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HYDRO®N EXCHANGE 
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According to the doctrine of A, M. Butlerov, the 
nrobertiea of molecules are determined not only by the 
number» nature, and ord@p of the atom combination® but also 
by their mutual1 effect. Therefore, extrapolation of proper- 
ties which are imparted hy  abstract (isolated) bonds to the 
properties of .the earn« bonds in molecules represents only a 
crude approximation, whloh in many cases, leads to a contra- 
diction'of experience* 

Simple and characteristic examples of the strong 
influence of .structure on the behavior of atoms with similar 
bonds but in different molecules can be found In data 
dealing with the velocity of hydrogen isotope exchange. 
Ehese examples are of interest because, in thoa* the deeiding 
role is played not by the displacement of electron shells 
under the influence of the neighboring atoms and groups 
(effects-of Induction and linkage), which are preferentially 
studied in contemporary theory of organic chemistry - but by 
the qualitative differences connected with the participa- 
tion of these shells in the formation of different valency 
bonds,   , . , 

In N - H, 0 - H, 3 « H, 01 - H bonds and in other 
bonds In the majority of compounds studied so far, the 
exchange of hydrogen to deuterium of the polar donors 
(for example/ DoO} is carried out with immeasurable spaed* 

It is accepted that this kinetic exchange is typical for 
tv>e noted bonds in any molecules in contrast to the ex- 
change in 0-H bonds which is possible and proceeds at a 
s-oeed admitting observation, only if the bond is ruptured 
or activated by the corresponding substitutes or catalyzers. 



However, it Is known that in a series of aminosompleatög, 
in ammonium diboron, and in $H]^ the exchange in the N-H 
and B-H -bonds progresses slowlyj that in the H-H bond of 
molecular hydrogen, it proceecle only in the presence of 
cataliaers, ortho-pa^a-conversion, and so forth» -On the 
other hand.f it is impossible to find a single physical 
characteristic of the G~H bond which oould explain its posi- 
tion relative to hydrogen exchange,, In 1949s the author 
/t, 8/ expressed a theory stating that the velocity of the 
hydrogon exchange in the X-H bond substantially depends 
not so Biuoh on the nature of the atom X as on the bonds 
between the electrons in its shell and the adjoining atoms* 
If in this shell there exists a pair of free electrons? 
then the proton (or, correspondingly, deuteron) may at- 
tach itself to it with the simultaneous breaking away of 
the other proton {deuteron) from the other electron pair of 
this shell in a single elementary act.  This leads to an 
exchange, the activating energy of which can be estimated 
at 2-3 kcal/mole by analogy with a similar process of 
proton transition in the meohanisra of elsctrooonductivlty 
according to GrotgoBS.  Such an exchange must proceed Tory 
rapidly &?en at low temperature. In.organic compounds* free 
©lectpon pairs' do not exist In proximity to the hydrogen 
atoa in Ö~H bonds and the attachment of a proton (deuteron) 
requires a rupture of the 0*H bond at the same elementary 
act or before itj only after this may there form a new 
Ö--E or  0»D valence bond« This process obviously demands 
considerable activating energy and the exchange either does 
not prooesd or le more or lees retarded. 

The first type of exchange was conditionally designated 
as fast and the second as slow,~ This» of cours®, does not 
sxolu.de the possibility that in separat® cases the exchange 
according to the slow mechanism is capable of proceeding 
fairly rapidly« An essential classification feature for 
both exchange mechanisms is the effect of substitutes and 
oatalyz©r«sf which play a deciding role in the mechanisms 
of slow exchange but which ar*o non-essential (at least, 
according to the contemporary IOTOI of kinetic study of 
very fast, reactions) for a mechanism of rapid exchange. 

In order to substantiate this theory, my coworkers» 
L. V« Suliiaa and I. G-« Khaslrin, arranged several ©xperi«* 
meats* It was found that in contrast'to ammonia, in the Ion 
of ammonium, where free electron pairs do not exist near 
the atom of nitrogen» the exchange proceeds with a measura« 
ble Telocity and decelerates even as or© in the presence of 
acids« We explained this by the fact that the exchange 
proceeds not in the NH^ itself but in ammonia, which 

exists ins hydrolytic equilibrium, so that the exchange 



•velocity is determined by the speed of the hydrolysis.  In 
bonds P«H of phosphorous, acid and Its anion» the exchange 
does not proceed at all, because there are no free pairs of 
electrons near the atom of pnoephoroBs»  The exehe.nge pro- 

aoic.. as a reamt or taut.03ieric reproupinp n \tH f.ws--jm  >?'h,'jim 

during which an electron pair le liberated near fha atom of'"' 
phosphorus*  This method of exchange was substantiated by 
oosiparing its kinetics with the kirletios of the oxidation 
of H-xPOgj which proceeds through the stage of tautom.erio 

transition«  In Si«H bonds of trisilaget  where s.pain there 
la no free pairs of electrons in proximity to the atom of 
siIieons exchange v?s.s not cilseoirereä &ven  under most drag-« 
tie conditions» 

To the cited data, it is necessary to add that at the 
present time there is not a single authentic case known in 
which the exchange In X»H bonds in. a solution of donor 
3.e uteri urn did not proceed with Immeasurable sioeed if the 
shell of the X atoa contained free pair of electrons. Also, 
there ia not a single case known in which - with the absence 
of such pair - the exchange was more or leas fast in the 
absence of conditions highly activating the X»H bond«  la 
C-H bonds of hydrocarbons, examples of"moat rapid exchange 
were found in the medium of liquid HB-z  + hS" due to 

r 

strong basicity of the medium« but in these specially favoj 
able conditions the exchange -orooeeded with a'measurable 
öf-AArt /of 

The rapid hySrogen exchange in N-R» 0-H and S-H bonds 
and in othern in dlBnolva'C.  compounds is usually attributed 
to their electrolytic dissociation  For example, in solu- 
tions of heavy water, the free ions H*0+ or OH" of solute 

me kind of ions, D-?0+ ov  Olf hie 

watera Electrolytic dissociation, similar to the exchange 
reaction of the above-mentioned bonds, actually proceeds'" 
inrmeaeurably fast«  More careful ©x:arai nation of the question 
lesds» however, to the conclusion that, in the mechanism of 
faet ©xchanges electrolytic dissociation does nob play a 
deciding role,,  It is possible to cite many examples of 
practically instantaneous exchange when the equilibrium 
conoentr-atioa^of the free ions participating in it has a 
value of 10"'' r  order of less» which is insufficient for suet 
a fast exchange»  It would be more correct to consider that 
tiie exchange according to the fast aiechsnisa and electrolytic 
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dissociation are two parallel processes the second of which, 
of course*, also leads to an exchange, but slower than the 
r\"pi.]"   Indeed* dissociation apparently proceeds through a 

m  of sn intermediate complex type: 

X....... H 

. . .0 
V 

of an acid dissociation in water) vlth__ 
_. iariziny (in particular* the hydrogen type) bonds* '£m 
rupture in such* eonralexes on X""+H*0+ or on HXH++OK"', oDvi- 
ouslv, demands considerably.greater energy of activation than 
the symmetrical process of transition of two protons to free 
electron pairs in a complex« 

{tot-  an example 
"1 o 

X—K     -X i 
"t i      ". 
Is  i< or  I 
> __ Y     Ö 

i  or  i   ?- 
IJ» 

and this presents* as was pointed' above, characteristic 
r,^pnjiRritv of the ran id exchange mechanism.  In the absence 
tf' -pr*e electron pairs near the X or D atoms, the energy of 
activation must be hi?;h because in. the corresponding inter« 
morHate complex the weak polarizing bonds X-D and Y-w may _ 
bö't.ransferöd into valence bonds only through «• process of 
fT>e~jnp- electron naira from the original valence bonds 
Ä>H"«.na y»D,  This process may proceed slower than the elec- 
tr-olvtlc dissociation. Therefore, the exchange according 
to the 3)©cha*3lsm of slow exchange may proceed either in a 
Bivtfle  act (this is usually called an association mechanism) 
or through a preliminary step- of electrolytic dissociation 
(iordain5; exchange mechanism.). 

The examined con side rat ion can be extended, to ,o*her 
protolytio reactions.  They apparently explain the very 
Waal"! acidity of hydro carbons»  The absence of free pairs 
of electrons near the atoms of carbon in C-H bonds; the small 
lr^l?n«ttcn of these atoms toward coordinated joining and 
toward nartleination in hydrogen bonds — all this hinders 
the formation of corresponding intermediate complexes. 

Dur-lns; the mechanism of slow exchange — contrary 
to the maöhanlsm of fast exchange — the deciding effect on 
the velocity is exerted by factors weakening the originnx 
X-H honda« "The most important of these factors are! a great 



difference in the acidity of both participants "of the ex- 
change, suitable substitutes* and the Junction of the bonds* 
.The first is manifested by sensitivity of the exchange 
tcwarfl the- acid-base catalysis and, in particular, in sharp 
chflpo-f! In the exchange velocity during the transition fröre 
Do0 in liquid KD^ or  DBrs as was shown in recent broad-seale 
investigations by A, I. Shatenshteyn /3/. ^' effect of sub. 
Btltutes is well known in many examples of organic-compounda 
erclvmge* As for effects of linkage in hydrogen exchange, 
the linkage €— "71   has the greatest effect (because the X-H 
bond la ftV bond), as was established by &9 N. Nesmeyanov 

A/ and experimentally--substantiated by 
works of A* K. Nesmeyanov, D* N. Kursanov /5/» A* I* Shaten- 
shteyn A/ and G. P. Kftklukhin /6/, 

Fere we &re not examining the radical exchange 
mechanism in- solutions connected with the homologous rupture 
of bonds, inasmuch as the material on hand is insufficient 
for generalized conclusions, 

OXf GEH EXCHANGE. 

The exchange of oxygen isotopes in a solution differs 
considerably fi»om-"the exchange of hydrogen* It   almost 
always oroceeds slowly and strongly and depends on the acidity 
or baaicitv of the medium.  The selection of the objects 
and conditions in connection with its study has been for the 
most part of a casual character and the experimental results 
of various authors have been completely contradictory^ 
All this hinders obtaining generalised conclusions with 
reference to oxygen exchange» - 

Prom the many variants of oxygen exchange, the most 
important apuear to be the followingI 

a) Ah*exchange in anions through formation of tree 
acids or their- anhydrides, for example: 

HSOr -h H+ = SO» 4- IlgO. 

In this manner,  various authors explained the ex- 
change in Hsor, nsor, cn>"-. <>»°?~ ao*> C!0«"> HC0*~* ^ 
an*  «jo forth*    However,   some of the substances also ex- 
ckflWe oxv^en in an alkaline medium,  for which the noted 
»ftpiwLem"!** unsuitable.    The more so as it does not agree 
with the occasionally observed alkaline catalyses  (Dichro- 
matea,   silicates,  and so forth), 

b) An exchange through, an addition - subGraotlon oi 
th» bydroxyl is the method sometimes offered for explaining 



the exchange in carbonyl complexes under the eoaditions of 
alkali-catalysis* This mechanism has only limited circula- 
tion* It explains neither the exchange In the- acid medium» 
TioT'  - even more so « the often observed organic an!cms of 
the aeiä catalysis /&/* 

c) An exchange through ionization, either immediately 
02' after Intermediate junction of the proton, Such a me« 
ob.anis.fa, of course» fully explains the exchange of hydroxyl 
groups of strong bases with water», but it is found with dif- 
ficulty and requires artificial supplementary allowances In 
othsr* OS SOS» 

' * "d) An exchange through hydrolysis,_for example I 

2CrOf" + HgO *= ChCff + 2 OH", 

An exchange in Büfl B«0?"\ SiOf"! CrOfl Cr/Jf^ 
and others was explained in this manner. Undoubtedly, this 
mechanism deserves attention» particularly for anions of 
weak acidSf where it is entirely probable» la a series of 
cases» however» it does not agree with the characteristic 
effect and bases OR the velocity of the exchange and. with 
the disruption of the relationship between the exchange 
velocliv and the acid strength. 

e) An exchange through addition of water with forma- 
tion of the ortho.»~form» for examplei 

H . 
/ 

R*CHQ ~f HgO « R.C~OH 

\ 
OH. 

Such a mechanism explains satisfactorily the exchange 
in carbonyl of organic compounds and agrees with the known 
oheaieal properties of this Rroup« We made no attempt to 
explain other oases related to it* We will return to this 
me ohani sai late r „ 

f) We made an. attempt to characterize the aptitude 
toward the oxygen exchange and Its velocity by means of the 
polarity degree of the X»0 group; It takes plaoe /7/* but 
an objective comparison with th© known experimental facts 
substantiates this point of view only to ä slight degree» 

Comparison of the available but as yet scarce material 
with reference to oxvgen exchange in solutions does not 
disclose a simple connection with the nature of the exchange 
compounds. As will be disclosed further, some success in 
thie direction can be aohieved by considering individual 
structures of the-electron shells in solvents* 

6 



Comparison of the velocity of the oxygen exchange in 
acids of phosphorus and their salts in work of- L. V. Sulime 
and the author /9/ gives a series (in brackets - the ha 3f 
period of the exchange in hours and the temoeratüre nf th* 
experiment}'. 

H$P<M<0,2; 4(F) >HsP08 (6,5; 63°) > H»PO, (70; 10(f) 
and for anions 

H2POr(i0; 1(W)>HP0}-, I^POr, HPOT, POT(0; 100»). 

All three acids possess a single  structure© 
HSP (O) (OH), HP (0)(OH)a    and   P (0) (OH)„ 

so that in this aeries is clearly disclosed the retardation 
of the exchange with the increase of the hydroxyl grout»s 
connected with phosphorus and also at the transition of the 
acid to Its anionf The found relationships can be satisfac- 
torily explained by a mechanism usually accented for the 
explanation of the exchange in the carbonyl grout) i an 
intermediate annexation of water according to a formal 
double bond P~0 

OH 
\+ —       / 
— P - 0 + H20 * P 
/ 

Oil. 

An increase in the number of hydroxyl geowoa,  con- 
nected with phosphorus, decreases the positive charge in the 
latter and Its ability to nucleophllic annexation of the 
water hydroxyl. In the same direction, and even to a greater 
degree, act the free negative charges on the oxygen atoms 
in stnlons» 

Prom the fragmentary experimental material which Is 
available today, it is possible to arrive at the same conclu- 
sions for other cases of oxygen exchange.  This exchange 
proceeds with ease in concentrated HgSO, and HNO, (where 

-»More rapid exchange in solution of a partlallv dissociated 
acid can not be attributed to acid catalysis in the anion, 
inasmuch as such a catalysis was not disclosed In the solu- 
tions of these salts» Also* in the same solutions» no basic 
catalysis was ever disclosed. 

t 



undlssociated molecules predominate) and In solutions of 
weak acids H2SÖ3* H2C0->) but much slower in the diluted 
solutions of the first! i.» acid anlons HSO4* HSO3» HS03 
and even slower In:SO« , SOf", NQJ* and <X3§*" • Slow exchange' 
is observed In carhoaaeeous acids but not in their salts . 
The sanies mechanism explains the absence of exchange in 
hydroxyl groupe of alcohols and single substitutions phenols» 

We have no intention ©f applying the examined me« 
ohanisra to all cases of oxygen exchange» • It is only possi- 
ble if the? central atom possesses the ability of* 00oMi.ns.ted 
attraction while the number of electrons in its shell is 
increasing« For instance» the absence of a noticeable 
exchange in perchlorates should be attributed to the 
inability of chlorine« to expand its shell in excess of eight. 
In periodidos» where such expansion is possible {for instance, 
HgJOg) the exchange proceeds exceedingly fast» as was • 
dej&onstrated recently by I. A« Vysotskaya. 

On the- other hand» this mechanism requires considera- 
ble polarization of the X-0 bond for migration of electrons 
to the oxygen atom. The degree of such polarisation must 
he  able ~ as was noted above «* to strongly influence the 
velocity of the exchange» -It must depend on substitutes, 
and on the linkage *f^iytn the chain ^^^.v-^h 
which in turn depends on the polarity of the group X-0 /4/. 
The polarity of the latter» obviously, is responsible for 
the effect of the hydroxyl groups in the exchange of acids 
of phosphorus, where the P-0 bond shows a binary character» 

Further investigations will disclose how extensively 
the proposed mechanism'of oxygen exchange occurs»• but from 
the data on hand it is possible to conclude that it is 
closely connected with the structure of electron shells in 
molecules» 

4> 
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