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SIUDY OF THE INFLUENCE OF MOLLCULAR
STRUCTURE O THE VILOCITY O¥ IOWIC AWD
ATQMIC RIACTIONS OF ISOTOPE EXCHANGES

Iv. Investigafion of the Radical~Chain Reactions of
Isotope Exchanges of Iodide Alkyls with Zlementary

Following is a translation of an article
by ¥. B. Beuman, V. B, Miller and Yu. M. Sha=-
povalov in Zhur, Fiz. Khim. (Journal of FPhy=
sical Chemistry), We. 3, Moscow, 1956, pages
492-499, ]

| Zodern theorles, clearly formultated by ¥. N. Semencv
[1-5]; state that homogeneous reactions in solutions can fol-
i low both ionlc and radical~-chain mechanisns,

: The mechanism of the process determines, in some cases,
the dlrection of the reaction. For instance, when the reac~
tlon CH#CH = CHp + HBr takes place according to the radical

fmechanisnm (in the presence of peroxides), propyl bro=

mide is formed. But if the reactlon takes place ac-

cording to an lonic mechanism, HBr is added in accor-
dance with V. V. Markovnikov's rule, and isopropylbromide is
formed [6].

We may assume that the reverse dependence is also true,
namely that the change of molecular structure influences the
veloelty of lonic or radical-chain raactions differently. The
confirmation of this h¥pothesis would ~= in our opinlon ==
confirm A, ¥, Butlerov's theory concerning the influence of
elements of molecular structure nn the velocity of reactions
with various substances [7].

In connectlon with these considerations and in addition
to our investigation of the influence of molecular structure
on the veloclity of ilonic reactlons of isotope exchange [8-117,
we studied the effect of the change of structure of several
alkyl lodldes on the velocity of thelr isotope exchance with
lodine molecules in 2 cyclohexane solution. The isotope ex=
change reaction was carried out between alkyl lodide RI,
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maried es radioactive isotope 1131, ang elementary lodine.

" When the solution is illuminated wlith visible I1ght,
asccording to the resction lodine atoms are formed, which
are initially sotive centers in the chain reaction. “hey
develop sccording to the scheme [12]:
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The chein 1s broken because of a recombination of
lodine atoms, aceording to the equatlon:

T % P
" If we assume, according o Bodenstein's method, that

- the wtationary reaction a(I)/dt = d|Rl/dt = 0, will produse
the fellowing expressions for the values of |1} end [BI.
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Here, igpe 1s the number of light quants absorbad by lodine,
17 we assume |Io! = a, |RIl = b, [RI#], = c; [RI¥|q = c-x3
[Io*] = 3z, we shall obtain the following equatlon for the
velocity of increase Xt
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Tet us introduce the values of specific activitles
alpha = %/a and beta o = c/b, ‘Then (7) glves us:
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We will make 2 note of the ratio of activities d/f, =
Z, and equation (8) becomes
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It is clear that in the case of small cenversion

.depths, when 5 -
x z
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we Can asgsume

dz'wskgb“ /‘255‘:3'._ W 2 0
riiadwd A funo=const.. gi_):

In the current study, we were determining the re-
lative magnitude of the velooity of the stomle exchange
dz/¢t in the same manner as wWe did 1t in our preceding stu~
¢y [13]. Since a and b have bad a consiant value in the
ma jority of experliments and the conditions of temperature
snd 1ight dld not vary, the values dz/d%t, which we obtaln-
ed, permitted us to characterize the relative valocity of
the isotope exchange of alkyl lodldes of various structu~-
Yes.

The concentration of icdoform in the experiments di-
minished ten times, because 1t exchanges very repidly. In
this case, a correspmnding correction was intreduced in the
value of dz/dt, which we determined experimeatelily. It
wag increased tenfold in accordance with equatlon {(10}.

In the current study, we exawined the effect on the
veloclty of the isotopes exchange of RI%* + Ip, which follows
the chein mechanism, The elongatlion cf the carvon chain
and the iscmerization of the alkyl radical R, as well as the
substitution of hydrogen im CH3I with methyl radicals and
fedine atoms, were also examined in the same context.

Methodology of the Bxpreriment

Tne veloclity of atomic exchange in eyclohexane solu-
tions of alkyl icdldes and iodlne was studied. . Active alkyl
halide, identified by isotope I+3l, and an lnactive lodine
solution wers used, in contrast wlth experiments on the stu=-
dy of ionic exchange reacilons, Marked alkyl halide was ob-
tzined by means of an exchange of RI with Nel¥* at 1000 C,
Tne concenirations of alkyl halide and of lodine solutlions,
wixed for the exchange, were respectively 0.01 and 0.005 e~
quiv/l, &lkyl helides do not exchange with molecular bro-
mine in darkness, &5 wasshown by ithe studies of 5. Z. Ro=
giﬁgkzx and hig collsborators in the case of bromine gexchan~
g6 Li4 .

We carried cut many experiments cn the isotope ex-
chanze of ssveral marked alkyl 15d4ides RI with elementary
iodine in e cyclohexsne solutlon in darkness gt room tem=
perature. These experiments showed that no noticeable



exchange takes place even over a period of 10 hours., The
generstion in the reacting mixture of atoms capable of pro-
voking the chain process is necessary in order that the ex-
change may take place,

A diagram of the apparatus, which we utillzed o
study the reazctlions of the isoteope exchange, is shown in
Flg. 1,

Fig, 1. Diagram of the installation for the study
nf reactions of isotope exchange,

1) Fercury lanp;

%) reaction flaszks;:
glass light filter:
sliding plate:

motor with blower:
starting push button:
snmeter with & switch.
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A mercury lamp 1, serving as a socurce of light, and
flasks with solutions 2 and 3, put into speclal nests, were
installed in a lightproof box., The mercury lamp was cooled
by an alr draft produced by the blower 6, The radiations
from the mercury lamp passed through glass filters 4, which
absorbed the ultraviolet part of the spectrum. Thils ra-
diation initiated a reaction in the solution RI¥* + Ip.



Speclal experiments, during which the cyclohexane
solution of RI* was exposed to illumination for a long ti-
me, showed that the radiation of the mercury lamp, which
passed through glass filters, does not decompose alkyl 1o~
dides,

About one hour pessed after the lamp was switched
on. before it became a stable source of light. When the
1ight intenslty became regular, which was determined Ty
readings on the ammeter 8, the shiding plate 5 was opanad;
the resction of the stomic exchange commenced inside flasks
2 and 3 under the influence of the light. Stoppring the
procees at various times  (this stoppage can be achleved el-
ther by closing the sliding plate 5 or by turning off the
lanp), we extracted iodine in an aqueous solution of
¥epS0%, Ions of I%, which were forned in the aqueous layer,
were reacted to form Agl¥*, the activity of which was measu-
red on & recorder,

The experiments were carried out with a constant light
intensity, and thelr duration was selected in such a way
that the conversion depth would not surpase seven to eight
percent. Under such condltlons, the reactlion depth of the
jsotope exchange 1s proportional to the duration of light.

the Effect of the Elongation of the Carbon
Chain of the Alkyl Radical Resctlon on the Velocit
0f the Atomlc Exchange
We selected for this study the same series of alkyl
1odides which was used for the ionic exchange, namely: me=
thyl, ethyl and propyl lodides, The results of our experi-
nents follow:

Isctope Exchanpe CHz* + Is., Cyclohexane gsoclutions of
todine with sotive metnyl icdide were illuminated during
various periods of time, ranging from one up to elght hours,
The results of experiments on the study of the veloclty of
atomic exchange of CHsI* + Iz are glven in Table 1.

The magnitude of the ratio x/c, which characterlzes
the valocity of the exchange in the unlt of time, was ex-
pressed in percentages. In splte of the prolonged illumie
nation, the exchange %took place to the extent of 0,15 per«
cent: wheress the equilibrium actlvity distribvution in ac=
cordance with the concentratien of substauces }0331*3 =
c.01 equiv/l and of |In| = 0.005 equiv/l, corresbonds
%0 x/c = 33 percent.



Iscatooe Bxchange CHzOHoI#* 4 In, The results of experi-
Py o b o
ments on the study of The exchange of ethyl lodide with
Lodine atoms ere given iu Table 2,

The coneentratlons of reagents wWers 501"
0,01 equiv/l and [Iz] = 0.005 equiv/i, Therel
miting value of the ratic x/c¢ Is slso equal To

Velocity of Atowmlc Bxchange
CH3I¥ + I

Activity
Time of in imp/mwin e
. iluraie. x ‘ Av‘am.gul
" nation P vei;)mty
- in hours x ¢ _in % hons
1 18 | 60000 | 0,03
3 38 | 600001 0,06 1 0,02
8 g | 60000 | 0,15

Table 2

Teloclty of Atomic Bxchange
CHzCHpI* + Ip

Ac&ivi}y
‘Time in in bmp/min ‘ Average
fiimrad . PSS S 4 . ¥ | velooity
nation [ in % hour
in hours L P
1 60 1 420000 6,05 .
4 200 | 1200001 0,47 | C,04
8 400 1 420000] ©,33

ntope Exchange COH=CHACHAT® & I-, The results of our

-iments on the study of the isotope exchange of a normal

3 1 Sodide (0,01 equiv/l) with elementary ilcdine (0.005
3iv/1) in eyclohexane solution are represented 1n Tabdle




The Effect of the Reglacement 2f Hydrogen

Atoms in CH=I by Methyl Radicals on the

Teloclty of Atonle

Lxchange

We studied the effect of the replacement of hydroe-
zen atoms in the mocecule of CTHyl by the methyl radlesl on
the veloclty of atomlc exchange in tne ¢$110w1a~ alkyl lo=

dides: CHxzI, CH=xCHpI and CH{CHz)

experiments on the exchange of fh

described In the preceding sectlo

lsotope Axchange CHzCHi% Iz 4

oI, The results
e first two compounds are

¢f ths

n, IGxperimental dats on
the study of the reaction of the isotope exchange of iso-
rropyl lodide with atoms of lodine are glven below.

In, Date on

o

the resction

of isopropyl ioalde with molecules of iodine inm cyclohexa~-

ne solutlion are given in Table 4,

Veloclity of Atomic Exchange
- CH=CHpCHpI¥* + Ip
Activity I
Hiumi— in imp/min | Average
nation e———— o amenseree st s x velocity
time in . “C‘ + % in % in
hours - ¢ ‘ an hour
| o
2 180 | 62000 0,11
4 90 L 16200010 024 U.056
i 290 11620001 0,33
|
Veloclty of Atomle Exchange
CH3CHI*CHz - Tp
i Activity
Iiumie ', in imp/min Average
nation o e s =, velogity
time in ! b et P i %in
hours - ¢ ! an hour
. ; o
| e L
2 I DT 7' I B W
4 % 70 0 32w 8,2 1.6
o B

*:u;} 3250
t
i

Table 3

Table 4



The ratios of concentratlon of reagents were the same
in these experiments as in the preceding ones; therefore,
the equilibrium distribution of activity will also be a-
chieved when x/c¢ reaches 33 psrcent.

The results of the study of the effect of the repla-
cement of hydregen in the molecule of CHzI by methyl redl-
cals on the velocity of the atomlc exchahge are repressnted
in Plg. 2. As we see in this figure, the replacement of iy~
drogen atoms in the molecule of CHzI by methyl radicals
increases the veloclty of atomic iBotope exchange, and 1t
1s particularly noticeable during the trensition from
CHzCH2I to CH(CHz)pI.

The Bffect of Isomerization of Alkyl Hadical
and of the substitution of Hydrogen in the Molecule
of OHzl by Atoms of Iodine on the Veloclity of tne Atomic
Isotope Exchange

We can get an idea of the effect of the isomeriza-
tion of the alkyl radical en the veloclty of 1sotope ex-
change if we compare the relative magnltudes of the VElo~-
cittes of exchange of normal propyl lodide and isopropyl
fo0dide with atoms of iodine.

Data resulting from experiments on the study of ato-
mic isotope exchange of propyl lodide end isopropyl iadide
are given in Tables 3 and 4, Straight lines are traced on
Fig. 3 through the experimental polnts. Theliyr inclinztion
allows us to evaluate the veloclity of the atomle isotope
exchange of propyl lodide 2 and of isopropyl lodide 1.

It is seen from the figure thet isopropyl lodlide ex~
changes are approximately 25 times faster than those of
normal propyl lodigde,

We carried out experiments on the study of exchange
reactions of methylene lodlide and lodoform in order to ex-
smine the effecis of replacements of atoms of hydrogen in
the molecule CH3I by atoms of lodine, on the veloclty of
the atomic lsotope exchenge. The exchange of methyl io0dl~
de with elementsry lodine was studied earlier (Table 1)

Isotope Exchange CHI% + Ip. The time of illumination
of cycionerane solutions of methylene lodlide and lodine va-
ried bziween &ix to 30 minutes. The resulis of the study of
the velocity of the atomic exchange CHoIX + Io are given
in Table %,

.The concentrations of exchanglng substances were
jeHoI%| = 0.01 equiv/l and [Ip[ = 0.005 eguiv/l. In
this case, the ratio x/c tends towards its limiting value

— B -
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Fig, 2. Velocltles of atomic
resctions of isotope exchange
: 1 ~ CHsl, 2 - CH5CH2I,
JH(GH?)QI dependihg on
length of illumination

f the solutlons,.

Table 5

Velocity of the Atomic

b, hours -

Pig. 3. Veloclities of a-
tomic isotope exchange in
percentages for: 1 o« 18O~
propyl lodidey 2 = propyl
10dide, depending on the
length of 11lumination of
the solutions.

Table 6

Velocity of Atomlc Exchange

Exchange. ‘CHI% + I2
. Activity Activity ‘
Tiwe of in jmp/medn Average Time of im dmp /mic Average
P P e e Z. 9 velocity R P x g velocity
nation 2t Piin%in nation 7 10} 3a % in
im hours x ¢ an howr - in hours x 4 1 how
i
¥

LS| 510 | 10000 5 0,17 730 1 2600000 0,28

.47 518 1 f00u0 5.1 34 .5 26000 | 2600001 1,0 114

(U Gou | §000) 9 . 10 006 | 260000 1,9 .

0.5 1200 | 10000 1 12 ’ ‘

e L )



of 3% percent. The average exchange veloclity is about
24 percent an hour,

Isotope Bxchanee CHIY + I». The time of illumination of
cyclonexane solutions of lodoform with lodéine did not ex-
ceed one minute. The results of experiments on the study
of atomle exchenge CHI¥ + Ip are given in Table ©.

~ The concentration of substances was: }CHI*[ = 0,001
equiv/l snd | Ip] = 0.005 equiv/l. The concentration of
10do¥orm decreased 10 times ag much in comparison with the
alkyl lodides in prior experiments, because otherwvlse the
exchange takes place so rapidly that it becomes difficult
to measure, in this case, the ratilo x/c tends towards B3
percent ag the length of time is increased. The &verage
exchange velccity is 114 percent an hour, If we evaluate
again the exchanve veloclty, according to equation (10},
for a concentration egusl to the one of the alkyl iodides
in the previous experiments, we obtain an average gxchan=
ge velocity egual to 1140 percent an hour.

' We related the data collected in our experimente on
the effect of the accumulatlon of atoms of lodine in the
molecule CHy.ply to the veloclty of atomlc isotope gxchange.
the results of our study are represented in Pig. 4. Accord-
ing to that figure, the veloclity of atomic exchange rapidly
inereases in proportion to the increase 1n thenumber of a-
toms of iodine in the molecule of methane, in which hydro-
gen is replaced by lodine.

Discussion of Results

The date which we obtained show that ldentical vari-
ations of molecular structure have a different effect on
the veloclty of the lonic and atomlc reactions of the lso-
tope exchanze, The resulis of the study of velocitles of
ionic reactions of lisotope exchanges are shown ln our pa-
pers 18-117. Some data on the veloclty of ionic reacilons
of isotope exchanges talken from these papers are compared
in Table 7 wih velocities of atomic reactlons of isctope
gxzchange studled in this paper.

We see from this table that, in the cases which we
studied, the velocity of the atomlc lsotope exchange lucrea=-
ses in the following series: methyl lodlde, ethyl iodlde,
propyl and isopropyl lodides. The increase in the number
of atoms of lodine in the molecule of methane, in which
hydrogen 1s replaced by iodine, also causes an increase
in the velocity of the atomlc isotope exchange, At the
same time, & reverse dependence takes place in bimolecular

— 10 -



t, hours
Pilg. 4. The velocity of the atomic exchange Iin per=-

centages for methane replaced by lodine depending
on the time of 1llumination of resgents:

Table

Comparison Betwesn the Velocities of Ionic
and Atomic Remctions in Isotope Exchange

Atomic exchange, fonic exchangs
1 4w, % per hour kyope « 460 ‘
1 mol—1 seec—=1, !
il 0,02 1200
CHyCH] 0.0 175
Clial s CHaJ 0056 160
Cliy
.,
Y
/ v
Ch. ., J4 2,3
il §140 o4

om 11 e



fonic exchange,. relsated to the lnverslon of configuration
(15]. Delamare, Bngland, Fowden, Hughes and Iu%old [16],
who stodied the kinetlcs of 19ﬂt&pe exchanges of a series
of 8lkyl bromides, RBr, with Br¥* iong In acetone solutions
found that the reaction slows down and ;hn wcﬁivﬂrlaﬂ g
nargy increases wﬁen'hyéyag&ﬂ in the wmolecule UHzbr is
placed by. methyl radlcals. '
It was shown in our papers on ihe study of the kine-
tice of fonlc isctope exchanges of alkyl lodides with a-
toms of lodlns in 90 percent solutims of ethyl ﬁl?uﬂﬁln
cited mbove, that the veloecity of the resctlon diminlehes
when the carbon chdn of the alkyl radlcal in traﬂ ition

from & nmrﬂal propyl to its isomer is lengthen wd, and when
the atomz of lodins accumulatein the wolecule of methaue,
in which hydrgaan is reylsced by lodine.

The reason for such e difference between lonlce and
stomic. resction undoubtedly lies in the difference of e-
nergy barriers, which are to be surmounted in reaciions of
the types mentinned above.

It is possible thet the activation energy of the pro-
cess, in cases of inverslon of the configuration, i1z deter-
mined by the barrier which the stom of carbon has to over=
come when pnseing betwesn thres subs *iiutguﬁ

It 1g very possible that the substliutlon of atoms
of hydrogen ny alﬁrT radicals increages this barrier. Tae
activation energy uhmxzécre increases during the trazsi-
tion from GF"I Lo GF}CHPL and CHxCHICE=. This explaing way
- ‘) 97 X s e “
the leotope uxwﬂan e gae faster in thé caze of uﬂg@hgi than
in the cage of CHxl LT“ '

Destroveky’ quﬁha“ and Ingold [17. 18] express =
point of view close to ours cenuerm11$ the reagon for the
delay in donic chh ge reactions, when atoms of hydrogen
are substitutsd by m@thgl redicals in moleculés of Cugmr
and CHzCHpBr. These authors Lonﬂiuer that the delay of re-
%S'i*wm in the above mentloned cases is related to the ap=-
pearance of steric hindrences. The above mentloned authors
: ler however that the effect of "steric ﬁﬂmﬁﬁFSSﬁQ;”
net lewer the entrepy but incresmses ths ctivation e=-
In this manner, both polnts of view vxrtuu¢1v T G-
fe, 4t seenms ho us tn@ our point of view vermiis
gilve & batter explanastion of the effect of the subs-
;fm of atoms of hydrogen by stoms of halogen in the

: mf methyl hallides, than the aypoths sis of steric

¥

mc:i BLOeE
A amiu exchanges take place according te ihe ¢

gleck 9Lh mechenism, The activetlon energy in this case

ﬁenniﬂa directly on the strength of the bond between he-

reeng and the atom of vmrbon. According to kinetic

1, the energy of this bond is egual to 50 keal Iin case

Q}
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of normal C3HyI. In 180-03H7I, it is equal to 46 kecal
19} Data based on the spectra of combination dispersion
20} gives approximuately the same ratlio of energles for
these bonds., It was shown 1n s similar manner that the e=-
nergy of bonds C = Br and C -~ I for the same atom of cap-
bon gradually diminishes [21] with the accumulation of g-
toms of bromine snd lodine in the molecule,

It is clear, therefore, that the velocity of the a=-
tomic exchange must lncrease with the accumulation of atoms
of halogen in the molecule, with the trensition from nor-
mal radicals to the iso structure, and with the substitu-
tion of hydrogen in CH=I by the methyl radical.

Thus, data whicg we obtained confirm the hypothesis
concerning various effects of structural changes opn the ve-
locity of reactims proceeding according to lonle or radi-
cal=-chain mechanisms.

The rules, which we discovered in the current study,
have c¢reated a new criterion for the establishment of the
mecnanisn of reactions which take place in solutims,

Rasults

L. It is shown in the case of lodine-substltuted hy-
drocarbons that the lsomerization of elkyl radlcesls, as
well as the substitutlorn of hydrogen atoms in the molecule
of CH3I by atoms of lodlne or by hydrocarbon radicals, ace
celerates the stomlc reactions of isotope exchange,

2. The wveloclty of the process changes in atomlc reac-
tions of 1sotops excharnge in proportion to the variation
of the strength of the bond of carbon with halogen,

3, It is shown that equal changes of molecular sitruc-
ture influence the velocity of lonlc and atomle reactions
cf isctope exchange differently. Structural changes in the

melecule of alkyl halogen which cause & delay of lonic re-
actisns, accelerate the reactions, which proceed according
t0o radical=chain mechanlsm,

desdemy of Solencses USSR Recelved
Ingwitvte of Chemiecal 31 January 1955
Prysles, Monoow,.
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