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THE ACID-BASE CATALYSIS OF HYDROGEN 
ISOTOPE EXCHANGE REACTIONS 

following is the translation of an article 
by A. I. Shatenshteyn» Ye. N. Zvyagintseva, 
Ye. A, Yakoleva, Ye» A. Izrailevich, Ya. M, 
Varshavskly, M. Ot,  Lozhkina, and A» V. 
Vedeneyev entitled 0 Kislotno-osnovnom 
Katalize Reaktsiy Izotopnogo Obmena Bodoroda 
(The Acid-base Catalysis of Hydrogen    - 
Isotope Exchange Reactions) pages 218-233*7 

I» INTRODUCTION 

When heavy water became available it was utilized for 
the study of acid-base catalysis. Comparison of the chemical 
reaction velocities, catalized by acids and bases in ordinary 
and heavy water, disclosed deceleration as well as accelera- 
tion of reactions in heavy water. The sign of the isotope 
effect indicates which stage of speed determines the 
kinetics reaction. With acid catalysis, such stages ares 
Joining of proton (deuteron) to the reacting substance — 
substruction and disintegration of the complex /I-5/. 

Acids and bases catalyze the hydrogen Isotope 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 velocity and activating energy are 
comparatively scarce /I-3/. 

The area of hydrogen exchange reactions broadened 
when Instead of heavy water other compounds of deuterium 
and new catalyzers became available. Ingold and coworkers 
/€/ were first in accomplishing Isotope exchange of 
hydrogen D2S0^ and some saturated hydrocarbons. The study 
of the latter was offered by American authors (Burwell and 
lordon, Beeck and Stevenson /7/) and by D. N. Kursanov 
jointly with V. N. Setkina ß/\    Polaneyi with ooworkers 
and Kilt and Langseth /9/ discovered that the hydrogen 
exchange between OgHg and DC1 in the presence of AICI3 
occurs rapidly even at room temperature. Kharash with 
coworkers /10/ used C2H5OD for hydrogen exchange because 

organic substances dissolve better in it than in water. 
Brown /11/ accomplished some exchange reactions with 



OH^COgD by weans of sulfuric acid catalysis* 
Fülle studying hydrogen exchange in nomrater solutions, 

our laboratory at first used very strong bases and acids 
(for Instance, ND*» ND,+KD", DBr, DBr+AlBr,» DFS DF+BF*). 
w"e calculated that this would result in deeper under standing 
of the type and of the rules governing these reactions and 
make clearer their -mechanism*, we also hoped to obtain new 
information on the reaction ability and acidity-basicity of 
organic compounds in connection with their structure and 
physical and chemical properties of the reacting medium.. 
The results of the laboratory works were discussed in reviewed 
articles devoted to the mechanism of the hydrogen exchange in 
solutions /t2/, reaction ability of organic substances /13/ 
and acidity-basicity of hydrocarbons /(4/, This report on 

■acid-basis catalysis of the hydrogen exchange reactions is 
a generalisation of the results of mostly unpublished works 
conducted bj  Ye» M» 2vy&glntseva, Ye, A« Yakovleva, Ye* A. 
Israilevlch» Ya« M, Varshavskiy, *K» G, Lozhkina, and A. V, 
Veäsneyev»* 

2, RULES OP ACI&-BASIS CATALYSIS 

While discussing acid»basla catalysis of hydrogen 
exchange reactions, we must first of all consider rules 
established for homogeneous catalysis in solutions /2/\ 
Such is the well-known equation of Brsnsted: the reaction 
Telocity constant is proportional to the constant of the 
catalyzer dissociation in & degree less than one, k~gK*. 
Similar relationships diserlbe the effect of changing force 
of the sub st rat-um as protollte at the assigned eatalizer 
/15, 2/. 

Upon catalysis by concentrated solutions of fields 
an equation of ttaomett /l6/ is usually observed: the 
logarithms of the reaction velocity constant are propor- 
tional to the function of the acidity of the acid Ko« The 
function. Ho expresses the degree of ease of the proton 
transition to the uncharged molecule of the basis. 

H0~ , 

where Kb is a reaction equilibrium constant BH+ j± B -f--H+ 

flBH+ 

»The work was accomplished jointly with A, I, Shatenshteyn» 
who compiled this report. 



Hine /I7/ recorded the applicability of rules of 
general catalysis by bases to isotope hydrogen exchange 
between chloroform and water♦ 

Aocording to Beeck and Stevenson /18/, the Hammett 
rule is justified upon isotope exchange of hydrogen between 
isobutane and sulfuric acid, and Gold, Long, and Satchell 
/19/ substantiated it upon the exchange of hydrogen between 
anthracene and sulfuric acid of various concentrations, and 
also upon catalysis of sulfuric, hydrochloric, and phospho- 
rus acids of the hydrogen exchange intenzene, p^nitrophene 
and p-oresol. 

In cases when we deal with solvents which are strong 
protollthic agents, the noted relationships of Brensted is 
impossible to authenticate quantitatively in view of the 
absence of a dissociation constant for such systems* They 
can be conformed qualitatively. For instance, there is a 
parallelism between the velocity of the hydrogen exchange 
reactions, catalized by a solution of potassium amide in 
liquid deuteroammonlum, and the relative acidity of the 
hydrocarbons, expressed in a form of a conditional dis- 
sociation constant, determined by Oonant and Wheland accord- 
ing to the degree of equilibrium displacement with partici- 
pation of alkali-organic compounds /20, 21, 14/. The rela- 
tive velocity of hydrogen exchange between hydrocarbons and 
the acid-solvents is comparable to the degree of basicity 
of the hydrocarbons, established by other means /14A 

For such solvents as liquid HBr and HP, and also 
solutions of AlBr5 in liquid HBr and of BP3 in liquid HP, 
the function of acidity was not determined and the authen- 
tication of the Hammett equation Is as yet impossible. 

The methods of comparison of alkalinity of strong 
basis are almost undeveloped. Upon catalysis with a base, 
the relationship of the base to proton (expressed in large 
calories) has importance, but the existing data is scarce? 
for instance, for the substances of interest to us, the 
following values were founds 

nUJ (4i#), OH-085), NH,(2U)\ H«0 (180). 
For the noted reasons, it is necessary at this time 

to limit ourselves to qualitative discussion of results 
'obtained with reference to homogenous catalysis of the 
exchange reactions In the mentioned solvents, though the 
results by themselves In the majority of cases are of a 
qualitative character. 

3. PROPERTIES OP SOLVENTS 

Table 1 contains protophilic, amphoteric, and proto- 
genlc solvents with whioh our laboratory conducted reactions 
of hydrogen exchange; it also contains the dielectric 



constants (DP) and the dlpole 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- 
ly useful single scale of acidity-basicity,' it was necessary 
for us to be guided by constants of dissociation in water 
solutions (p% 0 s -lgKH 0),    As to application to substances 

themselves, this is not only conditional but also rather 
erroneous. 

Of the amphoteric solvents, the table presents water 
nd ethyl alcohol. Judging by some workB /22, 23/, their 

acid-base properties are close but the ethyl alcohol is more 
acid than water. 

Table 1 
Dleleotrio constants and dipole moments of studied solvents. 

Solvent 

 , ,         ■;-    . .t -r 

Dielectric   ^,.,0,,    1 
P*H,O    cons tent« 

«        = — 

NHtCHsCHsNH« 
NHJCHJCHJOH 

NHj 
NH£NH, 

4,6 
4,7 
•V-5 

14 
88 
16 
52 

1,84 
2,27 
1,46 
1,84 

H*0 
G,H|OH 

, 

HO 
26 

1,44 
1)70 

CHjCOOH 
.                         HP 

HBr 
HI 

4,7 
8,2 

— 9 
— II 

6 
80 

4 
<8> 

1,78 
1,91 
0,79 
0,88 

The DP role of the solvents in acid-base equilibrium 
and in catalysis is foreseen by Brensted theory, in connection 
,ith the fact that this theory treats the acid-base inter- 
action as a process of proton transition, calling in the case 
of electroneutral molecules for the formation of ions. It 
is natural that the latter must depend on the DP medium. 
However, it is now immediately clear that the Brensted 
theory expresses a limiting condition of those processes 
which accompany acid-base interaction. Many facts /24, 25, 
H) allow us to conclude that the reactions between acids 
and bases proceed through a stage of polarized complexes, 
in which the reagents are connected by means of a hydrogen 



bridge. Depending on conditions (among then» the DP of the 
solvent) the reaction may stop at this stage or be completed 
by transition of the proton to the base and to formation of 
ions, 

Table I also presents dipole moments of molecule sol- 
vents, inasmuch as their polarity must favor the emergence 
of noted complexes due to dipole interaction. In addition» 
the dipole solvent participate in solv&iion at the expense 
of energy which facilitates the rupture of molecules on ions» 
Participation of a solvent in the exchange reactions is made 
sharply" apparent in the case of catalyses by ions (for 
example, by ions of OgHcO") which are devoid of deuterium* 

When we deal with various solvents and catalyzers 
it is important to know how the velocity of .isotope exchange 
changes during the transition from one solvent to another in 
the absence or with the addition of catalyzer. It is 
desirable, to compare the activity of one and the same cataly- 
zer in various solvents» The comparisons are handicaped 
by the-fact that the hydrogen 0-H -bands usually very slowly 
exchange with amphoterie solutions whereas the exchange 
velocity with basic and acid solvents in presence of 
catalyzer' occasionally is immensely great, 

4. COMPARISON OF BEUTEROEXCHAKGE WITH AMPHOTERIC 
AND PROTOPHILIC SOLVENTS 

In works of Ye. K. Zvyagintseva there Is an attempt 
to estimate to what extent the velocity of the hydrogen 
exchange in the substances (In indene, acetophenone, me thy 1*- 
naphthyl ketone) varies with smphoteric and protophilic 
solvents (deuteroalcohol or deuteroaiamonlum) and, as was 
said, in both solvents (Table 2), Hydrogen exchange with 
alcohol even at 120-150° proceeds slower than with ammonia 
at QQ.  Knowing1, approximately the activating energy of the 
isotope exchange in ammonium solution (for indene 12 kcal«, 
for ac--:tophenone 10 kcal«), we find that at identical tem- 
peratures the constants of the reaction velocities in both 
solvents differ by 4 to 6 orders.  Such is the consequence 
of the great protophilic property of ammonia in comparison 
with alcohol, 

We supposed that the ratio of the reaction velocity 
may change if the protolithlc function of the substratum 
in each of the solvents is different* For verification ve 
turned to the methylated nitrous heterocyolics- quinaldine 
and plooline» inasmuch as in alcohol solvent they are bases, 
and in ammonium - weak acids /26, 27/'. 

Experiments of Ye. H. Zvyaglntseva indicated that 
hydrogen in methyl groups of quinaldine and <* picoline 
exchanges with alcohol even faster than with ammonia. 



Table 2 
alocity of the hydrogen exchange of some organic substances 

with deuteroaloohol and deuteroammonla. 

1 BeasteCTBo »C $H6ÖD 
P* (TD 

C,M*OD+C'H,O- P* (HI) 
ND3 Ill-.I1 I-1W 

SMHRCH 150 ti «—. (0) (6) 
* 0 — 3,* V 0,3 — 

3AueTofenoH 120 7 ■   — <2,5> ~~ 4*fr 
» 0 — 4,5 5 Ofi 

*fMotsBHa$TBuiKeToa 120 6 .„ _. — — 
» 0 — — 5 *•— •«- 

5<ÜJSyO|HfB 2j — 3,4 8,7 0,8 — 
» 180 7 — _ —. — 

oXfljirwibAKH 120 6,2 (2,7) 7,2 (4,5) —J 
7nHKanitH 120 7,4 4,5 9,4 4 

- 
* pft =»—igfc (cei«.-'). 

»substance; 2-indenej 3~&cetophenon@; 4«methylnaphthyl 
stone; 5» fluorene; 6-quinaldinej 7-picoline. 

aerefore» the relation of hydrogen velocities in two sol- 
snts depends not only on protollthio properties of these 
alvents but also on the structural peculiarities of the 
uhstratum* 

To what extent does an addition of alcoholate 
flange the velocity of the exchange in alcohol solutions? 
pom. fable 2 it is apparent that upon catalysis by In» 
icoholate solution the exchange reactions proceed faster 
han with ammonia, This is not surprising, because the 
ffinlty of the ethoxy-ion to a proton in kilocalories is 
50 times greater than the affinity of the ammonia molecule, 
ndirect comparison Indicates that in the first group of 
ubstances (indene, acetophenone), in the presence of the 
2HE0 ion, hydrogen exchanges by 4-6 times, and in groups 

f heterocycles (quinaldine, picoline) by 3 times, faster 
ban in pure alcohol. 

In experiments with alcohol solution of alcoholate 
1 n.) for the first group of substances k is greater by 
.3-0.5 times than in experiments with ammonia, and in 
eterooycles the exchange proceeds with a speed four times, 
t is probable that this occurance-analogous with non-iden« 
ical change of dissociation constants of variously struc- 
ured acids - is observed upon a change of the solvent, 
umerous examples of similar departure from Brensted theory 



are described in works of N. A. Izmaylov /25/.^ases are 
known when the corresponding divergences ^tween the «« 
stants of the acid dissociation reach up to an °*d*J °* °' 
The noted deviation from Brensted theory was also stated 
by K, I. Kobachnik /28/ upon the occasion of examining 
regulations of tautomerlc conversions,       v-*w»^« S   Unexpected was the acid catalysis of the hydrogen 
exchange inindene by alcohol ^"fS.«'??1 J^S^r 
tration of acid solution In. k = \.\<£> ^f,1^*?^!?® 
eatalvzer k = 10"*, 150°). Koizumi /29/ failed to observe 
tit  acceleration of tS. exchange with heavy water in the 
presence of D01. Verification indicated tfcat 1*ehyj£ogen 
in the methyl group does not Pa^i;1Pat^in

Ä^r!f*
haS?!oh 

reaction, catalyzed by acid: two »*«■£*• S^StaSai» 
were introduced into the Molecule of indene upon catalysis 
with alcoholates in deuteroalcohol were unaffected after 
heating the substance with HC1 solution in ordinary alcohol. 
InqilSftWlaJ, however, dissolved in ^J^0^' *£B acid and the base catalyze the exchange of the aame atoms 
o? hydrSgen (methyl group), and at ?• «•J^JJ»0^. 
ly those atoms which exchange with deuteroammonium. This 
was substantiated by appropriate aliments. hvÄroaen 

A solution of KND2 in ND^ catalyzes the hydrogen 

exchange many times greater than the »IS*1™ J* ^J?*1* 
in alcohol and this is in conformity **th greater £™ 
affinity of ND2 and ND3 in comparison with C2

n5°   ana 

OoHcOD. Let us illustrate this by an example of Ye. N. 
Zvyagintseva's experiments with quinaldine. As is known, 
the reactions of hydrogen exchange with C2H5OD and ND3 
proceed with closely identical ™l«*&to^£j&&2) 

at 1200. Upon addition of a base to both «jl^ntj tte 
exchange velocities are equal (pk - 4) but in entirely 
dissimilar conditions: 120° for 0.1 n. folutionof alcoho- 
Ste in-alcohol and -30° for 0.02 n. solution of amide 
in ammonium. The factual concentration of amide ions is 
even much smaller, because this ion is neutralized by 
quinaldine according to the equation: 

«■;ti#Ncn, + N»f- zz c^H.Ni:nr -f ND,II. 
Let us cite another example, where the fiance 

(naphthalene) is such a weak acid that its neutralization 
amISe can be neglected. According to measurements 

by Ye. A. Izrailevich /30/, after heating a solution of 
naphthalene in liquid ND with deuterium concentrate close 
to 100< for the duration of 100 hrs at 12<£ the water of 
combustion of naphthalene contained leas^han 0.05 atom. 
%  deuterium. Therefore, k128^ 10 * sec '. Upon 



catalyzing with 0.01 n. of END2 the velocity constant 1B 
expressed as follows: 

Allowing that the velocity constant Is proportional to the 
catalyzer concentration, which Is not exactly accurate, we 
find for In. solution KND2E=

10 • Therefore KND2 speeds up 

the reaction by at least 10 orders. 
In consequence of very high catalytic action of 

potassium amide, the measurement of the exchange velocity 
can be achieved only in a comparatively narrow interval 
of concentration. With increase of the amide concentration 
from 0.01 to 0.43 n., the hydrogen exchange velocity in 
benaene (Table 3) increases only 23 times. It is proportion- 
al to amide concentration only in the area of low concen- 
trations /30/s 

Table 3 
Relationship between the hydrogen exchange velocity in 
bensene and*the concentration of deutero-treated potassium 

amide.* 

9,01                 »,0!«                0,<ttl                0,059                 0,1* 0,43 

1 
!.■•■'. 

M 
1,8 

"' " 'V » •■- 

M 
2,0 

! 
5,9                 19 

;. '   4,1        1          9,5 
43 
23 

* e, *s 0,61 ». k, «» 4,* ■ I0-* ecK.-« npit 2S». 

It appears that the lagging of K with increase of 
concentration is connected with considerable inter-ion 
interaction because of low DP (Diss. constant) of liquid 
ammonium and is due to formation of ion-pairs between 
m>o  and K+. A similar concentration effect was noted 

earlier upon study of acid catalysis reactions of ammonolis 
ammonium (see /3v, page 284). 

A solution of KN02 in ND-, so strongly catalyzes 
reactions of hydrogen exchange that Xe. A. Izrailevioh 
accomplished partial hydrogen exchange in saturated 
hydrocarbons (Table 4). In truth, the experiments were 
continued at high temperature (110-120°) for hundreds of hours* 

♦'^Experiments were conducted In ampullas ot non-rusting 
steel. Therefore a catalytic effect of the container walls 
is not exoluded. However, control experiment with methyley- 
clohexane, conducted in glass ampullas (with counter-pres- 
sure), marked with an asterisk, Indicate that the isotope 
hydrogen exchange in saturated hydrocarbon proceeds upon 

8 
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but the exchange was sufficiently measurable? 18$ deuterium 
was introduced into the substance. In Table 4 the follow- 
ing designations are useds 

X -duration of experiment in hrs. 
CKNp-amide concentration {n.) 
c^-ooncentration of deuterium in solvent. 
Cfc»concentration of deuterium in the water of ignited 

substances (atom. %)• 
n-number of hydrogen atoms changed into deuterium. 
There is a noticeable drop in the degree of the 

^xchanse with the increase of the catalyzer up to 8n. This 
bservation requires additional verification. 

Table 4 
Hydrogen exchange catalyzed by potassium amide in saturated 

hydrocarbons. 

\ | ' 
1    Beöswrso £L t.i««»» «KND» <v *B                j "    1 

ß f «eas 
PfTesrsus 

1300 3 10,5 1,8 

1 
i 

2,7 

170 0,8 95 13,1 2,1 

!      » 400 8 95 3,3 o,r> 
I      * 500 I 9& 17,6 3,0 

» 1800 s 10,5 2,1 3,5 

5Jle8asaa 180 0,8 95 3,5 1,0 
» 420 .    * 95 0,4 0,1 

» 1300 3 10,5 1,6 1,7 

k ÜHKuoreKeaa 180 0,8 95 3,8 0,7 

7l|sKJion«ai»B 1300 3 10,5 3,3 3,1 

9 .Memj!itsotJioreKC«H 206 1 50 3,75 1,1 

* 
500* 1 50 7,4 ;• 2,0 

»see reference of preceding page. f •..,„, 
1-substance; 2-houraj 3-hexanej 4-heptane; 5- decalin, 
6-cyclohexane; 7-oyclopentane; 8-methylcyclohexane. 

5. COMPARISON OF VELOCITIES OP DEUTEROEXCHANGE 
WITH AMPHOTERIC AND PHOTOGENIC SOLVENTS. 

We shall try to estimate to what extent the exchange 
reaction is speeded up if instead of water we select various 
acid solvents and also use catalyzers. According to Snail 

"catalysis with potassium amide and in the absence of 
metal. 



and Wolfden /32/, the heating of a phenol solution in heavy 
;ater at 100° causes exchange of two atoms of hydrogen of 
the aromatic ring after 400 hours; that is,, taking Into 
account three atoms of hydrogen. According to Koizumi /33/, 
in a 0.5 n solution of hydrochloric acid at 100° two atoms 
of hydrogen exchange every two hours (k=10~5sec.'"'1). A. V. 
Yedeneyev /34/ demonstrated that with liquid deuterium 
bromide, three atoms of hydrogen exchange immeasurably fast 
even at room temperature. Just as fast goes the reaction 
between DBr and anisole /34/ but, judging by Brown /11/ 
measurements, with icecold (glacial) acetic acid anisole 
does not exchange hydrogen upon heating to 90° for two days. 
Addition of sulfurlc acid (^0.1 n. solution in glacial 
acetic acid) causes under the same conditions an exchange or 
more than two atoms of hydrogen /tt/ (Table 5). 

We shall conditionally accept for the reaction of the 
itförusei. exchange between CöHgOH and D20Q=30 kcal, and assume 

that the constant of the velocity exchange between CgH50H 

and DBr is k < 5.10~8 sec.""1* In this case, the velocity 
reactions Is the two mentioned solvents differ by at least 
6 to 8 orders. 

Hydrogen exchange with liquid deuterium bromide is 
inum bromide. At concentration 

DBr the hydrogen of benzene 
strongly catalyzed by aluminu 
r-s\(f^  mole AlBr^ on 1000 g. 
.xchanges immeasurably fast at room temperature and very 
fast at low temperature: during the time of cooling of the 
solution and evaporation of the solvent (5-7 min.) there is 
an equilibrium distribution of deuterium, corresponding to 
--. temperature -50° -70° /35> 36/. In absence of a catalyzer, 
uhe hydrogen inrtbenzene exchanges with liquid DBr exceedingly 
slow: k = 5.tO-8 sec. ~1 at 20° /37/. Therefore, though the 
estimates appear to be very roughly approximate, it is clear 
that the hydrogen exchange velocities in organic substances 
with DpOand AlBr3 in liquid DBr differ by no less than 20 
orders. Catalysis by aluminum bromide is explained by 

reaction     S+DBr+AlBrs ^ SD+ +AIB17,   where S = 

subtratum. In this reaction no free ions are formed. 
As a result of exceedingly high catalytic activity 

of aluminum bromide solution in liquid hydrogen bromide, 
there appeared to be a possibility of the occurrence of 
hydrogen exchange even in alicycllc hydrocarbons. Hydrogen 
exchange in cyclohexane was noted by Ya. H. Varshavskiy and 
S. E. Vaisberg /38, 39/; and K. I. Zhdanova, V. P. Kalina- 
chenko and L. N. Vinogradov /35/ measured its velocity 
approximately. At cA1Br =10-2 mole/1000 DBr k ~10

,D sec""'. 
3 

10 



The velocity exchange constant of the reaction Is approxima- 
tely proportional to the concentration of ÄlBr*» hydrocarbons 

Table 5 

|  Bemecrio 
<3*» 

KaTaJiaWrop l,"C « 

Gtenoa '5"* DaO 100 400 2 
» » HCI (0,5 H.) 100 2  . % 
* DBr .„ 36 <0»2 3 
» » ._. 20 72 3 
* OF ~ 20 <0,1 8,3 
» ' » — 25 i 4,5 

AM&aon£ CHjCO^D — 90 48 0 

* *• D2S04 (0,1 H.) 90 47 2,4 
» DBr — 20 <0,2 s 
* DP — 20 <0,08 5,5 

*      ? % — 25 1 4,8 
1 /|«i|«il1SWfOSSä8 9$Bp DBr — 20 <0,2 6 
!         .       »• » _„ 20 150 6 

»            » DF — 20 <o,i 7 
»             * » — 25 3 io 

1-substance; 2-soSrvent; 3-catalyzer; 4-hours; 5- phenol; 
6-anisolej 7-dlphenyl ether« 

with a tertiary atom of cartoon exchange hydrogen with 
liquid DP in absence of catalyzer (Table 6), The reaction 
velocity increases upon addition of BF-j» which» in liquid 

deuterium fluoride» Is an acidic catalyzer because it die- 
siges the equilibrium of Ionisation of the solvent by adding 
an ion of fluorine: £+DF-fBF5 £ 5D+-fBFr *. 
Complex formation manifests itself by an increase of 
solubility of many substances, In coloring of the solutions» 

Upon catalysis with BF* (0.4 moli.1000 g DF) there 
occurs an exchange even in a saturated hydrocarbon not 
possessing tertlal atom of carbon and nonlaometrlc (cyclo- 
pentane) according to the available data. Therefore, in 
order to achieve hydrogen exchange between a saturated 
hydrocarbon and an acid, the presence of tertlal carbon 
T?In^llquid DF ionlzatlon occurs much easier than In DBr, 
but the free ions, probably, do not form in all cases. 

11 



atom and the presence of an oxidizer are not obligatory, 
but the acid catalysis Is of Importance. 

Experiments were conducted by shaking In view of 
the poor solubility of the mentioned substances in liquid DF. 

Table 6 
Hydrogen exchange of some saturated hydrocarbons with liquid 
deuterium fluoride in the presence of and in the absence of 

a catalyzer (BF-$). 

■■ 3    CWBKBfc 
j    a««*«« 'V t, «ucu ^odtoi« e« 

* 
UneaoreKeaK 2000 & 
$      »         +BFS S00 100 
MffiunQHRMMMKUt  • SSO 80 
£            »               +BF3 1« 80 
J^eKWSWH 770 60 
7    *      -fBF3 

7 80 
H* tiuioiieamui +BFS 24 70 

1-substance? 2-hoursj >degree of exchange {%)%  4-cyolohe- 
xanej 5-methjlcyclohexano; 6-decalln; 7-cyclopentane. 

The comparisons presented in this report for reaction 
velocities of hydrogen exchange are extremely sketchy but 
they nevertheless give a descriptive notion of how muctt 
broader- becomes the entire area of base-acid catalysis or 
of hydrogen exchange when protophilic and protogenlc sol- 
vents can be used instead of amphoteric. 

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

Above we were engaged In a comparison of exchange 
reactions velocities in amphoteric solvents. On the 
basis of work by Ye. A. Yakovleva it is possible to say 
sometMng about the indirect hydrogen exohfn6°Ä

1^J^i°US 
protophilic solvents - liquid äeuteroammonia, anhydrous 
deutero-hydrazine, and anhydrous deutero-ethylene-diamlne. 
The results of experiments (pk) with fluorene, tri-phenyl- 
methane, quinaldine and dl-phenyl-methane are presented 
in Table 7, from which it is clear that the velocity of 
exchange reactions with N2D4 and ND2CH2CH2ND2 are greater 
by 1-1.5 orders than with ND3. The exchange with hydrozine 
proceeds faster than with ammonia despite the fact that tri- 

12 



Table 7 
Values pk at hydrogen exchange of some organic substances 

in various protophilio solvents. 

£    Vternopmtm, 

I   BweectBO         i         °C 
1 NO, ND^H,CH,ND, NäD, 

J£0>.'iyopen 
^TpB^caH-meTaB 
JXHIia.lWHB 

25 
120 
120 
121» 

3,7 
6,7 
7,2 
8,2 

2,<> 
r,,7 
6,9 
7,0 (6,7) 

phenyl-iaethane and diphenyl-methane-soluble in liquid am- 
monia are poorly soluble in hydrosine and the reaction pro- 
ceeds in a heterogenous system (the pk values are placed in 
parentheses). 

Let. us turn to Table V, characterizing the proper- 
ties of solvents. 

The dielectric constants of liquid ammonia and ethyl- 
diamine are almost Identical, but the polarity of the 
second solvent molecule is greater and - if we Judge by the 
values of its dissociation constant in water - it is a 
stronger base. It is probable that this Is the reason for 
its faster exchange compared with ammonia. 

Hydrasine is a weaker base than ammonia but its 
molecule is more t>olar and its DP is more than three times 
areater /52 and tS/. We are inclined to think that this 
fact is 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, 
all that was successfully demonstrated by a comparison of 
kinetics exchange in two acid solvents - liquid hydrogen 
bromide and liquid hydrogen fluoride. 

Xa. M. Varshavskly and M. G. Lozhkina /41, 40/ 
measured the velocity of the hydrogen exchange reactions 
between benzine and liquid DP. The velocity appeared to 
be 4.3 times greater than the .velocity with DBr. Sharp 
acceleration of exchange with DP was substantiated by 
experiments with tatuene, where the same degree of 

*Perhans, the fact that the number of hydrogen atoms in 
molecules of the two last solvents is greater than in the 
molecule of ammonia (statistical factor) is of some impor- 
tance. 
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exchange (n = 4.8) was reached at 20° correspondingly after 
6 and 90,000 min» 

An observation of A» V. Vedeneyev and M. G. Lozhkina 
/34, 40/ is worth noting - the exchange of all atoms of 
phenol hydrogen and its esters in liquid deuterium fluoride, 
in contrast to the exchange of deuterium bromide, which is 
limited only to three hydrogen atoms of the aromatic rings» 
Therefore, with DF» the-exchange proceeds easier than with 
DBr (see Table 5). 

■ In the series of hydrogen h&lides, the acid proper- 
ties Increase from fluorine to iodine, and the hydrogen 
fluoride appears much less acidic than hydrogen bromide 
(see Table t), but in the liquid state it has a DP 20 times 
greater than the UP of bromide (DP = 80 and 4 corresponding- 
ly)* The DF molecule is more polar than the DBr molecule,* 
These differences, we believe, are connected with the speed« 
Ing up of the exchange reactions, when the substances are 
lissolved in DF. 

7. EFFECT OF SUBSTRATUM CHARGE AND CATALIZER 
ON DEUTEROEXCHANGE. 

Let us*pause to consider the effect of catalyzer and 
substratum charge on the velocity of the catalytic reactions 
in relation to D? solvent. This relationship was made ap- 
parent and proven experimentally by Bernsted on an example 
of a reaction-catalyzed by bases-of dissociation of nltro- 
amide in water (DP = 80), M-cresole (DP ~  13) and iso- 
amyl-alcohol (DP = 5.7) /see 42, 43, 2, 31/. 

The relative velocities of dissociation in the named 
three solvents upon catalysis of the benzoate ion and the 
molecule of aniline are given in Table 8, from which it is 
clear that upon catalysis by ion of benzoate the velocity 
constants increase in the direction from water to m-ere- 
sole and to iso-amyl-alcohol, because polarization of the 
substratum 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 decrease with the same sequence; high DP contri- 
butes to proton transition from one electro-neutral mole- 
cule to another. 

It is entirely natural that an analogous effect must 
also be observed with reactions of hydrogen exchange and 
at the same time it is possible to foresee that in the case 
of alkali-catalysis the negative charge of the substratum 
will reiard the exchange reaction, catalyzed by a base, 
ecause it tends to impede the drawing off or breaking away 

of the proton. The negative charge of the catalyzer inter- 
feres with the approach with the similarly charged substratum, 
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ispecially at low DP of the solvent /4% 12/. upon acid 
jatalysis, the retardation of the reaction will bring about 
i positive charge in the substratum because it will impede 
she junction of the deuterium to the substratum, which is a 
jrerequisite to an exchange reaction. 

Indeed, from Ye. A. Yakovleva /44/'s work it is ap- 
parent that the velocity of the hydrogen exchange in acetate 
ion with heavy water (DP = 80) and with deutero-ammonia 
(DP = 16) is almost identical and somewhat less than the 
relocity exchange in anhydrous deutero-hydrazlne (DP =52). 
Phe following values were obtained for pks 7.2; 7.7; 6.5. 
rhere is hardly a difference (Pk120o = 4,4 and 4.5) in con- 
stants of the velocity exchange at identical concentration 
)f ions (1 n.) 0D~ in D20 and BD2 in ND,, catalyzing the 

reactions. In order to make clear to what extent the charge 
3f substratum influences the reaction velocity» catalysed 
;>y ions ND~, it is sufficient to recall that in the absence 

?f a catalyzer hydrogen exchange with liquid deutero« 
anmonia in the ion of acetate and in the moleeule of quinal- 
iine proceeds at the same temperature (120°) and with almost 
the same velocity (pk = 7.7 and 7.2), but in order to achieve 
slose velocity exchange (pk =4.4 and 4) upon catalysis by 
Dotassium amide, it is necessary to conduct the reaction 
*ith the ion at 120° and cH^1 n., whereas reaction with the 
aoleeule proceeds at «30° and Ojj.nd £  0.02 n. 

2 
The retardation of the exchange of reaction catalyzed 

by anions In the presence of a negatively charged substance 
Is substantiated by A. V. Vedeneyev /34/. At a concentra- 
tion, of potassium amide, equal 0,4 n. and at 50°, the 
Exchange" of hydrogen in an ion of phenolate proceeds with 
a velocity smaller by 3 orders compared to benzene. 

The retardation of the exchange reaction catalyzed 
by acid in the presence of a positive charge of the sub- 
stratum was substantiated experimentally by comparing 
velocities of the hydrogen exchange reactions in aromatic 
hydrocarbons. 

Hydrogen in anthracene exchanges with liquid DBr 
5-6 times faster than in benzene /37/. Knowing that the 
reaction velocity of the hydrogen exchange between benzene 
and DF is greater by 4.3 orders than with DBr, it is natural 
to expect that the exchange between anthracene and deuterium 
fluoride would proceed immeasurably fast. However, it 
appeared /40/ that hydrogen in anthracene exchanges with DP 
at least by one order slower than the reaction of the 
hydrogen exchange taking place between benzene and DP. 

The presented facts are easily explained if we 
remember the strong ionizatlon of anthracene dissolved in 
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- Table 8 
Telocity of catalytic dissociation of nitramide in various 

solvents. 

| K«Tsanat«p 

*^     PaCTHOpHTWI», 

H50 M-CUaCH^OH a »oo-C.H,OH 

UJlBrtO y an-ja f HH-5.7 

C,H6COO~ 
Cgt^NHj 

1 
1 

28 
0,8 

90 
0,06 

«catalyzer; 2«solvent? S-iso-O^H^OH; 4-BP-. 

.lquid HP, which was indicated by Klatt1s /45/ measurements 
>f electroconductlvlty and boiling temperature of solvents. 
i proton (or deuteron) joins a molecule of anthracene almost 
exclusively in the meso-position /40/* Therefore, the 
exchange of meso-atoms proceeds rapidly and the exchange 
>f the remaining atoms of hydrogen in ion (C^H10D}

+ is 

.mpe&ed.* 
According to Reid /47/, the addition of BF results in 

mil Ionisation of anthracene in liquid HF^, Therefore, in 
igreement with the presented treatise, the presence of BP, 
10t only does not increase but actually decreases the isotope 
exchange of hydrogen in anthracene by.limiting the exchange 
mly to two atoms«, For example, in a solution containing 
JF3 (0,4 mole/1000 g DP), after 2 hours 2 atoms of hydrogen 
ire exchanged (meso-atoms), but without BF, during the same 
-,ime, an exchange of 9 atoms is achieved, whereas in 
>enzene with catalyzer after one half hour 5 atoms are 
exchanged and in the presence of BF3 (0.1 mole/1000 g.DF) 
1 complete exchange of hydrogen ocoürs in less than 2 
linutes. 

In increase of the number of condensed rings leads 
o an increase of strength of the aromatic hydrocarbons as 
jases /14/ and to heightening the degree of their ionlzation 
.n DF /48/ /45/. Correspondingly (Table 9), the velocity 

*M.' I. Kabachnlk called our attention to the fact that the 
ondition for this is a retardation of the anthracene 
.onisation. 

Besides electrostatic action of the charge during 
ihe exchange reaction, the change in the distribution 
>f the electron density in molecule of the substance, which 
.s caused by ionlzation, is important. 
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of the hydrogen exchange, catalyzed by BFy  decreases in 
sequence bensene > naphthalene> anthracene. 

Table 9 
Velocity of the hydrogen exchange catalyzed by boron-fluoride 

In benaena» naphthalene and antraceue. 

I   Berasectno 
9» Kmt&BtmWH _ 
»F*l*oa.yiOOOrDF ^ :*, mm. i/% oeueaa 

fBeason' 

7Aatpa«ea 

0,1 
0,2 
0,4 

6 
120 

100 
80 
20 

1-substance ^-concentration BF* mole/1000 s DP; • 3- min,; 
benzene;  6-naphthalene; 7-antaracene. 4« exchange; 5* 

A.t the same time on dissolving In liquid DBr,, - 
that Is, Mien In view of the low DP of the advent loniza- 
t1o- has no essential value, and in the exchange reaction, 
the*»© partlolnate electron-neutral molecules of hydrocaroons 
- "the exo.han/re Is accelerated with the same sequence: 
benzene < naphthalene 4. anthracene./W* ^his depends on 
fhp- fact that the stronger the base the easier Is the 
occurence of deuteron transfer to a molecule of hydrocarbon, 
which - es was noted above - is the necessary stage or tue 
hvdrosren exchange reaction with acid« 

"' Thu* one and the same cause - acid-base interaction 
with aromatic hydrocarbon, having non-equivalent hydrogen ^ 
atoms - mav lead'-depending on the conditions of the l^ow oi 
the reaction - to diametrically opposite consequences: to 
the reversal of the order of the relative velocity reactions 
o** the hydrogen exchange» 

Thus, 'we are convinced that besides protophilic ana 
r-rotocenlc woTjertles of the solvent and the catalyzer» 
wMch"of course exert .<^reat influence during the hydrogen 
exchange reactions it is necessary to take into account 
at least the following parameter-si structural peculiarities 
ana the charge of the substratum and the catalyzer; ana DP 
of the solvent and the polarity of Its molecule. These 
rsaramsters oermit a change of the hydrogen exchange velocity; 
fester exchange may occur in a solvent less basic or less 
ao'ia; it is possible to retard the exchange despite greater 
urotonhilic or protogenic properties of the reagents. 
Therefore, a comparison of the velocities of hydrogen 
exchange reactions, without consideration of other circum- 
stances, may lead to erroneous conclusion as to relative 
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.cldity or alkalinity of substances. The beet confirmation 
»f this Is the fact of reversal of the sequence of the velo- 
tlty of the hydrogen exchange of aromatic hydrocarbons, 
regarding whloh the above story was related, 

8. PARTICIPATION OF SOLVENT IN CATALYTIC EXCHANGE 

Unquestionably, the exchange reaction Is connected with 
>roton (or deuteron) transition from substratum to catalyzer 
>r from catalyzer to substratum» while a complete transition 
.s not obligatory. Undoubtedly, participation of solvent in 
vhe exchange reaction is of importance. This is apparent 
rrom the fact that though the ion CgHgO"* Is deprived of 
leuterium the isotope exchange occurs, and it is clear that 
.t is caused expressly by the C2H50"* ion, because otherwise 
>he latter would not be able to perform the function of 
»atalvzer. It follows that the solvent participates in the 
-eaction. Therefore, it is of interest to know how, with 
she came substracturn and catalyzer, the velocity of the reac- 
ion changea with the change of the solvent, its peculiar- 
ties, nrcnerties., constants. This question is as yet insuf- 
.loiently illuminated and its exploitation may result in 
Introducing new understanding of the exchange mechanism. 
Ct is necessary, of course, to remember that sometimes 
ander the influence of solvent, the catalyzer may change? 
For instance, in an excess of alcohol, the hydroxyl-lon 
burns into a ethoxy-lon /23/. , A , 

ye. A. Vakovleva and Ye. N. Zvagitseva obtained some 
facts relative to hydrogen exchange catalysis in methenyl 
5roup of tri-phenyl-methane by C^HgO ion in ethyl alcohol 
and ethyline-diamine and by the NHgCgK^O ion in ethyline- 

iiaraine and ethanolamlne.  It was found that though at a 
soncentration of CgHgO" in alcohol equal to 1 n. and of 

KHgCgH^O in ethanolamlne equal to 0,1 n., the constants 
Df'the velocity exchange reactions are equal correspond- 
ingly to 3.10-5 and 2.10-5 sec."1 at 120°, the same cata- 
lyzers dissolved in anhydrous ethylenediamine at concen- 
trations less than 0.1 n. lead to complete exchange of the 
methenyl hydrogen of tri-phelyl-methane after 15 mln. at 
temperature 25 • The work continues, 

9. CATALYTIC ISOMERIZATION OP HYDROCARBONS. 

Acid-base catalysis of the hydrogen exchange sometime 
is accompanied bv catalysis of the hydrocarbon isomerizatlon. 
The  presence of isomerizatlon is evident through the change 
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Isomerization examples of hydrocarbons. 
Table 10 

f   BetqeeraO JX ». mm., °C 

3 
fileHTcn-i: 

5"äO omira 
C aocjie onuta 

^neBTCB-2 (flirrep. flamme): 
$ Tpauc 
*? UHC 

{QUBajutKn: 
jT Ä0 onwra 
(o nocne onrna 

U#BaponeHHJi (narep. aaHime) 

PacTBop KNH,B äHäKOM NHJ 

»I 

I^MeTB:mRK!ioneBTaH: 
5~ no onuTa 
& nocjie onuTa 

i^HKJiorcKcaa (aBTep. flamme) 
J^cKanHH: 

*1   fao onuTa 
^ 6 uocJie onuTa 
'/ienanHH (Jiwrep. ÄaHHMe): 

g TpaHC 

29,5 
86,0 

87,0 
36,3 

59 
82 

PacTBop BFj B 

71,6 
77,0 
30,7 

191,0 
185,5 

198,8 
185,3 

1,3719 
1,3810 

1,3 
1,3790 

1,4040 

1,4512 
HCHÄKOM HF 

1,4097 
1,4220 
1,4262 

1,4770 
1,4695 

1,4804 
1,4701 

1-substance; 2- t. boiling C°; 3- solution KHH2 
in li^id NH3; 

4- pentene - 1; 5- before experiment; 6- after experiment; 
7- pentene -2(lit.data); 8- trans-; 9-cis-; 10-diallyl; 
11-di-propenyl (lit. data}; 12-methyl-eyclo-pentane: 
1>cy clone xane (lit. data); 14-decalin; 15-dicalin (lit. 
data); 16-solution BF3in liquid HF. 

of constants and the appearance of new frequencies in the 
substance's spectral oscillations. Table 10 gives some 
examples of hydrocarbon isomerlzations, catalyzed by solu- 
tions of potassium amide in liquid ammonia (H. M. ft»mo, 
L. IT. Vaslleva, see /50/, also /51/) and trl-fluoride boron 
in liquid hydroge fluoride (Ya. M. Varshavskly, M. G. 

LozhklnaJ.^ treatme.nt of cyclohexane with aluminum bromide 
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in liquid hydro&en bromide, there appears a band with fre- 
quency 890 cm.  in th© spectrum of the combined dispersion 
of the hydrocarbon which, is typical for methylcyelopentane 
/see 33/» 

Isomerizatioa of hydrocarbons accompanying reactions 
of "mr&roszen exchange in the noted solvents upon action of the 
named~oataiyzers is as yet insufficiently studied and the 
soecific mole which is played by it is not clear.  For 
instance» in order to explain how complete hydrogen exenange 
is achieved in ethvlene hydrocarbons with a long ofoän  of 
carbon atoms and a"double bond at the beginning or in alley- 
clic hydrocarbons with a double bond in side chain, it is 
jt>er>e**sary to admit that the potassium, amide causes migra- 
tion of the double bond along the chain of the carbon atom 
and from the side chain to the cj?cle /50, 52/. It is 
■oossible that the hydrogen exchange in oyolphexane wich. 
liquid DBr in presence of AlBr-z and with,liquid DF at 
catalysis of BF-* Is favored by the- equilibrium isomeri&ation 
in piathyleyclohSxane, In the nearest future it will be 
necessary to establish the velocity ratio between the 
Isonterizatlon reactions and the hydrogen exchange. 

10. CONCLUSION 

In this report, the question of acid-base catalysis 
of bvdrosten exchange reactions was discussed. The very fact 
>f euch catalysis speaks first of all of the fact that 
nydrotfen exchange is actually oaused by acid-base interaction 
- a thesis in the foundation of which the Isotope Reactions 
Laboratory was actively participating,  the majoirty of the• 
oarameters which influence velocity of hydrogen exchange 
reactions were visualized on the basis of the existing 
theory of acid-base' equilibrium and catalysis of Bernsted. 
There" parameters were made distinctly apparent in works 
summarized in  the report.- Moreover, it is now clear that 
the Bemsted theorv only approximately describes acid-base 
processes, because"the latter do not necessarily amount to 
85 triple croton transition. For further development of the 
theory/an accumulation of new experimental material will 
be of'" assistance» „ 

Thouch in this renort, dedicated to catalysis of the 
hydrogen exchange, little wae said relative to the mechanism 
of the -orocess, 'it la obvious that this question is impossible 
to discuss without consideration of the laws of acid-base 
catalysis of exchange reactions. 
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