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THE ACID-BASE CATALYSIS OF HYDROGEKN
ISOTOPE EXCHANGE REACTIONS

[Following is the translatlion of an article
by A. I, 8hatenshteyn, Ye, N, Zvyagintseva,
Ye. A, Yakoleva, Ye, A, Izrailevich, ¥Ya. M,
Varshavskiy, M. &. Lozhkina, and A, V,
Vedeneyev entitled O Klslotno~-osnovnom
Katallize Resktsly Izotopnogo Obmena Bodoroda
(The Acid~base Catalysis of Hydrogen -
Isotope Exchange Reactions) pages 218-233

I. INTRODUCTION

When heavy water became aveilable it was utilized for
the study of acld-base catelysis, Comparison of the chemiecal
reaction velocitlies, catalized by aclds and bases in ordinary
and heavy water, disclosed deceleratlon as well as asccelera=
tion of reactions in heavy water, The slgn of the lsotope
effect indicates which stage of speed determines the
kinetics reaction. With acld catalysls, such stages are:
joining of proton (deuteron) to the reacting substance =
substractlion and disintegration of the complex /1=5/.

Acids and bases catalyze the hydrogen lsotope ex~-
change reactions in substances dissolved in heavy water,
There are many observations concerning homogeneous catalysis
of the hydrogen exchange reactions, However, quantitative
measurements of their veloclty and activatlng energy are
comparatively scarce /1-3/,

The ares of hydrogen exchange reactlons broadened
when instead of heavy water other compounds of deuterlunm
and new catalyzers beceame avalilable, Ingold and coworkers
/6/ were first in accomplishing lsotope exchsnge of
hydrogen D30, and sonme seturated hydrocarbons., The study

of the latter was offered by American authors (Burwell and
Jordon, Beeck and Stevenson /7/) and by D. N, Kursanov
Jointiy with V. N, Setkina /8/, Polaneyl with ocoworkers
and K1it and Langseth /9/ discovered that the hydrogen
exchange between CgHg and DCl in the presence of AlCls

oscurs rapidly even at rooz temperature. Kharash with
coworkers /10/ used CoHgOD for hydrogen exchange because

orgenic substances dissolve better in 1t than in water.
Brown /11/ accomplished some exchange reactlions with
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CH2C0.D by means of sulfurle acld catalysls,

While studylng hydrogen exchange in nonwater solutions,
our lsboratory at first used very 3urm1¢ hases and asclds
{for instance, Dvg “314 3?, DBr, r+>1BP7, DF, DF+f&.}

de oaleulated that tnie would result in Q@wpef undersnanﬁing
of the typve end of ihe rules governlng thesse resctions and
make clearer thelr mechanian; we alsc hoped to obtaln new
information on the reaction abllity and aciditynbagiaity of
arganic compounds in connectlon with thelir structure and
phyeical and chemical properties of the rescting medlum.

- The results of the laboratory works were dlscusesd in revieved

artlcles devoled to the mechanism of the hydrogen exe}gnﬁﬁ in
solutions /12/, reaction abiliiy of organic substances /13

and acidity-besieity of hydroearboss /14/, Thie raport on
aeid-baals catalysls of the hydrogen exchange resctions ls

& menopallzation of the results of mostly unpublished works
conducted by Ye, N, dvyaglntesva, Ye, A, Yakovlevs, Ye., A,
Tsrallevich, Ya, M, Varshevekiy, M. 8. Lozhkina, end 4. V.
Vedenayey,® :

2+ RULES OF ACID~BASIS CATALYSIS

While dlscussing acid-~bzsla satslvsis of hyvdrogen
sxcharge reactions, we must Tirst of 31l conglder rules
~stzwiishe§ for homogensous cat&lysia in solutions fO/,
Sueh ls the well~known egustion of Brensted: the reaction
velocity constant ig nrahartlanal te the constant of the
atelyzer 4l aso*ia lon in & degree less than one, kmgg?

Sin 115? relationghlips dlseribe the effect of changing force
T the substratum as protelite st the asslgned catallzer
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Upon catalysle by concentrated solubtlons of aclds
an equation of Hammett /16/ Lz usunlly observed:s the
iogarithms of the resction veloelty gonstant are DIORO-
tionzl to the funetion of the acldity of the ascid Ho. The
funetion Ho exzpresses the degree of esse of the proton
trangltion to the uncharged molecule of the basls,

- g Kprpge
Ho———m— — —
!

where Kb 1s & resction equilibrium comstant BH* &= B 4 H+
Kg== 2"
Spu+

BThe work was accomplished jJolnily with A, I, Bhatenshteyn,
who eompiled this report,
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Hiue /17/ recorded the applicability of rules of
general catalysls by bases to isoltope hydrogen exchange
between chloroform and water, : S

According to Beeck and Stevenson /18/, the Hammett
rule 1s justified upon isotope exchange of hydrogen between
4 enbutane and sulfuric acid, and Gold, Long, and Satchell
/19/ substantisted it upon the exchange of hydrogen between
anthrecene and sulfuric acid of varlous concentratlons, and
slso upon catalysis of sulfuric, hydrochloric, and phospho=
rus acids of the hydrogen exchange in tenzene, p-nitrophene
and p~oresol, ‘ o : :

In cages when we deal with solvents which are strong
protolithlc agents, the noted relationshlps of Brensted is
impossible to suthentleste quantitatively in view of the
abgsence of & dissociation constant for such systems., They
can be conformed qualitatively. For instance, there 1s a
parallelism between the velocity of the hydrogen exchange
reactions, catallized by a solution of potaessium amide in
1iguid deuteroammonium, and the relative acidlty of the
hydrocarbons, expressed in a form of & conditional die-
soclation constant, determined by Conant and Wheland accord-
ing to the degree of equlllbrlum dis lacement with partiecl-
pation of alkali-orgenic compounds /go; 21, 14/, The rela=
tive velocity of hydrogen exchange between hydrocarbons and
the acld-solvents is comparsble to the degree of basiclity
of the hydrocarbons, established by other means /14/.

For such solvents as liquid HBr end HF, and also
solutions of AlBr3 in 1liquid HBr and of BFx in liquid HF,

the function of aseldity was not determined and the authen-
tication of the Hemmett equation is as yet lmpossible.

~ The methods of comparison of alkalinity of strong
pasis are almost undeveloped, Upon catalysis with a base,
the relationship of the base to proiton {(expressed in large
calories) has importance, but the exlsting data 1ls scarce;
for instance, for the substances of interest to us, ths
following values were founds A

NH; (419), OHi~ (385), NH, (214), HiO (180).

For the noted reasons, it 1s necessary at thls time
to 1imit ourselves to qualitative discussion of results
'‘obtained with reference to homogenous catalysis of the
exchange reactlons in the mentioned solvents, though the
results by themselves in the majority of cases are of a
gualitative character,

3. PROPERTIES OF SOLVENTS

Table 1 contains protophilic, amphoteric, and proto=
genic solvents with which our laboratory conducted reactlons
of hydrogen exchange; it also contalns the dlelectric

3

—




constants (DP) and the dipole moments. The strongest base

is placed at the top of the table and the strongest acid at

the bottom of the table. In view of the lack of a practical-

1y useful single scale of aclidity-basicity, 1t was necessary

for us to be guided by constants of dlssoclation in water

~olutlons (pKHQO = ‘ngH D)' As to applicatlion to substances
. s ,

themselves, thig is not only conditional but also rather
erroneous, o

0f the smphoterlc solvents, the table pregents water
‘nd ethyl aleohol. Judging by some works /22, 23/, their
acld-base properties are close but the ethyl alcohol 1ls more
acid than water.,

. ' Table 1
Dielectric constants and dipole moments of studled solvents,
sty
' Dielectric. .
Solvent PKHO  constent.
NH&H’CKQN’." ' ) 40 14 ) 1,84
NB,CH,CH,OH 48 88 227 |
" 'NHs - 47 18 148 |
NH,NH, ] A 52 84
H,0 - 80 1,84
CeH,OH — - 26 - 170
CHCOOH 4,7 6 1,78
HF 8,2 80 1,91
HBr -9 4 0,79
Hi -1 T3] 0,88

The DP role of the solvents in aclid-base equllibrium
and in catalysls is foreseen by Brensted theory, in connectlon
/ith the fact that this theory treats the acld-base inter=
agtion as & process of proton transition, calling in the case
of electroneutral molecules for the formatlion of ions, It
is natural that the latter must depend on the DP mediunm,
However, 1t is now immediately clear that the Brensted
theory expresses a limiting conditlon of thoee processes
which accompany acid-base interaction. Many facts /24, 25,
14) allow us to conclude that the reactions between aclds
and besges procesd through & stage of polarized complexes,
in which the reagents are connected by means of & hydrogen
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bridze., Depending on conditions (among them the DP of the
gaivenﬁ} the reaction may stop at this stage or be completed
br trazusltion of the proton to the base and to formation of
lons, '

Table I also presents dipole momsnts of molssule a0l
vontg, lnazsguch as thelr polariity must favor the eumergence
of noted couplexes due to dipole interesction., In additicn,
the dipole solvent participate lun solwvsilon at the expsnse
of energy which facllitates the rupturs of molecules on lons,
Participation of & soivent in the exchange reactions ls made

sharply annurent in the case of catalyses by ions (for
sxample, by ions of CpHg0” } which are devold of deuterium.

¥hen we deal with verious solvente snd catalyzers
it ﬁw lmportant to kuow now the veloclty of isotope exchange
shangse darin& the transitlon fron one solvent to another in
the abheence or with the sddition of catalyzer. It is
desirable to compare the sctivlty of one and the same cataly=-
zer in verious solvents, Ths comoparisons are handloaped
by the faet that the hydrogsen GeH «bands asuslly very slowly
exchange with amphoteric solutions whereas the exchange
veloclty with basie and acld sclvents in pressnce of
catalyzer oocaslonally 1a immensely great,

4, COMPARISON OF DEUTEROEXCHAKGE WITH AMPHOTERIC
ARD PROTOPHILIC SOLVENTS

In works of Ye, N. Zvyagintseva thers ls an attempt
to estimate to what extent the veloclity of the hydrogen
exchange In the substances (in indene, scetophenons, methyl~
naphthyl ketone) varies with amphoteric and protophilic
no'Veﬁta {deutercslcoohol or deuteroammonium) and, ss was

gold, in both solvents (Tsble 2}, Hydrogen exchange with
a1vah71 sven at 120=-150Y proceeds slofﬂr than with ammonis
ﬁb 0%, Enowlng approximatel Ly the &ctivaiing enersy of the
sotone exchange in ammonium solution (for indene 12 keal.,
or sostophenone 10 “ﬂal.}, we find thst st identiczl teme
eratures the constaubz of the resction velocliles in both
clvents differ by 4 to 6 orders. Such lg the consegquence

f the great yrﬁtﬂ:hijiﬁ property of ammonia in compgriaan
with aleohel,

We supposed that the ratlo of the reactlon velocity

may ehange 1f the protolithic function of the substrsbum
in esch of the selvents 1ls different For verificstlion we
turned to the msthylated nlirous n&teroeyclica- guilnaldine
and pleoline, insspuch 2s in alechol solvent they sre bases,
and in emmonium -~ weak scide /26, 27/.

Experiments of Ye, N, Zvyaglnteseva indiceted that
zev in methyl groups of quinsldine and * plcoline
mnges with alceohol even faster than with ammonie,

7¥
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' Table 2
2locity of the hydrogen exchange of some organic substances
with deuterocalechol and deuterocammonia,

* (1 Ran ek in
i Bemecrsy °C Eﬁ;,,&ﬁ C:Hy ?‘ﬁiﬂ.@ ND, ullu 1~f§:x

2Munen 150 6 — o - (6
3Anerodenon | 120 7 - (2,5) - 8 |
#-Mernnusdrunxeron | 120 6 - . — JUNE
» 0 e — 1} - - :
5a@uyopen , 25 — 5,4 8,7 0.8 —
» 180 7 — . . — e :
& X anaasnun 120 6,2 @n 72 (4,5 —_f
7 asconnn 120 7,4 4,5 8,4 4 —1 l

* ph o= - igh (coK.~%). .

raubstance: 2~1n&ene; 3=gicetOphenone 4~mathylnaphthy1
sbtone: 5= Tluorene; 6-quinsldine; T-picoline,

serefore, the relation of hydrogen velocltles in two 80l
snts depends not only on protolithic properties of these
slvents but slsc on the structural pecullaritlies of the
ubstratum,
To what extent does an addition of alcoholate

nange the veloelity of the exchange in aleohol solutlons?
rom Table 2 1t is apparsent that upon cetalysis by In.
leoholate sclutlon the exchange reactlons proceed fagter
han with ammonis, This 1g not surprising, because the
ffinity of the ethoxy~ion to 2 proton in kllocalories ls
50 timesg greater than the affinity of the ammonia molecule,
ndirect comparison indicates that in the first group of
ubstances (indene, acetophencne), in the presence of the
ot 0 lon, hydrogen exchanges by 4~6 times, and in groups

pors

f heterocycles {quinaldine, pilcoline) by 3 times, faster
han in pure alcohol,

In experiments with alcchol solutlion of alcoholate
1 n,) for the first group of substances k is greater by
e 3=0,5 times than in experiments with ammonla, and in
eterocyeles the exchange proceeds with a speed four times.
t 18 probable that thls occurance-analogous with non-iden=-
ical change of dissoclation constants of varlously struc-
ured aclde -~ is obaserved upon a change of the solveni,
unerous examples of similar departure from Brensted theory
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are described in works of N. A, Izmaylov /25/. Cases are
known when the corresponding dlvergences between the con=
gtants of the aclid dissoclatlon reach up to an order of 6.
The noted deviation from Brensted theory was also stated
by ¥, I. Kobachnik /28/ upon the occaslon of examining
rogulations of tautomeric converslons. -

‘ Unexpected was the acld catalysis of the hydrogen
exchange in indene by alcohol solution of DC1 {at concen=
tration of acid sglution In, k = 1,105 ane without the
catalyzer k = 10-¢, 1509), Kolzuml /29/ falled to observe
the accoleration of the exchange with heavy water in the
presence of DCl, Verification indicated that the hydrogen
in the methyl group does not participate in the exchange
reaction, catalyzed by acld: two atoms of dsuterium, which
wepe introduced into the molecule of indene upon catalysle
with alcoholates in deuteroalcchol were unaffected after
heating the substance with HO1 solution in ordlnary alcohol.
In quinaldine, howvever, dissolved in deuteroalcohol, the
acid and the base catalyze the exchange of the same atoms
of hydrogen (methyl group), and at the same time specifical-
1y those atoms which exchange with deuteroammonium. This
wag substantiated by appropriate experimenta,

A solution of KNDp in ND3 catalyzes the hydrogen

sxchange many times greater than the solution of alecholate
in aleohol and thls ig in conformity with greater proton
affinity of ND, and NDs 1in comparison with 02H50‘ and

OpHgOD. let us 11lustrate thls by an example of Ye. N,

Zvyagintseva's experiments with gquinaldine. As is known,
the reactions of hydrogen exchange with 02H50D and ND3

proceed with closely identlsal velocity (pk=6.2 and 7.2}
at 12009, Upon sdditlon of a base to both solvents the
exchange velocltles are equal (pk = 4) but in entirely
dissimilar conditions: 120° for 0.1 n, solution of alcoho=
1ate 1n aloohol and =30° for 0,02 n. solutlon of amide

in smmonium, The factual concentration of amide ions is
even much smaller, because thls lon l1s neutrallzed by
quinaldine according to the equation:

C1NCHy + NDF == CoHNCHZ + ND, .

10t us clte another example, where the substance
(naphthalene) 1s guch a weak acild that 1ts neutralization
of the amide can be neglected. According to measurements
by Ye. A, Izrailevich 30/, after heating a solutlon of
naphthalene in liquld ND with deuterium concentrate close
to 100% for the duration of 100 hrs at 120° the water of
combustion of naphthalene contalned less ?han 0.05 atonm,
4 deuterium, Therefore, k128‘£ 10~Y gee™'!, Upon




&étalyzing with 0,01 n, of KNDé the veloclty constant 1s
expressed as follows: } '

: kmlm N e—*lM’oﬁf‘. : )

Allowlng thet the veloclty constent ls proportional to the
catalyzer concentration, which is not axactly asccurate, wa
find for In, solution KNszgio’. Therefore END» speeds up

the reaction by at least 10 qrders.

~ In consequence of very high catalytlec actlon of
potassium amide, the measurement of the exchange velocity
can be achieved only in a comparatively narrow interval .
of concentration, With inerease of the amide concentration
from 0.01 to 0.43 n., the hydrogen exchange vslocity in
benzene (Table 3) increases only 23 times, It ls proportion=-
al %o amlde concentration only in ths area of low concen-
tratlona /30/3

X Table 3
Relationship between the hydrogen exchange velocity in
nenzene and the concentration of deutero~treated potassium

... .- cmlde.* | |
g > » - o ‘ r 3 4
1 KND, () 8,01 ‘ 9016 0,021 T 9,058 9.1 0,43
ele; 1 1,4 2,1 5,9 19 48
kike | SN 1,8 2,0 {.‘ 4,1 9,5 28

» o ne 0,00 M Ay K4 1o P npr 25°,

It appears that the lagging of K with increase of
concenbration 1s connected with conslderable lnter-ion
interaction because of low DP (Diss. constant} of liquid
anmoniuvm and is due to formation of ion-palrs between
ND3 and K*, A simllar concentration effect was noted

earlier upon study of acid catalysls reactlons of ammonolls
ammonium (see /31/, page 284).

: A solution of KNOp, in ND, so strongly catalyzes
renctions of hydrogen exchange that Ye. A. Izrallevich
accomplished partial hydrogen exchange in gaturated
hydrocarbons (Teble 4). In truth, the experiments were
continued at high temperature (110=120°) for hundreds of hours’

¥¥Experiments were conducted in ampulles of non-rusting
steel, Therefore a catalytic effect of the contalner walls
1g not exeluded. However, control experiment with methyley-
¢clohexane, conducted in glass ampullas (with counter-prose
sure), marked with en asterisk, indlcate that the isotope
hydrogen exchange in saturated hydrocarbon proceeds upon




but the exchange was sufficlently measurable; 18% deuterium
was introduced into the substance. In Table 4 the follow-
ing designations are used! :
1 «duration of experiment in hre,
oxx,-amlde concentration (u.)
oﬁ-concentration of deuterium in solvent.
ep-concentration of deyterium lin the water of lgnlted
substances (atom. %). ~
nenumber of hydrogen atoms changed into deuterilum.
There 1s & noticeable drop in the degree of the
sxchange with the increase of the catalyzer up to 8n, Thie
ngervation requires additional verlflcation. '

' Table 4
Hydrogen exchange catalyzed by potassium emlde in saturated
hydrocarbons, ‘
] T
.1 Bemecrso 9. v, wacn CEND, N : s n i
; !
'S Pescan 1800 3 10,5 L8 4
i Venvan 170 0,8 9 18,1 3,1 |
» 400 8 95 8,3 , 0,5 ‘
P 500 1 9% 176 | 80 |
. 1800 3 " 10,5 21 8,5
5 Newanas 180 08 95 S 1,0
» ‘ 420 R P95 ' 0,4 . 0,3
» 1300 3 o105 1,6 i 1,7
& wwnorestcan 180 0,8 95 3,8 i 0,7
7 Bmionenran 1300 3 10,6 3,3 3,4
|# MeverumsnoreRcay 206 1 50 3,76 l Li
» = 500 * 1 50 7,45 ‘ 2,0
i

#ace reference of precsding page, :
j-gubgtance; 2-hours; I-hexane} 4-heptans; 5H- decalin;
G=cyolohexane; T=oyclopeniene; 8-methyleyclohexane.

5., COMPARISON OF VELOCITIES OF DEUTEROEXGHANGE
WITH AMPHOTERIC AND PROTOGENIC SOLVENTS.

We shall try to estimate to what extent the sxchange

reaction is speeded up if instead of waler we seleoct varlous

scid solvente and slso use catalyzers. According to Small

catalysis with potassium asmide and in the absence of
metal,




and Wolfden /32/, the heatling of a phenol solution in heavy
ater at 1000 causes exchange of two atoms of hydrogen of
the aromatlie ring after 400 hours; thet 1s, taking into
sccount three atome of hydrogen. According to Kolzuml /33/,
in 2 0.5 n solution of hydrochloric acld at 1000 {wo atoms
of hydrogen exchange every two hours (k=10-3sec.=!). A. V.
Vedeneyev /34/ demonstrated that with liquld deuterium
bromide, three atoms of hydrogen exchange immeasurably fasi
even st room temperature, Just as fast goes the reaction
between DBr and anisole /34/ but, judging by Brown /11/
measurements, with icecold (glacial) acetic acld anlsole
does not exchenge hydrogen upon heating to 90° for two days.
Addition of sulfurie acid (~ 0.1 n. solutlon in glaclal
scetic acld) causes under the same conditions an exchange of
more than two atoms of hydrogen /11/ (Table 5).

We ghall conditionslly aceept for the reactlion of the
hycdrugen exchange between OﬁHBOB and DQOQ:BO keal, and assume

that the constant of the velocity exchange betwsen CgHgOH

and DBr is k & 5.10"8 sec.~!. In this case, the velocity
resctions 1s the two mentioned solvents differ by at least
5 to 8 orders.

Hydrogen exchange with liquid deuterium bromlde ia
strongly catalyzed by aluminum bromlde. At concentration
~ 10"~ mole AlBrsz on 1000 g. DBr the hydrogen of benzene

~xchanges immesasurably fast at room temperature and very
fast at low tempersture: during the time of cooling of ihe
golutlon and evaporation of the solvent (5-7 min,) there 1s
an equilibrium distribution of deuterium, corresponding to

- temperature =500 «70° /35, 36/. In absence of a catalyzer,
che hydrogen in_benzene exchanges with liquid DBr exceedlngly
slow: k = 5.10~8 sec, =1 at 200 /37/. Therefore, though the
estimates appear to be very roughly approximate, 1t 1s clear
that the hydrogen exchange veloclties in organic substances
with D,0 'and AlBrs in 1iquid DBr differ by no less than 20
orders, Oatalysis by aluminum bromlde ls explained by.

reaction S4-DBr+AiBr, 22 SD* +AIBry;,  where 8 =

gsubtratum. In this reaction no free lons are formed.
As & result of exceedingly high catalytlc activity
of sluminum bromide solution in liquid hydrogen bromide,
there appeared to be a possibllity of the occurrence of
hydrogen exchange even in allcyeclic hydrocarbons, Hydrogen
exchenge in cyclohexane was noted by Ya. M. Varshavskly and
S. E. Vaisberg /38, 39/; and K. I. Zhdanova, V. P, Kaling=
chenko and L. N. Vinogradov /35/ measured lts veloc%gy

approximately. At °A13r3=’°"2 mole/1000 DBr k ~~10'° sec™1.
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The veloclty exchange constant of the resctlon ls approxima-
tely proportional to the concentration of ﬁlErj, hydrosarbons

Table 5
} Bemecrso Pacreopwrens | K4 A.gsuop 1, °C % ﬁzﬂ n
Gemon 5 D0 e 400 2
» s .| HCL(O58) | 100 3. 2
e DBr e 20 < 0.2 3
» , ) - - 20 2 3
* S DF -~ 26 < 0,1 3,3
& . . » R 25 1 ‘ 4,&
Asigzon £ ‘ CH,CO,D —_— %0 a8 . o
¥ : »  ID.SO; (01 B 5% 47 2,4
% Dir — 20 <> 5
y DF e 20 < 0,05 8,6
s Iy ‘ » - 25 1 48
Hadeusnonsi odep DBr - 20 <02 6
» s » ; —— 20 150 B
» » DF — 20 < 0,1 7 )
» » » — 245 3 i0

jwsubatence: Z2esokvent; 3ecatalyzer; 4«hours; 5~ phenol;
fwanlsole; T=diphenyl ether.

with s tertiary atom of carbon exchange hydrogen with ,
liguid D¥ In sbsence of catalyzer {Table 6), The reaction
veloeclity incresses upon addition of BF3, which, in liguld

dsuterium fluoride, 1s an acldic catalyzer because 1t dlsge
vlees the equillbrlum of ionizstion of the solvent by adding

an lon of fluorine! SLDFIBF, SD*+BF~ 8.
Complex formation manlfests itself by an increase of

golubility of many substances, in coloring of the solutlions,
Upon catalysis with BF; (0.4 moll. 1000 g DF) there

ceours an exchange even in a saturated hydrocarbon not
vossessing tertial atom of carbon and nonlazomeiric {eyclo=
pentans) according to the availlable data, Therefore, in
ordsr to achleve hydrogen exchange between & saturated
hydrocarbon and an acld, the presence of tertial carbon

*In 1iguid DF ionizatlion occurs much easier than in DBr,
put the free ions, probably, do not form in all cases.
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atom and the presence of an oxidlzer are not obligatory,
but the acid catalysis 1s of lmportance.
Experiments were conducted by gsheking in view of
the poor solubility of the mentioned substances in liquid DF.

. Table 6
Hydrogen exchange of some saturated hydrocarbons with iiguld
seuterium fluoride in the presence of and in the absence of
| ' a catalyzer (EFi).

] Bemocrso . 3, T, AN 3 mc':f:'('o’m
Haxaorexcan . 2000 5
5 * +BF3 _ 200 100
MeranERRIOroRcaN . - 3% 80
6 » +BF; 113 80
Jenanmm ' 70 50
7 ¢ <-BFy 7 80
Hzinonenran +BFy 24 -7

{egubatanee: 2«hours; 3-degree of exchange (%4); 4=cyclohe=-
xane; Be=methyleyelohexane; 6-decalin; T=-cyclopentane.

fhe comparisons presented in thils report for reaction
velocities of hydyogen exchange are extremely sketchy but
they neverthelsss give a descriptive notion of how much
broader becomes the entire area of base-acld catalysls of
of hydroren exchange when protophilie and protogenic sol-
rents can be used instead of amphoteric.

6. EFFECT OF DP AND POLARITY OF SOLVENT MOLECULES
ON DEUTEROEXCHANGE.

Above we were engaged in & comparison of exchange
reactions velocities in amphoteric solvents. On the
basis of work by Ye. A, Yakovleva 1t 1s possible to say
something about the indirect hydrogen exchange in varlous
protophilic solvents = 1iquid deuteroammonia, anhydrous
deutero-hydrazine, and enhydrous deutero~-ethylene=-diaminse,
The results of experiments (pk) with fluorene, tri-phenyl=
methane, quinsldine and di=-phenyl~methane are presented
in Table 7, from which it is clear that the velocity of
exchange reactions with NyDy and NDEGHQGHENDQ are greater

by 1=-1.,5 orders than with ND3. The exchange with hydrozine
proceeds faster than with smmonia despite the fact that tri-

12




. ~ Table 7
Values pk at hydrogen exchange of some organlie substances
in various propophilig solvents.

2 Pacrsopmrens
’ Beuiectso e °C
. ND, NDLCiHL,CH,ND, N.D,
3W.1yopen 2 37 2,6 -
Tpodonmwimeran 120 6,7 57 } - (5,7)
Nunaaeaun 1 120 72 5,9 ' o
£ Andenuaneran 120 8,2 70 6,7)

phenyl-methane and diphenylw-methane-soluble in liquld am=
monisa are poorly soluble in hydrozine and the reaction pro=-
ceeds in a heterogenous system {the pk values are placed in
parentheses).

Let ug turn to Table 1, characterlzing the proper-
ties of solvents,

The dlelechric constants of liguld ammonla and ethyl-
diamine are almost identical, but the polarity of the
second solvent molecule is greater and - 1f we judge by the
values of its dlssocliation constant in water - 1t is a
stronger bage, It is probable that thls is the reason for
its faster exchange compared with ammonia.

Hydrazine is a weaker base than ammonla but its
molecule is more polar and its DP is more than three times
oreater /52 and 16/, We are inclined to think that this
fact 1g responsible for the speedier exchange with hydra-
zine and this is also noticed in experiments with sodium
acetate,¥

As to the effect on the velocity of the hydrogen
exchange of DP and the polarity of the solvent molecules,
a1l that was successfully demonstrated by 2 comparlison of
kinetlcs exchange in two acld solvents - liquld hydrogen
bromide and liquid hydrogen fluorilde.

Ya, M. Varshavskiy and M. G. Lozhkina /41, 40/
measured the velocity of the hydrogen exchange reactlons
between benzine and liquid DF. The velocity appeared to
be 4,3 times greater than the .velocity with DBr. Sharp
acceleration of exchange with DF was substantliated by
experiments with tatuene, where the same degree of

¥Perhaps, the fact that the number of hydrogen atoms in
molecules of the two last solvents is greater than 1in the
molecule of ammonia (statistical factor) is of some impor-
tanecs. : '
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exchange (n = 4,8) waa reached at 20° correspondingly after
6 and 90,000 min. ‘

An obhervation of A, V. Vedeneyev and M, @, Lozhkina
/34, 40/ ia worth noting = the exchange of all atoms of
phenol hydrogen and ite esters in liquld deuterium fluosrids,
in contrast to the exchange of deuterium bromide, which is
limited only to thrse hydrogen atoms of the aromatie ringa,
Therefore, with DF, the-exchange proceeds easier than with
DBr (see Table 5), .

+In the serles of hydrogen hzlides, the acid proper-
tles inerease from fluorinme to lodine, and the hydrogen
fluoride appears much less acldic than hydrogen bromide
{ses Table 1)}, but in the liquid state it has a DP 20 times
greater than the DP of bromide (DP = 80 and 4 correspondings
1y). The DF molecule is more polar than the DBr molecule.
These differences, we believe, are connected with the speed-
ing up of the exchange reactlons, when the substances are
issolved in DF, : '

7. EFFECT OF SUBSTRATUM CHARGE AND CATALIZER
ON DEUTEROEXCHANGE,

Let us'pause to consider the effect of catalyzer and
substratun charge on the velocity of the catalytlic reactions
in relation to DP solvent. This relatlonship wag made ap~
rarent and proven expsrimentslly by Bernsted on an example
of a reactlon-catalyzed by bases-of dlssoclation of nitro-
amlde 1n water (DP = 80), M-cresole (DP = 13) and iso-
smyl~aleohol (DP = 5,7) /esee 42, 43, 2, 31/.

The reolstive velocltles of dissociation in the named
three golvents upon catalysis of the benzoate ion and ths
molecule of aniline are glven in Table 8, from which 1t is
clear that upon catalysis by lon of benzoate the velocliy
constants inerezse in the direction from water to m=crew
gsole and to lso-amyl-slcohol, because polarization of the
substratun molecule in the area of anion increased with
decrease of DP of the solvent, On the contrary, upon
catalysis by an electro=neutral molecule of aniline, the
constants decresge with the same sequence; high DP contri-
butes to proton transition from one slectro-neutral molew
cule to another,

It is entirely natural that an analogous effect must
alao be obssrved with reactlons of hydrogen exchange and
at the =zame time 1t is possible to foresee that in the case
of alkali=-catalysls the negative charge of the substratunm
will redard the exchange reaction, catalyzed by a base,
secauge 1t tends to impede the drawling off or breaking away
of the proton., The negatlve charge of the catalyzer inter-
feres wlth the approach with the slmilarly charged substratum,
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zapeclally at low DP of the solvent /44 12/, Upon acid
satalysis, the vetardation of the reactfon will bring about
1 positive charge in the substratum because 1t wlll impede
she Junction of the deuterium to the substratum, which is a
srerequisite to arn exchange reactlon,

Indeed, from Ye, A, Yakovleva /44/'a work it is ap-
sarent that the velocity of the hydrogen exchange in acetate
ton with heavy water (DP = 80) and with deutero~ammonia
(DP = 16) 1is almost identical and somevhat less than the
relocity exchange in anhydrous deutero-~hydrazine (DP = 52),
Mhe following values were obtained for pk: 7.2; 7.7 6.5.
“nere is haerdly a difference (Pky,go = 4.4 and 4,5) in cone
stants of the veloelty exchange ag identical concentration
sf tons {1 n.,) OD" in D,0 and ND in NDB’ catalyzing the

rgactlons. In order to make clear to vhat extent the charge
3 substratum influences the reactlon veloclty, catalyzed
2y Aons NDE, i1t is sufficient to recall that in the ebsence

»f & catalyzer hydrogen exchange with liqulid deutero-

wmmonia in the ion of acetate and in the molecule of quinale
iine procesde al the same temperature (120°) and with almost
the same velocity (pk = 7.7 and T.2), but in order to achleve
1lose veloelty exchange (pk = 4.4 and 4) upon ecatalysis by
sotassium amide, it 1s necessary to conduct the reaction

vith the ion at 1200 and ¢ z 1 n,, whereas reactlon with the
rolecule proceeds at =300 and o, 4 £, 0.02 n,

The retardation of the exchange of reactlion catalyzed
by anlons in the presence of a negatively charged substance
Ls substantiated by A. V. Vedeneyev /34/, At a concentra-
tion of potessium smide, equal O.%4 n. and at 50°, the )
sxchange of hydrogen in an lon of phenolate proceeds with
2 velocity smaller by 3 orders compared to benzene.

The retardation of the exchange resction catalyzed
by acid in the presence of a poeltive charge of the sube
stratum was substantiasted experimentally by comparing
velocitles of the hydrogen exchange reactions in aromatic
aydrocarbone, ,

Hydrogen in anthracene exchanges with 1liquid DBr
=6 times faster thean in benzene /3?7. Knowing that the
:gaction veloclty of the hydrogen exchange between benzene
and DF 18 grester by 4.3 orders than with DBr, 1t is natural
to expect that the exchange between anthracene and deuterium
fluoride would proceed immeasurably fast, However, it
appeared /40/ that hydrogen in anthracene exchaenges with DF
st least by one order slower than the reactlon of the
hydrogen exchange taking place between benzene and DF.

The presented facts are easily explained 1f we
remember the strong lonization of anthracene dissolved in
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4 .. Table 8
felooity of catalytic dissociation of nitramide in various
solvents.

2. Pacteopurems
[ x . H.0 u-CH(CHIOH |3 ws0-CiH,0H
- | ymnso | 4 anes % KD-s,7
CeH,CO0— 1 2 %
Coli;NH, 1 08 0,06

~gatalyzer; 2¥solvent; 3-;30-G5H90H; 4 DP=,

Aquid HF, which was indicated by Klatt's /45/ measurements
yf electroconductivity and bolling temperature of solvents.
. proton (or deuteron¥ joins a molecule of anthracene almost
yxelusively in the meso=-position /40/, Therefore, the
yxchange of meso-atoms proceeds rapidly and the exchange

»f the remsining atoms of hydrogen in ion (CyuH,aD)* is

qmpeded, #

According to Reid /47/, the addition of BF results in
1l ionization of anthracene in liquld HF3, Therefore, in

igreement with the presented treatise, the presence of BF,
10t only does not increase but actually decreases the isotope
yxchange of hydrogen in anthracene by limiting the exchange
mly to two atoms., For example, in a soclutlon contalining

3F (0.4 mole/1000 g DF), after 2 hours 2 atoms of hydrogen

wre exchanged (meso-atoms), but without BF, during the same
»ime, an exchange of 9 atoms 1s achleved, whereas in
senzene with catalyzer after one half hour 5 atoms are
yxehanged and in the presence of BFz (0.1 mole/1000 g DF)
. complets exchange of hydrogen ocelrs in less than 2
iinutes,

In increase of the number of condensed rings leads
‘o an increase of strength of the aromatic hydroccarbons as
sases /14/ snd to heightening the degree of thelr lonlzatlon
n DF /48/ /45/. OCorrespondingly (Table 9), the veloclty

M. 1. Kabachnllk called our attention to the fact that the

ondition for this 1s a retardation of the anthracene

.onization, ‘ '
Besldes electrostatlic action of the charge durlng

she exchange reactlon, the change in the dlstribution

3f the electron density in molecule of the substance, which

.8 caused by lonizatlion, is important.
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of the hydrogen exchonge, catalyzed by BF3, decressges in
sequence benzene » naphthalene » anthracene, '

Takle ©
Veloclty of the hydrogen exchange eatalyzed by boron=fluorids
in benzene, naphthalens and antracene.

i Bempcrso %F‘fﬁ;ﬁﬁ’&ﬁ’},p 3 ¢, MUH. Lf 4}, obuenn

' B'Bonaon 0,1 2 100
¢ Hadranus J 0,2 B 80
TAnrpaney 0,4 120 | 2

{=gubatence ;P=concentvration BF mole/1000 o DF; 3~ min.;

G

4~ 4 exchonge; 5. benzens; fenfivhthalene; T-anthracene.

At the same time on dlssolving in liquld DBr., =
that is, when in view of the low DP of the solvent lonlzae-
tion hos no egsential value, and in the exchange reaction,
there particlipate electro=neutral noleauvles of hydrocarbons
~ the ewehange is asceslerated wibth the some sequence
vennene € waphbhalene 4 anthrecene /48/, This depends on

the

set that the stronger the base the easler ig the
nee of denkeron tranefer to & wmolecule of hydrocarbon,
ol - o8 wns noted shove = ls the necessery stage of the
zen exchanse resctlon wlth seld. '

Thus one and the same cause - zeld-base interaction
with arcmatic hydrocarbon, having nonw-zgulvalent hydrogen
ahoms - may lead -depending on the condltlions of the flow of
ths reachblon - Lo dlametrically opposlie consequernces?t to
L peversnl of the order of the relative veloelty reactions
of the hydrogen exchange.

Thus, we are convinced that besldes protophilic and
protegenic properties of the eolvent and the catalyzer,
which of course exert greal influence during the hydrogen
exchanpe resctions it is necessary to take into sccount
st least the following parameters: structural peculiaritles
and the charge of the substratum and the catalyzer; and DP
of the solvent and the polarity of 1its molecule. These
narameters permit a change of ihe hydrogen exchénge velocity:
foster exchange may occur in a solvent less basic or less
acid; it 1s pessible to retard the exshange desplte greater
protophilie or protogenls propertles of the reagents.
Theprsfore, & comparison of the velocitlies of hydrogen
exchange reactions, without consideratlon of other clroule=
stances, may lead to erroneous concluslon es to relative
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.cidity or alkalinity of substances, The best conflrmation
f this is the fact of reversal of the sequence of the velo=-
11ty of the hydrogen exchange of aromatic hydrocarbons,
ezarding which the above story was related.

&, PARTICIPATION OF SOLVENT IN CATALYTIIC EXCHANGE

Unquestlonably, the exchange reactlon is connected with
ywoton (or deuteron) transition from substratum to catalyzer
sy from catalyzer to substratum, while a complete transition
.8 not obligatory., Undoubtedly, participation of solvent in
;he exchange resction is of importance, This 1s apparent
‘rom the fact that though the lon GEHso" is deprived of

leuberium the isotope exchenge occurs, and 1t is clear that
.t is coueed expressly by the GQHBO“ ion, becsuse otherwlse

ne lather would not be able to perform the functlon of
satalyzer, It follows that the solvent participates in the
seaction. Therefore, it 1s of interest to know how, with
“he neme substractum and catalyzer, the veloelty of the reac-
sion changes with the change of the golvent, its pecullar-
ities, properties, constants, This questlion 1e as yet insuf=
Meolently illuminated and its explolitatlon may reault in
introdueing new understanding of the exchange mechanism.
[ ie necessary, of course, to remember that sometlmes
mder the influence of solvent, the catalyzer may change;
For inztance, in an excess of aleohol, the hydroxyl=lon
burng into & ethoxy=-lon /237

Ye., A. Vakovlievs and Ye. N. Zvaegliseva obtalned some
facts relative to hydrogen exchange catalysls in methenyl -
zroun of tri~phenyl-methane by CEHSO ion in ethyl alcchol

and ethyline~dlamine and by the NHoC,oH,0 lon in ethyline~

1iamine and ethanolamine., It was found that though at a
soncentration of GEHEO‘ in alcohol equal to 1 n. and of

NHoCOaH,0 1in ethanolamine equal to 0.1 n., the constants

s the veloeitg exchange geactio?s are equal correspond-
tngly to 3.107°2 and 2,1072 sec,”' at 120°, the same cataw=
lyzers dissclved in anhydrous ethylenediamine at concen=
trations less than 0.1 n. lead to complete exchange of the
nethenyl hydrogen of tri-phelyl-methane after 15 min. at
temperature 25°, The work contlnues,

9, CATALYTIC ISOMERIZATION OF HYDROCARBONS.
Acid-~base catalysis of the hydrogen exchange sometinme

1s sccompanied by catalysls of the hydrocarbon isomerizatlion.
The presence of lsomerization 1s evident through the change
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.. Table 10
Isomerization exsmples of hydrocarbons,

‘ BemecTso 9, r. gun., °C "g

3 Pacrsop KNHy s munxon NH

sllenren-1: .
5 no onnira 29,5 1,3719.
¢ nocne ousita 36,0 1,3810
7Henren-2 (amTep. RauHue):
$ rpanc . 87,0 1,8822
9 ume 86,3 - 1,3790
Wiganann: ' :
'§ Ao ounra : 159 1,4040
{ mocne oumira o 82 -
k) lenponenns (ABTEp. IaHHLE) j&6 82 1,4512
: ’ Pacreop BFy B mmuxon HF
M eTrInBKIONCHTaN:
. 4 a0 onuTta 71,6 1,4097
N é nocie OULITA 77,0 1,4220
{l_nwmrcxcan (nuTep. jaRHLE) 30,7 1,4262
Hexanum: i
% ¢ no onmra 181,0 1,4770
" 6 nocne omuTa 185,56 1,4695
Jlexanunu (smrep. IaHANE): :
9 nme . 198,38 1,4804
@ Tpanc . ' 185,3 1,4701

t=-gubstance; 2= t, bolling ¢%; 3= solutlon KNH, in liquid NHB;

4« pentene =~ 1; 5= before experiment; 6~ after experiment;
7- pentene -2(1it.data); 8- trans-; 9-cls-; 10-31allyl;
11=-dl-provenyl (1it. datag; {2-methyl=-cyclo-pentane;
13-cyclohexane (1it, data); 14-decalin; 15=-dicalin (1it,
data); 16=-solutlon BFzln liquld HF.

of constants and the appearance of new frequencies 1in the
substance's spectral osclllatlons. Table 10 gives some
examples of hydrocarbon isomerizations, catalyzed by solu-
tions of potassium amide in liquid ammonla (¥, M. Dykhno,
1. N. Vasileva, see /50/, also /51/) and tri-fluoride boron
in liquid hydroge fluoride (Ys. M. Varshavskiy, M. G.
Lozhkina).

After treatment of cyclohexane with alumlinum bromide
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in llquld hydrogen bromide, there appears & band with fre-

queney 890 em.” Ain the spectrum of the comblned dispersion

of the hydrocarbon which is typleal for methyleyeclopentane
see 35/,

Isomerization of hydrocarbouns sceompenylng resctions
of hydrogen exchange in the noted solvents upon agtion of the
naped catalyzers is as yel insufficlently studled and the
agecific mole which 1s played by it is not ¢leap, For
inetance, in order to explain how complete hydrogen exchange
is achieved in sthylene hydrocsrbons with o long chdn of
carbon atoms snd o double bond at the begluning or in alley-
¢lic hydrocarbons with a double bond in side chain, 1t is
necessery Lo admli that the potassium amide causes nigra=-
tlor of the double bond along the chain of the carbon atom
snd from the side chain to the cycle /50, 52/, It is
nogsible that the hydrogen exchange in cyelohexane wlth
liguid IBr in presence of AlBr3 and with liquid DF at

catalysis of BFx ls favored by the equilibrivm lsomerizatlion
i nyleyelohBxane, In the nearest future 1t wlll be

: 2
LYL TEh

cesgary 1o egtablish the veloclty ratic between the

NeUa s
igomaerizotion resetions and the hydrogen exchange.

10, CONCLUSIONW

Tn this report, the quesition of acid-base catalysis
of huvdrogen exchanse reactlons was dlscussed, The very fact
¢ such catelysis speaks flrst of all of the fact that
aydrogen exchanse 1s actually caused by acid=base interactlon
-~ = thesiz in the foundation of whleh the Isotope Reacllons

& tory was actively participating. The majoirty of the
sters whlch influence velocity of hydrogen exchange
tiens were visuslized on the bosls of the existing
sory of acid=-basge eguilibrium and catalysis of Bernsted.
nere parencters were made dlstinetly apparent in works
: ized in the report, Moreover, it is now clear that
ernsted theory only approximately deseribes acli-bege
soog, begause the latter do not necessarily amount to
= proton transition. For further developuent of the
v, an sccumulation of new experimental materisl will
I meslstonce, -

Though in thils report, dedlecated to catalyels of the
hydrogen exchange, little wae sald relative to the mechanlsm
of the process, it ls obvious that this guestion is limpossible
to discuss without consideration of the laws of acld-base
catalysis of exchange reactlons. '
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