
acid (99.2%), and 10ml., portions of this solution were
mixed with 50ml, portions of acetic acid-sulphuriq acid-
water at the commencement of the raté measurements, For
studies in the other media the tritiated material was
introduced into the medium just before the rate

measurements were carried out,

Aqueoué sulphuric acid.

Roughly welghed amounts of 98% sulphuric acid ( Medical
and Lab, Supplies, Derby ) and distilled water were mixed
and cooled and accurately weighed portions were made up to
500ml., with distilled water. These solutions { in 25ml,
aliquots ) were titrated against standard borax solutions,
using screened methyl orange as indicator. From the
titration figures the strength of the individual acild

mixtures were calculated,
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98% water 1 Solution Strength Average Strength
sulphuric 1 made up of titre of

acid (g. ) to 500ml borax of acid

(g. ) water (N) borax wt.$

(g. ) (ml.)
i»

2000 800 3.0247 0.1140 19.20 70.70
2000 700 3.7125 0.1059 26.21 73.25
2000 676 3.2305 0.1112 22.02 74.36
2000 840 3.3196 0.1112 20.99 69.00
2000 740 3.2826 0.1112 21.48 71.41
980 505 2.849 0.1112 l16.84 64.50

- .y , =L .. Jd

Acetlc acid-sulphuric acid-water.
The sulphuric acid was the same as employed above. The
acetic acid was May and Baker ’"reagent grade" {99,6% pure),
and was further purified by the method of Orton and

109

Bradfield. Acetic acid (2.51.) was refluxed for 1.5 hours

with chromium trioxide (60g.),and then distilled through

a column, 40cm. 1long, 2cm, in diameter, packed with glass
helices. The first 200ml. of distillate were discarded
and the next 21, were collected. The water content of

the acetic acid was determined by measuring the freezing
o

point since it is known that a depression 0,2 in the

freezing point is equivalent to 0.1% water.

Melting point of pure acetic acid - 16.60
Melting point of acid used = 15,00*

Therefore water content - 0.8%
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wt,
Distilled water = 526¢g,
Sulphuric acid (97.6%) = 4713g,
Acetic acid (99.2%) = 1320g.

Molar Composition
= 34,43%
44,74%

20.83%

Trifluoroacetic acid-sulphuric acid- water.

Trifluoroacetic acid (supplied by "Kodak Ltd.") was

purified by fractionation from 98% sulphﬁric aclid and was

estimated as indicated later., The sulphuric acid used

was shown by Dr, R, Taylor (by titration against standard

borax ) to be of strength 97.6%.

wt, Mol, Comp.
Trifluoroacetic acid (100.0%) = 147.60g. = 93.00%
Sulphuric acid (97.6%) = 2.57g. = 1.88%
Distilled water = 0.40g. = 5.12%

Trifluoroacetic acld-perchloric acid-water,

The perchloric acid was shown to be of strength 72.02wt-3%.

Wt. Mol, Comp.
Trifluoroacetic acid (100.0%) = 159.05g. = 99.962%
Perchloric acid (72.02%) = 0.0250g. = 0.0102%
Distilled water = - = 0.0278%

Anhydrous trifluoroacetic acid.

Anhydrous trifluoroacetic acid (500ml,)

was prepared by

fractionally distilling the Eastman Kodak "White Label"

acid, first from concentrated sulphuric

acid (50ml,) and
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then from silver trifluorocacetate (5g., kindly donated
by Dr. P. Greasley ). Titration against standard alkali
showed 1t to be 100.0% pure, and a Karl Fischer titration,
In the presence of excess pyridine, indicated that less
than 0.01% of water was present,

This was the medium most widely used in the present
work gnd the rate of exchange of[?-5ﬁ}toluene was measured
in each batch. The rate was found to vary by less than

1%,s0 that the medium was reproducible

Anhydrous heptafluorobutyric acid.

This was purified by a procedure similiar to the previous

acid.

Trifluoroancetic acid-acetic acid-water.

Media of different compositions were prepared by accurate
weighing of the two components, trifluoroacetic acid and

acetic acid (99.2%), of purity previously discussed.

Se Exchange-rate measurements

Aqueous sulphuric acid.

The medium was used only in the detritiatlion reactions of
{é- and Rfsgytoluene and -t-butvlbenzene. To about 260ml.

of sulphuric acid, in a 1 litre flask, was added a small

3

quantity ﬁf[zﬁltoluene ( 0,065ml,) or HJt-butylbenzene
( 0.015ml.). The amounts of aromatic compound used were

always less than these quantities so as not to exceed the
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solubility limit and to ensure the solutions were
homogeneous. The flask was sealed, and shaken mechanically
for 10 mins., after which five aliquot parts were transfered
to boiling tubes of 51-53ml. by means of a 50ml. pipette.
(The vapour space above the solution was always small.)

A pipette drainage time of 2.5 min. was necessary to give
delivery of a constant quantity. The tubes were sealed

with Teflon-sleeved stoppers and placed (all at the same
time) in a thermostat at 24.84, maintained to within *0.02;
the first tube was removed after about 20 min, and others

at appropriate time intervals. The contents of each tube
were transfered quickly, at a recorded time, to a 250ml,
long-necked, conical flask which containing a fixed amount
of toluene (10ml.) and about 100g. of crushed ice; the

last traces being washed from the reaction tube with water.
The flask was sealed with a Teflon-sleeved glass stopper
and, held upright, was shaken mechanically for 15 min.

The toluene layer was then separated, washed (successively

with water, aqueous 10% sodium hydroxide, and water), and
dried over sodium sulphate. A weighed amount of the extract
(usually 2-5g.) was placed in the counting vessel together
with 20ml. of scintillator and the galvanometer reading noted.

Acetic acid-aqueous sulphuric acid

50ml. of the acid mixture was added (a pipette drainage
time of 2.5 min. was allowed) to 10ml. of a solution of
the trltiated aromatic (ca_. Ig./500ml. ) in 99.2% acetic

acid contained in a tube of 62-63ml.capacity (the vapour
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space sbove the solution was as small as possible ). Five
'such tubes were used for each run and treated as described
for the previous medium.

Trifluorcacetic acid and heptafluorobutyric acid.

For all runs in anhydrous trifluoroace%ic acid alone, or
contalning sulphuric acid, perchloric acid or acetic acid,
and also in anhydrous heptaflﬁorobutyric acid a common
technlque was used. |
A welghed asmount of the tritiated afomafic compound wsas
‘dissolved in a welghed amount.of ﬁhe acid medium (ca.5,5ml.).
Aliguot parts (1lml.) were plpetted into drswn-out glass
tubes of about 1l.2ml. capaclity, and the tubes were sealed
and placed in the thermostat. The reszidue of the solution
was then weighed so that the weight per aliguot part was
known. When removed from the thermostat each tube was
broken under 10ml. of toluene and 100ml. éf 3% aqueous
" sodium hydroxide. Subsequent procedure was as before,
except that, since the mole~-ratio of aromatic compound
to solvent was larger than-the other media, it»could not
be assumed that a negligible amount of tritium ﬁould remain
in the aromatlic compound at equilibrium,
The exchange reactions in these media were followed at
" one or more of the following temperatures -10.0°+0,02;

24,84+ 0.02; 40,0t 0,05; 70.11+0,05; 110.18:0.05
At -10,0° the aromatic compound was introduced into the

acid at -10.05 samples (ca. lml,) were then removed at

. appropriate times with an automatic pipette,



4, Tabulation of Kinetlc Results,

Agqueous sulphuric acid.

The rate constants were calculated from the formula

kt = 2.303 log_gg where Dy 1s the deflection for the first
t

samplg, and Dy that for a sample removed at a time t,
Kinetic runs were normally taken to more than 70% completion.
Individual rate coefficients varied from the mean by less
than 2% and the mean rate coefficients (determined
graphically) could be'reproduced to within t1,5%.

For each run, after giving the compound, the composition
of‘the médium, and the temperature, the results are
tabulated as deflection D, in mm., and time T, in hours.
The deflection, D, was obtained from the observed galvanometer
'defiection by subtracting the small deflection (ca.Zmim,),
resulting from the dark current of the tube,and adjusted
to a constant weight of toluene extract (8.,8g.- the total
toluene extract ). All the measurements were made with a
potential of 1200 volts across the photomultiplier tube

unless otherwlse stated,

Run 1 Eé—SH toluene
a)  70.7Twt.-% 24.84°
T 0.0 0.75 1,85 3.5 5,75
D 132,2 108.0 80.5 51,2 27.5
kK « 751 x 10-7 (sec.=1)
b)  70.7wt.-% 24,84°
T 0,0 0.75 1.85 3¢5 5,75
D 141,2 114.9 86.7 53.5 29.3

k-= 753 x 10~"7



Run 2

a) 70.
T
D

b) 70
T
D‘

Run 3

a) 73,
T
D

b) 3.
T
D

Run 4

a) 73.
T
D

b) 73,
T
D
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Lgfsﬁ]toluene
70Wt.—% 24.840
0.0 0.75

260.5 213.5

70wt.-% 24,84
0.0 0.75
283,0 23l.0

&r3ﬁ}toluene
25wt.-% 24,84°
0.0 0.2

179.5  147.2
25wt ,-% 24,84°
0.0 0.2
179.7  147.8

&ysH toluene
25wt . ~% 24,84
0.0 0.25
107.8 84,1

25wt . =% 24,84°
0.0 0,33
35,3 25,2

2.1

148.5

2.1
159.4

0.55
104.2

0.55
105.0

0.75
50,7

0.75
16.4

4.6 6.4
k = 752 x 10~7

4.6 6.4
81.6 50,0
k = 754 x10-"7

1.0 l.s

74.7 5902

k = 2715 x 10-7

1.0 1.55
69.3 41,3

k = 2704 x 10~7

1.5 2.25
23.8 11.0

kK a 2793 x 10~7

1.65 2.1
6.7 - 4.3

k = 2810 x 10~

-~



Run 5
a)' 690
T
D
b) 69,
T
D
Run 6
a) 69,
' P
"D
b) 69,
T
D
Run 7
a) 71.
T
D
b) 71,
T
D

oOwt,.-%
0.0
113.5

00wt .-%
0.0

120.5

oowt.-%
0.0

123,0

00wt .-%
0.0
177.0

41wt .-%

0.0
3240

41wt . -%
0.0
32,3

[é75ﬁ]toluene

24,84
1.5 4.35
95,5 67.8
24,84°
1.5 4,35
101.5 73.4

&?5H toluene

24,84°
1.24 3.53
106,9 81.5
24,84°
2,15 6435
138,8 85.5

[E-Sﬁ]-t-butylbenzene

24,84°
0.75 1.5
25,7 2049
24,84°
0.7 1.4
26.3 21.7

9.5 22,17
38,0 8.73

X = 323 x 10~7
9.5 22,17
39.7 904

X = 317 x 107"
8.28 18,62
47.0 14,8

k = 316 x 10~7
9,2 21.5
63.4 16.7

k = 316 x 10=7
3,75 6.0
11.55 5.6

X = 806 x 10~
2.55 5.5
15.3 6.75

k = 804 x 10-7




Run 8

a) 71.41wt.-%

T 0.0
D 46,8

b)  71.41wt.-%
T 0.0

D 48,9

Run 9

a) 71.41Wt.-%
T 0.0
D 162.5

b) 71l.41wt.-%

T 0.0
D 171.2
Egn 10

a) 74,850t .-%
T 0.0
D 120.4

b) 74.85wt.-%
T 0.0

D 127.5
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[:g- 3H] -t-butylbenzene

24,84°
0.8 1.85
37.4 28.2
24,84
1.25 2,35
34,3 25,8

[E‘ 3H] toluene

24,84°
0.75 1.5
119.6 91,2
24,84
0.75 1.5
126,0 94,5

[p_- 51‘1] toluene

24,84°
0.2 0. 4
84,3 58,7
24,84

0.2 O.d
89,4 62.8

3423 5.85

19.3 9435

kK = 766 x 10~7

3.8  5.97
16.8 7.7
k = 770 x 10=-7

2.37 4,65

64.4 28,0

k = 1095 x 10~7

2e37 4,65

67.5 28,3

k = 1095 x 10-7

0.6 1,1
42,3 17.6

kK = 4900 x 10~7

0.6 0.8

44,2 30.5

k ~ 4930 x 10~7



Run 11

a) 74.85wt.-%
T 0.0
D 78.4

b) 74,85wt.~%

T 0.0
D 84,7
Run 12

a) 64,50wt.-%
T 0.0

D 133.0

b) 64.50wWt.=%

T 0.0
D 151.0
Run 13

a) 64.50wt,~%
T 0.0

D 97,9

b) 64,50wt.-%
T 0.0
D 104.5
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[éfsﬂ toluene

24,84°

0.2 0.4
54,0 37.0
24,84°

0.2 0.4
58,4 39.4

I;Q- SH:] toluene

24,84°

9.05 21,55
112.5  90.2

24,84°

9.05 21,55
127.8  102.1

lé—3H|toluene

24,84°

8.95 21,55
83.2 66.8
24,84°
8.95 21,55
88.9 71.5

0.617 0.8
25,0 17.7

X = 5190 x 10~7

0.6 0.8
27.8 19.1

X = 5180 x 10~7

32,9 48,8

727 56,2

K = 50.7 x 10~7

32,9 48.8

82.6 62,7

k = 50.7 x 10~7

35,15 45.65

52.2 43.3

K = 49.6 x 10-7

35.15 45,65

55.8 46,3

kK = 49.6 x 10~7
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Acetlc acld - sulphuric acid - water

The tables of runs follow the same form as used in
agqueous sulphuric acid, All the runs were mesasured in
the medium: acetic acid (20.83%) - sulphuric acid (44.74%)

- water (34.43%), where the figures indicate molar composition,

Run 14 [é-5ﬂ]fluorene
a) 25,0°
T 0.0 0.25 0.5 0,75  1.25
D 73.7 52,0 36.7 26,0 14,0
k = 3870 x 10~
b) 25,0°
T 0.0 0.25 0.5 0,75 1.26
D 49.4 34,7 24,2  17.1 8.6
k a 3930 x 10~
Run 15 9-methy1-[2-33]fluorene
a) 25.0°
0.0 0.25 0.5 0,75  1.25
D 76.9 53,7 38.5 27,7  14.4
k = 3800 x 1077
b) 25.0° |
T 0.0 0.2 0.4 0.75 1,25
D 23,4 17.9 13,4  B8.55 4.3
k = 3790 x 10~7
Run 16 9,9-d1methyl-[2-5H}f1uorene
a) 25,0°
T 0,0 0,25 0.5 0.75. 1,25
D = 35.7 25,7 18,8  13.8 7.5

k = 3570 x 10=7
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b) 25,0°

T 0.0 0.25 0.50 075 1.25

D 29,1 21.2 15.0 10.95 5.9

k = 3600 x 107

Run 17 [é-sﬁ]fluorene,
a) , 25,0° |

T 0.0 14,3 25,2 37.6 49.0

D 47,7 28,3 19.0 11.8 6.45

¥ = 102 x 10~7

For all the preceding runs on fluorene compounds, solutions

of .05g. of the aromatic in acetic acid (250ml,) were used.

Run 18 [ész]toluene )
a) 25,0°
T 0.0 0.817 3,05 4,73 7,32
D 99,5  83.8 52,4 3.2 21,3
k = 582 x 10™7
b) 25.0°
T 0.0 0.82 3,05 4,73 7,32

D 45,6 38.6 24,1 17.1 6.8
k a 580 x 10~7

Trifluoroacetic acid - sulphuric acid - water

As previously mentloned the mole-ratio of compound to

solvent was larger than in the previous media. : The reactions,
therefore, did not go to completion and residual deflections
were obtained at infinite time (taken, according to the

usual practice in kinetic work, as ten half-1ifes)., It
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was necessary to deduct from each deflection an amount
equal to the deflection at equilibrium. Since some of the
half-1ifes were very long it was more convenient to calculate
the deflection at equilibrium, It was assumed that:-
a) Two hydrogen atoms are available for exchange in each
‘molecule of water and of sulphuric acid.
b) One hydrogen atom is available for each molecule of
trifluorocacetic acid.
¢} A number of hydrogen atoms are available for exchange
In each aromatic molecule. This was estimated in each case
by considering the number of hydrogen atoms which would
exchange, in the time that 1t takes fsr a given position
to detritiate, TFor example:- (1) in benzene, all six
positions are avallable for the tritium at equilibrium,
(i1) in m-tritiotoluene and m-tritio-t-butylbenzene, five
positions are available, (iil) but in p-tritiotoluene only
three positions are available (since tritiation of the
meta-position will not be appreciable in ten times the
half-1ife of the detritiation). The error in neglecting
isotope effects on the equilibrium is insignificant.

Tre general method of calculating the equilibrium
deflection was as follows. The ratio of the number of
equivalents of the medium and the aromatlc compound were
predetermined in each run, by weighing each component ( the
equivalent welght is obtained by dividing the molecular
welght by the number of exchangeable hydrogen atoms). The

deflection due to the known weight of aromatic compound



dissolved in the medium was calculated (to within about
5%) from a knowledge of the specific deflection of the
aromatic compound; the specific deflection was determined
for a weight of aromatic compound of the order of that
dissolved in the medium since the specific deflection
alters with welght of tritiated material. It was possible,
therefore, to calculate the deflection that would be
obtained from the total toluene extract (8.8g.) if the
extraction was pérformed immediately after. the aromatic
compound was dissolved in the acidic medlum; hence it

was possible to calculate the equilibrium deflection for

a 10ml. extracted sample, This equilibrium deflection was
then deducted from the deflection actually obtained for
each extracted 10ml., sample., Since the equilibrium
deflection was general less than 5% of the observed
deflections during kinetic runs, any errors due to the
approximations would have little affect on the corrected
deflections.

The mole percentages of the aclid medium were:-
trifluoroacetic acid (93.00%)-sulphuric acid (1.88%)-
water(5.12%), so that the number of equivalents per gram
of the medium was 0,00983.

The result tables are given as in the previous medila,
but details for the calculation of the equilibrium
deflection are recorded. For simplification the results
.are given in the following form:- A: Temperature at which

the run was measured, B: The number of hydrogen atoms
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in the aromatié compound that can exchange in ten times

the half 1ife of the detritiation reaction, C: Weight of
acid mixture in g., E: Welght of the tritiated aromatic
compound, F: Welght remaining after sealing the five sample
G: The specific deflection of the tritiated aromatic
compound (deflection in mm./weight of aromatic compound in
"H: The calculated percentage reaction at equilibrium,

I: The calculated equilibrium deflection.

The results are tabulated as deflection D, in mm., and
time T, in hours, The deflection, D, was obtained from the
observed galvanometer deflection by subtracting the small
dark current deflection and adjusting to a constant welght
of toluene extract, the measured o6r calculated equilibrium
deflection has then been subtracted to give the true
deflection (D). All the measurements were made with a
potential of 1200 volts across the photomultiplier tube

unless otherwise stated.

R

Fe),

The calculation of the egquilibrium deflection 1s recorded

in detail for the first run in this medium,

Run 19 [é-5ﬁ]-t~butylbenzen¢

Temperature (A) - 24,84. The number of hydrogen atoms in
Eé—5H]-t-butylbenzene that can exchange in 10 x the half

1life of the detritiation reaction = 3. (p)

Welght of acid mixture (C) = 7.83%53g. = 0.07703 equivalents

Welght of[g-5ﬁj-t-butylbenzene (E) = 0.065g. = 0.00146 equivs,

- Welght remaining after sealing five samples (F) s 0.4085¢,
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Thus the average welght per sample « 1.498g.

The deflection due to 0.0092g. of{j-sﬂ]-t-butylbenzene = 217.5
i (mm.)
Thus the initial deflection per sample = 217,5x1.498x0.065
7.89x 0,0092

292, 0mm,

Since the reaction goes 0.07703 x 1004 = 98.,1%, then the
0.07849

equilibrium deflection = 292 x (100-98.1) = 5.6mm.

100
7 0.0 0.75 1.5 2,583 4
D 230.6 150.6 100 52.6 25,0

k = 1558 x 10~

b) A= 24,84, Ba 3, C= 7.8095g,, E = 0.0599g.,
F =z 0.3984g., G =z 217,5mm./0.0092g., H =98.3%, I = 4,.6mn.
T 0.0 0.75 1.5 2,35 4.1
D 189.2  123.6 79.3 49,9 19.0
k = 1573 x 10~7

Run 20 [é—sﬁ]-t-butylbenzene

a) A= 24,84, Cz 7.818lg., Bz 3, [ s 0.0713g.

F = 0.4373g., G =z 215.1mm./0.0084¢., H z 98.0%, I = 6.4mm.

T 0.0 0.4 1.0 1.5 2,25
D o234,4 169.6 106.9  71.9 40,6
k = 2170 x 10~7

b) A

24,84, Bs 3, C =z 7.8184g., E = 0.0650g.

F z0.4042g., G = 215.1mm./0.0084g., H = 98,1%, I = 5,5mm.

T 0.0 0.4 1.0 1.5 2.25
D 223.5 162.0 100.8 €9.1 37.6
k = 2200 x 10-7
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Run 21 [p-38] toluene

a) Aw 24,84, Bz 3, C = 7.8296g., E =z 0.0603g,

F pend 00045080’ G

368,6mm./0.0183g., H = 98,3%, I = 2.9mm,
T 0.0 0.4 1.0 1.5 2.5

D 273.,1 210.4 145.1 105.4 55,9

k = 1765 x 10~

'b) A= 24,84, B=3, C=- 7.8412g., E = 0.0632g.,
F = 0.3014g., G = 285,7mm./0.0096g., H = 98.2%, I = 6.5mm,
T 0.0 0.5 1.1 1.5 2.0
D 277.8 200,5 136.3 109.0  79.2

k - 1775 x 10~7

Run 22 By5é]toluene

a) A = 24,845 B=-3, C= 7.7920¢., E = 0.0813¢.,

F =2.3328¢g., G = 368.6mm./0.0183g., H = 97.7%, I = 7.4mm.
T 0.0 0.5 1.0 1.5 2.5
D 267.1 211.6 167.6 131.9 85.6

kK = 1295 x 10~"7

b) A = 24.84, C = 7.8287g., B =3, E = 0.0616g.,

F = 0.4433g., G = 368,6mm./0.0183g., H = 98.2%,. I 2 4.3um.
T 0.0 0.4 1.0 1.83 2.50
D 213.9 176.9 123.3 89,0 66,0

kK = 1295 x 10~/

Trifluoroacetic acid - perchlorlc aclid - water

The equilibrium deflections in this medium were calculated
in the same way as the previous medium., It was assumed

that one hydrogen atom was available for exchange in each

molecule of perchloric acid.
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The molar composition of the medium was trifluoroacetic
acid ( 99.962%) .- perchloric acid (0.0102%) - water (0.0278%);
the number of equivalents per gram of this medium was
0.008817.
Run 23 [é-5HJfluorene
a) A= 25,0, Bz 3, C=z 7.5729g., E = 0,0153g.,
F = 0.4777¢., G = 159.6mm./0.0052g.,, H = 99.6%, I a 0.35mm.

T 0.0 0.25 0.50 VO.75 1.25

D 59,65 45.45 35.25 26,65 16.2

kK = 2975 x 10~

(]

b) A 25,0, B= 3, C = 7.6644g., E = 0.0125g,,

F - 0.5035¢., G = 159,6mm./0,0052¢g., H = 99.6%, I = 0,6mm.
T 0.0 0.25 0.50 0.75 1.25
D 59,2 45,3 35,2 26,5 15.8
k = 2930 x 10”7

Run 24 [é-5H]-9-methylf1uorene

[«

a) A= 25,05 B=23, C=z 7.5567g., E = 0,0l166¢g.,

F - 0.4672¢g., G = 310.,4mm./0.0109g., H = 99.6%, I = C.6mm.
T 0.0 0.25 0.50 0.75 1,25

D 49,85 37.65 27,75 21.75 12.4
-7

k = 3110 x 10

[+

b) A= 25,0, B= 3, C = 7.6347g., E = 0.0139g.,
F = 0.4835¢., G = 310.4mm./0.0109¢., H = 99.6%, I = O.6mm.
T 0.0 0.25 0.50 0.75 1.25
D 5545 41,9 31.6 22.6 13.6
k = 3120 x 10~
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Rud 25 9,9-dimethyl- [2-3] fluorene
a) A= 25,0, Bwe 3, C = 7.5089¢., E = 0.0183g.,
F = 0.4570g., G = 152.2mm,/0.0049g., H a1 99.6%,, I = O.4mm.
7 0.0 0.2 0.4 0.6 0.8 |
D 54,1  40.6 30,1  22.8  16.9
k = 4010 x 10=7

b) A = 25,0, B=z 3, Cw= 7.5800g,, E = 0,0171g.,

'F = 0.4593g., G = 152,2mm./0,0049¢., H a 99.6%, I = O.6mm.

T 0.0 0.2 0.417 0.65 0,9
D 50,5 38.1 27,5  20.4 14.0
k = 3950 x 10~7
Run 26 [B-sﬂjtoluene
A= 25,0, Bz3, Ca= 7.6157g., E = 0.0502g.,

F « 0.5183g., G = 155,2mm,/0.0056g., H = 97.6%, I = O,6mm.

T 0.0 2.0 4,5 7.9 20.5

D 201.0 167.3 133.3 95.7 29.6

X = 256 x 10~

Anhydrous heptafluorobutyric acid

The equilibrium deflentions were calculated as previously
described; it was assumed that one hydrogen atom was
availaﬁle for exchange in each molecule of ﬁeptafluorobutyric
acid,

Run 27 [R-Sﬁ]toluene

a) A = 70,11, C = 8,3982g., E = 0.0367g., B = 3,
"F a 0.8110g., G =z 288mm./0.0088g., H = 97.2%, I = 6,1lmm.
T 0.0 118,7 224,2  297.7 387.4
D 153.9 112,9 87,2 71.7 5746
o

k = 7.10 X 10-
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b) A= 70,11, B=3, C =z 8,4145¢., E = 0.0343g.,
F = 0.3166g., G = 266,4mm./0.0072¢g., H = 97.2%, I = 68mm.
T 0.0 7543 195,2 362.4 530,7
D 179.0  146,2 109.,2  72.1 46,2
X = 7.06 x 10~7

PetmiiiS

Run 28 [2— SH:} -t=butylbenzene
a) A= 70.11, Bz 3, C = 8.,4108g., E = 0.0439g.,
F wu 0.3524g., G w 232.,7mm,/0.0104g., H = 97.6%. I = 4,7mm.
T 0.0 73.5 194.1 361.6 529.5
D 199.3 156.8 108.6 63.0 ss.é
kK = 8,90 x 10~/

b) A a 70,17, B = 3, C = 8,3374g., E = 0.0418g.,

F = 0.2107g., G = 232.7mm./0,0104g., H = 97.6%, I = 4.4mm,
T 0.0 72.53 239.,4 335.1 498,5
D 210.4 162,1 97.3  70.1  41.9

kK & 8.98 x 10~

Run 29 [—2- SH] toluene
a) A s 70.1Y, B a 3, C a 8.4554g.,, E = 0.0498g.,
F a2 0.2573g., G = 210,0mm./0.0096g., H =z 96.,1%, I = 8.4mm.
T 0.0 169.3 337 673.5 1057
D 178,6  151.0 127.3 89.3 63,7
k = 2,79 x 1077

®) A= 70,11, Ba 3, C = 8.4483g., E = 0.0377g.,

F « 0.3225g,, G = 210,0mm./0.0096g., H = 97.0%4. I = 4,7mm,
T 0.0 168.3 335.9  687.5 984,7
D 148.3 125.5 104.6  74.5 56,7

kK = 2.79 x 1077
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Run 30 (_9_- 5H] -t-butylbenzene
a) A= 70,17, C = 8.4181g., B w 3, 'E = 0.0457g.,
F s 0.2931g., G

n

228,2mm,/0,0101g., H = 97,54, I = 5,0mm.
T 0.0 168.0 535.5 687.5 084.7

D 206,0 168,0 137.0 90.9 6204

kK = 3.36 x 1077

b) A = 70,11, B =z 3, C = 8.4990g., E = 0.0425g.,

F 2 0.3399g., G = 228.2mm,/0.010lg., H = 97.7%, I = 4.2mm,

T 0.0 173 341.5 677.4

D 193.1 156,9 129.1 85.9

kK = 3.32.x 10~

Run 31 &rsﬁ]biphenyl

a) Az 70,11, B = 4, C = 10.2197g., E = 0.0212g.,

F =z 1.5217g., G = 420.0mm./0.0040g., H = 98.3%, I = 7.2mm,
T 0.0 335,8  672.2 1006 1335
D 418,8 252,4  151.,6 91.8  55.3

kK = 4.22 x 10"

b) A = 70,1, B =4, C = 9.5370g., E = 0.0212g.,

F = 0.8010g., G = 370.0mm,/0.,0040g., H = 98.1%, I = 7,5mm,

T 0.0 334,1 66945 1006 1335

D 382,0 230,0 132,7 79.4 47,0

kK = 4,34 x 10™7

Run 32 | [§-5H biphenyl

a) A= 70,11, Bz 6, C = 9.2610g., E = 0.0239g.,
F =0.4610g.,, G a 154,5mm,/0.0040g., H = 97.9%, I = 3.7mm.
T 0.0 344,3 847.5 1345 1729

D 168.3 135,1 95,5 69,0 53,7
kK = 1.84 x 10~
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b) A = 70.11, B =6, C = 8.8203g., E = 0,0317g.,
F = 0.0203g., G = 136,4mm,/0.0040g.,, H = 97.2%, I = 6.lmm,
T 0.0 552 800 - 1032 1536
D 214.0  149,7 128,1 112.,2 78.4
X a 1,80 x 10~7

Anhydrous trifluorocacetic acid

The equilibrium deflections were calculated as described

for previous media assuming that one hydrogen atom was
available for exchange in each molecule of trifluoroacetic
acid.

Run 33 [p_- 5H] toluene

a) A= 70,1, B= 3, C = 7.66llg., E a 0.0505g.,

F = 0.5692¢g., G = 155,8mm./0.0056g., H = 97,04, I = 0.6mm.

T 0.0 47,9 120.1 191.7 284.9
D 212.7 96.5 31.7 9.45 1.75
k = 43,0 x 10~7

b) A = 70,11, Bz 3, C = 7.5378g., E = 0.0478g.,

F = 0.4914¢g., G = 109.0mm./0.0054g., H = 97.7%, ‘I = O.5mm.,

T 0.0 1588 25,25 47.95 73.65
D 197.7  154.0  134.7 94.1  66.1
K = 42.4 x 10~7

Run 34 [@-SH]-t-butylbenzene

a) A= 70,11, B=3, C = 7.5452g., E = 0,0491g.,

F =z 0.5025¢g., G = 174,5mm,/0.0089g., H = 98.4%, I = O,5mm,
T 0.0 14,15 23.6 46,25 '71.85
D 157.6- 120.6 102,1 68,7 42,9

k = 51.0 x 10'7




Q5
b) A=z 70,11, B= 3, C = 7.6133g., E = 0.0584g.,
F 2 0.0633¢g., G = 174.5mm./0.0089g., H e 98,5%, I = 0.5mm.
T 0.0 10.65 23,9 35,15 54,95
D 135.,8 112,2 88,0 71.5 48,4

kK = 50.8 x 10~

Run 35 [éf3ﬁ]-t-buty1benzene

a) A= 70,1, Bs 3, C = 7.6220g., E = 0,0479g.,

F = 0.5380g., G = 170,4mm./0.0093g., H = 98.4%, I = 2,6mm.
T 0.0 75.35  152.2 246.8  248.8

D 146.9 78.9 40.2 18.9 18.556
-7

k = 23,0 x 10

b) A= 70,117, B= 3, C = 7.6319g., E = 0.0584g.,
F - 0.5869g¢., G = 147,1mm./0.0068g., H = 98,1%, I = O,5mm.
T 0.0 23,50 47,65 82,65 143.8
D 180.6 146,1  118,4 88,6 53,5
kK = 23,0 x 10”7

Run 36 &rsﬁ]toluene
a) A s 70,11, B=3, C = 7.6484g., E = 0.0460g.,
F =« 0.5813g., G = 171,2mm./0.0090g., H = 97.7%, I = 0,6mm,

T 0.0 76,9 1563.8 247,.4 250.,5

D 138,3 74,1 42,1 20,7 21,1

X = 20.8 x 10~

b) A= 70,11, B=a23, C = 7,5470g., E = 0.0496g.,,

F - 0.50228' » G - 18108mm./0. 009480 » H - 97.6%’ I - 00 5mml
T 0.0 23,75 47,95 82,8 144.1
D 166.2 139.6 114.2 90.5 56.3
-7

k = 20.8 x 10
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Run 37 [2-3H] d1venzothiophen

a) A = 70.17, B

2.5, C = 7.6486%.’ E - 0.01058.,

F = 0.1739g., G =z 247,3mm./0.0069g., H = 99.8%, I = O.7mm.

7 0,0 5.2 17.9 290,35 43,45
D 74,3 53,7 23,4 11.84 5.27
k = 174 x 10~7

b) A = 70.1Y, B

2.5, C = 7.66128., E - 00010080,

F = 0.1612g., G
T 0.0 5,0 10.45 23.3 27,1
D 71.5  52.5 37,5 16,6  13.1

k = 174 x 1077

Run 38 l;-sdeibenzothiophen

[

a) A= 170,11, B=8, C= "7.,7938g., E = 0.0092g.,

F u 0.3438g.,, G = 172,4mm,/0.0092g., H = 99.4%, I =
T 0.0 17.7 43,75 89.8 100.9
D 3l.4 24,9 18.0 10.35 9.13
kK = 34,4 x 10"

b) A = 70,11, B =8, C = 8.,4236g,, E = 0.0088g.,

F = 1.0076g., G = 172.4mm./0.0092g., H = 99.5%, I =
T 0.0 26,05 50,2 73.65 96.8
D 26.1 18.8 14,05 10.4 8.04

kK = 34.4 %10~

-
Run 39 [?-5deibenzofuran

a) A = 70.11, B = 2.5, C = 9,9213g., E = 0.0163¢g.,

247,3mm,/0.0069g.,, H =z 99.8%, I = 0.2mm.

F = 0,9866g,(6 samples), G = 113,3mm./0.0032g., H = 99.8%,

I - O.Qnml.
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7 0.0 1.6 4.2 6,9 10,25
D 74,5  60.8 44,3 31,8  21.3
K = 345 x 10”7

b) A = 70,11, B = 2.5, C =z 7.6072g., E = 0.0165g.,

F = 0.1866g., G = 113.3mm./0.0032g., H = 99.6%, I = O:5mm.
T 0.0 1.9 5.9 10,45 22,65
D 84,7  66.5 40.3  22.2 4,07
X - 353 x 10~7
Run 40 [;-Sg}dibénzofuran

a) Az 70,117, B=8, Ca 7.8394g., E = 0.0177g.,

F = 0.4230g., G = 253.2mm./0.0048g., H = 99,04, I = 1.8mm,
P 0.0 48,0 94.9 168,7 213.0
D 107.5 79.9 62,0 41,8 32.6
kK = 15,0 x 10~

b) A = 70,11, B = 8, C = 7.8469g,, E = 0.0185g.,
F 3 0.4344g,, G 3 253,2mm,/0.,0048g., H = 99,1%, I = 1,7mm,
T 0.0 27.2 63,85 99.0 166.7
D 122,7 105.6 83,3 69.9 51.2
k = 15.4 x 107

Run 41 [2-3H]d1phenyl ether

'a) A w 70.11, B =6, Ca 7.,7039g., E a 0.0224g.,

F = 0.2429g., G = 262,0mm./0.0037g., H = 98.9%, I = 3.4mm,
T 0.0 0.9 2.1 4,0 640
D 211.1 168.6 127.3 81,9 51,8

kK = 660 x 10~

[
b) A - '70.11’ B = 6, C = 7.811080’ E - 0.0265g.,
F = 0,3466g., G

262,0mm, /0,0037g,, H = 98,7%, I = 4,7mm,
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0.0 1.0 2.50 4,0 6.0
232,3 182,0  128,6 91,1  57.6
kK = 656 x 10~

[4-3}1] diphenyl ether

a) A= 70,17, B = 2.5, C = 7.7596g., E = 0.0237g.,

F m 0,3369g.,, G = 288,4mm,/0.0044g., H = 99.5%, I = 1,5mm,

T
D

0.0 0.25 0.50 1.0 1.50

187.2 143,3 110.1 64,2 3846

kK = 2050 x 10~

b) A m 70,17, B a 2.5, C = 7.7538g., E = 0.0274g.,

F 2 00337680, G
T
D

288,4mm, /0. 0044g., H = 99.5%, I = 1,7mm.
0.0 0.25 0.50 1.0 1.5

192.9  151.1 114,4 67,9 40,3

X w 2010 x 1077

c) Aw 24,84, Ba 2.5, C = 8,1569g., E = 0.0431g.,

F = l.osllg.’ G [_J 266°8m./o.00528.' H = 99.1%’ I = 3.511’1111.

T

D

0.0 5.95 21.0  30.35 44.85
048.5 226.0  177.0 152.5 121.7
K = 44.8 x 10”7

d) A s 24,84, B = 2.5, C = 7.8470g., E a 0.0303g.,

F =z 0.6011g., G = 266,8mm./0.0052g., H = 99,4%, I = 1,7mm,

T
D

0.0 8455 25,65 55.85 80,35

200.3 174,5 133.5 8243 55,0

kK = 44,4 x 107
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Run 43 [}-SQ]diphenyl sulphide
a) A a 70.1, C = 10,8307g., E = 0,0308g., F = 1,8839g.,
(6 samples)., The equilibrium deflection, determined
experimentally, was found to be 36,0mm,

T 0.0 30 8.1 10,7 234,75

D 122,3 81,7 47.5 35e3 8.3

k = 323 x 10™7
b) A = 70.111 C = 12;8736g°, E = 0.0253g., ‘F = 2.4459¢g.,
(6 samples). The equilibrium deflection, determined
experimentally, was found to be 32,5mm,
T 0.0 2,05 6.2 8.1 10.5

D 9043 71,6 43,9 3843 29.2

k = 309 x 10”7

Run 44 [4-%H] a1phenyl sulphide
a) A = 70,1, C = 7.5981g., B = 2.5, E = 0.0402g.,
F = 0.1697g., G = 283,2mm./0.0075g., H = 99.3%, I = 2,1lmm.
T 0.0 1,15 2,85 5.15 7.0
D 298,7 200,9 111.9 55.4 31.1
X w 935 x 107

b) A = 70,1, B = 2.5, C = 7.6021g., E = 0.0269g.,

F = 0.1062g., G = 283,2mm./0.0075g., H = 99.4%, I = 1,2mm.
T 0.0 1.0 2,0 4.0 6.15
D 244,8 173.8 124.8 64,2 32.3

k = 933 x 10'7




Run 45
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[S-SH]benzothiophen

a) A= 70,11, B=2, C = 7.6217g., E a 0.0191g.

T

F z 0.1217g., G = 256,4mm./0.0039g., H = 99.6%,
0.0 0.05 0.10 0.15 0 20
69.2 47,8 32.4 23.0 16,6

D

b) A =

F a 0.8078g., G

T
D

I

k = 20,300 x 10~

24,84, B=2, C = 8.1978g., E = 0.0174g.

256,4mm./0.0039g., H = 99.7%,
0.0 1.1 3.45 6.05 9.45
127.4 107.0 76.0 5049 31,2

k = 422 x 10-7

c) Az 24,84, Bax?2, C= 7.,7354g., E = 0.0175g.

F = 0.2454g., G = 256,4mm./0.0039g., H = 99.6%,

T
D

0.0 2.0 4.0 7¢5 10,0

162.0 119.6 88.3 53,0 35,2

kK 2 420 x 10~7

d) A= 40.05, Ba=2, C = 8,271g., E = 0.0361g,,

F = 0,5160g., G = 200,0mm./0.0043g., H = 99.3%,

T
D

0.0 0.25 0,50 1.05 1.5
216.,0 184,0 155.8 109,9 81.5
k = 1800 x 10~

e) A = 40,0, B =2, C = 8,0240g., E = 0.0316g.,

F = 0,2720g., G = 200.0mm./0.0043g., H = 97.4%,

T
D

0.0 0.5 1.0 1.6 2,25
172.5 126,0 90.86 61.1 39,9
k = 1820 x 10~

’

’

7

'7

I

I

I

I

l,0mm,

0.6mm,

0.9mm,

2.2mm,

1,7mm,
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101~

[2-3H] benzothiophen

a) A = 24,84

F a 0.2912p.,

T
D

0.0
162,

b) A = 24,84,

F - 0.313680,

T
D

0.0
119,

(3

c) A= 40,05 B

F a 0,5194g.,

T
D

0.0

117.

d) A = 40,0, B

F - 00492780,

T
D

0.0

116.

e) A = 70.171,

F = 0.3049g.,

T
D

0.0

61,3

C = 7.6852g.,

E = 0. 01928. »

G = 389,5mm,/0,0058¢., H =z 99.,6%, I

6

0.75

2.05

136.9 103.1

B= 2,

C = 7.7151g.,

3.75 6405

71e3 42,4

k = 610 x 10~

E = 00015280,

G = 389,5mm./0.0058g.,, H = 99.,7%, I

9

1.0

98,0

2, C

2.0
775

= 8,2400¢g.,

4,1 6.45

50,7 50,8

k = 590 x '.l.OJ7

E = 0.0210¢.,

G = 389,5mm,/0.0058¢g., H = 99.6%, I

6

G
]

B
G

0.25
956.8

2, C

194.0mm./0,0058g., H = 99.6%, I

0.3
88.1

2,

0.50
7.3

= 8,2640¢g.,

0.5
74,4

C = 7.7065g.,

1.0 1.55

49,8 29.0

k « 2526 x 10'7

E = 0.0212¢.,

1.0 1.5

47,8 30,6

k = 2500 x 10”7

E = 0.0180¢g.,

389,5mm. /0.0058g., H =z 99.6%, I

0.056

39.0

0.1
25,1

0.15 0.2

17.25 10.64

-7
kK = 24,500 x 10

1.0mm.

0,6mm,

l,.1lmm,

0+5mm,

0.9mm,



-102-
£f) A = 70,17, B = 2, C = 7.6658g,, E = 0.0lllg.,
F = 0.1692g., G =z 389.5mm./0.0058g., H = 99.8%, I = 0.3mm.
T 0.0 0.05 0.1 0.15 0.35
D 39.7 26,2 17.05 11,17 2,87

k = 23,500 x 10”7

Run 47 [i-SH}dibenzothiophen
a) A= 70,11, Ba8, C = 7.8366g.,, E = 0.0149g.,
F = 0.4289g., G = 111,2mm,/0.004lg., H = 99,1%, I = 0.7mm,
T 0,0 30.2 70,7  95.4  142,8
D 55.2  41.8 28.5  22.6  14.6
k = 25.8 x 10~

b) A= 70,1, B=8, C = 8.,1897g., E = 0.0120¢.,

F = 0.8287g., G = 111.2mm./0.,0041g., H = 99,3%, I = O,4nmm,
T 0.0 20,7 45,0 71.1 104.3
D 48.9 40.8 32,0 25,2 19.1

=7

Run 48 [3-H]dibenzothiophen
a) A = 70,11, B =17, C = 10.2997g., E = 0.0187g.,
F = 2.9774g., G = 194,5mm./0.0058g., H = 99.3%, I = 0.6mm.

T 0.0 2845 56,4 106.2 169.4

D 77.2 50.2 3346 17,0 6.98

X = 41,0 x 10"

b) A a 70,1, Ba%, C = 10.3060g., E = 0.0142g.,

F =« 2,9860g., G = 194,5mm,/0.0058g., H = 99.4%, I = 0.3mm.
T 0.0 14.85 48,0 68.9 90,9
D 6640 53,0 32.9 24,5 19.0
K & 40.6 x 107
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Run 49 {}-SH]dibenzofuran
a) Aa 70,11, B=8, C = 7.9300g., E = 0.0235g.,

F = 0.6084g., G = 170,7mm./0.,0034g., H = 98,4%, I = 3.5mm.

T 0.0 48,4 96,7 208.3  328.6
D 120.4  102.7 82.1 50.3 29,8
¥ = 12.8 x 10~

b) A= 70,11, B =8, C = 7.8488g., E = 0,0259¢g.,

F = 0.5056g., G = 170,7mm./0.0034g.,, H = 98.2%, I = 4.3mm,

T 0.0 47,20 116.3 294.,0

D 147.2 118.4 84.6 37.5

k = 12.8 x 10™7

Run 50 [?-sﬁ]dibenzofuran

a) As 70,17, B=8, C = 7.9234g., E = 0.0195g.,

F = 0.5116p¢., G a 2P4,5mm,/0.004lg,, H =z 98.,8%, I = 1l,4mm,
T 0.0 28.3 68,75 93,75 145.3
D 143.1 106.4 67.6 51.5 30.6

kK = 29.7 x 10"7

b) A= 70,17, B=8, C = 7.9043g., E = 0.0210g.,

F = 0.5727¢,, G = 224,5mm./0.0041lg., H = 98.,7%, I = 1.8mm,
T : 0.0 21.95 4:6.85 87.7 13504:
D 153.2 121,2 92,7 57,7 3641

k - 29,7 x 10'7

Run 51 [§-3ﬁ]phenanthrene

a) A= 70,11, B= 4, C = 8.2676g., E = 0.0132g.,

F = 0,9476g., the equilibrium deflection was negligeable,
T 0.0 3.95 8,05 22,15 29,05 |
D 40,5 52,6 25.6 11.9 8.45

XK = 153 x 1077




b)A:

70.11,

F = 1.8394¢,,

T
D
Run 52
a)A=

0.0

44,2

~104-

B = 4,

C

[} E = 0.017852.

’

the equilibrium deflection was negligeable

4,4

34,5

8.25

27.8

[4-3ﬁ}diphenylmethane

70,17,

F a 0.4501g.,

T

D

b) A =

0.0
158,

70.11,

F - 005022F0’

T
D
Run 53
a)A-_-

0.0

161,

[2-*

‘H}fluorcne

70.11,

F 2 0.4693g.,

T

D

b) A =

0.0

84,1

70,17,

F « 0.5454g.,

T

D

0.0

89.8

B

G

0

B

G

6

B
G

B
G

3y

C

'7. 7788&0 i}

22.15 31.85

13.1 8.0

kK = 153 x 10”7

E = 0.0314g.,

119.1lmm, /0,0025¢., H = 99.2%,

49,8
130,

3y

5
6

114.,0
101.6

C = 7.8669¢.,

192.5 282,0

74,3 51.6

k = 10.9 x 10"

E = 00051290’

119.1mm./0.0025g., H = 99.3;

54.45

130.2

3,

C

102.0

105.6

7.8586¢.,

150.2 214,7
87.0 68,4

-7

E = 0.0196¢.,

301, 2ma, /0., 0061g., H = 99,5%,

0.5

63.1

3

C

1.1

44,7

7.8954¢g.,

l.85 2,17

29,0 17.85

k « 1596 x 10~

E = 0.0197¢.,

301,2mm./0.0061g., H = 99.5%,

0.6

65.8

1.0

50."7

1.75 2.5
32.1 2l.4

-7
k = 1600 x 10

I = 2.3mn1.

I = 2.0mm.

I = 0,9mm.

I « 0,7mm,
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Run 54 9-methyl-[2- 3H| fluorene

a) A= 70,1, B=3, C= 7.8223g., E = 0.0224g.,

F = 0.4548g., G = 310,4mm./0.0109g., H = 99.5%, I = 0,6mm.

T 0.0 0¢5 1.1 2.0 2,75

D 82.0 61l.4 43,2 25.6 16.2

k = 1645 x 1077

b) A = 70,11, B= 3, Ca 7.9520g., E = 0.,0249g.,

F = 0,5943g., G = 310.4mm./0.0109g., H = 99.5%, I = 0.8mm,
P 0.0 0.5 1.2 1.9 2.75
D 98.2 66.1 44,1 28,0 16.8
K = 1685 x 1077

Run_ 55 9,9-dimethyl-|2-5H] fluorene

a) A= 70,1, Bz 3, C = 7.8226g., E = 0.0189¢.,

F e 0,4076g., G = 201,2mm./0.0061g., H =z 99.6%, I = 0,7mm.
T 0.0 0.5 1.0 1.5 2.7
D 79.9 57.2 40,7 29.0 12,7
K - 1890 x 10
b) A= 70.17, B= 3, C a 7.8252g., E =« 0.0208r.,
F = 0.4752g.,, G = 271.6mnm,/0.0082g., H =z 99.5%, I = l.2mm.
T 0.0 0.55 1.0 1.75 2.25
D 77,7 54,1 39.6 23.4 16.2

k¥ = 1904 x 10"7

-

Run 56 LQ-SHjbenzofurnn
a) A= 70.17, B« 2, C = 7.9216g., E = 0.0230g.,
F = 0.7754g., G = 360,6mm./0.0060¢., H = 99.4%, I = 1,5mm.

T 0.0 0.50 1.25 2.0 3.0

D 197.3  152.3 120,0 97.9 94,4
-7
K = 1600 x 10
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v) Ae 70,17, B=2, C= 7.6526g., E = 0,02460g.,
Fa 0.5993g., G = 360,6mm./0.,0060g,, H = 99.4%, I = 1l.6mm.
T 0.0 0.50 1.4 2,55 3.95
D 200,9 161,4 129.3 112.2 103.1

k = 1630 x 10" 7.

In bofh a) and b) of this run the results, wheﬁ plotted,

gavé curves and not linear plots. The rate constants (k)
were obtained by drawing tangents to the curves at zero
time,

Run 57 [2-3H] thiophen

a) A =224.84, Ba2, C= 7,84708., E = 0.0650g.,

F = 0.,4820g.,, G = 345,3mm./0.0054g., H = 98.4%, I = 9.3mm,

T 0.0 0.0167 0.0334 0,05 0,06867
D 89.0 58.3 36,0 24,2 15.6

k = 73,000 x 1077

b) A = 24,84, B= 2, C =z 7.8151g., E = 0,0444g.,

F = 0.7551g., G = 345.3mm./0.0054g., H = 98.,8%, I = 7,.6mm,

T 0.0 0.0167 0.0334 0.05  0.0667
D 48.3  31.0 20,0  12.9 9.0
k = 73,400 x 10~

¢) A=z -10.0, Ba 2, Cz 8,5724g., E a 0.0736g.,

F =z 1.3724g., G = 345,3mm./0.0054g., H = 98,6%, I = 3,3mm,
T 0.0 0.2 0.45 0.85 1.7
D 408.,9 344,0 280.2 196.9 96.0

k = 2380 x 1077

d) 4= =10.07, B= 2, C = 8.520g., E = 0.0745g.,
F L 1.3200g., G - 545.5m./0.0054g.’ H b ) 98‘6%, I - Sosmm.
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T 0.0 0.45 0.8 1.1 1.65
D 409.9 282,0 208.9 157.2 102.3

k = 2340 x 10~

Run_58 [3-3H] thiophen
a) A = 24,84, B a4, C = 7.8770g., E = 0.0221g.,

F = 0,7882¢., G = 178.6mm,/0.0061p., H = 98,5%, I = 1.7mm.
T C.0 17.85 27.3 60,0 80.0
D 27,4 2340 21.0 15,3 17.5
X = 27,2 x 107"
b) A - 24.84, Bz 4, C = 7.8800g., E = 0.0230¢.,
F w 0.7800g., G = 178,6mm./0,0061¢,, H = 98,5%, I = l.7mn.
T 0.0 16.0 40,0 6240 88,0

D 34,0 29,6 28, 18,6 14,5

X = 27.0 x 10~

Run 59 5-ethyl- [1-°H] carbazole
a) Aa -10.0, Bz 8, C = 8.0491g., E = 0.,0200f.,
F = 0,9691¢., G = 64.9mn./0.0040rf., H = 98.8%, I = O.5mm.
T 0.0 0.25 0450 1.0 1.2
D - 29.8 20.7 14.46 7,97 5.25

k = 4020 x 10”7

b) A = -10.05, B=8, C = 8,9074g., E = 0.0307¢.,
F = 0.4114¢.,(6 samples). The equilibrium deflection was

determined experimentally and found to be O.4mm.,

T 0.0 0.3 0.5 1,0 1.5
D 39,6 24,8 19,3 8.9 4,76
-7
k = 3980 x 10
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5-ethyl-[5-3ﬁ]carbazole

Run 60
a) A.z -10.05, B
F = 0.9446g,, G

T 0.0

D 34,5
b) A a =-10,0, B
F= 1,3873¢., G

T 0.0

D 20,2
Run 61 [?-
a) A = 24,84, B
F = 1.3020g., G

T 0.0

D 103.9
b) A = 24.84, B
Fuw 1.1176g., G

T 0.0

D 101.8
¢c) A = =10.07 B
F= 1,1627¢., G

T 0.0

D 202,3

2.5,

C = 8,0246¢.,

118,6mm, /0,0032¢g., H = 99,8%,

0,0167
26,1

2.5,

0.0334 0,0667 0.0834

23.3

15,65 12,9

k - 32,800 x 10~

E = 0.01178.,

I = O.Qmm.

7

C =2 8.4673@., E = 00016880,

118,6mm, /0.0032g., H = 99.7%,

0.0167
23.6

0.05
16.1

0.1 0.15
8,96 4,96

I = O.Smm.

-7
kK = 33,000 x 10

-
SHJ-l,5,5,-trimethoxybenzene

5, C = 8,3820g.,

E - 0.0Blog.,

156.6mm./0,0062g., H = 98.3%,

0.05

64.5

3, C = 8.1976%.,

0.10

3849

0.15 0.20

24,0 13.75

I 1 5.7mm.

kK = 27,200 X 107"

E = 00043450 y

156,6mm, /0. 0062g., H = 98,5%,

0.05

60.8

3’ C - 8.24278‘,9,

0.10
55.7

0.15 0.20

2363 13.55

I = 2,8mm,

X = 27,300 x 107

E » 0,0655¢.,

156,6mm. /0. 0062¢., H = 97.8%,

l.o

166.2

2.2

115,0

3.2 4,6
85.2 56,2

k = 826 x 10'7

I - 6.2m1n.
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d) A = -10.0, B

3, € = 8.2802g., E = 0.,0689¢.,

F = 1.2002¢., G = 156,6mm./0.0062¢., H = 97.7%, I = 6.S8mm.

T 0.0 1.05 1.75 3045 5.0
D 225.,4 164,.6 132,7 82.1 5045
X = 830 x 107/
Run 62 Ex-Sﬁ}naphthalene

a) A a 70.11, B

5, C = 7.9289¢.,, E

0.0422¢. ,

F = 0,1459¢,, G = 41.0mn./0.0093g., H = 98.8%, I = O,4nmm,

T 0,0 6.25 12,0 20,45  30.45
D 29,0 20,7 18.0 12,05 8,8
k = 108.8 x 10”7

b) A a 70.11, B

5’ C = 8.2060g., E - 00051980y
H

F = 0.4230g., G = 41,0mm,/0.0093¢., = 97.3%, I =« l.2mm.
T 0.0 5.85 12.1 24,9 32.95
D 32,8 26,75 20,7 £.35 9,03

kK = 112.0 x 10”7

5’1
Run 63 !} - anaphthalene

a) A = 70,1, B8, C = 8,1860¢., E = 0.0516¢.,

F = 0.4360g., G = 23,0mm,/0.,0042g., H = 95.7%, I = 2,3mm.
T 0.0 72.0 125,9 173 245 |
D 33,95 23,25 17 85 13 85 9.3 ,
K - 14.5 x 107"
b) A = 70.1F, B= 8, C = 8.,0788g.,, E = 0,0457¢g.,
F = 0,3138g., G = 23,0mm./0,0042g., H = 96.1%, I = 1..9mm,
T 0.0 67.1 111.0 190.0 250.0
D 31.55 22.3 17.8 11.95 8.7

-7
k= 14,3 x 10
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Run 64 |- 3H] b1 phenyl
a) A = 70,11, B« 6, C = 8.2560g., E = 0.0545g.,
F = 0.5060¢., G = 215,7mm./0.0068g., H = 97,2%, I = 9.0mm.
T 0.0 46,65 112.1  165.8 , 220.2
D 357.3  276,0 190.0 142.4 104.5

X = 15.4 x 10"

b) A=z 70.11, B =6, C = 8,1848g., E = 0.0464g.,

F = 0.3720¢g., G » 190.3mm./0.0093g., H = 97.6%, I = 4.lmm.
T 0.0 46,75 102,7 169.7  213.9
D 137.2  105.2 76.0 55.2  41.4

=7
k = 15,5 x 10

Run 65 [ngH]biphenyl

a) A= 70,11, B=6, C = 8.0500g., E = 0.0404¢.,

97.9%, I = 2,1mm.

F - 0028508‘. . G = 97.6“@./0.0076%., H
T .0 46,15 90.05 169.4 213.2
D 95.6 82.0 70.3 54,0 46.8

kK = 9.33 x 1077

b) A = 70,11, B = 6, C = 8.2703¢., E = 0.0442¢.,

F = 0.5359g., G = 159,0mm./0.0076g.,, H = 97.6%, I = 4,lmm,

T 0.0 70.65 142,7 209.5

D 219,7 172.4 134,1 109.2

k = 9.29 x 10”7

Run 66 4-methy1-[§'-5ﬁ]b1pheny1

a) Az 70,11, Bw4, C = 7.,9323g., E = 0.0197p.,

F = 0.6834g,, G = 489,6mm./0.0074g., H = 99.3%, I = 1,7mm.
T 0.0 12,35 24,0 40.7 62.75
D 277.3  210.0 160,3 112.5 69.3

k = 61,3 x 10="7




b) A a

70.115 B

F = 003899g0, G

T
D
Run 67
a) A =

0.0
270,0

4

70,11, B

F'= 0,4502¢., G

rll

D

b) A =

0.0
201.8

70.11, B

F = 007060g., G

T
D
Run 68
a)A:

0.0

194,5

4

70,11, B

F - 0,9690g., G

T
D

0.0
142.6

b) A = 70,11, B

F = 1,2700g., G

T

D

0.0

128,.7

-111-

4, C

7.9179¢.,

E = Oo 0205{10

489,6mm, /0,0074g., H = 99,3%,

16,1
187.8

27,45

145.6

44,8 7345
96,9 51,4
k = 62,9 x 10~

methoxy-[ﬁ'-3Hjbiphenyl'

4, C = 7.925280,

E = 0.01975.

121,6mm, /0. 0027¢., H = 99.4%,

12.3

160, 3

4, C = 7.,9760g.,

23,95

130.1

40.85 69,7
95.0 55.7

’

7

»

-7
k k- 51.1 X 10

E = 0.0225¢.

121,6mm./0.0027¢., H = 99.3%,

7.9

172.6

23.2

128.3

51.8 78.4
78.6 46,9

k = 50.9 X 10-

S
bromo-[4'- H|biphenyl

4, C = 8.419g.,

E = 0.01605. »

245, 0rxm, /0,0044p,, H = 99.6%,

175.6

112,0

4’ C 2 8.770080’

245, 0mm. /0, 0044p.,

168,7

102,1

344,1
88,7

337.0

79.6

5lz.2 677.5
70.4 55.4

k = 3.84 x 10~

E = 0.0140¢g.
H = 99.8%,
497.8  740.2
63,3 45.1

kK = 3,94 x 10~

’

7

7

?

7

I = 2,8nmm,

I = 1.0mm0

T = 1.7mm,
I= 0.6mm,
I a2 Cogmmo



Run 69
a) A = 70,17,
F = 0,7700g.,
7 0.0
D 185.

b) A = 70.11,
F = 0.3270¢g.,
T 0.0
v 253,
Run 70
a))A = 70,17,
F = 0.3410¢g.,
T 0.0
D 390,
b) A = 70.17,
F = 0.2783g.,
T 0.0
D 372,
Run 71

a) A =110,15)

F = 1.?240g0’

T 0.0

D 887,

-112-
4-chloro—{§'-3ﬁ]biphenyl

B=-4, C = 8.270g., E = 0.0191g.,
G = 130mm./0.0022g., H = 99.5%, I = 1,0mm,
166,5 332.4 501,77 757.4
5 141.0 105.7 80.8 51.9
K = 4.62 x 107
B=4, C = 8,3470¢g., E = 0.0202¢.,
G = 175.0mm./0.0022¢., H = 99.4%, I = 1,6mmn.
169.6 337.7  505.0 671.9
4 192.9 146,5 111.9 85,2
K = 4.52 x 107
3-chloro-[ﬁ'-sﬁ]biphenyl
B="7, C= 8.,1060g., E = 0.0240¢.,
G = 528mm./0.0062g., H = 98,7%, I = 5.2mm
339.0 677.0 1016 ° 1340
0 309.0 246.,4 193.,2 155,0
k = 1.91 x 1077
B="7, C= 8,1433g., k = 0.,0234g,,
G = 528mm/0.0062g., H = 98.8%, I = 4.Emm.
3%9.0 677.0 1016 1340
9  295.8 234.,6 185.6  148.9

X = 1,91 x 10~/

e 3
4-nitro-{§'-3HJbiphenyl

B=4, C= 9.5240g., E = 0,0208¢.,

G = 462.0mm,/0,0020g., H a 99,4%, I = 5.0mm,
511.9 700°0 888.2 1176

0 770.0 742,0 714.0 672,90

k

= 0.573 x 107



D) 4 = 110,15, B

F = 0,3173g., G

T 0.0
D 776,.,0
Run 72

a) A = 70.11, B
F = 0056259;0, G
T 0.0

D 37.4

b) A = 70.11, B

F = 0.7749¢., G
T 0.0
D 40.5
Run 73

a) A= 70.11° ¢

o.

On
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=4, C= 9.,6173g., E = 0,0240g.,
= 404,0mm,/0,0020g., H = 99.3%, I = 6,0mm.
512,0 888.0 1176
698.0 647.0 608.0
"

k = 0.575 x 10~

-
bromo-{%-SHJfluorene

- 4, C = 8.0125g,, E = 0.0153g.,

= 72,0mm,/0,0028g., H = 99.6%, I = 0,3mm,

3.2 5.25 8.25 10.3

25.2 19.15 14,1 10.6

7

kK = 347 x 10~

= 4, C a 8.2769¢.,

t=

- OQOlB’?{ZO‘

00,74, I = 0.2mm,

= 72,0mm./0,0028¢.,, H =

3.0 6.75 8.25 10.9

28.2 18,0 14.85 10.5

7

k = 337 x 10

methyl-[?-sﬂﬂfluorene

= 10.5230r., E = 0,062%p,, F = 0.563Cp.,

the experimentally determined equilibrium deflection was 13,0mm

T 0.0
D 24,3
b) A = 70.11,

C = 9.9610¢g.,

0.253 0.50 0.75 1.1
14.0 8.2 4.8 2.2
A=
k = 6050 x 10

E = Oo 054‘09:0 » F = O.ESOOP. » the

experimentally determined equilibrium deflectlon was 13,9mm,

T 0.0

D 26,6

c.10 0.30 0.60 1.0

21.3 13.9 6.9 2.95

-7
k = 6180 x 10
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- Run 74 2-methoxy- [’7- '3H] fluorene

a) A = ’70.11°, C = 9,6920g., E = 0.0131g., F = 0.2420g., the
experimentally determined equilibrium deflection was 1,8mm.

T 0.0 0.20 0,40 0.90 1.4
D 269,0 101.3 136.3 57.0 24,3

K = 4780 x 10"
b) A = 70.1T, C = 10.1740g., E = 0.0208g., F = 0.4240g., the
experimentally determined equilibrium deflection was 4,5mm.
T 0.0 0.20 0.45 0.80 1.2
D 223.7 159,.2 101.3 54,8 27,2

X = 4860 x 10'7

Run 75 2«carboxy~ [’7-53} fluorene
a) A = 70,115, B

5) C = 8.2250g., E - 0000558c’

F = 0.7230g., G = 118,4mm./0,0045g., H = 99.8%, I = 0.2mm.
T 0.0 113.7 375.0 612.0 824,0
D 90.2 78.9 57,7 - 43,7 34,0

k = 3,29 x 10

b) A= 70,1, B=5, C a 8,2200g., E = 0,0052g.,

F = 0.7200g., G = 118,4mm./0,0045g., H = 99.8%, I = 0.2mm.

T 0.0 337.6 160,0 556.0 803.0

D 102.9 69,7 85,1 5345 40,1

k = 3.26 x 107

Run 76 2-nitro- [ -SH] fluorene

a) A = 110.15, B« 5, C = 9.96lg., E = 0.0324g.,

F = 2,1610g., G = 121.9mm,/0.0036g., H = 99.1%, I = 1l,4mm.
T 0.0 49.0 88.2 121.2  192.7
D 134.8 90.3 65,0 49,2 °  27.6

K « 23,0 x 1077
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b) A = 110.15, B = 5, C = 10.3000g., E = 0,0380g.,
F = 2,0000g., G « 121,9mm,/0.0037g., H = 99,1%, I = 1,4mm,
T 0.0 380 68.0 119.0 209.5
D 152.3 110,5 86,8 57.2 26.9
k = 23,0 x 10~7

Run 77 2=-chloro- [’7-5H] fluorene
a) A= 70,11, C = 10.7360g., E = 0.0188g., F = 2,4360g., the
experimentally determined equilibrium deflection was 12,0mm.

T 0.0 2.06 3.6 5.75 7.75

D 1090 796.0 628,0 450,0 33240

Xk = 425 x 10~

b) A = 70.11, C = 10,3530g., E = 0,0147g., F = 2,0530g., the

experimentally dtermined equilibrium deflection was 9,.5mm,

T 0.0 2,05 4,0 5.85 9¢3
D 787.5 576,0 422,5 328.3 189.6
X = 425 x 10~
Run 78 [SH]benz ene
a) A = 70,17, C a 7.4020g., E = 0.0418g,,
T 0.0 2830
D 48,7 44,2 k = 0.096 x 1077
T 0.0 2820
D 47,7 43,4 K » 0,093 x 107"
b) A = 70,1, C = 7.9110g., E = 0.0429g.,
P 0.0 2530
D 46,7 42,8 k = 0.0945 x 10™"
T 0.0 2580
D 46,7 42.8 K = 0.0945 x 10"
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In a) and b), only 10% of the reaction occurred over

3 months but the results are probably not in error by

more than +5%,

Since the initial and final deflections

differed by only 10% the equilibrium deflections were

neglected.

¢) A =110.15, B = 6,

F = 1,0770g., (6 samples),
H=97.26, I = 15.8mm

T 0.0 173.0

D 540,.2 434,2

d) A = 110.15, B = 6,
F = 0.1410g.,

(6 samples),

H=96,1%, I = 29,0mm,
T 0.0 171.0
D 678.0 543.0
Run 79

a) A = 24,84

C = 10,3180g., E = 0,0472g,

G = 412,0mm,/0.0052¢g.,

339,.8

345.2

’

533.0 862.6 1297

276,.,4 178.3 1

k = 3.61 x 10”7

C = 10.5410g., E = 0.04910g

G = 598.0m./0.004580’

338,0
432,0

[2-5ﬁ]anisole

F = O.4460go, G

T
D

O. 0
172,85

b) A = 24,84, 3B

F - 00467180’ G

T
D

0.0
160.0

B= 2,

531.0 863.0 1

316.0 225.0 1

k = 3.67 x 10”7

C - 7.77058. » E - 0.043880 »

163,7mm, /0.0051g., H = 98,9%,

1.45
150.7

4.15
117.9

7.58 10.8

84,3 62.8

k = 262 x 10"

2’ c = 8.20078. » E - 000385g. »

163,7mm, /0.0051g., H = 99.0%,

1.30
139,7

3.45
113,11

5.75 Be3
91,7 69,0

kK = 277 x 107

10.5

®

195

38.0

I = 2.9mnl.

I - 2.3m1n.
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©) A = 40,0, B=2, Ca 8.2165g., E = 0.0438¢g.,
F = 0,44608., G = 163,7mm,/0.0051g., H = 98,9%, I = 2.9mm.
T 0.0 0.85 1.8 3.1 4,65
D 155.5 106.3 7041 39,6 20,5

k = 1224 x 107

d) A = 40,0, Bas 2, C = 8,0628g., E = 0.0308g.,

F = 0.2612g., G = 163,7mm,/0.0051g., H = 99.2%, I = 1,5mm.
T 0.0 0.8 1,55 2.3 4,25
D 117.6 82,0 58,3 41.4 18.0

k = 1260 x 10”7

Run 80 [E-sH] thioanisole

a) A= 24,84, Ba=2, C = 8,1128¢g.,, E = 0.0353g.,

F = 0,3481g., G = 170,0mm,/0,060g,, H = 99.2%, I = 1,2mm.
T 0.0 5.0 10,45 23.1 33415
D 166.8 133.9 104,7 58,0 34,3

k = 122.8 x 10'7

b) A = 24,84, B=2, C = 8,2232g., E =« 0,0341g.,

F = 0.4610g., G = 170.0mm./0.0060g., H = 99.3%, I = 2,0mm,
T 0.0 4,65 8.45 22,75 31,1
D 163.5 132.2 110.2  54.1 3%,.8

-7
k = 1256,0 x 10

¢) A=z 40,05 B=2, C= 8,0663G., E = 0.0542g.,
F = 0.0542g., G = 170.0mm./0.0060g., H « 98.,9%, I = 3.2mm,
T 0.0 1.4 4,0 7.2 11.5
D 262,8 199.6  122,1 57,1 21,2
k = 538 x 107/
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b) A = 40,05 B~ 2, C = 8.2810g., E = 0.,0489g.,
F = 0.,5050g., G = 170mm./0.0060g., H = 98.8%, I = 3.lmm.
P 0.0 2,25 4,55 7.25 9.45
D 228,0 155,1 98,7 53,8 32,2
K = 538 x 10"

Run 81 [§r5ﬁjd1pheny1 ether
a) A:llo.lg;B = 10, C = 10.3781g., E = 0.0170g., (6 samples),
F - 0.3506g.’ G

401,0mm./0.0008g., H = 98,24, I = 25,0mm.

T 0.0 324,0 667,3 1384 1865 2369
D 1356 1294 1230 1107 1025 9567.0
'7

XK = 0,422 x 10~

b) A = 110.151 B 10, C = 10.36968. » E = 000072%. [

F = 0046968., G 415.91‘!’)11]./0.00068., H = 99.5%, I - 4.0mm.

( 6 samples)
T 0.0 667.3 1191 1384 1865 2369
D 785,.,0 709.2 653,0 534,0 5900.,2 545.3

k = 0.428 x 10~

Run 82 [Q—SéP1,3-dimethylbenzene

a) A = 24,84, B= 2.5, B= 8,0736g., E = 0.0381g.,

F = 0.9944g., G = 115.lmm./0.0060g., H = 99.1%, I = 1.lmm.
™ 0.0 1.78 9.95 22,65 47.3
D 106.6 102.6 85,9 66,3  39.3

k = 59.2 x 10~

b) A = 24,84 B= 2,5, B = 7,9440g., E = 0.0481lg.,
F - 0.8736g., G = 115.1mm./0.0060g., H = 98,4%, I = 2,6mm,
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T 0.0 9435 22.25 31.9 40,0

D 118,.2 96.8 73.9 59,6 50,1

kK s 59.6 x 1077

In the next three runs the effects of salts were examined.
The weight of the salt in a given volume of anhydrous
tfifluoroacetic acid is given, followed by the details as

given for the previous runs in anhydrous trifluorocacetic

acid.
z 1
Run 83 l}-”ﬁrl,3-dimethylbenzene

0.2187¢.,0f sodium trifluorocacetate in 15ml. of anhydrous
trifluoroacetic acid. .
a) A= 24,84, B« 2.5, C = 8,1174g., E = 0.0342g.,

F -4 1.00548., G 118.11’11!11./0.0060{?., H = 98.9%, I = 1.3mm-

T 0.0 7.4 21,45 31.05 45,0
D 85.'3 '70.6 49.2 58.4 2700
K w 71.0 x 107"

b) A = 24,84 B a 2.5, C « 8,2016¢., E s 0,0538¢.,

F = 1009558., G

115,1mm, /0.00608., H = 98.1%, I = 3.5mm,
T 0.0 6.85 22,15 31.85 47,0

p 124,0 112.5 76,7 60,0 41.0

K = 70.2 x 107"

Run 84 [é-5ﬁ]-1,5-d1methy1benzene

0.1597g. of lithium perchlorate in 15ml. of anhydrous
trifluorocacetic acid.

a) A = 24.84, B=2,5, C= 7.8088¢., E = 0.0393¢.,

F = 0.6167&., G = 115.1mm./0.00608., H = 98.7%’ I = 1.8HIIX'..
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T 0.0 0.25 0.50 0.75 1.5
D 65.8 47,3 34.5 25,1 9.65

X = 3580 x 107

Run 85 [é-SH}-1,5-d1methylbenzene

0.1789¢g. of lithium trifluoroscetate in 15ml. of anhydrous
trifluoroacetic acid.

a) A z 24,84, Ba 2.5, C = 8,2353g., E = 0.0350g.,

F = 0,4548g., G

115,1mm,/0.0060g., H = 98,9%, I = 1.4mm,
T 0.0 6.15 20.85 29,6 54,0
D 94,7 81.3 56,5 46,0 2545

kK = 67.7 x 10”7

b) A = 24,84, B

2.5, C = 8,2770g., E = 0.0385¢.,

F - 0.50903’., G ll5.1m./000060g., H - 98.8%, I = lovnml.

T 0.0 8.2 72.9 34,2 47,25

D 104.6 86,3 60,0 45.4 32.4

k = 69.7 x 1077

Trifluorocacetic acid - acetic acld

Medla of different compositions were prepared by accurate
welghing of the two components, anhydrous trifluoroacetic

acid and acetic acid (99.2%),

The composition of the media 1s given as wt.-% of acetic

acid (99.2%).

Run 86 [é-sﬁ]fluorene

Acetic acid - 13.2wt.-%

As 70.11° B = 3, C = 8,3327g., E = 0.0071g., F = 0.5827¢.,

G = 469.6mm./0.000lg., H = 99.,8%, I = 1,2mm.
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T 0.0 2.25 348 8.2 11.6
D 614.0 451.0 368,0 199,0 124,0

=7
k = 382 x 10

Run 87 2-methy1—[7-3H]f1uorene
Acetic acid - 13.2wt.-%
A= 70.1T7, C = 10.2184g., E = 0.9184g., the equilibrium
deflection was determined experimentally and was 11.4mm,
T 0.0 0.2 0.85 2.0 3.45
D 28,1 22.4 16.2 7.7 2.9

k = 1800 x 10~

Run 88 2-methoxy-[7-sﬂ]f1uorene
Acetic acid - 13.2wt.-%h. _
A = 70.11, C = 8.4856g., E = 0.021lg., the equilibrium
deflection was determined experimentally and was 9.8mm.
T 0.0 1,05 1.75 2.35 3.2
D 646,.,0 267.7 148,4 8846 41,1
k - 2370 x 107

Run 89 [}-5H]diphenyl ether

Acetic acid - 13.2wt.-%.

A= 70,11, B= 2.5 C = 8.15635g., E = 0.0436g.,

F = 0,1463g., G = 489,0mm./0.0008g., H = 99,1%, I = 46.8mm.
T 0.0 1.0 3.25 6465 9.4
D 4983 3388 1527 448,0 175.0

X = 1015 x 10~

Run 90 4-methyl-[4'-5H]b1phenyl
Acetic acid - 13.2wt.-%,

A= 70,11, Ba 4, C = 8.2428g., E a 0.020lg.,
P‘ - O.4928g.’ G n 44507mm./0.0005g.’ H = 99.4%, I - 15.0mm.
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T 0.0 49.3 94,0 159.7 206.2
D 2012 1330 917.0 536.0 377.0

X = 23.1 x 10~

Run 91 4-methoxy-LA'-Sﬁ]biphenyl
Acetic acid - 13.2wt.-%,

A= 70.117, B =4, C = 8.3462g., E = 0.01560g.,
F = 0.5962g., G = 398,0mm,/0.0010g., H = 99,5%, I = 5,7mm,
T 0.0 51.25 95,9 161.5 208,0
D 1122 632.,3 402,35 201.8  118.2
¥ = 29.8 x 10”7
Run 92 {4-3H]diphenyl ether

Acetic acid - 22.8wt.-%

A= 70.11, B = 2,5 C = 8.1304g., E = 0.0180g.,
F = 0.3804g., G = 474,5mm./0.0005g., H =z 99.6%, I = 13,0mm,
T 0.0 0.6 2.3 4,75 7,75 |
D 3022 3010 2467 1862 1308
kK = 323 x 1077
Run 93 [2-3H] fluorene

Acetic acid - 22,8wt.-%

A= 70,17, B3, C = 8,1824g.,, E = 0.0072¢.,

F w 0.2354g., G = 461.9mm/0.0020g., H =z 98,2%, I = 10,3mm,
T 0.0 349 5.9 23.6 23.6
D 555.7  475.3 439,6 224,1 223.2

X = 109.0 x 10~

Run 94 2-methyl- {'7- SH_i fluorene
Acetic acid - 22.8wt.-%

A= 70,17, C = 10.3154g., E = 0.520g., the equilibrium
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deflection was determined experimentally and was 14,6mm.
T 0.0 0.8 2.25: 3465 4,85
D 31.3 26,2 21.0 16,1 13.5

' -7
k = 494 x 10

Run 95 2-methoxy-{7-5H]fluorene
Acetic acld - 22.8wt.-%
A=z 70.,11°, C = 8.0775¢., E = 0.0181g., the equilibrium
deflection was determined experimentaliy and was 9,8mm,
T 0.0 0.75 3.0 6.4 9.15
D 1342 1087 596,2 223,0 106,5

k = 780 x 10”7

Run 96 4-methyl-[é'-5H]biphenyl
Acetic acid - 22.8wt.-%

A=z 70,117, B=4, C = 8,3138g., E = 0.218g,,

F = 0,5765¢., G = 426.7mm./0.0008¢., H = 99.3%, I = 1l5.2mn.
T - 0.0 78.0 165.3 107.9 309.8
D 2127 1853 1585 1505 1324

-7
k: 4.—,90 x 10

Run 97 4-methoxy-{4'-5HJbiphenyl

Acetic acid - 22.8wt.-%

A= 170,17, Ba=4, C = 8.0029¢., E = 0.0222g.,

¥ = 0.2667g., G = 364.5mm./0.0010g., H = 99,3%, I = 11,0mm.
T 0.0 78.25 143,9 198.2  358.0
D 1533 1218 1008 860.2  533.3

-7
k = 8,156 x 10
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Run 98 4-methoxy-[4'-3H]b1phenyl
Acetic acid - 1.68wt.-%

A= 70,11, B=4, C = 8.8619g., E = 0,0139g.,
F = 0.5730g., G = 342.9mm./0.0010g., H = 99.6%, I = 3,6mm,
T 0.0 17.85 27,1 47,1 72,45
D 878.4 669.3 576.7  410.7 274,9
K w 43,5 x 10"
Run 99 4-methy1-[;'-5H]biphenyl

Acetic acid - 1.68wt,.-%

A=70.,11, B=4, C = 8,6015g., E = 0.0230¢.,
F = 0.3126g., G = 415.9mm./0,0008g., H = 99.5%, I = 11,5mm.
T 0.0 15,9 25,2 45,2 70,45
D 2020 1660 1406  979.5  632.5
K = 50.3 x 107"
Run 100 [Q-SH]dibenzofuran

Acetic acid - 19,3wt.-%
Az 70,11, B= 2.5, C = 8.4350g., E = 0.0184g.,
F -« 0.1400g., G = 360.2mm./0.0010g., H = 99.6%, I = 5.2mm..
T 0.0 11.55 23.0  32.6 47,7
D 1278 1098 953.8 844,8 695.8
K - 35.5 x 107

Run 101 [4-%H] diphenyl sulphide
Acetic aCid - 19.3Wt0-%
A=z "70.11, B=3, C=z 8.,3047g., E = 0.0177g.,

F = 0.4341g., G = 255.2mm,/0,0005g., H = 99,7%, I = 5,0mm,
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T 0.0 11.0 22.4 31,75 47,0
D 1705 1346 1044 848,1 614,3

k = 60.6 x 1077

Run 102 2-bromo-[§-5H]f1uorene
Acetic acid - 19.3wt.-%
A=70.11, Ba= 4, C = 8,2594g., E = 0.0107g., |
F = 0,5094¢g., G = 320,0mm./0,0020f., H = 99.8%, I = 0.6mm.
7 0.0 9.1 21,0 68,5  119.0
D 315.4 281,3 239.4 130.3 69.3
K = 35.8 x 107"

Run 103 [Z-BHJdibenzothiophen
Acetic acid - 19.3wt.-%

A=z 70,17, B= 2.5, C = 8.3645¢g., E = 0.0l0gg.,

F = 0.6145g., G = 480.4mm./0.0010g., H = 99.8%, I = 1,9mm.
T 0.0 9.2 21,0 68.5 120.0
D 948,32  903,1 £53.6 666.1 512.7

kK = 14.7 x 10~

The results are summarised, classifled under types of medis,

in the next few pages.
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AQUKOUS SULPHURIC ACID. Temperature: 24.84'

7 1
Position Run 10 k 1 fo
f
(wt.-#) no. (secT?) ! P
U- i
74 .85 toluene o 11 5185 1.055
P 10 4915
4
73.25 toluene o 4 2800 1.04
P 3 2710
4.
70.70 toluene o 753 1.00
| 753
; £ 1 2
j 69.00 i toluene 1 2 1 6 316 i 0.99
; ; i
p . 320 1
i 64.50 I toluene 13 49.6 -~ 0.98
j 1 = 1 ’
. 1 12 5007
1 I : i |
1 71.41 I t-butyl- ; 0 i 8 769 1 0.955 '
i benzene
5 7
1 ! I i 805
1 71.41 1 toluene . 5 i 9 1095
ACETIC ACID - SULPHURIC ACID - WATER Temperature;
The molar composition of the medium was: acetic acid (20.83#)
- sulphuric acid (44.74#) - water (34.43#).
10 7 ..
Compound ;Run '1l0 k(secTl) 1 Partial rate
, nho. f ! factor
iI2-~HIfluorene T 14 3900 I 2100
I~ 1
; I
I%9-methyl-I2-*u|fluorene 115 i 3795 : 2040
>16 N 3585 I 1930
> ;
19 - fluorene 17 ! 102 i 54.9
i
|£-~H|toluene 18 581 i 313~

a- this figure was obtained by Eaborn and Taylor
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TRIFLUOROACCTIC ACID - SULPHURIC ACID - WATER. Temp.: 24.84’

The molar composition of the medium was: trifluoroacetic

acid (93.00#) - sulphuric acid (1.88#) - water (5.12%#).
Compound j Position 10" k ( sec;!)
t-hutylbenzene 0.72
2185
toluene 1295 0.73
1770

TRIFLUOROACETIC ACID - PERCHLORIC ACID - WATER. Temp.: 25.0'
The molar composition of the medium was: trifluoroacetic

acid (99.962#) - perchloric acid (0.0102#) - water (0.0278#)

A A

I i I - 7 I
I Compound

no. factor
i[2-*H| fluorene 23 2950 3610
!
j9-methyl- |_2-*! fluorene 24 3115 3810
j9 ,9-dimethyl- [2-*H|fluorene 25 5975 4860
r g
;|£-'"7HJ toluene 26 ; 256 313 ~

!
L

a- Value obtained in a slightly different medium by Eaborn

40
and Taylor
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ANHYDROUS HSPTAFLIJOROBUTYRIC ACID. Temperature: 70, 11
Compound Position Run lo'*k(seol”) i g
no. p
toluene £ 29 2.79 0.39
£ 27 7.08
t-butylbenzene o 30 3.34 0.37
28 8.94
'biphenyl £ 32 1.82 0.43
P 31 4.26

AHRYDROTJS TRIFLUOROACETIC ACID. Temperature: 7C.11

1 UL | i 7 i . .
Compound | Position | Run . 11 F j Partial rate 1
i lno. ’ ip 1 factor
Benzene | ~ , 78 ! 0.095 : 1
toluene i 2 36 ; 20.8 10.49: 219
: Vg 33 i 42.7 1 450
t-butylbenzene o 35 * 23.0 10.45! 242 !
1 i i : !
34 | 50.9 i i 535 !
biphenyl 1 o 65 ; 9.51 j0.60] 163
64 ' 15.45 ! i 98.0 I
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medlum: anhydrous trifluoroacetic acid, temperature: 70.11%

Compound T Position | Run lo'%k Partial rate
! no. (sec.-i)" factor
Dibenzofuran 1 ¥49 % 12.8 ; 135
2 ; 39 % 349 j 3670
3 150 i 29.7 1 313 I
4 140 i 15.2 i 160
jDibenzothiophen 1 AIHI;; 25.8 ; 272 ;
2 137 174 i 1830
3 i 48 40.8 : 430 !
4 ; 38 34.4 } 362
Diphenyl ether 2 |41 658 1 6930 ;
4 ' 42 2930 1 30,800
iDiphenyl sulphide ! 2 ! 43 316 1 3330 1
: 4 | 44 934 9830 !
EPhenanthrene ( 9 ' 153 : 1620 !
jDiphenylmethane 4 | 52 11.05 ! 117 1
%Fluorene 5 ! ! . 1598 1 16,800
I9-Methylfluorene ; | 1 54 1665 ; 17,500 \
ﬁQ,Q—Dimethylfluorene 2 i 55 1897 ji H‘ﬂ$ﬁ
&Benzofuran } 2 ! 56 i 1615 g 17,100
iThiophen 2 3 : 58 i 1780 1 18,700 ;
INaphthalene | IR 110.4 * 1160
3 [0 14.4 : 151
}4—Methbeiphenyl 4’ 166 1 62.1 i 654 i
I4-Methoxybiphenyl 4’ 1 67 51.0 537

I
I4-Bromobiphenyl 4» ! 68 3.89 41.0
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medlum; anhydrous trifluoroacetic acid, temperature: 70.11%

! , I > L]

, Compound } Position iRun i 10 k . Partial rate

1 1 no. (sec. ’ factor

'4-Chlorobiphenvl 4 | 69 ! 4057 . 481

E3—Chlorobiphenyl 5 4 » 170 : 1.91 20.1

; 2-Bromofluoreno ; 7 '72 1 342 3600 !

l12-Methylfluorene \ 7 73 ' 6115 64,400 1
1

{2-Methoxyf1uorene , 7 ;74 4820 50,700 !

22—Carboxyfluorene 7 75 . 3.275 34.5 1

%Z—Chlorofluorene ) 7 77 425 4470 T

medium: anhydrous trifluoroacetic acid, temperature: 110.15

j Compound Position : Run 10 k Partial rate :
i no. (sec. ) factor 1
%Benzene ; 1 ''78 3.64 1 i
?4—Nitrobiphenyl ; 4» '71 ' 0.573 0.157

I2-Nitrofluorene 7 , 16 ' 23.0 6.32 Jj
iDiphenyl ether ! 3 81 0.425 0.117 i

medium: anhydrous trifluoroacetic acid, temperature: 24.84

and 40. o'
j Compound ;Position Run ' lo"*k(secT”) Partial rate
1 1 . factor
. 1 24.84° 40.0°
1 i
! i
IBenzothiopheni 2 45 421 1810 2.58 X 10° ;
£ i ¢«
1 Benzothiophen i 3 46 1I600 2513 3.41 X 10® 1
1 !
jAm sole ;£ ;79 1270 1242 1.87 x 10® i
Thioanisole 80 :123.9 538 8.19 X 1lo

The exchange reactions were followed at 24.84" and 40.0%
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and extrapolated to give the rate of exchange at 70.11%
The partial rate factor for detritiation of the compound
was then obtained by comparison of the rate of exchange
and the detritiation rate of a single position of

o
benzene at 70.11.

medium: anhydrous trifluoroacetic acid, temperature: -10.0
and 24.84°.
Compound Position!Run 10 k(sec7 ) Partial rate
factor

I-10.0" 24.84'

Thiophen i 2 57 | 2360 75,200 2.31 X 10
i
1,3,5-Trimethoxy- 2 6l 828 27,250 9.49 x lo'
benzene ; :

The partial rate factors were obtained by comparison of the
o

rate of exchange of the compounus at 70.11 ( obtained by

extrapolation from the temperatures -10.0 and 24.84% with

the rate of exchange of a single position of benzene at 70.11

(o]
medium: anhydrous trifluoroacetic acid, temperature: -10.0
14 ...p".... 1
Compound Position IRun 10 k(seCo ) Partial rate !
1no. factor I
5-Ethylcarbazole 1 i59 ' 4000 9.13 X lo'* j
J
3 160 % 32,900 7.51 x 10® !
! 1,

The partial factors were obtained by comparison of the
rates of exchange of the compounds with that of 1,3,5-
trimethoxybenzene (the partial rate factor of this compound

v;as found as described above).
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medlura: approximately O0.IN solutions of salts in anhydrous
trifluoroacetic acid (the exact composition of the media

O
has been given in the details of the runs), temperature: 24,84.

Compound £ Salt added Run 10 7*k( secT”) :
no. 5
1l,3-Dimethyl- none 82 59.4 i
benzene :
lithium trifluoroacetate 85 6807 i

sodium trifluoroacetate 83 70.6
1

lithium perchlorate 84 3580

TRIFLUOROACETIC ACID - ACETIC ACID . Temperature: 70.11

7 4
Acetic acid Compound Position Run 10 k(secT )

!
I
wt .—# no. i !
i
13.2 Fluorene 2 86 382
2 -Methylfluo rene 7 87 1800
2 -Methoxyfluorene 7 I ss 2370
Diphenyl ether 4 1 89 1015 I
4-MethyIbiphenyl 4% ' 90 23.1
4-Methoxybiphenyl 4’ 91 29.8
22 .8 Diphenyl ether 4 92 323
Fluorene 2 - 93 109 .
2-Methylfluorene 7 94 494 1
2-Methoxyfluorene 7 95 780 1
4-Methylbiphenyl 4’ 96 4.90
4-Methoxybiphenyl 4’ 97 8.15
1.68 4-Methoxybiphenyl 4% 98 43.5

4-Methylbiphenyl 4' 99 50.3

1
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medium: trifluoroacetic acid - acetic acid, temperature
70.11°
AAAAAAAAAAAAA 1
.y 7 1, !
Acetic acid Compound Position Run 10 k(secT-*)
wt*-§ no.

19.3 Dibenzofuran 2 100 35.3
Diphenyl sulphide 4 101 6006
2-Bromofluorene 7 102 35.8
Dibenzothiophen 2 103 14.3
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DISCUSSION

1. Diphenyl ether, diphenyl sulphide, dibenzofuran end
dibenzothiophen.
The rates of detritiation of #2- and 4-7H]- diphenyl ether
and -diphenyl sulphide and il-, 2-, 3- and 4- Hj-dibenzofuran
and -dibenzothiophen were measured in anhydrous trifluoro-
-acetic acid at 70.11? and the results are shown in Table 1.
Table 1

Rates of detritiation in anhydrous trifluoroacetic acid

at 70.11%
Compound Position j 10%k(secT®) } Arel
Diphenyl ether 2 4j 65.8 | 30,800~
i 3 0.0425* 1 0.117%:
4 293 6930 1
Diphenyl sulphide 2 31.6 9830
4 93.4 j 3330 1
Dibenzofuran 1 1.28 1 135
3.49 | 3670
3 2.97 313
4 1 1.52 160
Dibenzothiophen 1 ] 2.58 1272
1
2 j 17.4 ;s 1830
o3 } 4. OB 430
1 4 I 3.44 362
A [ 0.0095

Benzene i 1

1
a- measured and compared with the rate of exchange of a
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single position of benzene at 110.15°
For benzene at 110.15i k = 3,64 x 10'7330.'1

In both dibenzofuran and dibenzothiophen the order of
reactivity of the positions in detritiation is 2) 3> 4) 1.
The 1-, 3-, and 4-positions are more reactive in
dibenzothlophen than in dibenzofuran but the 2-position
of the oxygen compound is twice as reactive as that of the
sulphur compound. The 2- and 4-positions of diphenyl ether
are more reactive than the corresponding positions of
diphenyl sulphide, 1in agreement with the smaller 4T effect
of a sulphur than an oxygen atom. The rate of exchange of
the 3-position of diphenyl ether was measured at 110.153
since the reaction was too slow to follow at 70.1f. Closure
of the five-membered rings on going from diphenyl ether to
dibenzofuran, and diphenyl sulphide to dibenzothiophen is
assoclated with a large reduction in reactivity of the
positions ortho- and para- to the heteroatoms: the reduction
being greater for the oxygen than for the sulphur compounds.
The effect is so large in the case of the atom ortho- to
the oxygen, that the 4-positlion of dibenzofuran 1s less
than helf as reactive as the 4-position of dibenzothiophen,
even though the corresponding 2-position of diphenyl ether
1s more than twice as reactive as that in diphenyl sulphide.
The reduction of the reactivity on ring-closure is to be
attributed mainly to the engagement of the lone-pair of
the oxygen and sulphur atoms in giving aromatic character

to the five-membered rings; the +T effect of these atoms
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can only be made available to the 2- and 4-positions of
the heterocyclic compounds at the expense of aromatic

character,

The partial rate factors obtained are summarised in the

following diagrams:

6930 0,117
135 272
F;¢“\5T 3670 7 31830
| i
4
i 1430
EQQy/)L\\O 513 a.” N
160 362

The positions meta- to the hetero-atoms are greatly

increased in reactivity by the ring closure. The value for
the "Z-position of diphenyl ether is 0,117 (that of diphenyl
sulphide 1is probably similarl The values for the 3-positions of
dibenzo- furan and -thiophen are 313 and 430, respectively,
and for the l-position are 135 and 272. . The activation of

the 1- and 3-positions can probably be attributed to the

+T effect of the substituted phenyl group ortho- and para-
to these positlons, respectively. (As will be described
below the 2- and 4-positions of biphenyl are activated 98
and 163 times in detritiation in anhydrous trifluoroacetic
acid, )

110
Dewar studied the nitration, with nitric acid in acetic
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anhydride, of diphenyl ether and dibenzofuran and found
that closure of the five-membered ring lowered the overall
reactivity. He reported partial rate factors of 117 and
234 for the 2- and 4- positions of diphenyl ether and 47,
94, 94, and 0 for the l-, 2-, 3~-, and 4-positions of
dibenzofuran. A much greater spread of rates in detritiation
is evident, and this can be attributed to a larger demand
on polarizability effects in hydrogen exchange than in
nitration.

The partial rate factors obtalned for the protodesilylation
of some diphenyl ether and diphegg% sulphide compounds in

methanol-aqueous perchloric acid are shown in the

following dlagrams:-

8.7 1.30

The greater reactivity of diphenyl ether thén of diphenyl
sulphide is again evident. The spread of rates 1s usually
much smaller in protodesilylation than in detritiation but
diphenyl ethgr 1s 8 times faster than diphenyl sulphide

in protodesilylation, but only 3 times in detritiation,

The reactivity of the 4-relstive to that of the Z2-position
of diphenyl ether in detritiation logﬁ)- 1.17, agrees
logt;

with that in nitration /&ogfuz 1.14 , but is smaller than
&Iogil
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that 1n protodesilylation (1o f4>= 2,07 lfsand the
0gl,

difference between detritiation and protodesilylation in
this respect is even more marked for diphenyl sulphide,
It 1s unlikely that the differences can be ascribed to
steric influences at the 2-position, since primary steric
effeéts have been shown to be unimportant in hydrogen-
exchange,ll4and steric interference from ortho- substituents
normally results in acceleration of protodesilylation
reactions,

From evidence of ultra-violet spectra and kinetic data
of methoxy-fluorene and -diphenyl (page 172), it 1is
suggested that some hydrogen-bonding occurs between the
oxygen atom of the methoxy group and trifluoroacetic acid.
The rate of detritiation of[}-5ﬁ]diphenyl ether was compared
with that of [?-3ﬁ]fluorene in a mixture of trifluoroacetic
acid and acetic acid. In a medium containing 22,8wt.-%
of acetlc acid the rate of exchange of{}—sﬂ]diphenyl ether
decressed by a factor of 9 from that in anhydrous trifluoro-
acetic acld, compared with that of 15 for{?-aH]fluorene
and 6 for Z;hethoxy-[&-sé]fluorene. Some interaction of
trifluoroacetic acid with the lone pair of electrons on

the oxygen of the diphenyl ether could,therefore, possibly

ocecur.

No evidence for any interaction, of the solvent, with
the hetero-atom was found with diphenyl sulphide,

dibenzofuran and dibenzothiophen. The solvent interaction



with diphenyl ether could explain the smaller difference
in the reactivity of diphenyl ether and diphenyl sulphide,
in detritiation, than in protodesilylation.

In dibenzothliophen and dibenzofuran, the tautomeric
release of the hetero-atoms can be conveyed to the ring

positions in the following ways:-

1 and 111 involve resonance interactions with both benzene
rings, while in 11 and i? one benzene ring remalns unchanged,
and there is a smaller ioss of resonance energy. On this
basis, electrophilic substitution would be expected to be
either in the 2- or 4-position. A possible reason for
prefered 2-substitution is the greater stability of a
p~quinoid sygtem (114), than an o-quinold system (lggg,

which are formed as intermediates in the reactions,

H

~ L
~x X
+ : + HY
(114) (1VA)

+
Y - electrophilic group
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Dibenzofuran contains both a biphenyl and a diphenyl

ether system, and it is of interest to attempt to calculate
the reactivities of the positions in dibenzofuran,

assuming the systems activate independently.

Ph
OPh

A position para- to a phenoxy gfoup 1s activated by a factor
of 31,000; a position meta- to a phenyl group is
deactivated, in a slightly different medium, by a factor

of 0.68.54The overall figure for the activity, 1f there was
no interaction, would be 21,000, compared with the fipgure
of 3670 found. The deactivating effect of'a Tieta-phenoxy
i1s 0,117. The para-phenyl group activates by a factor of
163; the rate factor for the 3-position would be expected
to be 19, Similarly, the ortho-phenyl group activates by
a factor of 98 and the rate factor for the l-position
would be expected to be 11,5, Both these are much less
than the figures obtailned, but the higher reactivity can
be explained by the greater activation of a phenyl group
held in a planar configuration, as in dibenzofuran, and
not one ring at 45° to the other as in biphenyl itself,

The 4-position, of dibenzofuran, is formally ortho- to the

phenoxy group and meta~ to the phenyl group; ortho-phenoxy
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activates by a factor of 6930 and the position should be
activated by a factor of about 4700. The figure obtained

for the 4-position of dibenzofuran is 160, so that it appears
that the activating effect of a phenoxy group is modified

in the dibenzofuran system. It was suggested by Baker and
Eabornl}sthat the lone pairs of electrons on the oxygen

in dibenzofuran are engaged in giving aromatic character to
the five-membered ring, and are thus less avallable to
activate the benzene rings.

Dibenzothiophen can be treated in the same way. The
para-thiophenoxy group activates the para-position by a
factor of 9830, the deactivating effect of a_Eggg-phenyl
group should bring the reactivity of the 2-position to
about 6350, compared with the faetor of 1830 found. The
. ortho-thiophenoxy group activates 3330 times 20 that a
rate factor of 2260 1s to be expected for the 4-position
of dibenzothiophen whiéh, again, 1s considerably higher
- than the factor of 362 obtained. The lower rgactivity,
observed for the 2- and 4-positions of Qibenzothiophen;
can 50 explained by the lone pairs of electrons on the
sulphur being engaged in giving aromatic character to
the five-membered ring, and are thus less avalladble to
activate the bengene rings.llsThe factor for the meta-
thiophenoxy is not known but if it 1s assumed to be the

same as for meta-phenoxy, factors of 11,5 and 19 are

obtained for the l- and 3-positions respectively. The
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higher reactivity observed can, again, be explained by the
effect of a phenyl group held in a planar configuration
and not as in biphenyl,

The reactivity of the 2-position of dibenzothiophen
represents 64% of the total reactivity of the 1-, 2-, 3-,
and 4-positions. From nitration in acetic acid,774o% of
the 2-nitro derivative was obtained aslong with an equal
amount of dibenzothiophen-5-o0xide, but Gilman and Nobisllv
could obtain the 2-nitro derivative in only 28% yield.

A yield of 80% of 2-bromodibenzothiophen has been reported77
from bromination in carbon dlsulphide»or chlorofornm,
Sulphonation is reported to give 2-subst1tution1}8 and
Gilman and Nobisllzbtained 41% of the 2-mcetyl derivative

in acetylation. None of these experimental results excludes
the formation of other isomers in the above reactions,
Indeed, from the results in detritiation, other isomers are
almost certainly formed, but in some cases in such small
amounts that separation is virtually impossib}e. It 1is
wrong, therefore, to say that only Z-BuPstﬁtution occurs

in electrophilic aromatic substitution of dibenzothiophen,
although, in a highly selective reaction such as molecular
bromination this situation is probably approached. Burger,
Wartman and Lutzllgroported a mixture is formed in
acetylation and 1solatea only 25% of the 2-, along with

a very small amount of the 4-acetyl derivative,
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5.5
6.25

2.0
1.15

113
Eaborn and Sperry report the above partial rate factors,

for dibenzothiophen, in protodesilylation. The high value
obtained for the l-position was considered to be due to
sterlic acceleration, and otherwise the figures agree with
those obtained in detritiation.

The reactivity of the 2-position, in dibenzofuran,
represents about 86% of the total reactivity of the 1-,
2-, 3-, and 4-positions, and a greater predominance of 2-
substitution, in other reactions, than for dibenzothiophen
is expected. Molecular brominationlzoyields 80% of the
2-bromo derivative, and mo;glthan 76% of the 2-derivative

1s formed in sulphonation. In benzoylation, the 2-
122

derivative was isolated exclusively, but only in 407 yileld.
, 123 .
Results of mercuration and nitration of dibenzofuran

are anomalous, Initlial attachment of thé acetoxymercuric
group to the oxygen atom, followed by migration, probably
explains why only 4-substitution is obtained in mercuration.
In nitration in acetic acid,aoso% of the 3-n1trod1g§§fofuran
has been obtained. Nitration, in acetic anhydride,  1is

reported to give 40% of the 2- and 3- and 20% 'of 1-
-nitration,
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0.65
19,2
0 2.4
0.92
Good agreement is found between the results in detritiation
and those shown in the above figure for the protodesilylation
of dibenzofuran compounds.113 |
Recently, Brown and Collorlzshave calculated the [l-electron
density of dibenzofuran and related heterocyclic compounds,
by a molecular orbital treatment. They regarded the
nitration results, in acetic anhydride, as general for
electrophilic substitution, whereas, they are cléarly
anomalous. Their calculations, therefore, cannot apply to
other electrophilic reactions and it is difficult to see
how calculations of [[~electron densities, in the ground
state of the aromatic molecule, can apply to various reactions

with different electron demand of reagents and differing

polarizations of the molecule,

2. 'Thiqphen, benzothiophen and benzofuran

The partial rate factors for detritiation of some
positions of thiophen, benzothiophen and benzofuran were
measured, in anhydrous trifluoroacetic acid.at 70.111 and

the values obtained are shown in the following diagrams:-



~145-

1.87x10% Eiij}l:ij:ﬂ 3.41x10°
7 4
U: :H2.31x10 5 1.7x10

[2-5€]furan was prepared but a rate-factor could not be
obtained because the compound polymerised rapidly on
contact with anhydrous trifluoroacetic acid.

The rate of detritiation of the 2-p681tion of thiophen
was tdo fast to measure at 70.f, and the exchange reaction
was followed at -10.0" and 24.84°. The rate of exchange at
70.1 was then obtained by extrapolation from the lower two
temperatures and the partial rate factor for the.Z2-position,
of thiophen, was obtained by the direct comparison of this
rate with the rate of exchange of a single position in
benzene., Paullng and Schomaker}ssconsidered that the
structure of thiophen was a resonance hybrid, consisting

of the following classical and polar stustures

| | .
U N De Ny © @

® &) &) ©
v VI Vil V11l 1X

In struetures V1 and Vll, the 2p electrons of the sulphur
atom conjugate with the Tf-electrons of the ring, but since

sulphur is a second row element the "d" orbitals play a
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part in forming three pd2 hybrid orbitals with the sulphur
atom, two of which have the correct symmetry and energy

to conjugate with the carbon atoms (Figures V11l and 1X).
The overall effect i1s to make the sulphur atom a less
effective donor than the oxygen atom. A result of these
contributions is that the resonance energy of thiophen is
1ncréased, the stabilization as measured by heats of
combustion is for furan 16.2Kcal./mole, and for thiophen
29,1Kcal, /mole (which could explain the breakdown of the
furan molecule in anhydrous trifluoroacetic acid).

The results indicate that, in hydrogen exchange, the
reactivity of the 2-position of thiophen 1s 1240 times
that of the 3-position. This 1s in good agreement with
the figures of Halvarson and Melander?ﬁwho found that the
2-position 1is 955&140 as reactive as the 3-position of
thiophen in detritiation in 59.,4% aqueous sulphuric acid.
In protodesilylation, Deans and Eaborn64showed that the
2-thienyltrimethylsilane is cleaved 43,5 times faster than
the 3-isomer.

This quantitative data shows clearly that'the 2-position
of thiophen is mich more reactive, towards electrophilic
substitution, than the 3-position. The 2-position is
activated by the tautomeric effect of the sulphur atom,

as shown in Figure X.
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yd

"

Figure X

The bromination of thiophen in carbon tetrachloride

gives 2-bromothiophen in 55% yield and some 2,5-dibromo-
thiophen.134Coonradt, Hartough and Johnson155studied the
chlorination of thiophen in detall and found, in monochloro-
substitution, that 99.7% of 2-chlorothiophen and 0.3% of
3=chlorothiophen was produced. Further chlorlination of

the 2-chloro isomer gave 99% of 2,5-dichlorothiophen and

1% of 2,3=-dichlorothiophen. Addition products can also

be obtained in the chlorination of thiophen. 1In acylation136
and amino-alkylation, substitution has been reported to

be exclusively in the Z2-positlon. In nitration,lsvthe
product consisted of 97% 2- and 3% of the 3-substituent,

and in sulphonationlsvalthough the major product was the

2-1isomer, a trace of the 3-1gsomer was formed. With
alkylation,lsshowever, almost equal proportions of the two
isomers are reported to be formed.,

The rate factors obtained for benzothiophen are shown

in the following figure:-

5
5

3] 3.41 x 10
3 2.58 x 10
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Anhydrous trifluoroacetic acid was the medium used for
the detritiations but the rates of exchange could not
be measured at 70.1° (which would be desirable in order
to compare the rates directly with that for a single
position in benzene) as the compounds were too reactive.
The exchange reactions were followed at 24,84 and 40.01
and extrapolated to give the rate of exchange at 70.Y.
It ﬁas shown in the case of the[%-sﬁ}benzothiophen, that
agreement between the extrapolated and measured values
at 70.) was satisfactory (the measured value of 2,15 x 10°
being within 10% of the extrapolated figure).
The fusion of a benzene to a thiophen ring to give

benéothiophen results in a large decrease in reactivity

of the 2-position, but an increase in that of the 3-position.
The large change, in reactivity of the 2-position of the
thiophen ring, can be associated with the fact that the
+T effect of a sulphur atom can only reach this position

in benzothiophen by disturbing the conjugation within the

benzene ring, as shown in structure X1 for the Wheland

intermedlate,

\s/<Z =

X1 ' X1l

This 1s not so with the 3-position (structure X11).
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113
Eaborn and Sperry report, 1n protodesilylation that

the reactivitlies of the 2- and 3-positions are almost
equal, 1.e, 39,6 and 40,7 repectively. The results
indicate that, in the electrophilic substitution of
benzothlophen, although substitution should occur mainly
at the 3-positlon, large amounts of the 2-substituted
products should be formed.

139

Farrar and Levine found that in the acylation of
benzothiophen, in the presence of seven different acidic
catalysts, a mixture of the 2- and 3-isomers was always
formed. 1In nitrationlfoonly the 3-nitro product has been
isolated, but a recent preliminary communication14lindicates
that at least 10-15% of the 2-substitution occurs. Other
reactions such as molecular bromination,go’1420hloro-

143 144
methylation and mercuration seem to result in
3=substitution only.

The reactivity 6f the 2-position of benzofuran appears
to be less than that of the 2-position of benzothiophen.
The figure for benzofuran, however, can only be regarded
as approximafe since a side-reaction occurred in the
anhydrous trifluoroacetic acid, and first order kinetics
could not be obtained, The rate was obtalned by drawing
a tangent at zero time, Other electrophilic substitutions

of benzofuran, occur at the 2- rather than the 3-position.
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3 5-Ethylcabazole

©337.51 x 108

s
N
Et

§.13 x 107

The partial rate factors, obtained for detritiation in tri-
fluoroacetic acid, are shown in the above figure. Hydrogen
exchange in this compound was so fast that the kinetics
had to be studied at -10.0%. The rates of exchange of the
l1- and S-positions of S5-ethylcarbazole was compared with
the rate of detritlation of [é-sﬁ]mesitylene at =10,0%

The raté of exchange of[é-sﬁ]mesitylene was measured at
24.84°and the rate of exchange, of this compound, was

found at 70.1 by extrapolation from the lower two temperatures;
the partial rate factor for[é—sH]mesitylene was then found
by comparison of its rate of exchange with that of a single
position of benzene. The partial rate factors of the

1- and 3-positions of S5-ethylcarbazole were then found

by comparison with that déduced for [2-5ﬁ]mesitylene.
Eaborn and Sperry115 have previously shown that 5-ethyl-
carbazole i3 not protonated, to a detectable extent, in =
stronger acidic medium than anhydrous trifluoroacetic acid.
The results indicate the much greater feactivity of
S5-ethylcarbazole over dibenzo-furan and -thiophen; Eaborn

113
and Sperry obtained a rate factor of 50,000 for the



-151-

protodesilylation of the 3-position in 5-ethylcarbazoie,
which was again much more reactive than the corresponding
position on dibengzo-furan and thiophen. Dewar and Urch110
have reported partisl rate factors for the l- and 3-
positions of carbazole of 32,000 and 77,600 respectively,
for nitration by nitric acid in acetic anhydride, the
3-position is slightly more than twice as reactive as

the l-position. The results for detritlation show that
the 3-position is about 7 times more reactive than the

l-position, in agreement with the larger spread of rates

in hydrogen exchange than in nitration.

4 Diphenylmethane, phenanthrene and naphthalene

@-c&e@ 117.5 CHz @ 450

220

The partial rate factor obtained for detritiation of
[}-3de1phenylmethane, in anhydrous trifluoroacetic acid
at 70,1, 1s shown above and compared with the values
cbtained fof the ortho- and para- positions of toluene.
The reactivity of the 4-position of diphenylmethane is
less than that of the 4-position of toluene because of
the electron-withdrawing inductive effect of the phenyl
group. In nitration, with nitric acid in acetic anhydride,

110
Dewar and Urch obtalned partial rate factors of 32 and
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58 for the 4-position of diphenylmethane and toluene
respectively. SperrylAT;eported partial rate factors
of 7.84 and 21.1, respectively, for the 4-position of
diphenylmethane and toluene in protodesilylation.

The activation of the ggzgrposition of diphenylmetﬁane
arises partly from hyperconjugation, there being

contributions to the resonance hybrid by the structures:

® ®
it H
In fluorene, the 2-position is formally meta- to the
148
bridging alkyl group, but de la Mare et. al. considered
that the alkyl group could conjugate through the second

ring, as shown:

\CH//
2]
H

Hyperconjugétion in fluorene is discusséd on page 180
but if hyperconjugation of the electron-pair of a C-H
bond is analogous to the conjugation by a lone pair of
electrons, it should be much greater in fluorene where
the C-H bond, in the alkyl group, 1s held in a plane at
right angles to the plane of the rings, than in diphenyl-
methane, where the C-H bond is in the plane of the
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unsaturated system.

165 20

150.7

The rates of detritiation ofEk- and B-SH] naphthalene,
in anhydrous trifluoroacetic acid at 70.1° relative to a
single position in benzene, are 1165 and 151. The partial
rate factor obtained for the detritiation for the 9-position
of phenanthrene, under the same conditions is shown in
the above diasgram. The figures for naphthalene, agree
with those of Eaborn and Taylor, who report partlal rate
factors forEk- and B-3H] naphthalene of 1079 and 127 for
detritiation in trifluoroacetic acid - agueous sulphuric
acid, and 370 and 62 in trifluoroacetic acid - aqueous
perchloric acid. Dallinga, Stuart, Smit and.Mackor55
obtained a similar difference in reasctivity for the «-
and B-positions of naphthalene in deuteration; they report
partial rate factors for the o(- and B-positions, in
trifluoroacetic acid - carbon tetrachloride - deuterated
sulphuric acid , of 178 and 23.4, respect;vely.

The X-position of naphthalene is conslderable more
activated than the B-position, in agreement with

55,56 -
calculations, The B-position 1s slightly less reactive
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than the 4-poslition 1n biphenyl, again agreeing with
55, 56
calculations.

The value of the ratio [log f:‘\is lower than for other
og ﬁf7
reactions for which it 1s known, with the exception of
nitration, which appears to be anomalous. Apart from this,

the value of the ratio tends generally to fall as f?‘rises,

Indicating that electron-release by the activating ring

is called forth more strongly as the general electron-
54
demand rises,

Me me
Reaction Reference fe lgg f§$¢

. Protodegermylation 145 14 4,54
Protodesilylation . 1486 21 3496

Mercurideslilylation 146 17,5 2469

Detritiation 54 313 1,39

Detritiation 54 702 1,32

Detritiation present 450 - 1,22

work
Nitration 56D) 58 1,02

146
The results confirm the observation that no single

substituent constant can satisfactorily represent the
effect of the 3,4-C4Hy; system in electrophilic aromatic

substitution.
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5. The Ortho/Para-Ratlo.

The rates of detritiation of ortho- and para-tritio-
toluene and ortho- and para-tritio-t-butylbenzene have
been measured in a number of media: aqueous sulphuric
acid, trifluoroacetic acid - aqueous sulphuric acid,
anhydrous trifluorocacetic acid and heptafluorobutyric
acid. The results are recorded in Table 11.

Table 11
Detritiation of X.CgHs .[%] compounds.
1) Medium: HgSO”~ - HgO. Temperature: 24,84°.

lo'*k(sec.-~)~~ !

[T

H2 So 1 ®) 1 X - o—Me 2 "Me
u
74 .85 5185 4915 1.055
73.25 2800 2710 1.04
70.70 753 753 L 100
69.00 316 320 0.99
64.50 49.6 50.7 ' 0.98
71.41 - 1090 °
i
X r o—Bu 2-Bu
71.41 768 806 ! 0.955
a) wt.-* , b) No corrections for sulphonation have been

applied since they would be small, and identical for the

ortho- and para- isomers.
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ii) Temperature; 70.if
I lo"*k(sec.

Medium X r 2"Me £-Me o-Bu £-Bu ¢
anhydrous CF3COzH 20.8 42.7 23.0 50.9 0.49
anhydrous C3:F7COz2H 2.79 7.08 3.34 8.94 0.39

111) Temperature: 24,84"
Medium X s £-Me £-Me o0-Bu p-Bu fc
ff
CF3:CO2H - H20 - H280:4 1295 1770 1565 2180 | 0.73

(93.00)-(5.12)-(1,80) ci

c)

In the medium CF3C02H(92.04)

40
Eaborn and Taylor

Figures in parentheses denote mole-*

H2o0 (5 .45)

if

1,05 and t-butylbenzene of 1.02.

The ro
fr
markedly,

in medium;

fr
slightly less than the

fo
fp
The small increase 1in

increasing concentration

probably real,

but in precisely the same way,

ratio for toluene.

the fo ratio for toluene,

fp
of aqueous sulphuric acid,

previously reported separately for particular
12,19,21,23

concentrations.

23

Lauer £t al.

.45

.37

0.72

obtained a & ratio for toluene of

ratio for toluene and for t-butylbenzene varies
with the change

the f© ratio for t-butylbenzene being always

with

is

and this would agree with the few results

measured the rates of deuteration of

-i

- HCi04 (2 .51),
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benzene and toluene in deuterium oxide and trifluoroacetic

acld mixtures. They obtalned a ratlo, fo, for toluene
¢ 19
of 0.60 and (taking into acecount Gold and Satchell's

fo ratio of 1.0 for the dedeuteration of toluene in
Tp
68wt.=-% sulphuric acid) suggested that the steric hindrance

to solvation for reaction at the ortho-position relative
to the para-position might be smaller in sulphuriec acild
than in trifluoroacetic acid or heptafluorobutyric acid.

Other ratios, f, , for hydrogen-exchange in toluene have
been reported:fpl.ll for tritiation in 80.8% aqueous
sulphuric aoid,121.09 for dedeuteration in 70.8% aqueous
perchloric acid,zlo.VO for dedeuteration in trifluoroacetic
acid containing a little sulphuriec acid,200.60 for
dedeuteration in ca. 95vol.-% aqueous trifluoroacetic
acid,230.41 for dedeuteration in anhydrous heptafluoro-
butyricsﬁcid,zlo.ZS for dedeuteration in ligquid hydrogen

bromide and 0.5 for dedeuteration in liquid hydrogen
iodide.51

The rates of detritiation of ortho- and para-tritio-
biphenyl have also been measured in anhydrous trifluoro-
acetic acid and anhydrous heptafluorobutyric acid. The

results are shown in Table 111.
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Table 111

Detritiation of o- and p-tritiobiphenyl.

Temperature: 70.11.

7 1 k
Medium 10 'k(sec.” ™) fo £y fo !
T
) )Y
anhydrous CFzCOoH 9.31 15.5 | 98.0% 163% | 0.60
anhydrous CzFrCOgoH 1.82 4,28 - - 0.43

a) for benzene at 70.1f, k = 0,095 x lo'vsech

When these results are compared with other reported
values for the f. ratio of biphenyl in hydrogen-exchange
reactions, the zgriation of the reactivity of the ortho-
relative to the EEEETPOSitigZ’ with the medium, 1s again
evident. Eaborn and Taylor obtained a fo ratio of 1.0
for the detritiation of biphenyl in a tr?gluoroacetic
acld - aqueous perchloric acid hedium, and 0,93 in a
trifluorocacetic acid - agueous sulphuric acid medium.
Other values of the fo ratio for these positions, in

b _
hydrogen-exchange, have been reported: 0,63 for

59
dedeuteration in aqueous trifluoroacetic acid, 0,33 for

dedeuteration in liquid hydrogen bromide and 0,25 for
dedeuteration in liquid hydrogen 1odide.51

Considering first the results for toluene and t-butyl-
benzene, Tierszlsuggested that the smallness of the fo
ratio in heptafluorobutyric acid is a consequence of zge

large steric requirement of the proton donor. However,



-159-

if the variation of the fo ratlio in toluene arises from
steric hindrance, eitherfgy compression between the
methyl groups and the incoming and outgolng groups sat
the reaction centre, or by iInterference with solvation,
then the effect should be much greater with t-butylbenzene.
Since the f. ratio of the two compounds varies in almost
identical w;ys with the change in media, a steric
explanation 1s unsatisfactory. The evidence suggests,
in fact, that the steric requirement of the attacking
entities 1n detritiation are small; this is in sgreement
with the conclusion reached by Lauer et. 3&.?4 after
studying the deuteration of toluene and t-butylbenzene
in trifluoroacetic acid - deuterium oxide mixtures,

In the present work, the fall in the %o ratio parallels
the fall in the dielectric constant of thg medium, Baker,
Eaborn and Taylorll4put forward an explanation of the

variations of the ortho/paras- ratio for toluene and for

t-butylbenzene in different media; they considered that

the polar effects, of the ortho- relative to that of a
para-alkyl group, varled with the electron demand of the
attacking specles, It was assumed that the inductive

effects of the alkyl groups reach the ortho- more effectively
than the para- positions, but the tautomeric effects reach
the para-positions more easlly. They noted that high f.
ratios could be aésociated with positively charged, anz?

low ratios with neutral attacking species (e.g., the
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un-ionised acids, trifluoroacetic acid, heptafluoro-

butyric acid and liquid hydrogen halides). A decrease
in the reactivity of the attacking acid is accompanied
by increasing polarlzablility effects and Baker, Eaborn

and Taylor considered that the f ratio was expected to

R TF
fall.

Following their work on the isomer distribution for

the chlorination and nitration of monosubstituted benzenes,
149
Norman and Radda put forward an explanation for the

variation of the ortho/para - ratios in terms of electronic

150

effects, Earlier work by Knowles, Norman and Radda had
151

1ndicéted that the principle suggested by Hammond was

applicable to aromatic substitution; this was, that the
transition state resembles the reactants when these are
of high reactivity, and the Wheland intermediate when
they are of low reactivity.

For a reactant of low reactivity, the transition state
was assumed to have the same structure as the Wheland

intermediate,

\

+
(x111) (X1v) (XV)

The structure being a resonance hybrid of the canonicsal

structures (X111),(X1V), and (XV). Evidence has recently
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152,163
been obtained, that the positive charge in a

benzonium ion:-

1s more heavily concentrated on the para- than on the
ortho-position. Principles of electron correlation lead
to a deeper understanding of this, since the four [[-electrons
in the resonance hybrid tend to be distributed in pairs,
lying as far as possible from each other on opposite
sides of the nucleus.154

Norman and Radda pointed out that any substituent group
willl exert a more powerful effect on the stability of the
hybrid ion when it 1s in the para- rather than the ortho-
position to the entering reagent. Thus, for the electron-
releasing methyl group, the hybrid lon will be stabilised
in the order of the para- greater than the ortho- position.
Therefore, when the transition state resembles the
intermediate, electron-releasing substituents will activate
the para- more than the ortho-position,
~ For reactants of high reactivity Norman and Radda
assumed the Hammond postulate to apply, so that the transition
state in the reactions should involve only minor deformations

of the aromatic system. The relative reactivities of the

ortho- and para-positions should then be determined by
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the relative electron densities, at these positions; in
the ground state of the molecule. From evidence on the
0-values for the m- and B-NMeg groups,lsswhich indicated
a more powerful operation of the inductive effect on the
meta- than the para-position, and also the small
‘ 154,156

contribution of the resonance polar effect, they
concluded that a methyl group induces a higher electron
density at the ortho- than at the para-position. The
ortho- position, should therefore, be more reactive
towards reagents of high reactivity when the transition
state involves little deformation of the aromatic system.

The present results, for the detritiation of toluene
and t-butylbenzene, can be explained in terms of these

electronic factors suggested by Norman and Radda. The

highest ortho/para- ratios are obtained with acids

involving positively charged attacking specles; quoting
12

results for toluene: aqueous sulphuric acid (1.11),
aqueous perchloric acid (l.OQ)?ltrifluoroacetic acid
containing perchloric acid (1.02),40trifluoroacetic acid
containing sulphuric acid (0.75),40Low ortho/para- ratios

have been obtained with the neutral, attacking species;
liquid hydrogen iodide (0.5),51anhydrous trifluoroacetic
acid (0.49), anhydrous heptafluorobutyric acid (0.39) and
liquid hydrogen bromide (0.25).51

Chlorination reactions show the same effect, in that,

higher ortho/para- ratios are obtained for the attack by
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the chlorinium lon or related species ( fo=z 1,63) than
fe 157
for attack by molecular chlorine ( fo= 0.75). Steric
P

factors probably also play a part in molecular chlorination,
but thils 1s possibly small in the case of toluene, since

¢ e
the fﬁl ratio 1s only five times smaller than the fa

» TPQ\. ?‘;‘ L4

157
ratio.

The Norman and Radda application of the Hammond postulates,
can also be applied to an explanation of the results for
the detritiation of the ortho- and para-tritiobiphenyls
in acidic media. Again, as with the alkylbenzenes, high

ortho/para- ratios are obtained in reactive media

involving charged ions (media containing perchloric acid

and sulphuric acid) and low ratios with the neutral,

undissociated molecules (trifluoroacetic acid and

heptafluorobutyriec acid). With the acids of high reactivity,

the transition state, in these reactions, would involve

only minor deformations of the aromatic systems, so that,

the relative reactivities of the ortho- and para- positions

should be determined by the relative electron densities,

at these positions, in the ground state of the molecule,.

The transition state in the less reactive acids may be*

taken to have a structure similar to the Wheland

- Intermediate. In this structure, there is probably a

greater positive charge on the para- than the ortho- position,
162,153,154

as indicated by the evidence, previously

discussed., The phenyl group, will therefore, exert a
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greater +E effect on the para- than on the ortho-position;
this will give rise to a larger amount of para- orientation.
This effect is shown in that the detritlation results

for biphenyl, in anhydrous heptafluorobutyric acid (0.43),

has a smaller ortho/para- ratio than in anhydrous

trifluoroacetic acid (0.60). High ortho/para- ratios

have been obtained, in hydrogen-exchange reactions, in

more reactive medla contalning ﬁerchloric aclid and

sulphuric acid (1.0 and 0,93, respectively).54.
Evidence from other reactlions shows that, as with

‘alkylbenzenes, high ortho/para- ratios are found in attack

by positively charged lons, and low ratiozawith neutral,

unionised specles. De la Mare and Hassan showed in
bromination by the brominium ion, biphenyl has a %} ratio
of 0,68, whilst bromination by molecular bromine ;ields
only a small esmount of the ortho- derivative., This
cannot be explained on wholly steric grounds, since in
nitration by nitric acid in sacetic anhydride%58biphenyl
has a fo ratio of 1,8, and it has been shown that the
nitroniam ion is effectively larger than the brominium
1on.159
160
Recent work by Weingarten, on the chlorination of

biphenyl, shows a striking change of the ortho/para- ratio

under different conditions; .the results are shown in

Table 1V.
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Table IV

The chlorination of biphenyl.

Chlorinating system jo/p-ratio
AICIs , Clg, benzene 0.73
GaCls , CI: , o-dichlorobenzene 0.93
AlBr?, CI2, o-dichlorobenzene 0.89
FeCls , GI2 , benzene 0.69
SbCls , CI> , benzene 0.88
SnCl: , CI2 » benzene 0.83
H2 S04 , Ag2So4 , CI2 , CCI:s 0.73
BFso0 (G2Hs )2 , CI2 , CCIa 0.37
HOAc, CI: 0.26
HOAc, CI:> , CCI: C.2

Weingarten proposed that, for the more selective
chlorinating agents, the transition state would be
similar to the Wheland intermediate. He suggested that
as the reagent increases in reactivity the carbon-chlorine
bond would become longer and be much less effected by
steric interactions; the ortho/para- ratio would therefore
rise. He found that the increase in ortho/para- ratio
parallelled the increase in Lewis-acid strength of the
chlorinating medium. However, the results can be explained
by the Norman and Radda treatment, without the need to

consider steric effects. The decrease in the ortho/para-
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ratio would then be a consequence of the transition

state resembling, more closely, the structure of the
Wheland intermediate with decrease in reactivity of the

chlorinating medium.

6. The Reactivity of Biphenyl

The rates of detritiation of 2- and 4-tritiobiphenyl
have been measured in anhydrous trifluoroacetic acid.
The partial rate factors were 98 and 163 for the 2- and

4-position respectively., The decrease in the ortho/para-

ratio on changing.the medium to heptafluorobutyric acid
has already been discussed.

The results indicate that the ortho-phenyl and the

para-phenyl groups have an activating effect. Partlal
54,55,161

rate factors have been reported for the 3-position
of biphenyl and these show that the meta-phenyl group has
a deactivating effect, The facts are in accord with the
representation of the phenyl group as withdrawing electrons
by an inductive effect, but returning electrons directly
to the 2- and 4-positions by an electromeric effect, at
the demand of the reagent.

Primary steric effects have been shown to be
unimportant in detritiation,114and the partial rate
factors are probably a true reflection of the relative

electronic activation at these positions. This is in
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agreement with Dewar's simple estimstes of localisation
56a) ,56b) -
energles, . but not with more complicated calculations
' 56¢)
of localisation, with calculations by the self-

consistent-fleld method of the energies required to
55
convert the hydrocarbon, ArH, into the ion Ang} or with
\ . 564)
the free-valence numbers, all of which assign a higher

reactivity to the ortho-pesition.
Preparative chemistry has shown biphenyl to be

'chemically more reactive than benzene towardsoelectrophilic
reagents, If can be acetylated in benzene,lekbenzoylation
takes place several times faster than benzene,lesand
halogenation many times faster.164Biphenyl 1s 12,6 times

-+

as reactive as benzene in bromination by Br' and 1t was

concluded that the ortho- and para-positions areA

58
activated while the meta-position 1s deactivated. fartial
56b
rate factors have been determined for nitration,
148,166 . 166
chlorination by Clg, bromination by Bro, and for
58
bromination by B?} these are shown in the following
diagrams,
Ph Ph . Ph Fh
18.5 10.7 @538 ‘
11.0 15.6 600 3000

HNOz in Aco0 Br'or BroHy  Clg Bro
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Nitric acid ih acetic anhvdride ﬁas reported by Simamrsa
and Mizunolesto give the ortho- and Egz&-n%}ro defivatives
in a ratio of 68:32, Billings and Norma;HLJstudied the
nitration of biphenyl under five sets of conditions.,
Their values, for nitration in acetic anhydride, were
cloée to those obtained by Simamuira and Mizuno, but in
heterogeneous conditions they found that a larger
proportion of the para- isomer was formed (57:43).

Weingartenl6ostudied the chlorination of biﬁhenyl
under different conditions; the variation in the {o/p-
ratio has been discussed (page 165). |

Partiasl rate factors reported(in hydrogen-exchange

work are given in Table V.

Table V

Hydrogen - exchange in blphenyl.

Medium fo m fp Reference
anhydrous CFzCOoH 98,0 - 162,6 present |
' work
CFzCOOD - CCly - DoSO4 37.2 0.3 143 55
CF3COoH - HoO - HoSO4 | 133 0434 142 54
CF3COoH - HoO - HC104 | 52 - 52 54
aqueous CF3COgH 82 0.49 149 59

-58 =48
liquid HBr 3x10 - 1x10 161

- -68
1iquid HI 1x10°%% - 4x10 51

a - rate constants,
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The spread of rates varies with the medium used, as found
40,25,27
with the detritliation of alkylbenzenes. The values

of lo fm‘ are in line with the observation that the ratio
Tog Tf*

shows a tendency to fall as f:'risee, probdbly as the

electron demand rises and ealls forth increasingly the

+E effect of the para-phenyl group.sv’SBThis is
11lustrated in Table V1,
Table V1
Reaction Reference fg' %95_§€¢
og 1g*
protodestannylation 168 S5e6 360
protodegermylation. | 145 14 2,66
protodesilylation | 57 18 2.40
merouridesilylation 146 17.5 1.70
nitration : 56b, 58 1.48
ionic bromination | 58 . 59 1.45
detritiation present 450 1.2
work
molecular chlorination 148,166 820 1.05

The results confirm the observation that no single
substituent constant can satisfactorily represent the
effect of the para-phenyl group in electrophilic aromatic
substitution.
58
It was guggested that the high: reactivity of the

ortho-position, relative to that of the para-position in
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the nitration of biphenyl, depended on the fact that in
the transition state for ortho-substitution, tetrahedral
disposition of bonds at the ortho-carbon atom allows

the two benzene rings to be coplanar. The maximum amount
of delocalisation of the positive charge in the aromatic
system, in this state, can then occur.

The varlation in the percentage of the ortho- to the
para-isomer can now be understood in the light of the
postulates proposed by Norman and Radda;l49thése.have
already been discussed (page 160). It was shown that

attack of the aromatic compound by reactive reactants

would yield high ortho/para- ratios, and low ratios

would be expected with reactants of lower reactlvity.

7. The transmission of substituent effects in biphenyl.

Biphenyl in the gas phase, and also in solution,‘is
' knownvto exist in a non-planar form;lsgthe angle between
the planes of the rings belng about 45. The barrier
restricting rotation through a planar conformation 1is
not known. Bulky substituents in the 2-position increase
this barrier and force the rings still further away from
coplanarity.1qoconjugation between the two rings must
fall from a maximum when these are coplanar to a minimum
when they are at right angles to one another,

The values of k...  which were obtalned 1n the

detritiation of substituted [;-5ﬁ]bipheny1 compounds in
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anhydrous trifluoroacetic acid are shown in Table V11.

Table V11l
Detritiation of substituted [4-3H|biphenyl compounds in

anhydrous trifluoroacetic acid at 70.11.

Substituent 10 "k(sec.~ 1) krel.a) log kg1,
41-Me 62.1 654 2,815
4'-MeO 51,0 537 2,730
4'-H 15.45 162.6 2,211
4'-Cl 4,57 48.1 1.682
4'-Br 3.89 41,0 1,613
3'=-Cl 1.91 21,0 1.303
4'=NOo 0.615b) 0.169b) -0.,772

a) =for benzene at 70.1fz k = 0,095 x lo'v(sec.-l)

b)- measured and compared with benzene at 110015%

for benzene at 110.15, k = 3.64 x lo'v(sec.'l).

The increased reactivity of biphenyl is reflected in
the fact that only when there is a nitro-group in the
4'-position does the reactivity fall below that of a
single position in benzene, kpoy,6 for 4'-N02-[?-3ﬁ]bipheny1
being 0,169. The nifro-group_deactivates the compound
to such an extent that the rate of exchange had to be

measured at 110.155 the partial rate factor of the

compound was obtained by direct comparison of this rate
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of exchange with that of a single position in benzene
at 110.15. Halogens deactivate the molecules with respect
to biphenyl, but 4'-Cl- [4-3H]b1pheny1 and 4'-Br-[4-H]
biphenyl are still 48 and 41 times respectively more
reactive than benzene. The greater reactivity of 4'-NMe-
[4-5H:[biphenyl than that of 4'-MeO- [4-5H]biphenyl
(kpe1, belng 654 and 537) appeared to be anomalous. The
value of kney, for 3-01-[4-3H]b1phenyl is 20,1 (i.e,, about
half the value of kpno1, for the 4'-chloro- compound).
The small difference in resctivity, of the two compounds,
i1s indicative of a less effective transmission of
substituent effects in biphenyl than in benzene (in which
a chloro- substituent deactivates the gggg; position
100 times more than the para- positionl.. A

A series of measurements of the detritiation of 4'-Me-
[@-5H]- and 4'-Meo-[}-3ﬂj-biphenyl Were made 1n mixtures
of anhydrous trifluoroacetic acid and acetic acid.
Three medlia were prepared of different compositions and,
therefore, different acidities, The results are
summarised in Table V111,

The decrease in the rate of exchange (with decrease
" 4n ecidity of the media) of the 4'-MeO- [4-3H]bipheny1 was
mich less than that of the 4'-Me- [4-511] biphenyl, so that,
in the weaker acidic media, the rate of detritlation of
the methoxy- compound was greater than that of the methyl-

compound. It 1s evident that some interaection occurs
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Table V111

Wt.-% of CHzCOoH (99.2%) 107k(sec."1)

in anhydrous CFzCOoH 4'-Me0 41-Me
0% 51.0 62.1
1.68% , 43,5 5043
13.2% 29.8 23.1
22.8% : 8.15 4,90

between a methoxy-group and the acldic medla used.

This is conslistent with studles of the base stfength

of aromatic ethers in agueous sulphuric acid , which
have shown that some phenolic ethers (methyl, ethyl, n-propyl,
n-butyl, sec.-butyl and n-amyl) are protonated on the
oxygen atom.lv1 Ultra-violet spectra of the methoxy-
compound were studied in both a methanol and a trifluoro-
acetic acid medium, but no difference in spectra could
be detected; a detectable amount of protonation of the
methoxy- group in trifluoroacetic acid is, therefore,
unlikely, It is possible that some hydrogen-bonding

occurs befween the oxygen atom, of the methoxy- group,

and the trifluoroacetic acid.

R HOOC. FxC

The effect of this 1is to suppress the -electron-supplying
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abllity of the methoxy- group, though apparently not
sufficient to change the ultra-violet spectrum appreciably.
The fact that the 4'-Meo-[é-3H]biphenyl was more reactive
than 4'-Me-[§-3H}bipheny1, in the weaker acidic medisa,
indlcated that some conjugation effects are transmitted
between the two rings in biphenyl.

The results for the detritiation of substituted biphenyl
compounds are consistent with those obtained by
Greasleylvzof the cleavage of 4,4'-trimethylsilyl-
substituted biphenyls in sulphuric acid - acetic'acid -

. 173
water mixtures, and also the results of Benkeser et. al.

of similar reactions in glacial acetic acid. Ric:59
obtained a partial rate factor of 490 for the dedeuteration
of 4'-Me-[;-2H]biphenyl in aqueous trifluoroacetle écid.
Graph 1 shows a plot of log kpejl, for the detritiation
of the biphenyl compounds against the Hammett ¢-constants,
and Graph 11 a plot of log k.ey, 2gninst the Brown
Jtconstants. There is a somewhat better correlation
with ¢ -constants than with ficonstants, which would be
consistent with relative unimportance of the transmission
of electromeric effects between the rings. The point for
the para-methoxy substituent lies off the line on both
graphs (though it is much nearer the line on the o-plot).
This 1s to be expected if the solvent interaction with

the methoxy-group decreases the electromeric influences

of the group.
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On the basis of the absence of 3'-substitution in the
nitration of 2- and 4~ nitrobiphenyl and the nonQQctivation
of halogen atoms in one ring by the presence of nitro-
groups 1n the second ring, Le Fevre and Turner174suggested
that "the two nuclei in biphenyl should be regarded as

two independent, mobile, cyclohexatrienoid systems,

united at the 1-1' positlion by an invariable single bond,

which i1s not a link in a true conjugated system". The

higher reactivity of biphenyl than benzene, however,

implies some conjugation between the rings. Later physical
data can best be explained by interaction between the

rings. For example, Le Fevre and Le Fevre'slvsdeterminations
of dipole moments indicate that "the lack of conjugation
between the rings i1s not as complete as previously stated".
Thermochemical data, X-ray, quantum mechanical calculatlons,
and particularly absorption spectra indicate conjugation
across the Ar-Ar bond in biphenyl.

Berliner and Blommerslvedetermined, potentiometrically,
the dissociation constants of ten substituted biphenyl-
4-carboxylic acids, and compared them with the dissociation
constants of similarly benzoic acids. The dissoclation
constants of the biphenyl compounds were satisfactorily
related to <T¥§onstants, and the rho value was +0,37
(benzoic acids +1). The results indicated that substituent
effects are transmitted through the biphenyl system as

through the benzene system but that the effects are
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smaller in the biphenyl system. Graph 111 shows a plot
of log kype), for detritiation against their pK values;
the points for the nitro- and methoxy- substituents
deviate from the straight line. A possible explanation
for the deviation in the case of the nitro- substituent,
could be that some hydrogen-bond interaction occurs
between the nitro- group and the trifluoroacetic acid;
this would make the group more electron-withdrawing.
A point ageinst this explanation is , however, that rate
measurements were made on the detritiation of 2-ﬁ02-[7-5ﬁ]
fluorene and only a small deviation, with this compound,
1s noticed in the correlation between the log(rate of
exchange) of the substituted fluorenes compounds and the
Hammett and Brown substituent constants.

Berliner and Hay}vqexamined the rates of alkaline
hydrolysis of ethyl-p-carboxylates in 88.7%. A plot of

log k for this reaction against log krej, for the

rel.
detritiation of 4'-substituted biphenyl compounds gives

a straight line (Graph V); deviations from linearity for
the methoxy- and nitro- substituents are again obtained.
A similar situation is obtained when log kjey, 6 for the
detritiation of 4'-substituted biphenyl compounds are
plotted against the log kpel, for the protodesilylation
of 4'-substituted biphenyl compounds (Graph 1V).

From a consideration of the chemical evidence of the

reasctions of biphenyl compounds, it 1s evident that biphenyl
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is not as effective a conductor of substituent effects
as benzene, and that only diminished electronic effects

are transmitted through the Ar-Ar bond. The nitgo- group
1s much more effective in reducing the reactivity within
its own nucleus than in an attached ring. Powerful
electron-releasing substituents (e.g., MeO, OH, NHAc,
NHo, NMe2) usually direct substitution into their own
riﬁg.lveA combination of electrostatic and resonance
effects 1s still operating, as shown by Graphs 1 and 11,
The extent of weakening in the biphenyl system may be a
measure of both the long distance of the substituents
from the reaction centre, which will decreasébthe
eléctrostatic effects, and the lack of complete coplanarity
of the two rings.

There are two ways by which electronic effects in one
ring can be transmitted to the other.,

1) by an inductive mechanisnr-

D Q @ - <)
MeO — Med i
@Cl 2 T @cl ¢

that 1is the substituent in the ring A, induces a charge
at C; which is relayed through to Cy, from where it 1is

transmitted by the normal processes.
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11) by a resonance mechanism,

o WL ST
1 G2 o] Co

That this mechanism is operating to a certain extent
waé shown by de la Mare and Ridd?vgy the additive
properties of methyl derivatives in the molecular
chlorination of substituted biphenyls. 2,2'-Dimethyl-
biphenyl was found to be much less reactive than biphenyl
with the methyl- groups in the 3- and 4-positions. This
is due to the steric hindrance of the groups in the 2-
positions obstructing the approach of the rings to
coplanarity. The resonance mechanism (11) can also

explain the lack of meta- substitution in one ring even

if a meta- directing group 1s present in the other ring,

p W

where Y is a mota- directing group and R 1s an electrophile.

If substitution ortho- or para- to the second ring occurs,
the induced positive charge can be stabllized by spreading
over both rings, and the molecule will tend to a planar

configuration in the transition state, l.e., C1-Co becomes

a partlal double bond. It 1s necessary to conclude, from
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the data, that resonance stabilization of the transition
state overcomes the electronic effects of deactivgting
groups. Thus, in the bromination of biphenyl, although
a nitro- group cannot prevent ortho- and para- substitution
in the second ring, it can denctivate the whole molecule
such that bromination occurs 300 times slower 1ln 4-nltro-
biphenyl than in biphenyl.leoln protodesilylation a
4-nitro- substituent deactivates the 4'- posltion by a
factor of 10,172and in detritiation by a factor of 1000.
The results for the detritiation of substituted
fluorene compounds, in anhydrous trifluoroacetic acid,
resemble closely those obtained with 4'-substituted
biphenyl compounds. A possible explanation, of the weaker
transmission of substituent effects through biphenyl
than in benzene, could be that first proposed by Krelter,
Bonner and Eastman.lBlThey compared, spectrophotometrically,
the dissociation constants of similarly substituted
fluorene and biphenyl compounds. From thelr data, they
could find no evidence of a relationship between
co-planarlity and the dissoclation constants. It was
suggested that the fallure of biphenyl to transmit
substituent effects fully, is due to the high energy of
the quinonoid structure (XV1l), occasioned by the sacrifice

of the resonance energy of two aromatic sextets in reaching

it. !
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(XV1)

In benzene derivatlves, an analogous quinonoid structure

i1s achieved at the expense of only a single aromatic sextet.
But once again, the fact that biphenyl is more reactive
than benzene indicates that the structure XV11l must be

important in determining the reactivity of biphenyl,

OO
(xv11)

In conclusion, the results appear to show that diminished
substituent effects are transmitted frow one ring to the
other in biphenyl but the results do not show whether
tautomeric effects are transmitted across the bond

connectling the two rings.

8, The reactivity of the Z2-position of fluorene and its

9~methyl- derivatives,

yHovesss 148
De la Mare, Hall[gnd Hassan found that fluorene

undergoes molecular chlorination 1,6 times faster than
9,9'-dimethylfluorene, and suggested the existence of

hyperconjugation involving the methylene group as shown:-
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ANl He

C C
» 7NN e
R e

(XV111)

The hyperconjugation would increase the eleqtron supply
at the 2-position so that the methylene group would
influence this position in the same way as the methyl-
group of toluene influences the para- position. The
para- position of toluene is more reactive than that of
t-butylbenzene in molecular chlorination, and.an‘analogy
could be drawn between the relative activation of the
2=position of fluorene or 9,9-dimethylfluorene on the one
hand, and of the para- position of toluene or t-butyl-
benzene on the other,

The rates of detritliation of [Q-Sﬁ]fluorene and 1its
9-methyl- and 9,9-dimethyl- derivatives have been
measured in a) acetic acid containing aqueous sulphuric
acid at 25,0° (molar composition: CHzCOgH - 20,83%, Ho0 -
34,43%, HoSO04 - 44,74%), b) trifluoroacetic acid
containing aqueous perchloric acid at 25,0° (molar
composition: CFzCO2H - 99.,962%, HoO - 0.0278%, HCl04 -
0.102%), and ¢) anhydrous trifluoroacetic acid at 70.11.
The results are given in Table 1X as observed first-order
rate constants, k, and as rates, k,o,7, , relative to

tritiobenzene.
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Table IX
s
Compound
Is-*H] fluorene
9-methyl- fluorene
9,9-dimethyl- fluorene

[*-“hj toluene

[*H ]benzene

Compound
k- fluorene
9-methyl- [z-fluorene

9 ,9-dimethyl- [z-“k] fluorene

toluene

pPH]j benzene

Compound

M- "M Jfluorene

9-methyl- E-7~F] fluorine
9,9-dimethyl- fluorene
p-toluene
pn] benzene

40

a-value previously obtained

CH3 CO2 H-H2 O-H2 S04 (25.0)
3900 2100
3795 2040
3585 1930
581 3134

1

CF3 COo H-H2 O-HCIOs4 (25.0)
(sec.-]1-)

2950 3610
3115 3810
3975 4860
256 3134

1

CF3sCO2H (70.11)
7k

(s;;. ) frel.
1598 16,800
1665 17,500
1897 20,000
42.7 450
0.095 1

in a slightly different medium

b -value obtained in medium CFgCO2H(99.79)-HgO(0.065)-HCIO:4

(0.145)
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In detritiation in acetic acid - aqueous sulphuric
acid, 1n which the para- position of toluene is more
reactive than the para- position of t-butylbenzene,4othe
2- position of fluorene is more reactive than that of
9,9-dimethylfluorene (with that of 9-methylfluorene .
intermediate in reactivity). An analogous order of reactivity

1s found in desilylation in methanol - agueous perchloric
182,183
acid, Detritiation in trifluoroacetic acid - aqueous

perchloric acid or anhydrous trifluoroacetic gcid, in
which the relastive reactivities of the para- position of
toluene and t-butylbenzene are reversed,'oso also those
of the 2- position of fluorene and 9,9-dimethylfluorene
are reversed (with the 9-methyl- derivative again inter-
mediate in reactivity). The 2- position of fluorene 1is
normally regarded as meta- to the methylene group, but
detritiation of the meta- position of toluene 1is markedly
less reactive than that of t-butylbenzene in all the media
used. The results confirm the analogy between the effect
on the 2- position of fluorene and the effect on the para-
position to.the methyl- group of toluene,

The same difficulties in explaining the relative
reactivities of the para- positions of toluene and

40
of t-butylbenzene arise agailn in explaining the results

for the fluorene compounds in terms of hyperconjugation,

A change from the hyperconjugative order to the lnductive
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order of activation takes place when the medium is

changed (viz. from acetic acid - aqueous sulphuric acid

to trifluoroacetic acid) in such a way that the overall
electron demand, as measured by the rate-factor for the
para- position of toluene (112. 313 and 450, respectively)
is increased.

. 184

Recently Eaborn, Golesworthy and Lilly, studying the
SN1 hydrolysis of 9-chloro-2-methoxy-9-phenylfluorene,
showed that there was insignificant conjugation between
a 2-methoxy- group and a2 carbonium ion formed at the 9-
position. This suggests that process (XVlll).is unlikely
to occur to any extent. There may, however, be a greater
general hyperconjugative release from the methylene group
into the five-membered ring of fluorene than from the
methyl- group into the ring of toluene ( the shorter length
of the bond between the 9-carbon atom and the aromatic
ring, viz. 1,524 is consistent with this), and this
would result in increased availablility of electrons at
all the sromatic positions of fluorene.

The fact that the t-butyl- group activates the para-
position less than a methyl- group 1s often explained in
terms of steric hindrance to solvation. Interpretation
of the results for fluorene compounds in these terms is
even more difficult, and even ailds arguments agalnst

attributing the hyperconjugative order, in alkylbenzenes
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to steric hindrance to solvation by the t-butyl- groﬁp.
With toluene or t-bptylbenzene a large proportion of the
excess of positive charge, in the transition state of an
electrophilic substitution, at the para- position resides
on the ring carbon bearing the alkyl- group. With fluorene
this charge will be more dispersed, the charge residing
on the 1-, 3-, 5- and 7- carbon atoms being at least as
great as that on one of the ring carbon atoms Joihed to
the methylene group (the other such carbon atom will carry
a smaller amount of charge similar to that at the 4-
position). Therefore, steric hindrance to solvation of
charge by methyl- groups, in the 9- position, must be
fairly unimportant.

The reactivity of the 2- position of fluorene, relative
to that of the para- position of biphenyl, falls with
increasing electron demand, as indicated by the partial

rate factor, f;z for the para- position of toluene.

aA-FIL Me
Reaction log fPk P
log fp
protodetrimethylsilylation 3,02 20
detritiation (CFzCOoH) 1.91 450
molecular chlorination 1.82 820

(CHzCO2H)

These data indicate that polarizability effects are less
important, relative to polarization effects in fluorene

" than in biphenyl. This 1s probably because the methylene
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group in fluorene provides a substantial part of the
activation, and is only weakly polarizable compared with

the aromatic ring conjugated with the reaction centre,

9. The transmission of substituent effacts through the

fluorene molecule.

A

The molecular dimensions of fluorene have been

conclusively established by X-ray studies of Brown and
185 186

Bortner and confirmed in later work by Burns and Iball,
The structure 1s planar and the axes do not coincide with
the line of the bond Jjoining them. _

The resonance energy of fluorene has been calculated
as 10lKcal. by Wheland.levThis value, together with bond
lengths, angles and sbsorption spectra data, has beren used
by Weilsburger and Ray188to calculate the partial double

bond character of the five-membered ring.

5%

12, 5%

The detriation of a number of 2-substituted (X) -
[7-5ﬁ]fluorenes (X1X) have been studied in anhydrous
trifluoroacetic acid at 70.113 the values of the rate

constant,k, and the partial rate factor, Kpgj,, are

recorded in the Table X.
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CHg

Table X
The detritiation of 2-X~[7-5H]f1uorene compounds in

anhydrous trifluoroacetlc acid at 70,11

Subatituent 107k(sec.” ) | kpe1.? | log ke,
Me 6115 64,400 4,81
MeO 4820 50,700 4,705
H 1598 16,800 4.23
c1 425 4470 3,65
Br 342 3600 3456
COoH 3.26 34,3 1.54
NOo 23, 0P 6.32° 0.80

a) for benzene , k = 0.095 x 10" 7sec, "1
b) measured at 110.15: at which k for benzene is 3,64 x 10_
. (sec.”

The rate of detritiation of 2-N0p- [7-%H]|fluorene 1is

very slow at 70.11° and accurate measurements are difficult.

The exchange rate was more conveniently measured at‘llO.iS?

the partial rate factor of the compound was obtalned by

comparison of this rate of exchange with that of a single

position of benzene, again measured at 110.152

That fluorene compounds are more reactive than biphenyl

7

1)



-188~

cbmpounds 1s immediately evident. Even with the deactivating
carboxy~ and nitro- groups in the 7- position the rates
of detritiation of the 2- position in fluorene are still
34 and 7 times, respectively, faster than a single position
in benzene. A methyl- and a methoxy- group, meanwhile,
activates the Z2-position of fluorene so that its rate of
detritiation is 64,000 and 51,000 faster than a position
in Benzene. It 1s interesting that the methyl- and
methoxy~- groups activate the 2-position only 4 and 3 times
respectively, while the chloro-, bromo-, carboxy-, and
nitro-, substituents deactivate 3,5, 4.7, 490 and 2560
times respectively. |

Again, as with the analogous biphenyl compounds, the
methyl- group appears to have a greater activating effect
than the methoxy- group. It was suggested on page 173
that this was due to hydrogen-bond interaction of the
methoxy- group with the trifluoroacetic acid. An
examination of the ultra-violet spectra of 2-methoxy-
[7-3H] fluorene in both & methanol and a trifluoroacetic
acid solvent falled to yield any evidence for protonation
of the oxygen atom. A series of measurements of the
detritiatioh of 2-Meo-[?-5ﬂ]- and 2-Me-{}-5H]-f1uorene
were made in mixtures of anhydrous trifluoroacetic acid
and acetic acid. Two media were prepared of different
compositions and, therefore , different aciditles, The

results are summarised in Table X1.
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.Table X1
Wt.-% of CHzCOoH (99.2%) 10"k (sec, 1)
in anhydrous CFzCOoH 2-MeO 2-Me °
0% 4820 6115
13.2% 2370 1800
22,8% 780 494

The‘decrease in the rate of exchange of the Z2-methoxy-
compound (with decrease in acidity of the media) was much
less than that of the 2-methyl compound, so that, in the
weaker acidic media, the rate of detritiation of the
2-methoxy compound was the greater. This is éonsistent
with some hydrogen-bonding taking place between the
methoxy- group and the trifluoroacetic acid.

In detritistion, in trifluoroacetic acid, the 2- position
of fluorene 1s 100 times as reactive as the 4- position
of biphenyl. The grester reactivity of the 2- position
of fluorene over the 4- position of biphenyl, has been
observed by a number of other workers. Partlal rate factors
of 2040 for the 2- position of fluorene and 11 for the
4~ position of biphenyl have been obtained for nitration
by nitric acid in acetic anhydride.llODe la Mare, Hall,

148
Harris and Hassan found that, in molecular chlorination,

fluorene is 290 times as reactive as biphenyl; they
consider this to be due to enhanced conjugation between

the two rings and partly to hyperconjugation of type
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(XV11l, page 181). Berliner and Shiehlsgcame to the
same conclusion after studying the solvolysis of o(;aryl-
ethylchlorides,

It is of interest to attempt to calculate the feactivity
expected in detritiation, in anhydrous trifluoroacetic
aclid, for the 2- position of fluorene by the simple
treatment used previously for the dibenzo- furan and
-thiophen compounds., The 2- position of fluorene 1is
formally para- to a Ph- group and meta- to a PhCHé- group,
The figure for the m-PHCHp- group in detritiation, in
anhydrous trifluoroacetic acid, is not availaﬁle{ but the
activation by a m-CHz group, in similar medla, 1s about
840, The activation by a m-PhCHg-group will then probably be
about 5. The 2- position of fluorene would therefore,
be expected to be about 5 times as reactlive as the 4-
position of biphenyl. This must be compared with the factor
determined experimentally of 100. This greatly increased
reactivity of the 2- position of fluorene from the |
calculated figﬁre can be due to enhanced conjugation between
the two rings and also to hyperc;zgugation (Xv1ll, page 181),

as suggested by de la Mare et. al. and also by Berliner

189
and Shieh, An alternative explanation could be that

the PhCH2- group acts on the 2- position of fluorene as
if 1t hed some para- character; if there was 100% para-
character the 2- position of fluorene would be 118 tines
more reactive than the 4- position of biphenyl.
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The effects of substituents on the detritiation of
fluorene are interesting in that they reflect very closely
the results obtained for substituted biphenyl compounds,
The methoxy-, methyl-, bromo-, and chloro- substituents
activate or deactivate biphenyl or fluorene, with respect
to the unsubstituted compounds, by about the same amounts.
The nitro- group in fluorene, however, deactivétes 10
times more than in biphenyl. The rates of exchange of
these compounds were measured at 110.15 and normally,
rate differences decrease as the temperature is raised, so
that the effect of the nitro- group might be even gresater
at 70,1 | |

181

Kreiter, Bonner and Eastman measured, spectrophoto-
metrically, the ionlisation constants of analogously-
substituted fluorene and biphenyl compounds, the hydroxy-
derivatives being mainly used. They could find no
significant difference in the effects of substituents in
biphenyl or fluorene, so that there was no evidence for
a relationship between coplanarity and acid strength.

The present results for the methyl-, bromo-, and chloro-,
substituents are not inconsistent with this conclusion,
but the ;vidence from the nitro- substituent indlcates
that there is more conjugation between the rings in
fluorene than in biphenyl. This would agree wag% the
work of Welsburger and Welsburger and Grantham; they found -

apparent ionization constants, in 70% ethanol, of a number
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of hydroxy-, carboxy-, .and amino-, derivatives of fluorene
and biphenyl. They concluded that inductive and resonance
interactions of substituents in the two rings in £ipheny1
are rather weak, but exchanges are more pronounced in the
planar and mofe rigid fluorene molecule,

Chemical evidence indicates that a substituent in one
riné only very inefficiently deactivates the other; further
substitutlon, therefore,is not difficult . Upon further
nitration, with a mixture of equal parts of fuming nitric
acid and glacial acetic acid, the 2- nitro de£ivative
gives a mixture of 2,5- and 2,7-dinitrof1uorehe, plus a
small quantity of 2.4-d1n1trof1uorene.110This indicates
that the deactivation of the 7- and 5- positions has been
small compared with that of the 4-position, no 1l- or
3= 1somer being obtained because of the strong deactivation
of the inductive mechanism. Bromination of 2-bromofluorene
gives 2,7-dibromofluorene using only mild conditions.
Substituents such as amino; acetamido; and alkoxy- are
usually sufficiently activating to control the position
of substitution, even when in competition with an aryl-
group held.in planar configuration. So, 2-acetamidofluorene

191 :
gives on nitration the 3-, together with the 7-nitro

192
derivative, and chlorination occurs mainly in the 3-

position.
The log (rate of detritiation) of substituted fluorene
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compounds were plotted against the Hammett- 0 constants
and the Brown- f%onstants, (Graphs V1l and V111l). A
marked deviation, from the linear plots is agaln noted
with the point for the methoxy- substituent. This 1is
_probably due to hydrogen-bond interaction (page 189).

Graph V1 shows a plot of log kpe1, for substituted
fluorene compounds against the log krel, for the substituted
biphenyl compounds. A good linear correlation is
obtained with only the point for the nitro- substitutlon
showing a deviation.

The higher reactivity of fluorene over biphenyl
compounds, 1s clearly shown in the results but the
transmission of effects from the substituents methyl-,
chloro-, and bromo-, are very similar in both compounds.
The greater deactivation by a nitro- group in fluorene
than in biphenyl, however, indicates more conjugation

in fluorene than in biphenyl.

10. Salt Effects in detritiation in anhydrous

trifluoroacetic sacid

In order.to throw further light on Ehe mechanism of
aromatic hydrogen-exchange in trifluorocacetic acid the
effect of the addition of certain salts on the detritiation
of l,S-dimethyl-[Q-BHJbenzene was studied. The results are

given in Table X11.
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Table X11
added salt 107k (sec.” 1)
pure acid 59,4
N/10 lithium trifluoroacetate 68,7
N/10 sodium trifluoroacetate 70,6
N/10 lithium perchlorate 3580

The strengths of added salts are given as N/10 but these
compositions are only approximations., The accurate

compositions of the media are recorded in the details for

the kinetic measurements,

The addition of salt to anhydrous trifluoroacetlc acid
caused the rate of exchange to increase in the order
LiT.F.A. { NaT.F.A. < 1L1C104 . Lithium and sodium
trifluoroacetate cause only a small Increase in the fate
of exchange, whereas, with lithium perchlorate a marked
acceleration in the rate of exchange 1s observed, |

The greater sacceleration by lithium perchlorate than
lithium trifluorocacetate finds an analogy in the work of
Winstein sot. g},si They showed that l1ithium perchlorsate
was a more effective catalyst than lithium acetate in the
acetolysis of some arylsulphonates, A weaker catalysis
by acetate than perchlorate ions has also been observed
in some halogen substitution and addition reactions in
acetic acid.194It was suggested that the small catalysis

by sodium acetate was related to the fact that the compound
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18 a base in acetic acid, and indicated that the removal
of a proton was not a rate-determining step,

The 1ncrgase in the exchange rate of the detritiation
of 1,3-dimethyl-[2-5H| benzene with the addition of salts

could be due to undissociated molecules:-

_T

Ar.T + HOgC.CFz ——3> Ar.
"~H-0oC.CF3

-+ /T - -
. —> Ar_ + 0oC.CF3 —> products.
"“H-05C.CF3 H '

+
Ar”

However, if this is the mechanism, then a large decrease

in the rate of exchange would be expected on the addition

of trifluoroacetate ions; this has been shown not to occur,
Similar salt effects were observed by Greasleylvzin

the cleavage of p-methoxyphenyltrimethylsilane in a mixture

of trifluoroacetic acid and acetic acid. The absence

of a retardation in the rate of detritiation on the addition

of trifluoroacetate ions could be associsted with a cyclic

transition state in trifluoroacetioc acid; a suggestion

also put forward by Greasleylvzfor the cleavage of the

carbon-silicon bond.
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+ /T
~ArT + HOgC.CFz ——> | Ar,
"~H-05C.CFg3

Ar NG, CF Ar TN"O\E CF . ArH |

This reactlion would have the almost symmetrical energy
profile:- ’

reaction

In the mechanism involving a cyclic intermediate, the
trifluoroacetic acid molecule will remove tritium as the
Ar.H bond is forming; the absence of any marked catalysis
by the trifluoroacetate ion can then be understood.
Similar cyclic transition states have been proposed
by de la Mare and co-workers for chlorination by
chlorine acetateol95
An alternative explanation could be that even 1f the}e
is not a cyclic transition state formed, proton transfers
would give ArTﬁ+'BQC.CF3, and these would remain together
as an ilon pair long enough for the same'bQC.CFs to take

part in the tritium removal, In this way absence of
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catalysis by trifluoroacetate lons can be explained.

11, Anisole and thiocanisole

Partial rate factors were determlned for the para-
positions of anisole and thiocanisole in anhydrous-
trifluorocacetic acid., The rates had to be measured at
24.84°and 40.0°(and not st 70.1°which was desirable, in
order to compare the rates of exchange with that of a
single position in benzene for the same temperature),
The rates of exchange of [E-SHJ—anisole and [B-SH]-
thioanisocle at 70.1°were found by extrapolation (by

plotting log k against 1/T) from the lower two temperatures,

The partial rate factors were found to be 1,87 x 105 for

the para- position of anisole and 8.19 x 104

for the para-
position of thioanisole. For protodesilylation, in
methanol - aqueous perchloric acid, partial rate factors
of 1510 and 78.1 were obtained for the para- positions of
anisole and thioanisole respectively.l'
A mich smaller difference in reactivity of the two
compounds 1s observed in detritistion than in protodesil-
-ylation. A possible explanation could be that some
hydrogen-bond 1nteractioﬁ takes place between the oxygen
atom in anisole (this has been suggested to occur wiﬁh
trifluoroacetic acid and the methoxy- group in biphenyl
and fluorene), but no interaction takes place with

thioanisole., The rate of detritiation of anisole would

therefore be depressed.
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