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HYDROGEN FXCHANGE I SOLUTIONS

This is a translation of an article written by A, I.
Brodskiy in Ukrainsky Lhimichesky Zhurnal (Ukrainian Journal
of Chemistry), Vol XXII, No, 1, 1956, pages 11-18,7

Tt is well known that the additive properties of
parameters which characterize atoms and bonds approximate
the physical properties of molecules but are completely ine
adequate to explain their chemical behavior, This aspect °
is not usually considered in studies of exchange reactions,
although these represent particular cases of common chemical
reactions. Even recently it was commonly considered that
capacity for hydrogen exchange and the rate of exchange Ce=
pend first of all on the nature of atom X in the X-H bond
where the exchange takes place, However, it is impossivle
to find even one qualitative bond characteristic that would
explain the great differences in the rate of hydrogen ex-
change that are observed in the same medium under the same
experimental conditions, Moreover, as shown by the many
examples listed below, in such bonds as N-H or P~H the eX~
change proceeds immeasurably fast in some molecules and does
not proceed at all in others, Inductive and quantum-me che-
anical mutual interactions, which greatly influence the
speed of reaction, are ¢learly insufficient to explain these
differences in behavior,

Earlier (1) it was shown that the most realistic indi-
cations characterizing hydrogen exchange are the differences
in the structures of the electronic clouds around the atoms
to which the exchanging atoms of hydrogen are connected, By
this criterion hydrogen exchange reactions may be classified
into two basic types, depending on the mechanism#* which dew~
termines them, as shown in the papers (2) where the idea is
studied in greater detail. As will be shown later, these
ideas not only explain the characteristics of hydrogen

#In this work radical mechanisms of exchange reactions in
solutions are not discussed, because the lack of experiment-
al data on such mechanisms prevents general conclusions from
being drawn.



exchense, but they can be successtully applied in predic-
ting new facts in matter, and in some cases =- in the study
of moleculzr structure,

Devendence of the Bxchange upon the Structure of Xlectronic
Clouds .

The exchange in systems XE-YD, where YD, a donor of
deuwteriums, passes through an intermediate complex formed
by the hydrogen bondsitst, belonss to two qualitatively dife-
Texent types, depending upon the presence or absence of
free (unsplit) electron pairs near the atoms X and Y. In
the Tirst case the exchange goes through complex (4) by the
synchronized transition of H and D to free palrs:st, Such
s transition does not require a large activation enexrgy
since the free valencies already posSsess this energy, and
the exchange takes place very rapidly. This kind of ex-
change is called fast,.

(A) }g-————-H : () X - —-H
T o
D ' D ¥
D e X :H e D+ X :H--

= __In the absence of free electron pairs near the atoms
% or ¥ (or both) the transfer of H and D to complex () is
possible only in pairs which firgt form bonds X - Hand ¥ = D
after they are completely or partly freed, These preliminary
states require, as a rule, considerable activation enexrgys
anc¢ the exchange either does not start at all or is more oY
less retarded. This type of exchange is called slow,.

s#thtoms ¥ and Y may be components of more complex molecules.
s, D. Sokolov (27) demonstrated the part played by free
elechron pairs in forming hydrogen bonds. :
sewihe quaternary complex is used only for the sake of sim=
’ plicity. Considerations of its different structure can
be found in the articles of Ya, K., Syrkin and N, D.
Sokolov in this issue of the journal, and also in ref,
(6), In this connection we must note that T. D. Sokolov
protests unjustifiably against the assertions we develop
here, basing his protest on the disadvantages of the
quaternary complex from the energy point of view, he
refers to an example which is not present in this voxrk.




The exchange of the fast type always proceeds rapidly
irrespective of the structural nature of the exchangihg mole-
cules, their acidity, or the properties of the mediumy I%
requires no catalysts and is hardly sensitive to themj An
exchange of this type reaches Qqui{ibrium before its kinetios
can be measured by ordinary mestis (seconds and minutes), ’
Such an exch?nge ig referred t0 in the literature as "immeas-
urably fast,"# -

Conversely, the exchange of the second type may ocour
guickly only in exceptional cases of strong  acid-base cata~
lysis at a high temperature or with the introduction of highly
activating groups; but it always proceeds slowly, or not at
all, if such conditions are not present., For example, hydro=-
carbons exchangze the hydrogen in C-H bonds very slowly with
Do0, but in some the exchange proceeds very fast in the very
basic medium in the presence of the very strong alkaline
catalyst XNDo (3). In contrast, the exchange of OH groups
in any compound proceeds immeasurably rapidly in all media
g%th such wide gradation of acidity as DBr, DoS04, D,0 and .

g Thus, the basic, experimentally observable indication
of whether an exchange belongs to the first or second type
is not its rate of exchange, but the dependence of the latter
on structure and experimental conditions, as already noted

(2},

Experimental Basis

Considerable experimental data are not available which
confirm the ideas discussed here, In addition to those which
we cited in former articles we may dwell on’some new ones
published in 1953-1954, by American authors, where our data
are confirmed and new proof is obtained for the correctness
of our views, ’

1, With the exception of two cases discussed below,
not a single example is known where the exchange did not

#Tt is to be regretted that more refined methods were not
used Tor the kinetic study, They, no doubt, would have ree
vealed the dependence of the rate upon the structure and me-
dium, and would have justified fiore reliable conclusions
about the mechanism of exchange., However, differences in
rates in this type of exchange cannot be very great, since
they, evidently, stay within limits of exchange in each
stress (discounting diffusion) within seconds,

3



proceed "immeasurably fast" (in the foregoing sense ) in the
presence of free electron pairsi

Besides a multitude of well~known data on the exchange
in the bonds 0-H, N<H (ammonivm, amino, imino} B-H, Cl-H and
others (4) with D50 let us .consider new works, Hine ans
Thomas (5) found fhat the exchange in bonds of O-H and N-H
between water and ethyl alcohol (at O°)6 between tributyl and
n-=heptylalcohols, or ethylamine (at ~11°), reaches equilibrium
quicker than it is possible to take samples for analysis (a
few seconds), They explained the very fast exchange in these
systems by our mechanism of the transition betweén H and D
with the free pairs in the molecular complex (A), Kwart and
co-workers (6) also found that in O-H bonds the exchange of
HrO and CH3OH with D,0 or HDO also goes immeasurably fast
(galf—life of less tgan 20 sec,) and they explained it with
similar molecular mechanisms without ionization, In contras
diction with these data V, V. Voyevodsky, G, K, Tavrovskaya,
and R, D. Mardaleyshvily (7) have found indirectly (by sube-
stitutions on a calibrated curve of heat conduction by steam)
that the reaction Ho0 + D,0 = 2HDO proceeds very slowly in
the liquid phase anﬁ is s¥rongly catalyzed by salts, This
contradiction remains unresolved and requires further experim
mental study., The slow exchange in the system Ho0 + D0 with
an immeasurably fast exchange in the system ROH Ds0 or
RjOH + RoOD, if confirmed, will prove to be an exception of
similaxr éifficulty to any of the existing theories of hydrogen
exchange .

The second excepbtion refers to the exchange of phosphine
with D,0 which, according to Weston and Bigeleisen (8), has
measurible kinetices (energy of activation 17.6 kecal/mole)
which is evidently not determined by the diffusion retardation
of thé PHz solution, and is noticeably catalyzed by acids and
bases, I% would be more correct to view this as yet’only
reliable exception to our thesis not as a refutation, but as
a sign of the presence of associated processes which block
the free electron pair in a solution of phosphorus, This
reduces its capacity for hydrogen exchange and it moves, as
the authors suppose, o the ions of PH4 + or PHp ~ that are
in equilibrium with PH3. The state of PHz in solution is
not well known, but such blocking of elecfron pairs by coor-
dination with water and its ions may be assumed by analogy,
for example, with well-known oxyhalide compounds of the type




ClSP"')O;w‘!‘ ‘ L ‘
2, In the absence of free electron pairs, the exchange
always shows the above~mentioned sighs of the slow type,

Pirst of all we must mention the host of thoroughly
investigated examples of exchange in the C-H bonds of organic
compounds, This is observed only'in the presence of groups.
which strongly polarize this bond, or in such very acid ox
very basic media as DF, DBr, DoS0s, NDz, These conditions
exert a determining effect on the speed of exchange,

The exchange in N-H bonds gives a visible confirmation
of our assertions, It proceeds immeasurably fast in ammonia
(10), amines, amino acids, and imines(1l); where there is & -
free electron pair near the nitrogen atom, On the other hand,
it is slowed down greatly if the pair is blocked, A slow
exchange was discovered in the -NH oup of a series of ’
amino compounds (12), also in the NHf ion of "ammonium salts,
as found by L., V. Sulima and the auther (13), In the latter
work it was shown that the exchange proceeds fully or bhasic=
ally not in this ion but in the free NHz , which stays in hy-
drolytic equilibrium with it, Owr resuits were confirmed and
applied to salts of substituted ammonium by Kaplan and Wilz~
bach (14). They found a greatly retarded hydrogen exchange
to tritium between CpHs0T and substituted ammonium salts,
while in the N~H bonds”of guanidine nitrate, which have free
electron pairs, the exchange with alcohol occurs extremely
fast, PFurthér confirmation was obtained by Swain and co~
workers (15). For an exchange in a series of substituted
ammonium salts with CHzOD “they found a half-life of 2 to
200 minutes. These aufhors also assume that the exchange
takes place in the displaced amine which results from the
solvolysis of the substituted ammonium ion,

Investigations by I. ¢, Haskin and the author confirm-
ed the expected great retardation of the exchange in Si-H
bonds of trisilanes RsSi~H, which does not proceed at all -
under severe conditiohs with Dy0, CoHz0D and (CoHg)oND, I
V. Sulima and the author (17) %ound ifh the P-H bonds of hypo-~
phosphites, phosphites, and H3P03 no exchange with DoO, In

#Such a retardation of electron pairs in the formation of
polysulfide chains may be the reason for the measurable kine-
etics of exchange DoS + CpH4O0H found at low temperatures in
earlier works (9). However, to explain this case, it is
enough o0 accept the evaluation of the given activation eneXl-

gy of the fast exchange at which the exchange should bé very

fast at room temperature, and should slow down at -80°,



these compounds the phosphorus is in the PX condition, in

which there are no free electron pairs, Conversely, in

phosphorous acid the exchange proceeds at a moderate rate,
s

which is explained by tautomeric conversion into the »
form with & free pair: ' ' : -

‘/H"
HO—Pis) 4 D¥=-HO— P--0OD L H

5,

N H \H

The exchange may take place at the moment of conver=
sion (see scheme) as well as in the tautomer PEX | fThis
supposition was finally confirmed by kinetic measurements
and comparison with the kinetics of H3POp oxidation, Simul=-
taneously and independently from us, Jenkins and Yost (18)
cere to the same conclusions upon studying the exchange of
H3P0p with ET0, Such tautomerism is absent in phosphorous
aeid“and in the salts of both acids, as shown by a lack of
hydrogen exchange in them. In HzPO tautomeric conversion
is mde more difficult by the presegce of a second QOH group,
which increases the nucleophilic character of the P atomj
this makes it more diffieult to break the P-H bond, and in
anions, evidently, - the combination of D* (or EY) with the
free charge of P-0", leads to the reconstruction of +the acid
with F¥, and prevents the exchange in the P-H bond,

' This example shows the possibility of applying our
assertions to the problems of chemical structures. '

ilechanisms of Bxchange Reactions

The reviewed assertions on the two types of hydrogen
exchange may serve as a basis for further conclusions on
its mechanism, :

1. The exchange of the first type through type (4)
does not require a large activation energy., In the anslow=
gous mechanism of electro-conductivity of Grottus it equals
2«% kcal/mole, However, in the case of proton transfer
along a chain steric conditibns are nore favorable, We do
not have any experimental data on the activation energy
vequired in the exchange of the fast type, but judging by
its rate, it is permissible to place it at not more than
8-~10 kcal/mole, The entropy of activation in an exchange
of this type is also large because of partial alignment of
the hydrogern bonds, Under these conditions the exchange is
always very fast, _

2, As shown earlier (2), contrery to popular belief,
an exchange of this type is effected by a molecular and not
by an ionization mechanism, &“lectrolytic dissociation

6 .



should, as a rule, be a much slower process than an exchange
through complex (4), since it is tied up with the breaking
nf ot least one of the valence bonds:

© A -H .
. D:X:H 4+ Y
D——17 '

The erergy compensation in this process is effected not by
internsl complex transitions, as in the exchange of the
fast type, but by the Tormation of sclvent bonds with the
molecules of the solvent#, ZBlectrolyvic dissociation, of
course, also brings about hydrogen exchange, but it is a
parallel, and,as a rule, slower way for it. The high rate
of hydrogen exchange, even in negligibly small balanced
concentrations of oxonium lons, also convinces us of the
molecular mechanism of exchange in the fast type. These
considerations evidently do nob apply to exchange in strong
clsotrolytes which arc present in solution in the form of
frece (solvated)ions prior Yo the exchange.

The independence of the fagt type exchange of elecm
srolytic dissociation is confirmed by the already mentionsd
woxk of Kwart and asscciates, who found that the exchange -
Ho0 + Dp0 and CHz0H + DsO in vapors, where electrolytic
dissociftion is éxcluded, proceeds just as fdast as in &
1iguid medium, In this comnection we may note that the
study of exchange in the gaseous phase under NOmOgenous coil=
ditions, and at temperatures excluding resolution into ra=-
dieals, was till now given little attention, '

%, In the exchange of the slow type the activatlon
energy is high, &8s a rule, and may change within wide limits
depending on molecular structure, acidity of medium, etc.

These, factors, which essentially determine the kine
etice of the slow type exchange, play, as noted above, a
secondary part in the fast type exchangew, Unlike the

#¥The reviewed considerations are valid also when a larger
number of molecwles take part in the process, e. 8., in the
trimolecular mechanism (19), founded on the works of Swain
(20), Ye. A, Shilov (21) and others, ' '

whn exaggerated meaning is often given to the experimental
study of activation energy. In most cases its value is
found to be about 20-35 kcal/mole, irrespective of exchange
materials, simply because these are the limits outside which
exchanzes are referred to as "immeasurably large" or Mimmeas-
urably small." Comparison of activation energies of exchange

Y



lacher, the slow type exchange may, and often does, pro=
ceed through electrolytic dissociation, if the activating
snerzy of H and D transition in complex (B) is commensurate
s smaller than that required for resolution into (C) ions,
Depending on their relatiomnship, the slow type exchange
proceeds by the molecular (associative) or ionization meche
anism, The presence or absence of electron palrs should

be decisive not only for the kineties, but also for the
dynamic reaction of proton trangfer, The very low acidity
of hydrocarbons is well explainsd by the fact that the C-H
honds Ao not have free electron pairs, thus greatly handie
sapping transfer. : '

Tinetically both mechanisms of slow exchange corves~
pond to Ingoldfs (22) mechanism S2 and S1 of displacement
reactions which are distinguished by slow molecular steps,
e+ Eos the electrophilic displacement of hydrogen:

p*fR —n SLIOW pR 4 Bt (¢
Loy slow o- 4 w% R~ 4+ D* fagbpp (5s?)

liolecular complex (B) corresponds to mechanism S2,
while exchange with preliminary ionization corresponds to
mechanism Sl. A detailed study of ‘the kinetics permits a
deternination on which of the two mechanisms this or the
other reaction of displacement follows (23), For this we
&till do not have sufficient data on exchange reactions,

- 4, C(lassifying the mechanisms of hydrogen exchange
into associative and ionic has sufficient basis, Although
only the first is characteristic for exchange of the first
type, both forms meet in the slow exchange. Depending on
the rate of bond polarization in the transitory complex and .
the medium, there appear all kinds of transitory states of
both mechanisms, and on this basis the pointlessness of
such clessification was indicated (%), We are unable to ag=
ree to this. Because of the rapid decrease of strength
with increasing distance in covalent bonds their exchange
proceeds more or less discretely as freely displacing ions
are Tormed, thus permitting distinction with sufficient
cértainty between the polariszing complex and free ioms,
This distinotion is as well founded as the division of che=,
miczl bonds into covalent and ionic bonds, irrespective of

would be useful only in the study of monotype systems, or
the study of kinetics beyond the indicated limits,



the fact that in sctual molecules we find only transitory
forms hetween them. :
Tt is possible bo shoew concreie experimental resulis
wWhiclh differentiate the two mechanisms of exchange, One of
these, based on determining molecularity at slow rate from
kinetic data, was cited above, Another refers to localizing
the points of separation and combination of the proton and
deuteron., In case of assosiative exchange the separation
and combination in the intermediary complex proceeds most
e65ily in the same bond, It is not mnecessarily so in the
ionization mechanism and the exchanze (carbonyl compounds,
for example) is often accompanied by a transfer of the
renction center, with the result that the deuteron becomes
attached to another atom, net the one from which the proton
was detached, Without such a transfer of reactlon center
the ¥inetic regularity found in such exchanges as racemiza=
tion, enolization, and halogenation of ketones would be
incomprehensible, .

5, In the ionization mechanism the first step of
exchange may be presented by schemes:

'
XH 4+ YD - X7 4+ HYD”
or : -

!
ﬁH + YO o— DXH 4 YT

depending on the acidity relations of XH and YD, This same
scheme responds to acid=base catalysis, if YD is the catalyst
in equilibrium exchange with the solvent - donor of deuter=
ium, :
However, in the C=H bond exchanges of crganic compounds
thers are no free electron pairs around the carbon atom and
+the equivalence of both schemes is destroyed, A provon may
split away from s C-H bond more or less easily, but its
atiachement to a tetravalent carbon is always difficult, and
to understand this requires additional suppositions, such
as the formation of T -complex, or preliminary ionization,

In 2 basic medium & hydrocarbon may give olf a pro=
ton from a C-I bond through ilonization (D), as well as
throusgh & complex of the type (E):

. oL
C — g — ¥ 5:< >Y
(" T+ s
RNV

i. €.y the exchange may proceed through ionization as well



s

‘as through the assoclative molecular mechanism, Thereby,
in a moder=tely basile medium, because of the low nucleo-
vhilic character of carbon in the -3 bond scheme (D) seems
most advantageous, In such & complex the exchange follows
more easily than by the formation of free ions, where the
carbon would have to function as a base, Therefore, as
shown by Ingold (24) esrlier, in an acid medium, or in the
presence of acid catalysis, a typical exchange proceeds
by the ionization mechanism,

Of course these are only general rules from which
individual cases of highly active groups, or secondary
chemical processes may form excepbtlions,

6. IT one is %o except a trivial case of ion exw-
change with ionization mechanism, such as for example be=
tween KOH and D20, then exchange by nuclear displacement
ig‘cm%f%cnds requires the formation of intermediary com=
piex

- 7
N\p” ) (G}

or the transfer of the free hydride ion (G). Energetically,
exchange by complex (F) seems to be unprofitable because

of the low electrophilic nature of carbon in C-H bonds, and
thers is no experimental date pointing in that direction.
The transfer of the hydride is the generally aceepted mech=
anism of a series of reactions in concentrated bases, €. &,
the basic melting of phenols, & method often cited in the
recent literature to explain other reactlons, However,
there is still no data that would justify considering %his'
mechanicm as one of the common ways of exchange, More-
over, as shown by G. P, Miklukhin (25), the transfer of

the hydride ion in such medla as water or alcohol is hardly
probable as the H™ would immediately react with the medium
ziving Ho, which is not observed, end it would not bring
about a Aydrogen exchange.

These oconsiderations strengthen the foregoing pro=
posit on that, as a rule, the exchange H=D tskes place by
the essociative mechanism through the electrophillc com=-
plex (E), and not by way of nucleophilic substitution.
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