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THE HYDROGEN EXCHANGE OF PHENOL, ITS ETHERS, AND AROMATIC AMINES
WITH LIQUID DBr

Zfbllowing is e translation of an article by A. I. Shatensh-
teyn, etal. in Zhurnal Obshchey Khimii (Journal of General
Chemistry), Vol. 28, No. 10, lioscow, October 1958, pages
2638-2644,/
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Earlier we established the basic laws of deuterca exchange in aro-
matic hydrocarbons dissolved in liquid DBr /I, 2/. In this article we
shall present the results obtained from the study of hydrogen exchange
with liquid DBr in aromatic compounds with substituents containing an
oxygen or nitrogen atom. (The results of this work were presented at the
All-Union Mesting on the Use of Isotopes / 3 /. The investigation of phe-
nol and its ethers was included in a dissertation by A. V. Vedensyev at
the Physico-Chemical Institute imeni Karpov, 1955.)

The free pairs of electrons on the oxygen or nitrogen atoms of the
substituent interact with the 47 -electrons of the aromatic rings. As a
result the elsctron density of the ortho and para carbon atoms is increased
(the effect of p, 7 -conjugation; cf. /4 /). The attachment of a proton
(deuteron) to the electron pair of a nitrogen or oxygen atom can cause
their transformation to tetra~ or tri-valent positive ions. These features
of the particular compounds determine the qualities of their dsuteron ex-
change with acids.

Hydrogen exchange in the compounds in which we were interested (with
the exception of CgHzOCgH5) has been studied by a number of authors, but
under conditions different from ours. Small and Wolfenden /—5;7 estab-
lished that when phenol is heated with Dy0 at 100° there is a slow exchange
of hydrogen in the ring. Acids considerably accelerated the exchange.
Ingold et al. /6 / and Koizumi / 7 7/ showed that exchange is of the type
of electrophilic substitution. The ortho and pare hydrogen atoms partici=-
pate in the exchange /-Q;7. The same hydrogen atoms are rapidly exchanged
with gaseous DC1 /9 /. ~A. I. Brodskiy and G. P, Miklukhin and collabora=
tors /—10'7'investigated in devall the bimonlecular exchange reaction be-
tween the hydroxy group and the vienol ring.

Deuteron exchange in anisole with aqueous DCl is slow, while it is
more rapid with DgSO4 17647 and with glacial acetic acid (with sulfuric-
acid catalysis) / 11 /. It was possible to substitute three H atoms in
the ring. Exchange of the ortho and para H atoms in the rings of dimethyl
anili; and anilin in aqueous DCl and DpSO4 is more rapid than in phenol
/8, & |
~ 7 Kharasch and Brown /12 7 have shown that the ortho and para H
atoms of triphenylamine, diphenylamine, and dimethyl enalin are exchanged
with CoHp0D with DgSOs catalysis in 100 hours at 100°,
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EXPERIMENTAL

‘The equipment for producing liquid DBr and the method of conduct-
ing experiments on deuteron exchange have been described earlier ZT1§J7.
Exchange experiments were usually conducted at 20-25°. The number of
hydrogen atoms 2 in the aromatic compounds exchanged with deuterium with

a deuterium content in HBr no less than 5 atom=% was computed from for-
mula (10) (cf. /14 7), and at a concentration greater than 80 atom=7
from the following formula: n = cglN (1), where ¢ is the concentration of

e

o
°p
D in atom=% in the water in which the substence was heated and ¢© in hydro-
gen bromide; N is the number of hydrogen atoms in the substance. Experi-
ments on reverse exchangs were computed from formula (11) (ef. /14 /).
Here ¢ was determined by the drop method with a precision of.0,02-0,05"
atom~%. At high D concentrations the water in which the substance was
heated was diluted by weight with water of normal isotope composition. .
All the substances under study were carefully purified and dried before
the experiments. The weights of the substances were usually around 0.2«
1.0 grams, and of the solvent 15-20 grams,
Preparations.. Phenol, ch. d. a. /onidentified/ was distilled
twice in vacuo in a stream of dry nitrogen. The second distillation was
performed over dehydrated CuS04, and had a melting point of 40,5-41°,
"Pure" anisole was fractionated in vacuo and dried over metallic sodium;
melting point 155.5°, n’ 1.5170. The dimethyl analin was distilled with
water vapor, fgSZen, dried over metallic sodium, and distilled in vacuo;
m.p. 192,5°, np~ 1.5583. The diphenylamine and triphenylamine were dis=

tilled in vacuo; m.p., 53.5 and 126.5°, respectively.

All the substences are easily soluble in liquid DBr, form color-
less solutions, and can be isolated from solution in unchanged form. This
latter was demonstrated by determination of constants after the exchange
experiments. The phenol solution turned crimson after 24 hours, and then
violet. The same thing happened in 17 hours with the anisole solution.
When the duration of the experiments with phenol was increased the quanti-
ty of substance isolated diminished. In expsriments lasting more than _
150 hours no phemnol could be isolated. The anisole was still less stable.
In 17 hours the anisole turned into phenol. The reaction apparently fol=-
lowed the equation CGH5OCP%/ HBr ——3} CgHgOH Z CHgBr. The phenol was
identified in the form of tribromophenol.

In order to stop deuteron exchange sealed glass rods were dropped
into liquid air. Then the DBr was driven off. The remaining substances
were extracted with ether. In the case of dimethyl analin and dipheny-
lamine, which form the corresponding hydrobromide salts, an aqueous solu-
tion of alkaline was previously added. Then the ether extracts were dried
with potash (phenol, diphenylamine, dimethyl anilin) and the ether driven
off. In the experiments with diphenylamine, in order to remove the deu-
terium in the NH-group the ether extract was shaken several times with
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water of normal isotope composition. After evaporgtion of the ether the
substances were distilled twice in vacuo (anisole, diphenyl ether, and
dimethyl anilin over metallic scdium). * After this treatment the sub-
stances' constants did not change. Even the first experiments with phe-
nol, anisole, diphsnyl ether, and triphenylamine showed that hydrogen
exchange with DBr is very rapid. Consequently the equilibrium of the
exchange reaction must occur even during the evaporation of liquid DBr,
i.se, at a temperature approximately equal to -50° 1714157. The value of

the coefficient of distribution, which must be known to calculate the num-
ber of hydrogen atoms exchanged according to formula (10) (cf. /[ 147),
is known only approximately (e¢f ~ - 5) /15 7. Therefors exchange experi-
ments with CgHOH, CgHpOCHsz, (CgHs)a0, and (CgHs) 3N had to be conducted
with DBr containing 80~100 atom~% D. In this case n can be computed ap-
proximately from formula (1).

In the tables presented below the following symbols are used:
T = duration of experimens; t° = temperature; mp = number of moles of sub-

stance; mP 2 number of moles of solvent; m.AlBr3 = number of moles of

catalyst AlBrg; cg = concentration of deuterium in solvent at beginning

of experiment in atom=-%; ¢, = deuterium concentration in water in which

substance was heated, at end of experiment; n = number of deuterium (pro-
tium) atoms exchanged; k = rate constant of the hydrogen~exchange reaction
‘computed from a first-order equation,

Hydrogen exchange in phenol (Table 1). Four hydrogen atoms in phe-
nol are exchanged very rapidly with deuterium. One of these belongs to
the hydroxyl group and three deuterium atoms enter the ortho and para
positions of the ring. This was shown in ‘two ways. Firstly, the phenol,
aftsr deuteronization, was brominated to 2,4,6-tribromophenol, and the
deuterium from the hydroxy group was washed out with water of normal iso-
tope composition. The water obtained from consumption of the tribromo=-
phenol was almost free of deuterium. Second, heating the phenol with
heavy water in the presence of alkali yielded 2,4,6-trideuterophenol Zfﬁ;7s
Then reverss exchange with HBr was performed with this preparation.

4s Teble 2 shows, after this only a small quantity of deuterium re-
mained in the phenol (eg, computed). This corresponded to the relative
quantities of substance and solvent teking into account the coefficient of
distribution of deuterium . betwesn the C=H and H-Br bonds. (As the dats,
of Table 1 show, in all experiments with phenol a value of n <. & was ob~
tained for H-exchange in the ring. The reason for this is not clear,)

Hydrogen exchange in anisols (Table 1). The three hydrogen atoms
in the ortho and bara positions of ‘the ing are exchanged very rapidly,
This was shown as follows. 2,4,6-trideuterophenol, obtained by a method
described above, was methylated with dimethyl sulfate. Then the 2,4,6~
trideuteroanisol was treated with liguid HBr. The results (Table 2)
show that the ortho and para atoms engage in exchange,




Experiments were conducted to determine the effect of AlBr3 on
the rate of hydregen exchange. It is well-known- that AlBrz sharply in-
creases the acidity of solutions in liquid DBr. As the data of Table 1
show (experiments 12, 13) the presence of AlBry causes a supplementary
exchange of more than three atoms (apparently in the meta positions).
Unfortunately, in the presence of AlBr, anisole undergoes an irreversible’
change within one hour and can no longer be isolated. In an analogous
experiment with phenol this latter substance could not be isolated after
only & minutes with AlBrg.

'Hydrogen exchange in diphenyl ether (Table 1). Six hydrogen atoms
are exchanged very repidly. It is natural to assume that these are the
hydrogen atoms in the ortho and para positions. In order to check this
assumption we obtained deccadsuterodiphenyl ether by exhaustive deuteroni-
zation of diphenyl ether in a solution of potassium emide in liquid NDgz.
When we performed reverse exchenge of the decadsutrodiphenyl ether in
liquid HBr (Table 2) in ether thers remained only a quantity of deterium
correspondlng to four deuterium atoms remaining in the meta positions of
the ring. lMore than six hydrogen atoms could not be exchanged with liquid
DBr even in an experiment lasting 300 hours. But when the acidity of
the solution was increased by adding AlBrz all ten hydrogen atoms could
be exchanged in only 3 hours. Thus the meta atoms engaged in exchange.

. Hydrogen exchange in triphenylamine, diphenylamine, and dimethyl
anilin (Table 3). Nine hydrogen atoms engage in exchange within 5 minutes.
Wo further sxchange was observed even after 200 hours. When AlBr, was
added the rate of hydrogen exchange dropped sharply (Table 3, experiments
5-7). In 5 minutes instead of nine, less ‘than one hydrogen atom is ex~
changed.

Hydrogen exchange is considerably slower in diphenylamine than in
triphenylamine. Six hydrogen atoms were exchanged only after 1,000 hours.
The addition of AlBrz; had no particular effect on the rate of hydrogen
exchange (Experlmont 9).

Hydrogen exchange in dimethyl anilin was essentially lacklng in
experiments lesting more then 1,100 hours. The presence of AlBr; had no
effect on the rate of deuteron exchange (Experiment 17).




EVALUATION OF RESULTS

Deuteron exchange oceurs in similar fashion in phenol and its
ethers. Hydrogen atoms in the ortho and para positions of the ring ex=-
change very rapidly, while further exchange is not observed even over g
long period. Such rapid sxchange of nuclear hydrogen atoms is clearly
dus to the fact that in the ortho para positions the electron density is
increased by the effect of p, 7i"=conjugation. In the terminology of A. N.
Nesmeyanov /4 7, there is & transfer of the resctive center from the
oxygen atom to the carbon atoms of the ring in the ortho and para posi-
tions. The amount by which the rate of the exchange reaction is increased
a8 a result of p, 7i=conjugation can be seen by comparing the rate of hy-
drogen exchange of phenol, enisols, and diphenyl ether with the corres-
ponding hydrocarbons. In benzene, exchange is extremely slow
(kZOO =5 » 108 sap ‘I.Z—l;7). In toluens and in diphenyl the exchange

: ; = 10="4_qa=5 ~1
of para and ortho atoms is much more rapid (k25° = 10752107 sec™t) /I, 27.

The degree to which the rate of hydrogen exchange depends on the
acidity of the deuterizing agent can be seen from the fact that when phe=
nol is heated with heavy water for 400 hours at 100° only two nuclear
hydrogen atoms are exchanged 175 » while anisole does not enter the ex~
change reaction at all with heavy water.

Hydrogen exchange between aromatic smines and liquid DBr is quite
different from that of phenol and its ethers. In triphenylemine nine
atoms are exchanged extraordinarily rapidly. At the same time deuteron
exchange was lacking in dimethyl anilin even in experiments lasting more
then 1,100 hours. Diphenylamine, in which six hydrogen atoms are ex-
changed very slowly, occupies an intermediate position.

According to Kharasch /12 7/, in CoHgOD catalyzed with DpS0, (at
100° and an acid concentration of 0+6-normal) the hydrogen atoms in the
ortho and para positions can be exchanged in all three sbove-mentioned
amines. :

The different behavior of the aromatic emines in hydrogen exchange
with liquid DBr should be aseribed to their different basicity. It is
well-known that their basicity falls in the series: dimethyl anilins
diphenylamine > triphenylamine., If dimethyl anilin forms a very stable
salt with liquid DBr, triphenylamine forms no salt at all with DBr.
Diphenylemine occupies an intermediate position.

When dimethyl anilin is dissolved in liquid DBr the deuteron is
attached to the free pair of p-electrons of the nitrogen atom, which
then becomes tetravalent and positively charged. The conjugation of the
p~electrons with the /v ~electrons is broken, end the hydrogen atoms in
the ortho and para positions cesse to be negative. Therefore the deu-
teron cannot attach to them, which is s necessary condition for hydrogen
exchange in an acid medium. Tie lask of exchange in dimethyl anilin can
also be explained by the fact that ihe substance is transformed into a
positively charged ion, so that the attachment of the deuteron is made
more difficult.
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In triphenylamine, on the other hand, where no salt is formed,
the effect of p,7* ~conjugation is fully felt, and exchangs with DBr, a
strong acid, is very fast. Although diphenylemine forms a salt with the
acid, the effect of p, 77 -conjugation is still noticeable, since there
is a slow deuteron exchange of hydrogen atoms in the ortho and para posi-
tions., The result shows thas acid-base interaction does not nscessarily
l1sad to complete shift of the proton (deuteron) from the acid to ths base

/16 7. :

- It was interesting to find whether, by a still greater increase in
the acidity of the solution, the effect of p, 77 ~conjugation could be
eliminated in triphenylamine as it was in dimethyl anilin. It was found
that AlBrg sharply drops the rate of hydrogen exchange in triphenylamine.
TWhen stochiometric quantities of AlBrg are added to triphenylemine, in-
stead of nine less than one hydrogen atom is exchanged in 5 minutes. Ap=-
parently the addition of AlBr; so strongly increases the acidity of the
medium that the deuteron is attached to the fres pair of p-elsctrons of
the nitrogen atom with the formation of a salt (CGHS)SND/ AlBrz. It is
also clear that AlBr, coordinates with the nitrogen atom. A. V. Topchiyev
ZT1147 observed that°when BF, attaches to the nitrogen atom of anilin dur-
ing nitration of the latter %here is a sharp drop in the output of ortho
and pare isomers. As Teble 3 (Experiment 7) shows, if AlBry is added in
less than equimolar quantity the rate of exchange is higher. This result
is quite understendable since only part of the triphenylamine molecule
forms o salt (or coordinates with AlBrg).

The addition of AlBr; to diphenyl ether and anisole not only did
not decreass, but even increased, the rate of hydrogen exchange. This
indicstes that neither the formation of the corresponding oxonium salt
nor the coordination of AlBr; with oxygen atoms occurred.

The difference ir behavior of phenol and its ethers on the one
hand, and aromatic amines on the other, in hydrogen exchange is explained
by the difference in coordinating capacity, and by the different relation-
ship to the proton of the oxygen and nitrogen atoms. It is sufficient to
note thet in aqueous solution phenol is a weak acid, while aniline is a
wegk base.




CONCLUSIONS

le A study was made of hydrogen exchange in phenol and its
ethers (06H5OCH5, 06H5OC~H5) and in aromatic amines (CBH N(cH, )2,

(CqHs),MH, (CqHg)gl with liquid DBr, and also with DBr 7 AlBr; at 256°.

2. In all the compounds of the flrst group the ortho and para
hydrogen atoms exchange immediately, while in the second group of sub-
stences rapid exchange is observed only in (06H ) N, while in (CgHg)pNH

these atoms exchange very slowly, and in 06H5N(CH3)2 no exchange is ob=

served sven after 1,000 hours., AlBr. causes exchange of meta atoms in
henol ethers and slows down the rate of the exchange reavtlon in
Cglg ).

3. The features of deuteron exchange in aromatic compounds with
substituents contalnlng an oxygen or nltrogen atom are expleined by the
effect of p, /7 -conjugation. Differences in the behavior of oxygen=- and |
nitrogen=-containing substances in hydrogen exchange. with. liquid DBr and
with DBr /AlBrs depend on the difference in their relation to the proton
and differences in the coordlnatlng capa01ty of oxygen and nitrogen
atoms.
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Table 1

Isotope exchange of hydrogen in phenol, anisole, and diphenyl

ether.
Expori-
ment
Number 1T
1 10 min.
2 3 "
3 3 hours
4 27 "
5 72 "
6 150 "
Vi 5 mino
8 0 "
9 30 "
10 3 hours
11 6 "
12 5 min.
13 30 "
14 100 *
15 3 hours
16 24 "
17 26 "
18 150 "
19 313 "
20 1"
21 1"
22 3 "

Room
11}
25
25
25

Room
25

c
P

Phenol

91.0
91.0
21.0
9100
88.8
88.8

Anisole

93.7
90,9
90,9
93.7
93.7
83,5
93.7

Diphenyl ether

Reoom
25

Room
n

25
25
25

90,9
90,9
88.8
90,9
88,8
93.7
100
100
100

32.9
35,1
3348
33.9
3102
42,0
43.6

56,0
55.0
54.3
55.9
51.8
57.3
83.4
90.9
95.4

* * L] *

O 4 DO D W I
L
~NO~JWOr®

*

OCWOOHONIHAIOEOD

NONwOLHMHOQO

* Deuterium from the hydroxyl group was washed out with water of normal

isotope composition.
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»Table 2

Experiments with reverse exchange with liquid HBr at 25°,

Experiment °p 02 . *(caleulated)
Numb er T (min.) - B B °B °g

2,4,6=D-pherol

1 5 50 3,23 1.04 0.7

2 5 48 3423 1.22 0.8

3 30 32 3,23 1.14 0.9
2,4,6=-D=anisole

4 5 80 2.27 0055 0,55

5 5 59 2.27 0,65 0.63

6 30 38 2,27 0,77 0677

DecadeutefoPhenyl ether
7 10 150 8,84 4,32 4,64
8 10 230 8,84 4,15 4,24

* ) (calsulated) is the calculated concentration of deuterium after the
experiment in the water in which the substance was heated. The number
of exchangeable atoms was taken as 3 for phenol and anisole, and 6 for
diphenyl ether, while the coefficient of distribution <t = 5.




Teble 3

Isofope exchange in triphenylamine, diphenylamine, and dimethyl

12w

aniline.
m
‘Experi~- _figﬁi o
neont Ty ;) c c
b ___ T 3. T8 .
Iriphenylamine
1 5 min, Roon 83,5 48,8 8,8
2 2 hours 25 88,8 51,2 8.7
3 2 " 25 83,9 47,5 8.5
4 200 " Room 93,7 5245 8.4
5 5 min, H 1.2 9%.7 3.1 0,5
6 5 " " 1.0 - ..100 2.6 0.4
7 5 " " 0.4 - . 100 27.4 4,1
Diphenylamine
8 1 hour 25 100 5.4 0.2 Co1l
9 1 25 140 0.5 5.4 0.2 0.1
10 2 " 25 90 88.8 2.6 0.3
11 2¢ % Roon 140 9,0 2.0 1,1
12 97 " " 140 9,0 6.6 349
13 120 " " 74 4,4 4,0 5.2
14 696 " " 59 dod 4,7 5.6
15 1152 " " 110 4o4 5.3 6.0
Dizzethyl anilin
ls 1 hour 25 50 5.4 0.1 -0
17 10" 25 51 0.3 5.4 0:1 .0
18 696 " Room o1 4,4 0.1 -..0
19 1152 " " 97 4.4 0.1 -0
20 1152 * K 63 4.4 0.0 ~.0
5338 ~ END =~




