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SUMMARY

The kinetics of the iodination of benzene, toluene, o-xylene,
m-xylene, p-xylene, prehnitene, mesitylene, and pentamethylbenzene in
aqueous solution have been studied as a function of the concentration of
iodine, iodide ion, and hydrocarbon,

A major purpose of this research was to elucidate the kinetic be-
havior of mesitylene in the presence of silver ion. Previous studies
near 10°° M iodide ion concentration in the absence of silver ion indi-

cated the following mechanism

L o+ HO —Lsyort + 1
2 TP =

+ Ky +
—
H,01" + ArH - ArHI" + H,0

k
arnT’ + H,0 —B 5 ArT + H30+

The previous studies also showed the rate law

-d[12] (ArH)(Iz)
———— k-kI —_—
dt (1)

where

k*I = =
koy (k- + kg)

The expression for k*1 was derived from the application of the steady
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state approximation and the assumption that

k_, (I7) >> kg (ArH)

A proton isotope effect of 2.3 showed that kg was important in the
rate determining process.

The use of silver ion to lower the iodide ion concentration both
accelerates the reaction and makes questionable the above inequality in-
volving ko; (I'). The above rate law, in view of the expected attainment

of the silver iodide equilibrium
- = + -
g+ 172 gl Ky, = (g (1)

may be rewritten as:

-d[I,]
27 Kk*I +
5 " Ksp (ArH)(1,) (Ag )

For mesitylene, m-xylene, and anisole it was found that the numerical
value of k*I was dependent on the concentration of the above three reac-
tants,

From the kinetie results it is suggested that the more important

+ . . s . .
gsource of H,0I in the presence of silver ion is via the processes:

2
+
(AgI, )
+ + _ 2
Iy + b = 4el, © T @Iy
+ ka +
Ag]:2 + H20 f HZOI + Agl

The experimental data are consistent with the results of the steady




+
state treatment upon both H,_O0I and ArHIT for a mechanism involving the

2

+
two sources of HZOI . This gives

1k (kg +kg) (_Ag+) (ArH)

I -k ks ke Koo Tky + koK (AgT) |

This expression predicts the observed inverse dependence of k*I on the
hydrocarbon concentration at constant silver ion concentration, The
second term in this expression is required because k., (I7) may be approxi-
mately equal to ks (ArH) at high concentrations of the more reactive hydro-
carbons used herein. This term also requires that k*I decrease with re-
spect to silver jion concentration but in fact the opposite effect was ob-
served, which requires that the term becomes

(ArH)

R, k¥

A negative activation energy has been found for kgK, The small decrease
in k*I with silver ion concentration is due to the decreased fraction of
silver ion complexed with silver iodide as AgIz+.

An increase of k*I with iodine concentration was found and is due to
the increase of k_; (I ) with respect to kg (ArH).

Through the principle of microscopic reversibility and on the as-
sumption that the hydrolysis of Ag12+ is at equilibrium, it may be shown

that

keK ky kg  _ _ lg ky kg
ks (K.g + kg)  koy (kog + Kg)

k&I =

Rate constants may then be compared both in the presence (first term) and




in the absence (second term) of silver ion,

The presence of silver jon does not affect the isotope effect when
k*I is independent of the reactant concentrations, Over the iodide ion
concentration range from 107 M to 107 M the isotope effect is ca. 2.3
for mesitylene.

The second purpose of this research was to study the overall effect
of structure upon the reactivity of methyl substituted benzene molecules
toward H201+. The reactivity was found to parallel that for other elec-
trophilic substitution reactions such as chlorination, bromination, iodi-
nation by Ac0I, and oxygenation by O(3P). The reaction of H OI+ with a

2

methyl substituted hydrocarbon is characterized by a primary isotope of

2.3 which is increased to 2.9 when steric hindrance is apparent at the
reaction center. Where the isotope effect is approximately constant, then
the relative reactivity is due solely to the relative rate of attack of
H201+ on the hydrocarbon.

The 10° fold range of relative reactivities of the methyl substi-
tuted benzene derivatives is readily estimated from relative energies of
the respective proton complexes as obtained from CNDO/2 molecular orbital
calculations. These calculations give a good account of the stabilization
of the transition state by the participation of the methyl group through
hyperconjugation,

Water has been found to be a suitable solvent in which nonpolar
hydrocarbons may be studied. As water allows some characterization of the

ionic inorganic chemistry involved, more understanding of the organic por-

tion is available,.




CHAPTER I

INTROBUCTION

Background

Electrophilic halogenation of aromatic compounds has been studied
by many workers and from these studies a review1 of the relative reac-
tivities of various halogenating reagents has recently been made by Ber-
liner. Following the work of Melander2 the mechanism of aromatic haloge-

nation has been generally accepted as a two step mechanism. One such

mechanism may be represented by

[:;] + AX.F%E=£ E;;] + A7
-2

H H X
[::] + :B ,Ea_, [::] + H:E+
H X X

where A is a halogen atom different from or the same as X. In the case
where molecular halogen is not effective, a reagent containing positively

charged halogen may be involved, and the mechanism must be different.

AX + :(solvent) ;%é:: X:(solvent) + A~

-1
_kla o
X: (solvent) + k'ja + solvent
H H

+ B —Eﬁ—éb + H:B+




A third, more general type, mechanism would be gne in which the two mech-
anisms given above are limiting cases and in which both mechanisms can be
simultaneously operative. On the basis of previous work on the kinetics

" concluded

of iodination of phenoxide anion, Grovenstein and coworkers
that no differentiation between the first two mechanisms could be made,
i.e., it could only be stated that the transition state is positively
charged and contains a halogen atom. Grovenstein and Aprahamian,5 how-
ever, were able to make such a distinction for p-mitrophenol. Very
recently Sullivan and Grovenstein6 have amplified the work on the p-
nitrophencxide anion and phenoxide anion and in addition studied the
2,4-dinitrophenoxide anion and were able to distinguish between the two

mechanisms.

The experimental rate law

- d[gt] = cdl_i( = Xapp [ (ArH) - X1[(1;)e - X]

gives at zero percent reaction

% = 1k° (12 )n
= Rapp )y - (HOD), - (I3)g

where HOI represents the amount of iodine hydrolyzed and I; represents
any I present as the triiodide anion at zero percent reaction. Here

kapp is an apparent rate constant. The concentration of a reagent at

zero percent reaction is denoted by ( ), throughout this thesis. The

value of k extrapolated to zero percent reaction is denoted a k° .
app app

The first mechanism, involving I as the halogenating agent and water as




the base B then gives

1 _ ks 1
W iglg T g

where here (I') is the actual iodide ion concentration at zero percent
reaction, i.e., the sum of [(HOI) - (I;)] and any I~ added initially as
Nal. The following is obtained for the second mechanism on the assump-

tion that an equilibrium concentration of halogenating agent prevails.

L kK ( k'-a) -
o = gk, AT g ) ()

The differentiation between the two mechanisms is easily made theoreti-
cally as a plot of 1/k versus (I ) has a positive intercept for the first
mechanism, while for the second the plot goes through the origin. If
both mechanisms are operative then possibly 1/k versus (I°) would have
two linear portions, one at lower iodide concentrations passing through
the origin, and the other at higher iodide concentrations, which when
extrapolated to zero iodide concentration would have a non zero intercept.
Sullivan found that above 10 °> M iodide the first mechanism was
important for 2,4-dinitrophencxide anion while below 10 © M the second
mechanism becomes increasingly important. For p-nitrophenoxide anion
the change between mechanisms appeared to occur at 10® M (I'). For
phenoxide anion, which is more reactive than the p-nitrophenoxide anion,
the plot of 1/k* versus (1) appears to go through the origin. This,
nevertheless, is taken to mean that the first mechanism is operating, since

the iodide term may be much larger than the second term. The work of




Gnanapragasam7 with that of Aprahamian and that of Sullivan indicates

that near 10 ° M iodide anisole is less reactive tham 2,4-dinitrophenoxide
anion and that both mechanisms might possibly be operating. Near 10 ' M
iodide the H,0I mechanism is highly favored. Gnanapragasam found that,

2

for mesitylene and mesitylene-d, which are comparable in reactivity to

3
anisole, a plot 1/k* versus iodide goes through the origin and over the
range of 1078 to 107% M iodide is linear within experimental error. Here
the second mechanism is thought to apply and further it should be appli-
cable for all compounds of lesser reactivity. In order to study mesity-
lene at 107112 M iodide, Gnanapragasam carried out kinetic studies at 25°
in the presence of 4.24 x 10°° M Ag" and found that, as the mesitylene
concentration was varied from (1 to 35) x 10°© M, k*I decreased by 50
percent and at 35° the decrease was 75 percent. For mesitylene-_(_i_3 at

25° over the hydrocarbon concentration range of (1 to 33) x 10°® M,

k*I decreased 45 percent. For anisole there was a drop of 33 percent

over a range of (2 to 45) x 10 ¢ M while from (4 to 232) x 1076 M for

m-xylene the decrease was 30 percent.

Hydrogen Isotope Effects

It is important in any reaction to determine the various rate
determining processes or steps. In the case of substitution reactions
as opposed to addition reactions, it is significant to differentiate
between an initial attack by a reagent and the subsequent loss of any
fragment of the substrate., In the case of aromatic electrophilic substi-
tution, a proton is often lost. The importance of the participation of

proton motion in a rate determining process may be investigated by the




substitution of a deuterium atom for a proton atom at the reaction center.
By separately considering the potential function of a proton, V(r,8),
where r is the C-H bond distance and § represents an angular deviation
from equilibrium, as being parabolic in the ground state reactant and in
the transition state, it may be readily shown that, when the Arrhenius
expression for k* is used, the isotope effect kﬁ /kﬁ may be expressed in

the form

where h is the Planck constant, k is the Boltzman constant, and T is the
absolute temperature. The effective reduced mass for the ground state
and transition state is represented by . The force constants K and k¥

are defined for the ground state and the transition state as

i (azvgr,ez)

k =
)
bend 26 r ;6 =0
e’e

W= (azvgr,e)>
vib 3r2 r :6 =0
e've
where r, is the appropriate equilibrium C-H bond distance. The relation-

ship above gives in terms of algebraic signs of the three component terms

the following

fn (;%) =+ [£]1[+]

A change in hybridization of the C-H bond from sp® to sp® at the reaction

center during the course of the reaction is accompanied by a decrease in




the C-H stretching force constant and an increase in the C-H bending force
constant. While the environment of the proton will change during the
course of the reaction there should be no large effect on the relative
reduced masses and hence the reduced masses of the proton bearing sub-
strate should remain the smaller, and the related term in the above ex-
pression should remain positive. If proton removal from the transition
state is solely rate determining, then the second term is positive, and
(kﬁ/ké) is greater than 1.0. If a bending mode is predominantly involved
in the rate determining process the second term will be negative and there
will be an inverse isotope effect, i.e., (kﬁ/kg) will be less than 1.0,
The realistic point of view shows that both types of modes can be of im-
portance and thence a more general expression may be formulated
K+
o () = 7 {Jao? - ah?]+ a0 [6@F D] «

{(“'h) . Gug) %]

where o is a weighing factor between 0 and 1.0 and the subscripts kb and

kv refer to bending and stretching modes, respectively. Coincident assump-
tions are that all force constants are independent of isotopic substitu-
tion and that they are independent of each other.

It is necessary to consider the reversibility ratio k_a/k3 obtained
from the I, mechanism in light of the above discussion; there must be con-
sistency between experiment and theory. Since k_g (I_)/lrc:3 is the ratio of
the fraction of molecules reverting to reactants and the fraction going
to products, this ratio must in turn be related to some sort of average

geometry at the reaction center in the transition state.

It is notable that the reversibility ratio lec_a/k,:3 and the acidity




of the intermediate are not independent but are mutually dependent on the
electronegativity of other substituents or atoms on the phenoxide anion.
Phenoxide, p-nitrophenoxide, and 2,4-dinitrophenoxide give intermediates
of increasing acidity in the order listed; the corresponding reversibility
ratios are observed to be 1.4 x 10°, 2.1 x 104, and 4.2 x 10°, The iso-
tope effects at 50° of these three phenoxide anions are 6,5, 5.6, and 4.5,
respectively, as determined for the I; mechanism, and are defined as the

ratios of the reversibility ratios,

xS, /xdy 7o, 1y~ 1l

of the respective protium and deuterium labeled ions. The transition
state, ¥, is thought to arise from the reaction of a stable intermediate,

a o complex, with a base, B, in the manner

3 i
#Q NS
HI )

()

~ =]
S

N T

S U}H

Now -RT gn{k.p/ky) reflects the difference in the free energy of
activation required for an intermediate to revert to reactant versus going
to the transition state. Substitution of nitro groups for hydrogen atoms
at positions meta to the reaction center should increase the acidity of
the proton at the reaction center and the activation required to form the
transition state should be lowered, The decrease in the isotope effect

for the three anions would then be a function of the acidity of the




corresponding intermediate.

The relationship of acidity to the géometry of the transition state
can be explained in terms of a change of hybridization of the C-H bond
as previously mentioned. Physically this requires that, as the C-H bond
weakens, the cause must be an increasing change in hybridization from
sp3 toward sz; therefore, in structure, the transition state must be
increasingly similar to the product.

The isotope effect defined in terms of k¥* from the I; mechanism

has the form

These forms are taken as the ratios for the protium and deuterium cases
of the appropriate expressions of k* and it has been assumed that ks and
k_y are independent of isotopic substitution on the aromatic ring.

In the case of the Iz mechanism kﬁ/kﬁ may be a function of iodide
ion concentration, and may not be constant. The value of k?/kf for the
I, mechanism is taken as the ratio of the slopes of l/kg and l/kﬁ plotted
against iodide ion concentration. In the case of the H OI+ mechanism the

2

ratio kﬁ/kg is independent of iodide ion concentration and is constant.




It is possible, therefore, to differentiate between the two mechanisms by
noting the variance of kﬁ/kg with respect to iodide ion concentration.

It is important to note for 2,4-dinitrophenoxide that below 1078 M
iodide where HZOI+ is the effective halogenating agent the observed iso-

[+]
tope effect at 50 1is 2.3 and in contrast to the I; mechanism the ratio

of h?/hg is not determined directly. By letting

o = /K

however and noting the value8 of 0.43 £ 0,04 for k_gfkg then

+|+
il

olo
~les

or including reasonable error estimates
a=5.3%1

The difference between this value for the true isotope effect and the ob-
gerved isotope effect, 2.3, reflects the extent to which proton loss 1is

not totally rate determining in the H OI+ mechanism,

2

Correlation of Structure with Reactivity

The dependence of reaction rates and isotope effects upon strue-
ture has been assessed in the case of the phenoxide anions. The effect
of structure on rates of reactions for methyl substituted benzenes has

%,10 bromination,11 oxidation12

been studied in the cases of chlorination,
by O(BP), and protiodeuteration.13 The iodination of the same substrates

dissolved in peracetic acid has also been studied.14 There have been




10

15,16,17 on the effect of methyl substitution on the

several studies
basicity of benzene towards HF. In all of these efforts the rates of
reaction increased monotonically, as did the basicity, with the number
of methyl groups. While there has been no observed isotope effect in
chlorination there has recently been found a small isotope effect 1.14

+ 0.04 for the reaction of 0(3P) with benzene as well as a more sizable
isotope effect (near 1.5) in the case of bromination18 of highly substi-
tuted, sterically hindered benzenes such as 3-methoxydurene, 3-bromodu-
rene, and 5-t-butyl-1,2,3-trimethyl benzene (5-t-butylhemimelitine).

The rate determining steps of several of the above reactions have
been considered as the formation of the halogenating agent19 in the case
of chlorination by positive chlorine, the formation of a sigma complex
for bromination,20 and, as mentioned previously, proton removal in the
case of iodination of phenoxide anions. It is not intended, as the case
for bromination previously mentioned indicates, that these steps be
understood as being solely rate determining for a mixture of rate deter-
mining steps can be involved. It is apparent, then, that structure can
play a part in the determination of the slow step.

An explanation of the participation of a methyl group via reso-
nance in an electrophilic reaction has been offered by Dewar in terms
of hyperconjugation,21 and is best described qualitatively by comparing
the C=H, group to a C=N group, 1In both groups there are two sets of

3
orbitals that have p type symmetry and onme that has s symmetry with

respect to the bond axis. Quantitatively the H, molecular orbital having

3

2
the same symmetry as the ring T system may be arbitrarily represented2

as




1
6 2 [28; - (3 + 33)]

where the &'s are hydrogen ls atomic orbitals. This hydrogenic molecular
orbital has p symmetry as well as the same linear combination of the

three sp° hybrid orbitals on the H, bearing carbon. The combination

3

2

o+

(3 - %)

also has p type symmetry but can be thought of as being parallel to the
aromatic ring plane and hence interacts in the most part with the sigma
framework of the ring. Dewar points out that, in a neutral species such
as toluene, the resonance interaction between the methyl group and T sys-
tem is small while in positively charged systems such as the isopropyl

and t-butyl carbonium ions methyl resonance is very important in stabiliz-
ing the ion. It is therefore reasonable to consider the same phenomena

as participating when a methyl group is present in a positively charged
system such as

CH

Prior to 1965 molecular orbital calculations were for the most part
restricted to T systems and methyl substituents were commonly reflected
by small corrections in the Huckel matrix diagonal element corresponding
to the carbon in the 1T system to which the methyl group was bonded. The

direct resonance interaction of a methyl group with such a Wheland inter-
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mediate is now readily investigated economically via complete valence

23,24 such as CNDO/2 and MINDO/2 in which

shell molecular orbital schemes
bonding interaction between each of the methyl hydrogens and the 25 and
2p atomic orbitals on the proton bearing carbon are specifically incor-
porated. While these two schemes adequately treat the orbitals of inter-
est, the methods are semi-empirical and use numerical parameters obtained
from neutral molecules, Recently, some work,25 employing several MO
schemes, has been done correlating reactivity rates for several methyl
bearing hydrocarbons.

For molecules bearing a formal charge it has been suggested that
the atomic orbital electronegativity of the hydrogen 1ls orbitals as well
as the carbon 2s and 2p orbitals be represented as a quadratic function
of the charge on the parent atom., The one center repulsion integrals

2
have been observed to be a linear function of the charge on each center. 6

Solvents
In nearly all the halogenation studies on non-polar compounds to
date organic solvents such as 6014 and acetic acid27 have been used due
to the very low solubility of non-polar aromatic compounds in water.
There have been reported recently, however, two studies of the bromination

8,29 The rates of bromination of methyl-

2
of methylated benzenes in water.
. . . ., 30 , , .4 31
substituted benzenes in acetic acid, trifluoroacetic acid, and water

parallel the dielectric constants of the solvents used 6.2, 39.5, and

78.4, respectively.

Purpose of This Thesis

The purpose of this thesis is to present a study of the kinetics
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of iodination in water of the methylated benzene series, in addition to

the parent compound, toluene, p-xylene, o-xylene, m-xylene, dureme, pre-
hnitene, mesitylene, and pentamethylbenzene, Utilizing the deuterated
analogues the isotope effect of benzene, toluene, p-xylene, durene, mesity-
lene, and pentamethylbenzene have been studied to help elucidate the me-
chanism of the reaction. The reaction products for toluene and o-xylene
were isolated and analyzed so that partial rate factors could be deter-
mined. Valence bond calculations were made utilizing the CNDO/2 scheme,
with the parameters of Wiberg32 being chosen to take into account molecules
bearing a formal charge. An effort was made to calculate the product dis-
tribution observed for toluene and o-xylene as well as the relative rates

of reaction for the entire series of hydrocarbons studied.
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CHAPTER II

PREPARATION AND PURIFICATION OF MATERIALS USED

Hydrocarbons

Benzene

Phillips Research grade (99.9 percent min,) benzene (50 ml)} was
treated with IC1 (0.05 molar ratio) in the presence of 10 ml of water and
silver nitrate (5 g) by shaking for 24 hours. The solution was decanted
from the residual solid material, washed with five percent KOH saturated
with KCl, washed with brine, and then dried over Drierite. It was dis-
tilled under atmospheric conditions in a specially designed still having
in contact with the vapor a single smooth wall 24/40 tapered joint which
obviated the need for grease. There was no provision for the distilla-
tion temperature to be determined but approximately 10 percent of the
contents of the still was discarded as a forerun,
Benzeneng6

Benzene-g6(99.5 percent d) was obtained from Mallineckrodt Chemical
Company and was purified exactly as the protium analogue.

1,2-Dimethylbenzene (o-xylene)

Phillips Research grade (99.97 percent) hydrocarbon was purified

exactly as benzene.

1,3-Dimethylbenzene (m-xylene)

The purification of m-xylene was carried out by Gnanapragasam33 by

reacting 1.5 moles of m-xylene with 0,75 mole of Br, over a period of five

2
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days. After washing with 3 N NaOH and with water, the reaction mixture
was dried over Drierite and distilled through a 14 inch vigreaux column.
The fraction boiling at 61-62° (49 mm) was collected. This fraction was
then distilled through a two-foot, spinning band column., The fraction
boiling at 1370 (737 mm) was collected. The refractive index at 20o was
1,4977 (lit. 1.4972).

1,4-Dimethylbenzene {p-xylene)

Phillips Research grade hydrocarbon (99,95 percent) was purified
exactly as benzene.

1,.l+-Dirnethy'lbenzene-511!F

This was prepared from the parent hydrocarbon in the same fashion
as toluene-gs. NMR analysis revealed 92.3 percent exchange of ring pro-

tons.

2,3-Dimethvliodobenzene

This was synthesized from 2,3-dimethylaniline via the Sandmeyer
reaction. The published procedure34 was modified as follows. The product
was extracted from the aqueous reaction mixture with benzene. The benzene
was removed by distillation at atmospheric pressure and the residue steam
distilled to give a colorless product. The product was extracted from
the distillate with benzene and dried with caleium chloride. The benzene
was again removed by distillation at atmospheric pressure and the residue
was distilled from a Hickman still under reduced pressure (water aspirator).

3,4-Dimethyliodobenzene

This compound was purchased from Eastman Kodak and used as received.

Todotoluenes

The three iodotoluene derivatives, ortho-, meta-, and para-
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iodotoluene, were Eastman Keodak White Label grade and were distilled at a
boiling point near 80° and near 10 mm pressure. They were subsequently
stored at -20".

Pentamethylbenzene

Zone refined pentamethylbenzene from Columbia Chemical Company was
used without further purification.

Pentamethylbenzene—gl

This compound was prepared in identical fashion to that for durene-
92 except that the solution was kept at room temperature for two weeks.
The red solution was poured over aqueous base plus ice, filtered, and sub-
limed at 40  and atmospheric pressure. NMR analysis showed 92 percent
exchange of the ring proton. The compound melted over a range from 47.5-
49° (lit. 51.50)?5 A vpe analysis showed less than 1.0 percent total im-
purities (a tetramethyl substituted benzene and hexamethylbenzene), Of
the three possible tetramethylbenzene impurities the 1,2,3,4 and 1,2,4,5
tetramethyl isomers are insignificantly reactive when compared to penta-
methylbenzene; the 1,2,3,5 tetramethyl isomer is of comparable reactivity
however. Since 25 percent of the pentamethylbenzene is consumed in the
course of a kinetiec run, less than 0.5 percent of an impurity of comparable

reactivity is not significant.

1,2,3,4=-Tetramethylbenzene (Prehmitcne)

Aldrich Chemical Company was the source of this compound. It was
purified exactly as benzene except that it was distilled under vacuum in
a Hickman still (bath temperature of 800, 10.0 mm pressure). A 10 percent

forerun was discarded., After distillation the pot residue partially
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solidified after ccoling, yielding yellow needles which were not isolated
but were probably the monoiodo derivative.

1,2,4,5-Tetramethylbenzene (Durene)

Zone refined durene (mp 79.5° uncorrected) obtained from Aldrich
Chemical Company was used without further purification,

1,2,-4,S--Tetramethylbenzene-g_2 (Durene-gz)

Zone refined durene (mp 79.5° uncorrected) was treated with a 100-
fold excess of deuterotriflorocacetic acid in a sealed ampoule placed in
refluxing acetone. After one week the ampoule was cooled in ice, opened,
and the contents poured onto aqueous KOH and ice. The deuterated product
was filtered, dried, and distilled in a sublimation apparatus at 100° and
atmospheric pressure, White needles were obtained (mp 79.50 uncorrected) .
NMR analysis showed 90.6 percent exchange.

Toluene

Baker Analyzed Reagent toluene was first distilled on a spinning
band column and then treated by shaking vigorously for eight hours with
each of eight portions of 49.5 mole percent HZSO4, washed with five per-
cent water saturated with KCl, then washed with brine, dried over sodium,
and distilled on a four-foot column packed with glass helices.

Toluene-_q5

A portion of the first distilled toluene was treated with six 49.5
mole percent portions DZSO4 in D20. By NMR analysis the ring protons
were 80 percent exchanged., Three more exchanges were done and NMR analy-
sis showed 92 percent exchange. The remaining ring protium content was

assumed te be in the meta positions and to be unimportant. This premise
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is supported by considering molecular orbital calculations on the relative
stabilities of the three possible intermediate proton sigma complexes as
well as the very small meta partial rate factors for bromination and
iodination (this work).

1,3,5-Trimethylbenzene (Mesitylene)

This compound was purified by Gnanapragasam like toluene except

that 39.1 mole percent sulfuric acid was used.

Other Materials Used

Calcium Sulfate

"Drierite" was used without further purification.

Carbon Tetrachloride

See Sullivan.36

Deuterium Oxide

See Sullivan.37

Deuterosul furic Acid

See Sullivan.38
Todine
Baker Analyzed Reagent grade was used as received,

Perchloric Acid

See Sullivan.39

Potassium Biphthalate

Baker Analyzed Reagent grade was used as received.

Potassium Dichromate

Baker Analyzed Reagent grade was used as received,
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Potassium Permanganate

Baker Analyzed Reagent grade was used as received.

Sodium Bicarbonate

Baker Analyzed Reagent grade was used as received.

Sodium Carbonate

Baker Analyvzed Reagent grade was used as received.

Sodium Jodide

Fisher certified Reagent grade granular sodium iodide was used
without further purification, As finely divided material readily absorbs
moisture, the much higher surface to weight ratio of the granular form
is preferred,

Sodium Metal

Baker Analyzed Reagent grade was used as received.

Sodium Perchlorate

G. Frederick Smith Company was the supplier of sodium perchlorate
(tetrahydrate) and it was used as received.

Sulfuric Acid

Baker Analyzed Reagent grade was used as received.

Trifluorcacetic Acid-~d

This reagent was prepared by reacting equimolar -amounts of trifluc-
roacetic acid anhydride and D20 at zero degrees and allowing it to stand
for two days at room temperature. It was used without further purification.
Water

The water purification is described by Sullivan.40
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CHAPTER IIX

GENERAL PROCEDURE FOR STUDY OF REACTION KINETICS

Kinetic Measurements

The spectrophotometric technique used in this work was developed
by N. S, Gnanapragasam and is discussed in detail by Sullivan.4l To a
50.0 ml low-actinic volumetric flask having a hand-lapped glass stopper
were added water, solutions of hydrocarbon, and solutions of silver ni-
trate so that the resulting volume was 35.0 ml. To start the reaction
5.0 ml of an iodine-perchloric acid was added, the final volume being
40.0 ml, If a reaction was found to be sufficiently slow, a set of blank
reaction flasks were prepared as described above except that water was
substituted for the hydrocarbon scolution., The 50,0 ml flasks, as well
as the acid-iodine stock solution, were all equilibrated in a constant
temperature bath set at 25.00° * 0.02°. The same thermometer was used
throughout this work. It was calibrated by a platinum resistive ther-
mometer and showed an error of + 0.20 over the range of 25° to 40°, The
zero time was taken to occur when one-half the acid-iodine solution had
been added to the flask. (The normal time for addition was three seconds.)
The flask was shaken vigorously and returned immediately to the thermostat.
The reaction was stopped by the addition of standardized sodium carbonate
solution to render the solution to a pH of 6.5-7.5. This usually re-~
quired for complete reaction of the base a number of equivalents 1.1

times the number of equivalents of acid in each flask. The time was noted
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when half the base was added. As neutralization of the kinetic solution
at very low iodide concentration converts the unreacted iodine to hypoio-
dous acid, 1,0 ml of a solution of sodium iodide (1.0 g/ml) stored at
-20" in a refrigerator freezer compartment was then added. This addition
served two purposes: first, the hypoiodous acid is converted to the tri-
iodide anion in a known quantitative manner and second, the silver ion
present is converted to silver diiodide anion. A lesser amount of sodium
iodide is insufficient to effect the latter conversion and the resulting
solution would accordingly be cloudy and unfit for optical determination

of the triiodide ion.

Preparation of Solutions

The hydrocarbon stock solutions were prepared by the addition of
a known amount of hydrocarbon to water in a volumetric flask (usually
about 90 percent filled) and the resulting solution was shaken on a
highly efficient mechanical shaker for at least six hours. There have

42,43 of several of the present hydro-

been reported solubility studies
carbons in water; these studies reported a good direct linear correlation
of the pKS, where Ks is the hydrocarbon solubility expressed in g/f versus
the solute molar volume., For the stock solution used in the kinetic
studies the amount of pure hydrocarbon added to a given wvolume of water
was kept near three-quarters the estimated (where unknown) solubility.

The solution was inspected for cloudiness after shaking., If for any
reason cloudiness was present after shaking, the solution was discarded;

the flask was baked at 150 for one hour, and the process was repeated

with a smaller amount of hydrocarbon. The solubilities of the hydrocarbons
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varied from 1,75 g/4 for benzene to 5.0 mg/4 for pentamethylbenzene. In
certain cases the extinction coefficient for optical absorption of the
hydrocarbon in the stock solution was determined; thus the same solution
could be used later, the concentration being determined from the absorb-
ance and the extinction coefficient,

The iodine solutions were prepared by aqueous extraction of a
saturated carbon tetrachloride-iodine solution, the fourth extract being
kept and filtered through glass wool to remove any remaining carbon tetra-
chloride solution, The aqueous solutions were found to be 1.30 X 1078 M
in iodine.

The silver nitrate solutions were prepared fresh each day that
kinetic runs were made. A stock solution was made sufficiently concentrated
(typically 0.25 g/250.0 ml) to minimize weighing errors and then a second
stock solution prepared from the first by dilution., An aliquot of 5.0 ml
of the second solution was added to each flask so that the known final
silver concentration was (4 to 32) x 10°° M.

The quenching procedure must be done with caution as 40.0 ml of 0,1

N acid is capable of liberating 50 ml of CO, when sodium carbonate is used

2
or 100 ml when sodium bicarbonate is used. Subsequent to this realiza-
tion, solely sodium carbonate was used.

Schmalsteig44 found that, at temperatures near -200, concentrated
golutions (1.0 g/ml) of sodium iodide were not oxidized readily and did
not freeze due to the high ionic strength. It was necessary to wash the
sodium iodide delivery pipette immediately to preclude contamination of

subsequent reaction flasks with traces of iodine from air oxidation of

iodide ion to iodine as the iodide to iodine concentration ratio under




quenching conditions was near 10°, Since under quenching conditions this
ratio also held for (I‘)/(Ag+) and since the szp of Agl is near 16, the
need for washing of all glassware with care is obvious. To this end each
reaction flask, which initially had been pretreated under kinetic condi-
tions, was cleaned after each use by washing with 30 ml of water in five
equal portions, Then the flasks were filled to the brim, stoppered for
cne hour, emptied and washed again with an additional 10 ml portion of
water, This washing procedure was found to be sufficient for all studies
where silver ion was used,

The pipettes, burettes, and volumetric flasks used were all Corning

class A. They were not checked for calibration.

Calculation of Rate Constants

The high molecular coefficient of absorption of the triiodide ion
(26,400 at 3530 ﬁ) in conjunction with a 10.0 cm optical quartz cell, gave
for 2 x 10°° M iodine solutions an absorbance near 0.6 absorbance units
on the Cary 14 spectrometer used in this study. The ranges of the spec-
trometer were calibrated in units of 0,005 times full range deflection in
absorbance units and absorbance readings were typically read to % 00,0002
absorbance units for the more sensitive range and to * 0.002 for the less
gsensitive one. This results in an error of less than two percent in the
reading of absorbance. The absorption cbserved was corrected by a reduc-
tion of 0,002 times the cell pathlength in em due to background absorption
caused by silver diiodide anion and the excess sodium iodide.

The concentration of unreacted iodine was determined from the ab-

sorbance by the relationship
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(Iz) = (E)(Abs)

where E is a constant45 for a given cell pathlength, triiodide extinction
coefficient, and reaction and quenching volumes, For 40,0 ml of reaction
solution, 1.0 ml of iodide solution, 2.5 ml of sodium carbonate, and a
10.0 cm cell E is determined to be 4.1543 x 10°°.

The rate constants studied herein can be derived from the exact

solution of the observed rate law

dx _-dl¥z) _,  (ArH)(Ip)
dt dt obs (I-)

The subscript zere will denote a concentration at zero time. It
is necessary to correct for the hydrolysis of I

“n

I, + Hy0 o= HOT + H' + I~

+
since the high acidity (0.10 M H )} used is incapable of completely sup-
pressing the hydrolysis of iodine (1078 M) because of the very low iodide

ion concentration (typically 107t M).

—dlt) |, [CarH)e - x]0(Ta)o - x - (HOI)]
dt obs [x + (HOI)]

where (I") has been redefined in terms of the iodide produced during the
course of the reaction and x is defined as the amount of reacted hydro-
carbon.

Q
It is experimentally necessary at 25 to use silver ion to acceler-
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’

ate the reaction by lowering the iodide ion so that the reaction to be

studied will occur at a practical rate.

K
%§ B _dgi l- Eghi [(art)e - x10(Ta)o - (x + HOD)1[(ag")o- (x + HOD)]
sp

When using silver ion (4 x 107° M) with mesitylene (3 x 10 ° M), for ex-
ample, a half-life for iodine of 200 seconds can be attained but with
benzene (0,01 M) the iodine has a half-life of 6 X 10° seconds. If the

solubility product of Agl is divided by the final expression for Kh

Rep - (AgH (A7) v ¥ (1) _ [aghg - (x + HOD)I[(Iz)q - (x + HOI)]
K a@hayworn v £ 5"y (uo1)

and if from the result HOI is determined to be solely a function of a
single variable, x, the rate law after a suitable change of variables may
be solved in closed form using integration by parts. The solution is
given in Appendix A.

In nearly all the studies the hydrocarbon and silver ion concen-
trations were greater than that of the iodine; hence a point by point plot
of fn (Abs) for iodine versus time is approximately linear and gives a
running progress report on the reaction being studied. This correlation
served extremely well in rejecting data points and pointing out the need
for wvarious new reaction points to be taken. Points that deviated ex-
tremely from the linear rough plot always were found to give erratic
values for the rate constants, For reaction conditions where there was

consumption of iodine in the blank flasks, the log plot of the blank
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absorbances versus time was always linear. Further, the slope varied
monotonically with the silver ion concentration. This leads to a cor-

rected rate law

] Kk
-dgi = Rl- [(ArH)o - xJ[(Iz)e - (x' + HOI)}][ (Ag)o - (x' + HOI)]
sp

+ 1, [(T)o = (x' + m0D][(agHy - (x' + HOD)]

where x' is the loss of Iz by both blank reaction and the reaction of
interest and where kr is the rate constant of main interest and kb is the
rate constant for the blank drop. Further x'-x = Ax represents the iodine
consumed by the in situ blank reaction. On comparing the blank reaction

to the main reaction

+
d(Ax) ) kb(Ag (1) ) kb
ax k_ (ArH) (Ag")(Iz) ~ k_ [(Ar)o - x]
or
k
_.b (ArH)q
bx = K 4n [(ArH)Q - x:l
so that
k
| I - __tl SAI‘H)Q
' =x + Ax =x+ kr An [(ArH)o = x]
or

% x
X'=x-—£n[l--——:|
kl‘

(ArH)q

If x/(Arl)y is sufficiently small compared to unity, as it is expected to
be under pseudo zero order conditions for the hydrocarbon, only the first

term of a series expansion of the fn function need be retained to give




R [(ArH)o] - [+ (s (ArH)o>]

k
For benzene, the least reactive of the hydrocarbons studied S E— =

’
kr (ArH)o

0.8. The term in the rate law containing (ArH); - x must now be replaced

by (ArH)e, - x'/1.8; however, x'/1.8 still remains much less than (ArH),
under experimental conditions employed and further replacing x by x' still
leaves the reaction near a pure pseudo zero order reaction with respect

to hydrocarbon, and it is therefore reasonable as an approximation where

(ArH)gy - x = (ArH), - x'
to write the rate law as

xl

a " 'd[I 1. k  [(arR)o - x']J0(Iz)e - (x' + HOI)][(4g)e - (x' + HOL)]
+ k& [(4g)o - (x' + HOD][(Tz)o - (x' + HOD)]

for which the solution in Appendix A is applicable., The following is ob-

tained on comparison with the observed rate law

ko (ATH) (To) (Agh) = k_ (ArH)(L;)(Ag)) + kg (L) (Ag")

or for

(ArH)o >> (In)o = (Ag)o

“b

r obs ~ (ArH),
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The value of kb for each set of kinetic runs is determined inde-
pendently from the blank reaction flasks and the slope of a least squares

fit of the exact solution given in Appendix B for the blank reaction rate

law

dx't _ -dlIp]

it - de T K [agD)o - (x'' + HOI) ][ (Iz)o - (x'' + HOI)]

where x'' is the iodine consumed in the independent blank reaction,
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CHAPTER 1V

IODINATION OF MESITYLENE, ANISOLE, AND m-XYLENE

Introduction

In an effort to investigate for mesitylene, anisole, and m-xylene,
the cause of the drop in the rate constant k*(I-), with the increase of
the hydrocarbon concentration, three of Gnanapragasam's experiments were
repeated. His results are shown in Table 1 (Section A), Tables 2 and 3,
Table 4 (Section A), and Table 5. Experiments 113 and 114 of Table 6 as
well as experiment 124 of Table 4 (Section B) verify the type of results
found in the first five tables. The rate constant k*(I-), hereafter re-
ferred to as k*I, reproducibly drops as the initial (ArH) is increased at
constant (Ag+) and (IZ)' It is noted in Table 1 (Section C) that, as the
initial (Ag+) is increased, while keeping the initial (ArH) and (12) ap -
proximately constant, the values for k*I appear to increase only slightly,
if at all. The rate constant also increases as the initial iodine con-
centration is increased while keeping (ArH) and (Ag+) constant, Table 1
(Section B).

In Figure 1 are found plots of 1/k*I vs. (ArH) at 4.24 X 10°° M
(Ag+) and 2 x 10°¢ M (12) as taken from Tables 1 (Section A), 2, 3, and
5. It is noted for both protio and deutero substituted mesitylene at 25"
that 1/k*1 appears to be linear in the region near zero hydrocarbon con-
centration and that the slopes in the lower concentration range appear to

be the same, At 35° the plot appears to be linear throughout for mesitylene.




Table 1. Mesitylene Rate Constants Determined at 25,0 in the

Presence of (Ag™) and 0.10 M HC10,.

Measured by N. S. Gnanapragasam

30

Experiment ArH I, agt k*(1~) x 10°
No. M x 10° M x 10° M x 108 sec”
Section A
98 1.039 1.754 4,245 6.96 + 0,47
88 1.886 1.851 4,245 6,60 £ 0,33
83 4,102 2.101 4,245 6.56 = 0.31
89 8.536 1.851 4,245 4.86 £ 0.24
85 16.61 2.053 4,245 4.09 + 0.20
111 17.26 1.974 4,245 3.70 £ 0.65
90 33.22 1.851 4,245 3.32 £ 0.31
109 34,51 1,957 4,245 3.15 + 0.39
110 34.51 2.002 4.245 4,86 + 1.51
Section B
113 4.171 0,506 4,245 4.95 £ 0.48
86 N 4.438 1.023 4,245 5.64 + 0.24
(83) {(4.102) (2.101) (4.245) (6.56 £ 0.31)
112 4.171 3.522 4,245 7.05 + 0.49
87 16.61 1.023 4,245 3.37 £ 0.14
Section C
(83)* (4.102) (2.101) (4.245) (6.56 + 0.31)
712 3.960 1,921 8.708 7.71 £ 0.53
84 4,102 2.062 15.49 8.52 + 0.23
g1** 5.601 1.833 25.84 7.49 + 0.49
*From Section A **H+ = 0,30 M

Note: In all tables headings ArH, I,, and Ag+ refer to initial stochio-

metric concentrations, elsewhere denoted by ( )0.
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Table 2. Mesitylene-d Rgte Constants Determined at 25.0° in the
Presence of %Ag ) and 0.10 M HCIOA.
Measured by N. §. Gnanapragasam
Experiment ArH I, Ag+ k*(17) x 1P
No. M x 10° M x“10° M x 10° sec”
99 1.223 1.754 b, 245 3.37 £ 0.15
91 1.619 2.215 4,245 3.50 £ 0.17
92 16.47 2.215 4.245 2.41 £ 0.15
93 32.94 2.215 4. 245 1.71 + 0.16
100 49.81 1.754 4,245 1.40 + 0.25
78 5.028 2.406 B.807 3.40 £ 0.16
Table 3. Mesitylene Rate+Constants Determined at 35.0 in the
Presence of (Ag ) and-0.10 M HClOa.
Measured by N, S. Gnanapragasam
+ - 8
Experiment ArH 12 5 Ag e k¥(I ) x 10
No. M x 10 M x“10 M x 10 sec

118 1.092 1.763 4,245 2.73 + 0.33
115 1,976 1.582 4,245 2,79 £ 0.16
119 4,534 1.710 4,245 2.23 £ 0.13
116 8.611 1.543 4,245 1.64 £ 0.15
120 o747 1.675 4.245 1.16 £ 0.06
117 34.03 1,547 4.245 0.71 £ 0.05




Table 4, m-Xylene Rate Constants Determined in the Presence of (Ag+)
and 0.10 M HClO,. Measured by J. M. McKelvey
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*
These experiments were done by N. S. Gnanapragasam.

=
(H") = 0.20'M

Experiment ArH I, Ag+ k*x(1I”) x 10%°
' No. M x 108 M x 108 - M x 108 sec!
Section A

Temperature 25.00

101} 4,677 1.858 4,249 0,93 +0.02
102 52.84 1.822 4,249 0.80 £ 0.02
104%* 232.4 2.215 4,249 . 0.68 £ 0.05
Section B

Temperature 25.0°

124 816.5 3.165 4.300 0,73 + 0.03
125** 258.0 2.780 21.89 1.06 £ 0.05
131 79.83 2.152 19.41 0.970 + 0.05
132 80.15 2.567 20.45 1.11 + 0,02
133 46.39 6.655 18.88 1.21 + 0,05
147 59.04 2.975 13,22 0.967 £ 0.08
148 64.14 1.821 12.71 1.01 <+ 0.04
149 64.99 4.686 21.16 0.96 +£ 0,06
150 25.43 2.502 20,08 _ 1.20 + 0.09
Temperature 35.0°

135 44.71 1.977 19.69 6,46 £ 0,41
136 45,06 2.373 18.92 6,71 =+
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Table 5. Anisole Rate Constants Determined at 25,d:in the
‘Presence of (Ag ) and 0.10 M HClOa.
Measured by N. 8. Gnanapragasam
Experiment ArH 1, agt k¥ (1) x 10°
No. M x 10° M x“10° Mk 10° sec
106 2,867 2,116 4.248 2.25 £ 0.13
105 45.91 2.116 4.248 1.01 £ 0,13

=]
Table 6. Mesitylene Rate Constants Determined at 25.0 in the

Presence of (Ag ) and 0.10 M HClO

Measured by J. M. McKelvey 4
Experiment ArH 12 Ag+ k*(17) X 10°
No. "M % 10° x“10 M x 10° sec
113 31.51 2,298 ' 5.082 3.79 £ 0.19
103 3.610 2.007 20.02 8.57 + 0.72
110 4,718 1.861 26.61 8.67 + 0.21
115 70.16 0.591 2.464 2.75 * 0.51
123 42,69 2.355 5.042 4 bb £ 0,39
126 13.31 1.890 10.46 7.19 £ 0.25

e e g -‘.&_._\5-“"_
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1.7 w Mesitylene (350) a =8
O Mesitylene d, (25°) a = 9
1.6 °
A Mesitylene (25 ) a=9
1.5 X Anisole (25°) - a=9
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1.3

1.2
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Figure 1,
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(Ag") = 4,24 x 107

12 16 20 26 28 32
ArH M x 10°
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{Other concentrations are
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Figure 2 shows, for mesitylene, a plot of log10 (k*I/T) vs. 1/T.
The three points at lower values of 1/T correspond from left to right to
values of k*¥I, 12.4 % 0.5, 3.79 % 0.26, and 1.11 * 0,04 X 1077 sec ! de-
termined by Gnanapragasam at 60.00, 50.00, and 40.00, respectively. They
were measured in the absence of any silver ion., The two remaining points
are 32.2 and 8,00 X 107, the intercept values of k*I taken from Figure 1
for the temperatures 35.0° and 25.00, respectively.

Figure 3 contains the rate constants as determined during an entire
experiment. The experiments represented are 90, 100, and 105 of Tables
1, 2, and 5, respectively, They are correlated with the reaction time for
each experimental point for which a value for k*I was determined. Each
experiment shows a drop in k*I with time and, further, k*I appears to ap-
proach a limiting value in each case,

Figure 4 correlates the values of k*I (Table 1, Section B) measured
at constant (ArH) and (Ag+) but varying (Iz). The values of k*I increase
as (12) is increased.

It is important to note that, at this point, all the above correla-

tions are empirical but will be later shown to have some basis in theory.

New Experimental Results

The behavior of k*I as a function of hydrocarbon concentration
might be accounted for by assuming storage of large amounts of the iodine
by way of a prior equilibrium in the form of a2 ¢ complex according to the

equation

ArH + I, ArHIT + 17
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The equilibrium concentration of the o complex should increase as (I) is
decreased via larger amounts of Ag+. Such a dependence is not borne out
in fact. This is indicated by experiment 126 in Table 6 where k*I is
7.19 £ 0.52 x 10™ at (Ag') of 10.46 x 10™® M and (ArH) of 13.3 x 10™° M
while the expected value as determined from Figure 1 is 4.2 x 10™° at (Ag+)
of 4.24 X 10°° M and (ArH) of 13.3 x 10™° ArH.

Dimerization or some other form of association of the hydrocarbon
in aqueous solution might be possible. Results of the measurement of the
partial pressure, p, of mesitylene over a scolution of known concentration
preclude this possibility. The solution was 1500 ml of 9.317 x 10 ° M
mesitylene in a 2 liter volumetric flask fitted with a hollow, ground
glass stopper equipped with a rubber septum for sampling the gas phase as
well as the aqueous phase. From the application of Henry's law to a so-
lution saturated by ArH and to a solution of lower (ArH), the wvapor pres-

sure of ArH over the latter is

P=PX (1)

*
Here p 1is the vapor pressure of mesitylene over the saturated solution
and x is the ratio of the liquid phase concentration of the hydrocarbon
solution of lower concentration divided by the concentration of the satu-

*
rated solution. The value of p , 3.5 mm at 250, was determined as de-

scribed below utilizing a gas chromatograph for measuring the partial pres-

sure over a saturated hydrocarbon solution. The solubility of mesity-
lene46 at 25° 1is 5.4 X 107% M, and for the solution first mentioned, the
cited data lead, via equation (1), to a calculated value of 0.60 mm for

p. The gas phase over this same sclution was studied on a wvapor phase
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chromatograph and showed 8.45 x 10 ° moles present in 0.25 ml, When sub-
stituted into the ideal gas law, a value of 0.63 * 0,04 mm for p is ob-
tained. This value compares very well with that predicted by Henry's law.
The ratio of the partial pressure for equivalent hydrocarbon concentra-
tions (9.3 X 10°° M) of mesitylene in 0.1 N NaClO4 to that in pure water
is 1,09 £ 0.05 and thus mesitylene appears to behave ideally in both pure
water and solutions having an ionic strength of 0,10, It is concluded
that association of the hydrocarbon in aqueous phase does not occur to a
significant extent and, therefore, it cannot be the cause of the drop in
the rate constant.

The similarity in the rate behavior of anisole to that of mesity-
lene as indicated in Table 5 is of interest here. The ability of water
to hydrogen bond with the ether oxygen atom of anisole makes association
much less likely than in the case of mesitylene., Since no association
was found for mesitylene, it is also precluded here. It is noted that
anisole dissolves in water much more rapidly than mesitylene.

The possibility that the solubility equilibrium for the reaction
Ag+ + I @ Agl

had not been attained cannot be excluded completely., The rate of combi-
nation of Ag+ and I  1is possibly that of the collision frequency; however,
rapidly precipitated Agl may have a larger value of Ksp due to smaller
particle size than that of slowly formed Agl to which the standard thermo-
dynamic value47 of Ksp pertains. Increasing the silver ion concentration
in order to increase the rate of precipitation should increase the devia-

tion in (I-) from that expected from the standard value of Ksp' Ag a
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result, the true iodide ion concentration would be higher than expected
and hence the apparent k*I would be lower than the true value, The in-
crease of (Ag+) had the opposite effect; the rate constant was larger,
In Figure 5 is seen a correlation of the drop in rate constants
with respect to the velocity of the reaction represented by the quarter-
life of iodine, Here the drop in the rate constant is defined in terms
of the ratio of the rate constant for the initial hydrocarbon concentra-
tion of concern to that value derived from the intercept, (k*I), in Fig-
ure 1, All the data represented were taken by Gnanapragasam. The corre-
lation of the data as a function of the reaction rate seems to indicate
that factors related to the high rate of reaction rather than some spe-

cific property of the hydrocarbons are responsible for the deviations

noted.

Often approximations are employed when using steady state treat-
ments to derive expressions for rate constants once a mechanism is sug-

gested. Often the approximations made are enlightening, simplifying, and

useful; however, in this work they are felt to be tenuous, and so any

mechanisms investigated and discussed will have as few approximations

employed as possible, Where the approximations are used, an effort will

be made to justify them.

Discussion of Possible Mechanisms

Mechanism I

In this mechanism H201+ is the halogenating agent.

k -
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kg

+
HZOI + ArH ‘_1'—"' g+ HZO
kg
kg +
c + H20 —> Arl + H30

where ¢ represents the sigma complex between It and ArH.
Detailed examination of this mechanism gives, for the most general case,

the expressiocon

1 _ ko (kg + ke) + (ArH) (2)
k*1 ky kg kg k, (I7)
In the presence of silver ion the expression may be rewritten as
k-,l (k_a + ks) K +
8 sp . (ArH)(4g ) 3)

K I = T ky ks Kg i

This mechanism suggests that, when ka(HZOI+)(ArH) is comparable to ki(Iz),
then the rate of formation of halogenating agent becomes partially rate
determining.

Mechanism II

In this mechanism Ag12+ is the effective halogenating agent

+
(AgI, )
ast + I, %& AgI; K = __Tz__

(g ) (1,)

Ag12++ Arﬂ—vkk*_—T—Ac+ AgT

kg +
H20 + 0 —>Arl + H3O
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For this mechanism
K Kk, kg Kg
X =
k*I _E:;_;_E;_R (4)

Here there is no dependence whatever upon the concentration of A§+ or ArH,
hence, at least in theory this mechanism can be distinguished from Mechan-
ism T.

Mechanism III

A third possible mechanism is the following

+ Ky +
H,0 + Ag + I, &=—=>H,0T + Agl
2 2 kly 27 )

+ ka
H0T7 + ArH S o H,0

kg +
O + Hy0 ——> Arl + Hy0

for which

Kep _ ki (ks + ke) L (ArH) (s) 4
3 Ky g Kg ] .

This mechanism cannot be distinguished from a fourth one (Mechanism IV)

Mechanism IV

Ag12+ b oATH s gy AgT
E—4

kg +
o+ HZO — Arl + H30
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on the basis of the dependence on (ArH) since here

Ksp - kly (kog + kg) (ArH)
k*I ki' kg kg I’

Mechanism V
The fifth mechanism combines some of the features of the above

mechanisms,

I, + H0 =—2>u oIt + 1~

e
n

+ -
(H,017) (T )/(1,)

AgT + T o= agI Koo (g )(17)

agt + T, == Ag12+ K

a1,/ (agh) (1)

+
H0+Ag12+¢—ke=~AgI+H01

+ +

&
[

H201++ArH\=Lc+Ho
K-a 2

ke +
H20+0'——%AI‘I+H3O

Applying the steady state approximation to HZOI+ and ¢

N kl(Iz) + kg (AgI2+) + ko ©
H,0I

2°% T Tk, (D) + ks + kg (ArH)

(6)

.- ks (ArH) (H,0T")

keg + kg (7)

If x is the amount of iodine reacted to form products then
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dx

or

s () + g (AeTDlk; kg (ArB)
dt  [key (I7) + kep} (kg + kg) + kg kg (ArH)

(8)

Substituting for (Ag12+) in terms of K and for (I”) in terms of Ksp then

dx _ {ka + oK (4g")] ks ks (ATH)(Tp)(Ag) ©
U kK, + ke (A8D] (ke + ke +lo ks (Arm) (agD)

but by definition

dx _ krL +
it = x (arB)(I,)(Ag )
sp
and hence
K + +
sSp {k"l KSD + k-:a (Ag )] (k'B + kﬁ) i (AI'H) (Ag ) (10)
k1 {ky + keK (agM)} ks kg (ki + kK (42"}
Noting that equilibrium conditions require that
K, K=
-1 sp - Ka K
and
- = KK
5
then the first term in equation (10) becomes
k-y (kg + kg) K
2F (11)

ky ky kg

or equivalently
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kop (kg + kg)

(12)
koK ks kg
Thus equation (10) becomes
Ksp _ Kop o2 (ks * ko) () (ag") (13)
k*1 k; kg kg {ka + kgR (Ag™)}

This equation requires that a plot of Ksp/k*l versus (ArH) be linear and

have a slope of
(g /{k + kK (gD}

The slope is inversely proportional to the net effective rate constant

for the formation of H201+. This slope appears to be dependent upon

(Ag"), but in the limit that

KK (Ag) >> Iy

then the net rate equation is written

_K;s_Ez (kg + kg)  ArH (14)
kAT KK ks kg kpK

I . + . . . A
If the equilibrium concentration of HZOI is not maintained, it is
not possible to maintain the equilibrium concentration of HOI as they are

related by

+
_ (H) (HOI)
= St ()

since proton transfer to oxygen is expected to be rapid compared to ki(Iz),
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or ks (Ag12+).
As in some of the previous mechanisms, plots of 1/k*I versus (ArH)
glve intercepts at (ArH) = O where the ratio for deuterium and protium

compounds is given by equation (16) if isotope effects are neglected for

kg .

(k¥1), (L + ka/kg)y
= (16)
(D, ~ (T + ka/kg),

This expression is identical in form to that found for the H201+ mechan-
ism in the absence of Ag+.

Mechanism V indicates that, for sufficiently reactive hydrocarbons
at very low (I7), k*I may decrease to the point where the equilibrium con-
centration of H20f+ is not maintalned and therefore [k-l Ksp + kg (Ag+)]

is not significantly greater than k; (ArH).

Possible Dependence of k*I on Ionic Strength

The effect of ionic strength upon the rate of reaction of hydro-
carbon with 12 in the presence of Ag+ is not predicted to be the same as

in the absence of Ag+. In the latter case it is found that

9% L (T (ArH) (I2) _ k*I (ArH)(Ig)
obs ~ (I7) T vy v

1
= (17)
when (k*I)Obs is the rate constant determined neglecting activity coeffi-
cients, whereas k*l is the rate constant determined using activity coef-
ficients. Here Y, is the mean activity coefficient and v¥ is the gross
effective actlvity coefficient of the transition state. If the activity

coefficients are equated then
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K= (I¥D) Y, (18)

In the presence of (Ag+), however, where (I ) Y+a = Ksp/(Ag+)

dx _ (knl)obs

X - 2% (arm) (1,) (agD) = £ (arm) (1) (agh) (19)
sp sp
or

k*I = (k*I) obs

If vy, and Y* are not equal in fact, then in the absence of (Ag+)

at low ionic strength, denoted by the subscript £,
kD= (v,), (v, [Ty ] (20)
oy} £ obs~ 4

while in the presence of Ag+ and high ionic strength, denoted by h,

¥
SN

RO

4
Coeny 1o 1)
h
At a given temperature, however, the ratios of k#*I should be unity if the
treatment of activity coefficients is appropriate and, hence, from the

ratio of equations (20) and (21)

LoDy, 3, (v, V), (v,

(oD, T . =1 (22)

obs

‘Since the non Ag+ work was done at 107° M ionie strength vy, is near unity

and
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¥
o,

— 3 -¢g
(v, 5,

vhere R is the ratio of the observed rate constants shown in equation (22).
ITf Y* and Y, are independent of small changes in temperature, then
they affect only AS type terms. From entropy argument548 it will be assumed

that y*

may be interpreted as follows., Not only is the transition state
charged but it may be polar. 1In order to obtain some estimate of the elec-
tronic properties of the transition state, a CNDO/2 calculation was done,
Since it is not possible to do CNDO/2 calculations on molecules containing
iodine atoms, a calculation for the para-toluene transition state using.
C1+ as the electrophile was considered. The result showed a dipole moment
greater than ten Debeye for this transition state model, This suggests
that the transition state for the analogous iodination reaction alse has

a very large dipole moment. Since the transition state also bears a
charge, then two contributions to AS*, the entropy of activation, become
apparent. One contribution is due to the "point charge'" nature of the
transition state. This property is usually associated with the mean ac-
tivity coefficient Yi. The second contribution is a correction to the
first and takes inte account the high polarity of the electrostatic nature
of the transition state, and will be arbitrarily associated with 6*, a
type of activity coefficient associated with non spherical electrostatic
properties. The sum of these two contributions then allows Yi to be

rewritten

5¥ (23)

<

n
-2
i+ 4
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Now equations (23) and (24) reduce to

CoN
eH, °

)4
In the case where the enthalpies of activation for a reaction under dif-
ferent ionic conditions are the same, then any difference in reaction
rates must be due to differences in the entropies of activation to which

R 1In (¥) and R 1n (§) are related.

Discussion

It is felt that Mechanism V adequately describes the kinetic be-
havior for the aqueous iodination of mesitylene, anisole, and m-xylene in
the presence of A§+. Figure 1 shows that the initial slope for mesity-
lene at 25o is 8,8 x 10'2® L-sec/m and the initial slope indicated appears
to be the same for mesitylene-g3 and anisole at 25a.

The data for mesitylene are not strictly linear. This can be ac-
counted for quite easily, When the numerical value for k*I was calcu-

lated, it was assumed that (HOI) was an equilibrium49 value. Figure 3

suggests that for the ordinary mesitylene where

(ArH) = 34 X 10° M

and

(Ag+)O 4.24 X 10°° M

the equilibrium concentration of HOI, and hence H201+, has dropped to a

very low value after 100 sec, after whiech k*T becomes constant. This

value of (HOI) must be near zero. The true value of k*I, (k*I)t, is thus
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{(12)0 - (HOI) - x} {(Ag)o - (HOIL) - x!}
(1), - =1, (4g), - =]

(*T) = (kFD) o (24)

t

The initial value of (HOI) is 20.0 percent of (12)o and, hence, .the equi-
librium amount of HOTI would be approximately 0.2 {(Iz)0 - x}. A time of
100 seconds represents 30 percent reaction and, hence, HOI = 0,14 (12%.

The correction factor is calculated for (Iz)o= 1.85 x 10°° M, from

(12) = (12)0 - 0.3(12)O 0.2{(12)0 - 0.3(12)0} = 0.56(12)O ,

1.04 x 10° M

(agh) = (") - 0.44(1,) = 3.43 x 107° M
- _ - & -
(1), = (I,) - 0.3(1,) = 0.7(I,) = 1.30 " 10 x M
(Ag+)t= (4g) - 0.3(L,) = 3.70 x 10° M
to be

+

(10048 ) 04 x 3.43 _

- -
(Iz)t(Ag )t 1,30 x 3.70

0.74

The numerical value for k*I under these experimental conditions is 1/0.74
times too large and 1/k*I is too small by the same factor. This point is
noted in Figure 1 and further, since the value of k*I at zero ArH should
be k*I for equilibrium conditions, the slope throughout the low {ArH)
range should be very close to that at zero (ArH). This appears to be the
fact. It would be more difficult to assess a value of (HOI) at inter-
mediate values of (ArH) between zero and 34 X 10°° M.

The linearity in Figure 1 for mesitylene-d, without the above cor-

3

rection suggests that the equilibrium values for HOI used in the numerical
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calculation of k*I were correct. The slope of the line drawn for anisole
is 8.8 X 102 , which is within experimental error of the slope allowed
by 10 percent errer in each of the points shown.

The explanation above of the curvature in Figure 1 obscures the
possibility that a second halogenating agent, Agsz, may also be reacting
with the hydrocarbon. This reagent is knownSO to be a very reactive io-
dinating agent. A mechanism that has these two halogenating agents can
be shown to allow a nonlinear functional dependence of 1/k*I upon (ArH).
This mechanism is not given here since the more simple mechanism, Mechan-
ism V, appears adequate to explain the data.

The Dependence on Silver Ion

. -+
Experimentally it was found that k*I varied with (Ag ) under cer-
tain conditiens,

The explicit dependence of 1/%*I upon (Ag+) is from equation (10)

1
o (-1"(*—1) - ky {(ArH)
3 (g7 Ky [y + koK (agh) P

This derivative is always positive and requires that k*I decrease with an
increase in (Ag+) or else remain constant if kgK.(Ag+) >> k; according to
equation (14). The data of Table 1 (Section C) show that k¥I increases
from 6.6 to 8.5 X 10 ° upon increasing (Ag+) from 4,24 to 15.5 X 10°° M.
The value from the intercept of Figure 1 of k*I where all composite equi~
libria are assumed is 8.0 X 10 °, Increasing (Ag+) from 8.7 to 15.5 X
1078 M causes an increase in k*I of six percent., Experiments 103 and
110 of Table 6 show that further increasing (Ag+) to 26 X 107 M causes

no further change in k*I,




More data on the dependence of k*I upon (Ag+) are shown by experi-
ments 83, 82, and 84 of Table 1 (Section C) and experiments 103 and 110
of Table 6, As (Ag+) is increased at (ArH) = &4 x 10°° M and (H+) = (.10
M from 4 to 27 X 1078 M, k*I increases from 6.56 to 8.6 X 107 sec™t.

For a 6.75 fold change in (Ag+), k*I changes only 1.3 fold., Above 15 X
10°° M, (Ag+) k*I appears to be constant and hence is described by equa-
tion (12).

When, for mesitylene, (ArH) is increased, k*I is expected to de-
crease according to equation (13). At 13.3 X 10°® M the expected value
for k*1 from Figure 1, where (Ag+) equals 4,25 X 107° M, is 4.34 X 107°,
When (Ag+) is then increased to 10 X 107° M, as in experiment 126, Table
6, k*I becomes 7.19 * 0,25 x 10 °. At 13 x 10® M (ArH) then increasing
(Ag+) 2.35 fold causes an increase in k*I by a factor of 1.65. The same
behavior is noted for m-xylene on comparing experiment 125 with experi-
ments 101, 102, and 104 in Table 4. The increase of k*I by a factor of
1.56 in experiment 104 required an increase in (Ag+) by 5.1,

The assumption of equilibrium in the precipitation of the silver
iodide formed in the hydrolysis of I2 has been of considerable interest
in this study. 1If, in Mechanism V, it is assumed that the formation of
Ag12+

of I by Ag+ is not, then the following mechanism can be considered,

is at equilibrium at all times, but that the rate of precipitation

ignoring that part due to Ag12+

kl + -
=
I, + Hy0 vk___—-_l—'- H,0I" + I K =k /key
17+ AgT %A Agl Kgp = Koy /Ky

-7
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+ k
— 2N
HZOI + ArH E-a o+ H20

+
HZO + g —> Arl + H30
If attention is focused upon the first three reactions of this mechanism

and if the steady state assumption is made for HZOI+ and I~ then

- kl (12) + k_.-',
Ty = n ¥
koy (HLOI') + Kk, (Ag)

k I k
(H201+) = 1 ($9) * kg ©

koy (I7) + ky (ArH)

Combining these two expressions and rearranging

-+
ky (1) + kg o [1 L ke (H201 )]

(H201+) = ky (A7) (26)

k- k., (H,01")
—_7 1 2
- k, (ag") Ko (A2 [1 ' k, (agh)

sga1 s + -
Now if it is assumed that there is equilibrium between Ag and I , then

as previcusly shown

+ _ kl (Iz) + k-a [e)
(HZOI ) = z 27>

k., —2B_ 4 1 (arh
Paghy  ? (Br)

where I  has been replaced by Ksp/(Ag+). Comparing these two expressions

for (HZDI+)’ then, shows that the requirement for equilibrium is that




k (H201+) <k (Agh)

Equilibrium conditions thus require that the rate of precipitation of I~
+ -

by Ag must be identical to that of formation of I . Even though equi-

librium does not exist, it is assumed that the above inequality holds,

Using equation (27)

3 (H201+) ey (@) kg o} kg K 25
3 (4g)  fky K+ ky (ArE) (gD}

This is positive at all values of (Ag+). Increasing (Ag+) in order to
accelerate the rate of precipitation of Agl has a coincident effect of
increasing (HZOI+). If the equilibrium associated with K| is met, then
that associated with KSp may also be maintained., Conversely, if the equi-
librium related to KSp is not maintained, then that for K; cannot be met.
Associated with the kinetic process of precipitation of Agl is an
alternate interpretation. For slowly formed Agl which exists as large
particles, the thermodynamic value of Ksp is 8.29 x 10717, For freshly
formed Agl in the very dilute solutions here, there is a significant pos-
sibility that the Agl is predominately colloidal,51 and that this form of
Agl has an effectively larger Ksp than for aged AgI.52 As a result, the
calculated value of (I°) based on the thermodynamic value of KSp will be
too small, and k*I will in turn be too small. If the major source of
H201+ is from Ag12+, then the influence of KSp will be found only in the

effect on the numerical value of (HOI), which varies approximately in an

inverse fashion with Ksp' See Appendix A for the functional dependence of




57

HOL on Ksp.

Another possible complicating factor is consistent with the ob-
served dependence of k¥*I on (Ag+), and that is the adsorption of Ag+ on
the surface of Agl to cause a decrease in effective (Ag+). The precedent
of this proposed phenomenon is described as follows. The surface adsorp-
tion of Ag' on AgX where X = C1™, Br , and I  is the important feature of
the Mohr and Fajans methods of halide determination.53 There is an in-
crease in the importance of this adsorption which follows the above

series.54 The crystalline compound AgNO_, : AgCl is known.55 Where solid

3
AgBr is in the presence of 10 ° M AgNO3, approximately one of every seven
surface AgBr molecules has a silver ion associated with it.56 Surface
adsorption is of increased importance where colloidal AgX is formed, and
colloid formation increases with the above halide series.57

Under kinetic conditions where H = 0.1 M HClOa, the addition of

6 x 1078 M Ag" to 2 x 107® M Nal produces no visible clouding or precipi-
= = P p

tation. Over the range of 3000 to 5000 A there is, however, using a 10 cm

cell, an effective absorbance of approximately 0.1 absorption units which
may be due to scattering of light by colloidal Agl. Colloid formation is
favored where the rate of combination of Ag+ with I~ is rapid. Under the

comnon kinetic conditions employed,

(AgI) » 2.5 x 108 M

and
(Ag") ~ 3.4 x 107 M

such that a high ratic of (AgI)/(Ag+) exists, and surface adsorption can

possibly be very important. The adsorption of 20 percent of Ag+ to give
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8.8 x 10*® g-sec/m in Figure 1, Ksp = 8,24 x 1077, and (Ag+%)= 3.85 ¥
107% M.

From the intercept for mesitylene at 25°,

koK kg

k* =
k_p (1 + k_p/kg)

Sullivan showed for the iodination of 2,4-dinitrophenoxide ion by H201+
that k_a/k5 had a value of 0.43 + 0.04 sec ', Since the reactivity of
2,4-dinitrophenoxide ion was found to be similar to that of anisole, which
is similar to mesitylene, and since the isotope effect determined for this
halogenating agent is similar in magnitude, 2.3, the above reversibility
ratio may be applicable here; therefore,

1-1:3— = 9.45 x 10% g/m
-2

This ratio combined with a value of (ArH) represents the ratio of (H201+)

that goes to form sigma complex to that reverting to I For (ArH) =

5t
4 x 100%™

%L (ArH) = 3.78 x 1072

-2
whereas for (ArH) = 34 x 1078 the product is 3.22. At 4 x 107 M (ArH)
only one of every 3.5 H201+ molecules goes to give sigma complex while at

the higher value three of every four H OI+ molecules does so. In the

2
latter case it is not difficult to see that equilibrium concentrations of

+
HZOI cannot be maintained, and hence k*I can be very sensitive to changes

in (ArH).
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Ag 17 could then give a 20 percent error in the effective value of (Ag+)

2
used in the numerical determination of k*I, The correct value of k#*I
would be 8 ¥ 107 °. When (Ag+) is larger, say near 15 to 20 x 10°° M, the
amount adsorbed on the surface of Agl would be much less significant and
the value of k*L would increase to a maximum and remain constant. This
is in fact what is observed. The largest value of k*I is 8,5 x 10 ° at

(8g") of 26.61 x 107 M.

The Effect of Temperature on Silver lon Dependence. At 350, Fig-

ure 1 shows a smaller slope, 3.22 x 102 than at 25 for mesitylene; this
may be understood in terms of the relative importance of k, to kaK‘(Ag+).
The interpretation of the slope at 35° is difficult, however. From equa-
tion (13) and the slopes at 25° and 35n, the apparent sum of the hydroly-
sis rate constants, k, + k;K (Ag+) is smaller at the higher temperature,
3.60 x 1073 sec’ !, Since k, and k, are rate constants, they must increase
with T, but K and k K must decrease with T to satisfy the observed be-
havior. This implies that the sum of AHO for K and AH* for k, is negative.

Another instance where a negative activation energy is obtained57
is the HBr catalyzed bromination of mesitylene in CC14. The halogenating
agent can be thought of as Br+(BrHBr)-. The negatively charged moiety
decreases in stability with temperature.

The term sz(Ag+) will make a larger contribution to the sum,
k, + sz(Ag+), at 25°. 1Insofar that k*I at 25° increases only six per-
cent with a six-fold change of (Ag+), as opposed to a predicted decrease
if k, is important, kBK(Ag+) must be the dominant term in the expression
for the considered slope and thus equation (14) is applicable. The re-

sult is that at 25° kK is 1.39 x 10% sec’ !, determined from the slope of
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The linear behavior at 35  in Figure 1 is interpreted in light of
the temperature dependence of K. It is felt that at 35° a smaller amount

of Agl + is formed at the same (12) and (Ag+) than at 25°. The slope

2
found in Figure 1 at 35 is 3.6 x 102 g-sec/mole. This numerical value
along with 3.456 x 107'€ for KSp and 4.0 x 10716 M for (Ag+) gives kK =
83 g/m-sec (to be compared with value of 1.33 x 10® at 250), if kK (Ag+)
is significantly greater than k, at 35°. The implied negative free energy
of activation for k K may be understood in terms of the previous discus-
sion of the relative temperature dependence of k, and K. The linearity

of the plot at 350, compared to that at 250, is partially explained by

the fact that the percent of I, existing as HOI at 35° is approximately

2
one half that at 25° as determined by equilibrium calculations., This is
due to the fact that, while KSP increases from 8.3 x 1017 to 3.456 ¥

10 18, the hydrolysis constant K, increases only from 5.4 x 10712 to

1.365 x 1071®, There is a much smaller correction necessary to get

(k*1 )t than shown previously for 25°. This smaller value of (HOI), and
hence of (H201+), at higher temperatures would explain the greater decrease
in k*I with respect to (ArH); there is a smaller effective buffer of HZOIt

Also, all equilibria are probably more readily attained at 35° than at 25°.

The Effect of Silver Ton on the Isotope Effect. The fact that the

isotope effeect, determined from the ratio of intercepts in Figure 1 is
2.2 + .3, which is within experimental error of the value determined at
higher temperatures in the absence of Ag+, suggests that there is no
change in the overall process of proton loss in the presence of Ag+. If
there is increasing importance of the inorganic chemistry of Mechanism V

in the rate determining process, however, then [according to equation (13))
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the experimental isotope effect should decrease. At the intercept (Fig-
ure 1) at 25° for the two types of mesitylene the isotope effect is 2.2
while at (ArH) = 34 x 10 ® M the isotope effect is reduced to 1.37. At
(ArH) = 50 x 10°® M the isotope effect is expected to be 1.05 and clearly
this is within the limit of an isotope effect of unity, where proton loss
is no longer rate determining.

The Influence of Variations in Todine Concentration

The dependence of k*I upon (IZ) for mesitylene is shown in Table 1
(Section B) and Figure 4. As (I,) is decreased from 3.5 to 0.51 X 1078 M,
k*I decreases from 7.05 to 4.95 x 102 while (ArH) = 4.1 x 107® and (Ag+)
=4.24 x 10°® M. Figure 4 is understood in terms of the difficulty in
attaining the form of Agl to which the thermodynamic value of KSp per-
tains. At low values of (12), there may be insufficient Agl for nuclea-
tion and hence there may be either supersaturation of the solution with
Agl or colloidal formation of a more soluble form of Agl. This would lead
to a non-equilibrium value for HOI with respect to Ksp. Since a specific
functional dependence of HOI on Ksp exists, k*I would then be in error.

If (HOI) is in fact toc large, then the calculated value of k*I would be
too small.

The Influence of Variations of Ionic Strength

The effect of ionic strength upon the rate of iodination of hydro-
carbons is also shown in Figure 2., The values of k*L where (Ag+) =0 at
25° and 35° at 10°® M ionic strength are obtained by extrapolating the
data from higher temperatures. The values are 1.49 ¥ 10 ® and 5.79 ¥
1078 sec 1, respectively. Equation (25) gives 1.8 for the ratio

s ¥ _ -g ~1 + . :
(s )z/(a ), where ((k*x)obs)h = 8.0 x 10® sec’ . If (§ )z is unity for
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the low ionic case, then (6$)h must be less than unity. This might be
interpreted by way of ordering of the solvent by the perchloric acid
added to produce an ionic strength of 0.1 M. The more ordered solvent
would not be as able to stabilize the transition state and hence the rate
of the reaction would be smaller.

The disagreement in the rate constants at low and high ionic
strength may also lie in the possibility that true Agl equilibrium is

. + .
never attained at the Ag and I, concentrations employed; there may not

2
even be enough Agl to allow anything other than colloidal Agl to which

K does not refer.
sp

Conclusions from the Study of Mesitylene, Anisole, and m-Xylene

In general, it appears that silver ion has the anticipated effect
on the rate of reaction of mesitylene, anisole, and m-xylene with iodine
in water. The rate varies inversely with the iodide ion concentration
calculated from the Agl solubility equilibrium constant. Through the use
of Ag+ the iodide ion concentration range has been extended from 10°% M
down to 10 '? while the ionic strength was increased for 107 ® M to 107® M.
The use of Ag+, however, causes a deviation in the concentration of halo-
genating agent from that predicted for an equilibrium concentration, and
the rate of reaction then becomes similar to the rate of formation of the
halogenating agent. It is highly pleasing that only small deviations in
k*I were found for such large variations in iodide ion concentration and
ionic strength. To this writer's knowledge, this is the first instance
where the kinetics of a compound have been studied in a quantitative man-

ner over such large concentration wvariations.
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For slower reactions than those discussed here, it is felt that the
KSp equilibrium will be maintained and also that the halogenating agent
will be formed rapidly enough so as not to be significant in the rate

determining process.
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CHAPTER V

KINETICS AND RELATIVE REACTIVITIES OF BENZENE AND QTHER

METHYLATED DERIVATIVES

Introduction

In the previous chapter, several mechanisms for iodination in the
presence of Ag+ were presented. Mechanism V was shown to be consistent
with the data given for mesitylene, anisole, and m-xylene. While these
studies were done near (Ag+) =4 yx 1078 M, with few exceptions most of

the subsequent kinetic studies were done where (Ag+) = 10°® M. At the

+

OI+ is assumed to be AgI2

(Ag+) employed here, the source of H as sug-

2
gested for mesitylene. The purpose of the remainder of this work is to
study the change in reactivity brought about by increasing the number of
methyl groups of the benzene ring from one to five. Of particular inter-
est is the comparison of the kinetics of iodination in water with those

of bromination in waterzg; the rates of bromination by Br2 increased by

a factor of 10° on going from benzene to pentamethylbenzene.

Since an isotope effect of 1.5 has been found for the bromination18
of sterically crowded 3-bromodurene and 3-methoxydurene in acetic acid
while none has been found for benzene,58 it is of interest to examine the
effect of structure upon the isotope effect of iodination. In particular,
does the isotope effect on iodination in water change as the number of

methyl groups on the aromatic ring is increased? Coincident with this

inquiry is the question of the effect of crowding on the overall rate of
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reaction. Does the rate of reaction increase in a predictable fashion as
indicated by partial rate factors determined for less reactive, non-
crowded molecules?

In Huckel calculations, the influence of methyl groups may be in-
cluded by varying the matrix diagonal element corresponding to the sub-
stituted ring carbon. Using all valence electrons, a more exact quantum
mechanical model of the methyl group and a quantitative description of
the specific participation of the group in aromatic resonance is included
in recent CNDO calculations.59 It would be of interest to predict rela-
tive rates of electrophilic substitution of methyl bearing hydrocarbons
ﬁsing molecular orbital theory where the proton is used as the electro-
phile, Since the proton is considered to be significantly smaller than
either Br2 or H201+ correlation of the rate constants for these two re-
agents %ith CNDO calculations may give some information concerning steric
hinderance in these reactions.

The correlation of rate data with theoretical calculations is

possible from the following considerations. From absolute rate theory

a rate constant may be expressed as

k= 5T oxp (- a6t /Rm) (1

where AG* is the "free energy of activation," R is the gas constant, T
is the absolute temperature, K is the transmission coefficient, k is the
Boltzman constant, and h is Planck's constant; thus

RT 4n (k) = RT n (%—T—) - a6t 2
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¥ ¥

Since AGT = AHW - TAS¢, and if TAS¢ is proportional to AH*, or per-

haps constant and small compared to AH*, and further if AH¢ = AE* + A(PV)$
=~ 0, then correlation of interest is fn (kr) versus AE¢. It is expected

that energy calculations using molecular orbital schemes refer to zero

degrees Kelvin, but so far as correlations have been made, it has been

successfully assumed that AE¢ is proportional to AE:. The definition of
AE: is that of the difference in the energy between models representing

o
the transition and ground states, respectively, at 10 XK.

Experimental Results

The results of the remainder of the kinetic studies are presented
in Tables 7-13 and include benzene, toluene, p-xylene, o-xylene, durene,
prehnitene, and pentamethylbenzene. These compounds are listed in order
of increasing reactivity as judged by the magnitude of k*I at 35°. Where
the deuterated hydrecarbon was studied, the protium analogue was also
studied and is noted by pairing of the two rums in the appropriate tables.
The average value of the observed rate constants are computed and listed
in each table, For benzene the high (Ag+) used to make the reaction rate
practical gives rise te a complicating conversion6l of 12 te HIO, accord-

3

ing to the equilibrium

3H.0 + 31, ——>T0. " + 6H + 51
2 2 e—— 193

(o, @hH%an’

3 ~ 4.5 y 10748 at 35°

K

While the thermodynamic parameters derived from the rate studies

will be discussed in detail later, some consideration is given here to
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Table 7. Benzene Rate Constants Determined in the
Presence of Agt and HCIO4
Experiment ArH 1o Agt ke (1) x 1014
No. M x 10® M x 10° M x 108 sec™!

Temperature = 25.0o

@ = o0.10 M

198 .7874 5.285 36.67 0.122 + 0.018

Temperature = 30.0°

(8 =0.10 M

154 11.97 2.370 32.59 0.440 + 0,015

156 13.66 2.368 31.52 0.438 £ 0.053

(H) =0.20 M

162 12,16 2,145 31.87 0.402 + 0,093

163 10.23 3.635 32.84 0.437 + 0.019

Temperature = 35.0

H) =0.20M

243 12,80 2.953 32.94 0,93 + 0.13

244 13.12 2,429 22,58 0.89 = 0.44

245 12,58 2,810 22,24 0.98 £ 0.05
Average: ©0.93 * 0.03

250 12.07 5.206 26.16 1.65 £ 0.02

251% 18.12 8.330 25.79 0.72 + 0.02

() = 0.30 M

207 5.998 5.648 34.21 1.68 = 0.07

215 11.17 2.276 34.05 1.56 + 0.12

217 11.79 2.317 27.57 1.93 = 0.13

219 11.59 2.853 35.60 1.58 £ 0.13
Average: 1.69 £ 0.12

*
Benzene-d, (99.5% &
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Table 8. Toluene Rate Constants Determined in the
Presence of Agt and 0.1 .M HC1O4

Experiment ArH I, Agt k*(I") x 103
No. M x 10° M x 10° M x 10° sec-?

o

Temperature = 25.0

70 800.6 6.120 18.00 3.01 * 0.05
71 457.5 6.120 18.00 3.11 = 0.05
72 773.2 6.730 10.00 2.90 + 0.08
73 773.2 3.703 18.00 3.26 + 0.33
87 705.3 7.214 18.00 3,507 + 0.12
100 255.1 2,542 18.00 2.90 * 0.09
101% 938.7 1.945 36.00 3.49% + 0.18
106 1135. 2.247 35.30 3.24 =+ 0.11
95 787.9 2.538 18.00 3,01 + 0.09
93 883.8 1.987 5.678 3.13 + 0.09
92 758.4 1.987 5.678 1.61 + 0.12
97 750.0 2.349 18.00 2.99 =+ 0.27
96** 808 .4 2.349 18.00 1.28 * 0.13
Average: 3.06 + 0.09
Temperature = 35.0
89 .. 680,2 5.938 18,00 22,1 £ 0.4
88" 647.5 5.938 18.00 11.7 £ 0.4
105 790.5 1.588 18.00 20.6 + 1.8
1047%* 1571. 1.588 18.00 12.4 * 0.6
Average: 21.4 * 0.7

") =0.20M
ek

Toluene-ds (92% d)
sk

Toluene-ds (80% d)

1‘Not included in average

*
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Table 9. p-Xylene Rate Eonstants Determined in the
Presence of Ag’ and 0.1 M HCLO

4
Experiment ArH I, Agt k*(I") x 1lott
No. M x 1P M x 1P M x 1P sec’t

Temperature = 25.0o
192 548.9 5.890 30.90 0.211 * 0,007
196 713.1 5,597 27.01 0.191 + 0.092
Temperature = 35.0
193 491.6 5,887 24.51 1.30 =+ 0.03"
194 495.2 5.537 23.97 1.17 * 0.02
195 243.4 5.765 28.59 1.11 + 0.03
197 579.1 5,277 14,71 1.07 + 0.11
200 693.3 5.828 23,70 1.13 % 0.03
201 603.8 2,867 4,371 1.19 + 0.12
202 317.2 6.068 22.26 1.02 <+ 0.07
246 396.0 2.685 23.01 1.02 * 0.05
24,7%* 671.8 2,685 23.01 0.517 + 0.009
248 350.2 2.924 23.56 1.13 % 0.02
249%% 609.7 2.924 23.56 0.551 + 0.02

Average: 1.11 #* 0.05

*
Not included in 4verage

*
fg-Xylene»g4 (92.3% d)




Table 10. o-Xylene Rate Constants Determined in the

Presence of Agt and 0.1.M HC10,

70

Experiment

ArH I Agt

k*(I-) x 10t2

2
No. M x 10° M x 10° M x 108 sec?
Temperature = 25.0°
228 679.0 3.222 24,68 2.61 *0.18
230 679.0 3.119 24.57 2.68 £ 0.09
232 679.0 2,995 25.30 2.50 £ 0.07
Average: 2.60 + 0.06
Temperature = 35.0°
229 339.5 3.088 32.91 12,9 % 0.9
231 338.5 2.891 24.57 14.0 0.4
233 339.5 2.891 25.30 12.2 % 0.4
Average: 13.0 £ 0.6
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Table 11. Durene Rate Constants Determined in the
Presence of Ag' and 0.1 M HCLO,
Experiment ArH . I, Agt k*(I”) x 10%°
No. M x 10 M X 10° M x 10° sec™!
Temperature = 25.0°
186 4.707 5.702 13,53 1.16 + ¢.06
179 9.264 5.675 13.41 1.16 £ 0.04
180 15.44 5.309 14.66 1.11 £ 0.05
181 15.44 5.608 14.71 1.14 + 0.02
187 24.34 5.325 15.49 1.07 £ 0.03
184 25.31 5.211 15,07 1.16 £ 0,03
185 9.737 5.299 18.96 1.06 £ 0.03
188 21.19 4,832 27 .69 1.12 £ 0.03
Average: 1,13 x 0.03
Temperature = 35.0°
182 6.176 5.338 14,77 4.64 £ 0.32
183 6.176 5.289 26.85 4.63 £ 0.15
263 11.19 3.044 27 .40 4.88 £ 0.15
262% 13.64 2.892 27.40 2.05 + 0.10
265 5.209 2.479 27 .49 5,21 ¢ 0,08™F
2647 11.93 2.396 27.49 2.29 + 0.04
Average: 4.72 = 0.11

*
‘Durene-gz (90.6% &)

ke

Not included in average
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Table 12, Prehnitene Rate Constants Determined in the
Presence of Ag+ and 0.1 M HClO4
Experiment ArH I, Agh k*(I") x 10 ®
No. M x 10% M x 108 M yx 10° sec=!

Temperature = 25.0°

235 11.49 2.535 4,183 1,03 £ 0,05

237 11.44 2,790 3.965 1.06 £ 0,05
Average: 1,05 £ 0.02

Temperature = 35.0o

236 11.49 2.306 4.183 4,36 £ 0.28

238 11.49 2,712 3.965 4.83 £ 0.27
Average: 4.60 % 0.23

.

e 4
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Table 13. Pentamethylbenzene Rate Constants Determined in the
Presence of Ag* and 0.1 M HC1Qy
Experiment ArH I, Ag™t k*(I7) x 10°
M % 10% M x 108 M x 10% sec™?
Temperature = 25.0°
223 11,07 2,911 5.418 4.32 £ 0.14
224 10.62 2.937 4.939 4.01 £ 0.28
225 10.39 2,732 4,671 4.02 £ 0.16
Average: 4.12 £ 0.13
Temperature = 35.00
220 1.672 2.463 4.477 16.7 + 1.2
221 8.359 2.434 5.036 16,9 £ 1.7
222 8.359 2.412 4,936 16.8 + 0.7
227 8.359 2.988 4.377 17.4 £ 0.3
261 5.956 2.603 14.38 16.8 + 0.5
260% 6.397 2.603 14.38 6.52 + 0.42
267 6.728 2.731 13.94 16.0 £ 0.4
266" 5.956 2.731 13.94 6.41 + 0.23
Average: 16.8 + 0.3

%
cPentamethylbenzene—g (92% d)
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these parameters for benzene., The rate constant k*I appears to increase
by a factor 13.3 for a 10° change in temperature, This in turn implies
that AH* for benzene is ca. 72.5 kcal/mole. This is an unusually large
value. Immediately suspect is the rate constant at 25°. The single
value for 25 cited in Table 7 is the only result of the one successful
effort among some ten experiments to obtain data with sufficiently small
scatter to determine a rate constant. The high degree of irreproduci-
bility at 25° is consistent with the aforementioned iodate formationm.

If there is an '"iodate problem,"”

there is raised some gquestion as to the
validity of the experiments done at 30°. Varying (H+) should cause some
change in (k*I) if there is a problem, but there is essentially no differ-
ence in k*I when (H+) is either 0.1 g or 0.2 M. For (I') =2 x 10! M,
(H+) = 0.2 M, and (12)0 = 1.8 x 10°® M and the equilibrium concentration
of (103-) is calculated to be 1 x 10 © M neglecting HOI formation. This
is 55 percent of the iodine present initially, If (H') = 0.3 M then
(103-) is reduced to 0.088 ¥ 10°® M and the effect of this amount would
be hard to detect., As no indication of complication exists at this iodide
concentration for faster reactions of more reactive hydrocarbons the rate
of formation of 103- must be comparable to the rate of iodination of ben-
zene. The mean activity coefficient362 of the two acid concentrations
differ by less than two percent and cannot be the cause of the rate dif-
ference. The values of k¥I at 0.3 M H+ are therefore considered the more
reliable for benzene.

Not only must the equilibrium concentration of 103- be considered

but also the rate of formation. At 25° and (H+) of 0.1 M the activation

energy for the formation of 10, is approximately 38 to 40 kcal/mole.63

3

ry
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On consideration of some of the other kinetic studies in this thesis, in
particular toluene, the activation energy for benzene is anticipated also
to be 38 to 40 kcal/mole. If the entropies for the two reactions are
ignored for the moment, it is falrly clear that the rates of formation of
103- and the rate of reaction of H201+ and benzene are similar. The
large uncertainty in these values for both processes does not allow a
prediction of the predominate process at 350, or any other temperature
for that matter.

In Table 14 is found a summary of all the kinetic studies, includ-
ing k*I at 25° and 350, the enthalpy and entropy of activation, AS* and
AH*, and the observed relative reactivities at 25 and 35 .

Now AG¢ may be readily obtained from an observed constant via
equation (1) rewritten in the fashion

% hk

AGT = - RT in (KT;) (3)

where the transmission coefficient K is assumed to be 1.0. It is possible

k
to calculate AH* by plotting 4n (T%) versus % for which the slope is
* ¥
- AH*/R. The entropy of activation, AS*, was determined as AE__%_QE_ .
¥ ¥

It is noted that if AH" is independent of temperature, then so is AS .
Errors in k*I are with respect to the average of each set of
kinetic rums.
¥

4
The percent errors in AH , P.E., were determined6 as the absoclute

value of

100 [1/zn (ky /kl):[(%f + (%Ea_)a]% (4)



Table 1l4.

Thermodynamic Properties of Kinetic Studies Done in the

Presence of Agt

Hydrocarbon (k*I) x 10% X p? AS* Ien (DS*)* (AGi)* o
25° 35° keal/m cal/deg kecal/m cal/deg kcal/m
Benzene 1.61 £ 0.11 14
Toluene 3.06 + 0.09 21.4 +0.7 13 34.9 * 0.8 - 3.02 + 2.7 34.48 - 0.84 + 35.16 3°
p-Xylene  2.01 £0.10 11.1 +0.5 12 30.6 + 0.8 -15.8 + 2.6 33.48 -13.1 =+ 34.33 4
o-Xylene  2.60 % 0.06 13.0 % 0.6 12 28.8 + 0.9 -17.7 * 2.9 33.39 -16.3 33,21 2
Durene 1.13 + 0.03 4.72 £ 0.11 10 25.5 + 0.6 -21.2 + 1.9 31.19 -19.8 & 31.61 27
m-Xylene  1.06 # 0.05  6.59 10 32.8 £ 1.2 + 2.1 +£4.5 30.99 + 4.5 = 31.41 27
Prehniteme 1.05 £ 0.02 4.60 £ 0.23 9 26.4 £ 1.0 -13.8 + 3.4 28.80 -12.4 =+ 30.22 2
CH(CH), 4.12%£0.13 16.8 £0.3 9 25.1%0.6 -12.7 % 1.9 29.00 -12.7 % 29.00 1
Mesitylene 8.0 £ 0.4 32.2 + 1.5 9 24.8 *+ 0.89 -16.8 + 3.0 28.60 -14.55 * 29.28 3

The number of equivalent sites per molecule are noted

For a specific reaction site

The 2,4,and 6 positions are equated

The 2,4 position considered only

as

9L
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where Ak is the mean deviation in (k*I)i at Ti' The error in AS* was

determined from

Ak, ¥
R‘Tii + QL%E_Z (5)
i i

where R is the gas constant and 6(AH¢) = P.E. (AH*). The mean value of
the first term was employed. Errors in T were ignored by comparison with
errors in k.

The equation for the error in AS¢ is derived in the following
manner. Assuming negligible errors in T, a small change in QS* may be

written

sarh  s(ach)
T

sas™) = > (6)

The quantity 5(AH$) is known from above. Now the errors in AG* may be

expressed from equation (3) as

*_
8AG, " = RT 8§ 4n k;

but for small changes in ki

A true isotope effect may be determined from an observed one where
the deuterium labeled substate has some of the protium analogue as a con-
taminant in small amounts by the relationship

_ f(I.E.)ObS
corr 1 - (1 - f)(I.E.)ObS

(I.E.)
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where

{(kﬁl)obs}h

(-E2) obs = TCRFD)

obs]d

and f is the mole fraction of deuterium content. The errors in the iso-
tope effect were estimated from the sum of the percent error for each of
the isotopically labeled molecules. In Table 15 are listed the isotope

effects.

Discussion

Isotope Effects

Before considering in detail the relative reactivities of the
hydrocarbons, attention is first directed toward the isotope effect with
some mention of relative reactivities. In the previous chapter the de-
tails of Mechanism V give the following expression for the case where all

- . +
the equilibria related to HZOI are maintained,

wr o KoK Ko kg
R A A ™

Now k,, k.., and K are constant with respect to varying the structure of
+
the hydrocarbon. If the rate constant k; for the attack of H201 on the

aromatic substrate has no isotope effect, then on considering k*I for

protium and deuterium bearing compounds

(k*I)h (1 + k_a/ka)d
(D)~ (1 + kg /kg) ®)

Insofar as k; is isotopically independent, thenm so is k.. As stated
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Table 15. Isotope Effects Determined in 0.1 M HCIO

4
Compound Temperature Num?er gf (I.E.)ObS (I.E.)Corr
Determinations

Benzene™ 35 1 2.36 2.4 £ 0.3

Tcoluene 25 2 2.14 2.4 0.3
35 2 1.78 2.0 £ 0.1

p-Xylene 35 2 2.03 2.2 £ 0.
Mesitylene 25 wk 2.2 2.2 *
Durene 35 2 2.33 2.7 £ 0.
Pentamethylbenzene 35 2 2.51 2.9 £0.3

Y = 0.20 M

*%
From the appropriate intercepts in Figure 1 as discussed in the
previous chapter
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earlier, Sullivan found that (ka)h/(ks)d increased monotonically with
k-a/(ks)h for phenoxide ion, p-nitrophenoxide ion, and 2,4-dinitrophe-
noxide ion at very high iodide concentration. 1If£ it is assumed momen-
tarily that the C-H(D) bond in the sigma complex intermediate is the same
in all three intermediates, then on the Bell-Evans-Pglanyi (BEP) prin-
ciple65 one could explain the decrease in isotope effect on going from
phenoxide to the dinitrophenoxide ion. This principle states that the
activation free energy for the forward rate of an equilibrium process
varies inversely with the overall enthalpy of that equilibrium process,
The activation free energy for the formation of the quingid intermediate
of phenol should be smaller than for the analogous Iintermediate of 2,4-
dinitrophenoxide ion due to the destabilization effect of the addition of
nitro groups to the intermediate. It appears that k—a/ks should then de-
crease from phenoxide to the dinitrophenoxide ion; this is what was ob-
served. The reversibility ratios decrease from 1.4 x 10° to 4.2 x 102.
On consideration of equation (8) and the fact that k-a/ks are very large
compared to unity, the variance in the observed isotope effect from 6.5
to 4.5 for these compounds must reside in the ratio (ks)h/(ks)d and hence
reflects only losses in vibrational energy in the C-H(D) bond in the tran-
sition state. It is also noted that the implied relative loss in vibra-
tional energy in the transition state parallels the stabilities of the
related sigma complexes.

When HZOI+ is the halogenating agent for 2,4-dinitrophenoxide ion,
the observed isotope effect is 2.3, but this occurs only when the iodide
ion concentration is very low. Sullivan showed that the reversibility

ratio k_s/k5 was only 0.44, This is a case where the relative rates of
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. . +
the sigma complex reverting to H_O0I and ArH, versus that of losing a

2
proton are comparable. The isotope effect in the proton loss step must
be the same regardless of the halogenating agent, 12 or H201+, as they

both give the same sigma complex. For HZOI+ k., refers to the reaction of

+ -
the complex with water to give H,0I and ArH whereas when I is the nucleo-

2

phile in the case of the 12 mechanism the products are the reactants, 12
and ArH. Water is only 2 x 10 ® as efficient as I  in removing I+ from
the sigma complex and hence the isotope effect is controlled by the effi-
ciency of a reagent to remove I+ from the intermediate complex,

Since at low iodide concentration 2,4-dinitrophenoxide ion, and
mesitylene are of comparable reactivity at 500, 7.15 x 10°® sec™ ! and
3.8 x 107 sec !, respectively, and since the halogenating agent and ob-
served isotope effects are the same, it is thought that the iscotope effect
for mesitylene is controlled by the same factor as for 2,4-dinitrophenox-
ide ion at low iodide, the near equality of activatiom energies of k_g4
and kg.
’ It is conceivable that (ks)h/(kﬁ)d for mesitylene, if measurable,
could be as large as the value for the dinmitrophenoxide ion, 4.5, based
on the above discussion of the similarities and the fact that the observed
isotope effects are the same.

From CNDO calculations, the proton complex of mesitylene, where
k. = kg is less stable by 180 kcal than the quinoid intermediate of phe-
nol where k_, >> kg, and hence from the BEP principle the free energy of
activation for k; is expected to be much larger for mesitylene and the

dinitrophenoxide ion than for phenoxide ion.

On comparing benzene and mesitylene, the apparently constant isotope
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cffect of about 2.2 at 35 over a reactivity range varying by a factor of
10% suggests that the reversibility ratio k-s/ks is approximately the
same throughout the methylated series and hence a constant fraction of
the sigma complex formed goes on to product.

The isctope effect for durene and pentamethylbenzene are 2.7 and
2.9, respectively, as compared to 2.2 for the other hydrocarbons studied.
On bromination in acetic acid these two isotope effects are thought to
differ from unity18 due to steric crowding and the same cause is thought
to be responsible for the above increase in the isotope effect in iodi-
nation. The bromination isotope effect values above differ from the
"standard” value of unity by 10.0 and 20.0 percent, respectively, while
for iodination the deviations from the "standard" value of 2.2 are 23 and
32 percent, respectively. Steric crowding in the transition state is
thought to be the cause of the amplification of the apparent characteris-
tic isotope effect of iodination by HZOI+° It is noted that due to the
large size of the iodine atom the transition state for pentamethylbenzene
might be very similar in structure to hexamethylbenzene which has 86
symmetry,66 not D6h’ due to crowding among the methyl groups. It would
appear that this crowding would increase k_,; that is, if the sigma com-
plex is more difficult to form in the hindered case, then its reversion to
HZOI+ and ArH should be facilitated. Perhaps kg might be the same for
mesitylene and pentamethylbenzene and k-a/ks would then be larger for
pentamethyl benzene and the isotope effect would then be larger for the

latter compound. The magnitude of k_a/k5 for durene is probably inter

mediate between the two cases ceonsidered above.
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Product Isolation and Partial Rate Factors

At commonly employed ArH concentrations the relative rates of reac-
tion of the hydrocarbons studied span a range of approximately 10%, as
indicated by the largest and smallest values for k*I observed. The accu-
rate relative reactivities of specific reaction sites as well as the
relative reactivities of each of the hydrocarbons is somewhat more complex,
however, and required knowledge of the product distribution as well as
accurate values of relative rate constants. Gnanapragasam isolated 2,4,6-
trimethyliodobenzene as the only reaction product of mesitylene with
ipdine. In this study the reaction products were isolated from reactions
of iodine with toluene and o-xylene in the presence of silver iom.

For toluene 1.20g (0.013 m) was added to three liters of purified
water in a black ground glass stoppered bottle, After three hours on a
mechanical shaker the solution was made 24 x 10 ° M in AQ+, and 0.1 M in
HClO4 by the addition of appropriate amounts of stock solutions of known
concentration., After equilibrating in a constant temperature bath at 35°
for three hours, 12.0 cc of 1.3 x 10°° M (15.6 x 10™° moles) of iodine
solution was added. After .shaking vigorously the flask was allowed to
stand at 35  for 12 hours, then an aliquot was quenched with NaZCO3 and
one gram of Nal was added. The optical density at 3530 A showed no de-
tectable 12 remaining. The remaining portion was extracted three times
with 300 ml of hexane with mechanical shaking. The extracts were combined,
washed with aqueous NaOH, water, and dried over Dierite. The solution was
then reduced to 10.5 ml on a spinning-band column.

Standard solutions of the three possible reaction products, ortho,

meta, and para-iodotoluene showed on gas chromatographic analysis that the
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meta and para isomers as one peak, could be differentiated from the ortho

isomer. The chromatographic analysis was carried out on an F & M gas chro-
matograph, model &10. The column used was prepared by Mosher67 and was
of DEGA/H3P04 on silanized glass beads. The substrate was 0.15 percent

DEGA and 0.06 percent H The oven temperature was 90° and the flow

PO, .
3774
rate of the carrier gas, NZ’ was 22 cc/min. Using synthetic reaction
products, it was determined that greater than 90 percent of the reacted
iodine could be recovered as iodotoluenes,

The separation of the ortho isomer peak from the meta-para peak
was completed by decomposing the chromatogram into two Gaussian compo-
68 . .. 69 . .
nents via a least squares fit. The Gaussian functions g(t) used were

of the form

g(t) = aexp [- (B - £)*/V?]

where & is the maximum amplitude, where B = t, B is the position of the
maximum on the chromatograph time scale, t, and ¥ is the peak half-width
at the height o/e where e is the base of the natural log. The values

of the variables for the ortho isomer are 37.79, 2,529, and 0.673, respec-
tively, while for the composite meta-para isomer peak they are 57.099,
3,600, and 0,674. The Gaussian components of the product mixture show

an identical relative height ratio and relative area ratio, 0.66, and

this value is considered an accurate representation of the ratioc of the

product distribution, (ortho)/(meta + para), Forty percent of the total

product was the ortho isomer and 60 percent a mixture of meta and para
isomers, For the moment it will be assumed that 60 percent of the total

rate constant for toluene will give the rate constant for the para position,
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and 20 percent will give the rate constant for the ortho position, Since
there are two equivalent ortho positions in toluene, this leads to a value

of 3.0 for the ratio of rate constants for the para and orthe position.

The ratio is similar to that determined for the iodination of toluene by
I2 in an acetic acid - peracetic acid14 medium, 2,7,

In the case of o-xylene, the above reaction conditions were employed,
except that 0,4575 g (4.32 X 107> moles) of the hydrocarbon was added.

The product was isolated and the hexane extract reduced to 10 ml and ana~
lyzed as above. The pure components did not give symmetric peaks, but

they were of the same shape and the apparent product ratio of 2,3-dimethyl-
iodobenzene to 3,4-dimethyliodobenzene was much less than unity. The chro-
matogram was then resolved visually and showed nine percent of 2,3-di-
methyliodobenzene and 91 percent of the 3,4-dimethyliodobenzene. Due to
the method for resolution of the peak, the error may be as large as 50.0
percent for the lesser component.

The question of relative reactivity of methyl substituted benzene
substrate as a function of the reactivity of the parent molecule depends
upon a reliable value of the rate constant for benzene. In Table 7 it is
gseen that the benzene rate constant at 35° is dependent upon (H+), and
that the variations are assumed to be dependent upon the amount of HIO

3

formed, which is smaller at higher (H+). At 35° the observed rate con-

0% sec™ and when divided by the rate con-

stant for toluene is 2,14 X 1
stant for one position in benzene, it becomes 797. When the rate constant
for a position is divided by the rate constant for a single position in

benzene, the ratio is then knowm as a partial rate factor, Pu’ where u

denotes the position, ortho, meta, or para relative to the methyl group.
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We have seen that the ratio of partial rate factors PP/P0 is 3.0
if it is assumed that Pm is negligible in comparison to either Pp or Po'
The value for P0 is just 0.20 times 797; thus PO = 160 and Pp is 0.60(797)
or 479, Now Pm can be evaluated on comparing PO and the rate constant

for p-xylene divided by that of one position in benzene (26.6) to give

e 2 \

o m
P B 4Pm
o

26.6 =

or Pm = 6.67. Now the initial value of PP determined from the product
ratio is in error to the extent that the para preduct peak contains the
meta product also; thus a more accurate value of the para partial rate
factor is 479 - 2(6.67) = 466. This new value will be assigned to Pp for
all further discussion for iodination in water.

According to the "additivity principle," the reactivity of a posi-
tion in a poly-methyl substituted hydrocarbon relative to a position in
benzene can be described as the product of each of the appropriate toluene
partial rate factors relative to the reaction center appropriate for the
position of methyl substitution. The total reactivity of the molecule
will in turn be the sum of the reactivity of each individual position.
For example, the relative rate constant for m-xylene which has two posi-
tions with one ortho and one para activating methyl group, one with two

meta activating methyl groups, and one with two ortho methyl groups is

k =2P P +P° +P "
rel op m 0

To assume that the meta product isomer in toluene is negligible

compared to the para product seems to be quite valid on consideration of
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the values of PP and Pm, 465 and 6.67, respectively. In m-xylene the
question is raised as to what is the accurate partial rate factor for the
2,4-dimethyl activated position. The data in Table 16 suggest that only
14,5 percent of the total product for m-xylene should be the 2,6-dimethyl
isomer and 85.5 percent the 2,4-dimethyl isomer., It will be assumed for
comparative purposes that the entire product is 2,4-dimethyl iodobenzene,
Since rate constants are generally compared on a log scale, the above
assumption leads to an approximate error of only 0.07 log units, which is
negligible compared to the log of the total relative rate constant, 4.6.
It is thus suggested that, if there is crowding in the transition state
at the 2,6 position, the effect of it on the rate of m-xylene would be
difficult to detect on a comparative basis. Mesitylene also has such a
position, that is, one flanked on either side by methyl groups, but also
has a methyl group in the &4-position. The deviation of the calculated
mesitylene rate constant from the experimental one is a factor of 3.0.
This suggests that, for mesitylene, the experimental rate might be repre-
sented as 3(P;)2Pp where Pé is peculiar to the enviromment of mesitylene.
The new value Pé is 92.0. Thus the steric effect of two ortho methyl
groups is to reduce that contribution by (Pé)zl(Po)g or 0.33,

The use of the alternate value Pé gives 3.17 x 10° for the calcu-
lated rate for prehnitene, compared to 2.87 X 10° determined experiment-~
ally. This is very good agreement. To a first approximation it appears
that 2,3,4,5-tetramethyl substitution has a bulking effect of the same
magnitude as two ortho methyl groups. The ortho steric effect of two ad-
jacent methyl groups might be estimated by comparing the product analysis

of o-xylene and the relative rates predicted from partial rate factors.



Table 16. Observed and Calculated Rate Constants Relative to Benzene

Hydrocarbons Legend (k*I)ObS x 10%¢ Observed Calculated Calculated
Relative Partial Rate Total
Rate Factor Con; Relatixe
tributions”’ Rate’
Benzene (1) 1.61 1 6(1) 1
% k]

Toluene (2) 2.14 x 10° 1.33 x 102 1.33 x 10%

2-Di-Me 2(159.5)

3-Di-Me 3( 6.7)

4-Di-Me 465.4
p-Xylene (3) 1.14 x 10° 7.08 x 103 4(1070) 7.08 x 102

Yo E

o-Xylene %) 1.33 x 103 4.97 x 103 1.38 x 103

2,3-Di-Me 1.20 x 10° 4.47 x 10 2(1070)

3,4-Di-Me 1.21 x 108 4.52 x 108 2(3110)
Durene (5) 4.72 x 10* 2.93 x 10t 2(1068)2 3.77 x 108
m-Xylene (6) 6.58 x 10* 4.08 x 10% 2.88 x 10%

2,4-Di-Me 2(7.4 x 10%)

2,6-Di-Me 2.50 x 10%

3,5-Di-Me 8.90 x 10
Prehnitene (7) 4.60 x 10° 2.87 x 105 2(2.75 x 10%) 5.50 x 108
Pentamethylbenzene (8) 1.68 x 108 1.04 x 108 8,78 x 107 8.78 x 107
Mesitylene (9) 3.16 x 108 1.97 x 108 3(1.97 x 10%) 5.91 x 108

*
Total rate for compound

ol

""Based on toluene and p-xylene

88
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The observed 2,3-dimethyl product was 9.1 * 5.0 percent while the predicted
value is 25,0 percent. Since the observed and calculated total rates agree
so well, 1.33 x 10° versus 1.38 x 10°, respectively, and since the error

in the 2,3-dimethyl substituted product may be even larger than estimated,
the steric effect of adjacent methyl groups may not be significant.

On comparison of durene with o-xylene, however, cme has a situation
similar to that of one ortho methyl versus two, except that in durene one
is comparing one "ortho-dimethyl" versus two "ortho-dimethyl" groups.

Such a steric effect appears to be to reduce the rate for durene by a
factor of 12,9, 1If Pé is used in the calculation for the rate of durene,
the rate constant is 1.26 x 10° versus 2.93 x 10* determined experimentally;
the steric factor is only reduced from 12,9 to 4.3. It appears then that
2,3,5,6~tetramethyl substitution in the transition state gives rise to
steric problems other than those found for mesitylene as based on the com-
parison of P0 with Pé.

The use of Pé for pentamethylbenzene reduces the apparent steric
factor from 84.2 only to 28.1, the rate constant being 2.92 x 107. The
unaccounted-for steric faector is increased significantly on going from
four non-adjacent methyl groups to five methyl groups. It is quite pos-
sible that the remaining factor is due to the out of plane deformations
of methyl groups in the transition states. This would raise the activa-
tion energy.

Figure 6 shows a plot of the observed relative rates and the rela-
tive rates calculated using the toluene partial rate factors. A slope of
unity is arbitrarily drawn. No correlation coefficient has been con-

sidered.
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Figure 6, Plot of Observed Relative Rates for Ilodination in H,0
Versus Those Calculated from Partial Rate Factors,
(See Table 16 for legend.)
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Figure 7 and Table 17 show the results of Qgata and Aoki, for io-
dination of some of the same hydrocarbons in acetic acid in the presence
of peracetic acid. The partial rate factors here are 55, 2.5, and 150
for Po’ Pm, and Pp’ respectively., These authors state that the rate of
iodination was almost independent of hydrocarbon concentration; thus the
relative rates were determined by competitive methods, The explanation
of the relative rates being zero order in (ArH) is very similar to the
effect already discussed for the drop in rate constants for mesitylene,
the relatively slow rate of formation of halogenating agent. For aroma-
tics more reactive than benzene the rate of reaction becomes that of the
slower rate of formation of halogenating agent, CHBCOZI° The rate of
formation of the intermediate sigma complex is not significant in the
rate determining process for kinetics involving this halogenating agent.
It would appear then that the relative rates of formation of H OI+ versus

2

CH3COZI is 10° to 10° since for both reagents the relative rate constant

of mesitylene to that of benzene is near 10°, From the linearity of the
comparison of iodination in the two media, it appears that the major dif-
ference is the relative reactivity of the halogenating agents., It appears
that CH3COZI is more reactive and less selective than H201+.

Hammett Correlations

For comparative purposes the 1og10 of a partial rate factor is
assumed on some theoretical bases to be proportional to the sum of the
contributions to the rate of reaction of substituents at wvarious positions
relative to the reaction center. Where strong resconance interaction in
the transition state electronic charge is thought to be donated to the

aromatic T system by a substituent at position u, the Hammett equation
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Table 17. Comparison of Observed and Calculated Rate Constants at 60°
Calculated from Partial Rate Factors of Qgata and Aoki,
P, =55, By = 2.5, and P = 150

Hydrocarbon Legend Total Total Partial

Relative Relative Rate
Rate Rate Factors

(Observed)® (Calculated)™

Benzene 1 1* ¥ 1

Toluene 2 43.3 43.3 Lty

p-Xylene 3 90.5 90.5 136

o-Xylene 4 106 84.3 319f

m-Xylene 5 2.08 x 10° 4.72 x 103 6.25 x 10217

Durene 6 2.45 x 108 6.08 x 10% 7.35 x 108

Mesitylene 7 8.15 x 104 2.27 x 105 1.63 x 10°

o
Relative to benzene

el

3
See Table Title

TProduct assumed to be 3,4-dimethyliodobenzene

1

Product assumed to be 2,4-dimethyliodobenzene
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may be written

+

log (Partial Rate Factor) = p I %,
u

where p is the constant of proportionality and of which the magnitude gives
some indication of the sensitivity of the speed of the reaction to the
substituents, to the nature of the solvent, If p is negative and since

+ . 71 . . .
all o being used here are negative, then the reaction rate will be
enhanced by increased substitution in the reactant., The correlation of
the rate constants for specific positions for iodination and bromination
with Hammett G+ values appears in Figure 8 and Table 18. The d+ values

used are -0.276, -0.067, and -0.297 for ortho, meta, and para positions,

respectively., The correlation for the six rate constants for iodination
noted in Table 18 are characterized by having no steric difficulties near
the reaction center under consideration and have a least squares slope of
-8.55 (r=0,996) while the slope, determined from all the data is -6.95
(r=0.98). From the aqueous bromination data for all compounds but penta-
methyl benzene, the value of p is -11.5 (r=0.992) while for the entire
series it is -10,.7 (r=0,998).

Figure 8 suggests that bromination in water has a detectible steric
effect only for pentamethylbenzene while for iodination the ortho-meta
activated position of o-xylene, durene, mesitylene, and pentamethylbenzene
have significant steric effects. It must be remembetred that errors in
oa+, since it is the least well known of the three o+ values, may con-
tribute to the apparent steric effect., Figure 9 correlates directly the
bromination and iodination data and for prehnitine, mesitylene, and penta-

methylbenzene., There appears to be more steric hinderance for iodination
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Figure 8, Hammett Plots for Iodination and Bromination in H20.

(See Table 18 for legend.)
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Table 18. Hammett Data for Iodination and Bromination in H.O

2

Hydrocarbon Isomer Legend log (Partial Rate Factor) zg +t

1, Br, t
Benzene 0 0 0

Toiuene 2-Me L 2.20" 2.84 .0.276
3-Me 2 0.82" -- -0.067

4-Me 3 2.68" 3.63 -0,297
p-Xylene 4 3.03" 4.10 -0.343
o-Xylene 2,3-Di-Me 5 2.06 -- -(.343
3,4-Di-Me 6 3.06 - -0.364

Durene 7 3.94 - -0.686
m-Xylene™* 8 5.097 6.48 -0.573
Prehnitene 9 5.93 8.24 -0.707
Mesitylene 10 6.59 9.52 -0.849
Pentamethylbenzene 11 6.79 10.52 -0.983

%
p for these wvalues is -8.55 (r = 0.996)

v
2,4-Di-Me isomer only
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Figure 9, Comparison of Partial Rate Factors for Iodination and
Bromination with Equilibrium Constants for Proton
Complex Formation. (See Table 18 for legend.)
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than bromination. 1In terms of relative rates, iodination for these latter
compounds is slower by factors of 3.5, 10, and 55, respectively, than pre-
dicted from toluene partial rate factors.

To get an absolute magnitude of the relative steric problem for
icdination and bromination, perhaps the best correlation is that of these
rates with the equilibrium constant17 for proton complex formation with
the aromatic hydrocarbon, since the proton is much smaller than either Br
or I. Figure 9 shows these comparisons, It is Immediately seen that, for
the most unfavorable case, pentamethylbenzene, there appears to be a '"ste-
ric inhibition of rate' by a factor of 500 for iodination, but only by a
factor of 5.0 for brominatiom. All the previcus arguments concerning
steric crowding in the transition state are accounted for here. Bromina-
tion appears to be mnearly free of crowding while icdination shows signifi-
cant crowding as indicated by the large decrease in rate compared to that
predicted from less reactive compounds.

Thermodynamic Parameters

The interpretation of the thermodynamic data of Table 14 may now
have some microscopic meaning. Except for pentamethylbenzene the order
of reactivity for iodination in water at 25o is the same as for chlorina-
tion, bromination, and deuteration, In these latter reactions there is
approximately an order of magnitude difference in the rate of reaction of
durene over m-xylene and pentamethylbenzene over mesitylene, In this
study, however, these pairs of compounds differ by a factor of 2.0, at
most, at both 25o and 353. Further, durene is slightly less reactive
than m-xylene at 350, and mesitylene is slightly more reactive than penta-

methylbenzene at both 25° and 35 . The overall observed relative order
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of reactivity for iodination is similar to that of mercuration.72 In
particular, m-xylene and durene are very similar in observed reactivity
as well as the pair mesitylene and pentamethylbenzene. For benzoylation73
the latter pair immediately above are of similar reactivity whereas in
the former pair durene is the more reactive by an order of magnitude.
Except for the study of mercuration, the observed relative rate constant
for pentamethylbenzene deviates in a negative direction from that calcu-
lated from toluene partial rate factors.

The activation parameters, AS*, are negative except for m-xylene.
In terms of partial rate factors for toluene it is hard to understand why
the rate constant for m-xylene increases some sixfold for a change of 10°
in temperature., No experimental explanation for this behavior has been
uncovered so far. The 25 value was determined as an average of eight
points while the 35o value was determined from only two, and is thus
suspect. The value of AG$ does not vary as rapidly with changes in k*I
as does AH¢ and, if k*I for m-xylene changes by a factor of 5 for a 10°
change in temperature, then AS$ = 0, For smaller changes in k#*I, AS$ is
negative., It is estimated that AH$ should be between 26.4 and 29.8
kcal/mole, the values for prehnitene and o-xylene, respectively. A range
of 2.5 keal for AH$ would give an uncertainty in AS* near 8.3 cal/deg.

For the remaining compounds the value of AH$ decreases from near
35 kcal/mole for toluene to near 25 to 26 kcal/mole for compounds having
a reactivity greater than o-xylene, The apparent leveling off effect in
AH¢ is of interest. Increasing the number of methyl groups from two to
five brought about a change in rate of 10° but AH$ changes only ca. 3.0

kcal, In all these cases the entropy of activation is unfavorable except
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for m-xylene.

Since the methyl groups of o-xylene are probably in the plane of
the aromatic ring, then durene is probably planar also., Pentamethylben-
zene, however, may not be planar and may have the methyl groups alter-
nately above and below the ring planme, On going around the ring the first
and last groups would be on the same side of the ring plane. The inter-
pretation of the entropies of activation of these fiwve hydrocarbons is
enlightening, The planarity of durene allows the attack of H20f+ to

occur from either side of the aromatic ring. On pentamethylbenzene the

attack by H OI+ is more favored from the side of the ring opposite the

2
numbers 2 and © methyl groups. The resulting geometry of the transition
state could then be similar to that of hexamethylbenzene. If the adja-
cent methyl groups of pentamethylbenzene are already deformed from the
ring plane in the reactant, then there may be more room for attack by
H201+. Compared to the planar reactant, durene, however, the transition
state may be puckered like pentamethylbenzene and the transition state

may be less favored from an entropy argument, These arguments are offered
as a rationalization of the wvalues of AS*, -12,7 and -19.8 for penta-
methylbenzene and durene, respectively. Since there is postulated a pre-
ferred side of attack for pentamethylbenzene, there will be an effect on
the entropy ef R In(1/2) = -1.4 eal/deg, and the entropy for attack on

the preferred side may be somewhat the smaller, perhaps near -14.1 cal/deg.
Prehnitene may also be considered using similar entropy arguments as the
four adjacent methyl groups can also be puckered. The entropy value of

-12,4 is very similar to that of the observed value for the penta sub-

stituted hydrocarbon previously discussed, The magnitude of the entropy
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for mesitylene is interesting in comparison to the first two cases dis-
cussed for the values of AS* lie between the associated values of those
two cases. The reaction site is bordered on either side by single methyl
groups, The reactivity is very similar to that of pentamethyl benzene
and more reactive than durene. It is suggested then that the single bor-
dering methyl groups in mesitylene do not interfere greatly in the course
of the reaction; the relative rate constant calculated from the toluene
partial rate factor differs from the experimental wvalue only by a factor
of 3.0, Pentamethylbenzene differs by a factor of 84, durene by 12.7,
and prehnitene by 1.9.

The entropy of activation of o-xylene is smaller than that for
pentamethylbenzene. It is noted that the product isolation showed 10 to
15 percent of the 2,3-dimethyl product and 85 to 90 percent of the 3,4-
dimethyl product. The toluene partial rate factors predict 25.9 percent
of the 2,3-dimethyl product., If the difference in the observed and calcu-
lated product is in faet real, then perhaps the value for the total en-
tropy change for o-xylene may also be rationalized in terms of a crowded
transition state,

The specific contributions to AG$ are difficult to assess theoreti-
cally because of the complexity of the transition state and reactant mole-
cules, However, a means of correlating AS¢ in an elementary fashion has
been proposed. When the reaction under consideration occurs between polar
molecules to give a polar transition state, then AS¢ may be associated
with the polar properties of the reactants (r) and transition state from

the relation74
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2

(88) ) = - [)1; (i:)a Ei ; :l (2D+1) (a gg D)

where (AS)el is the entropy change on transferring the reactants and tran-
sition state dipole, W, from a vacuum to a medium of constant dielecttric
D. The dipole moments and radii of the reactants are noted by the sub-
script r,

In the case of concern the halogenating agent, H OI+, makes the

2
same contribution to (AS*) for all molecules and hence is ignored. Fur-
ther, the dipole moment of all the hydrocarbons is less than 0.5 Debeye,
and these contributions will be ignored. From Table 19, however, it is
seen that the proton model for the transition states shows much larger
dipole moments., Since Figure 11 shows a good correlation between calcu-
lated and observed relative rates, perhaps the calculated dipole moments
of the proton complex can be used in the above correlation. WNow the cube
of the radius of the transition states are not known but are estimated in

terms of the molar volume of the parent hydrocarbon, These approxima-

tions result in Figure 10 which shows a correlation (r=0.86) of (AS¢)

2

versus (H—

V) %" The proton complex u and the molar volume V, as deter-
cale

mined from the hydrocarbon densities are given in Table 20, It is diffi-
cult to say what can be deduced from Figure 10 but perhaps it says that
nothing unusual appears to occur when a nonpolar hydrocarbon reacts with
a polar halogenating agent to give a very polar transition state in water,
The slope of the plot is of the sign predicted by theory as 3 fn(D)/3T
for water is negative. The values of AS* for iodination of meta-xylene,

toluene, mesitylene, and para-xylene parallel the experimental value515



Table 19, Correlation of (AS#)Obs with a Dipole Model
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Dipole

Molar

2
Hydrocarbon Legend Moment Volupe (E—) (AS$)
Vv obs
(Debeyes) cc/m
m-Xylene 1 15.8 124 2.0 + 4,5 £ 4.5
Toluene 2 15.0 106 2,12 - 0,84 £ 2,7
Mesitylene 3 16.4 139 1.95 -14.6 = 3,0
p-Xylene 4 12,1 123 1.2 -13.1 £ 2,6
Prehnitene 5 12,7 150 1.1 -12.4 * 3.4
dk
Pentamethylbenzene 6 13.3 161 1.1 -12.7 * 1.9
o-Xylene 7 6.7 121 0.37 -16.3 £ 2,9
Fkk
Durene 8 8.5 144 0.50 -19.8 * 1.9

Determined from hydrocarbon densities.7

*k

Determined by the density given for hydrocarbon in the solid

state.

ok

81°.

%
Determined by taking 0.90 times the value (160) determined at
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Figure 10, Correlation of (AS*)o s with Dipole Model,
(5ee Table 19 for legend.)
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Figure 11, Plot of Log (Partial Rate Factors) for Iodination
in H,O0 Versus Calculated Proton Affinities. (See
Table 20 for legend.)
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Table 20. Relative Proton Affinities and Relative Rates of Iodination in HZO

Proton Legend A(AE) log{Partial Rate Factors)* ACAE)
Complex kcal/mole Calculated
Methyl from Toluepe
Position(s) kcal/mole
Ek
Benzene 1 0 0 0
Toluene 2 2 - B.51 2.20 - 8.51
3 3 - 0.69 0.82 - 0.69
4 4 -10.16 2.68 -10.16
p-Xylene 2 5 -10.44 3.00 - 9.20
o-Xylene 2,3 6 -10.52 2.06 - 9.20
3,4 7 -13.08 3.06 -10.85
m-Xylene 2,6 8 -17.23 -- -17.0
3,5 9 - 3.94 -- - 1.40
2,4 10 -20.45 5.09 -18.67
Durene 2,3,5,6 11 -19.35 4.94 -18.4
Prehnitene 3,4,5,6 12 -21.13 5.94 -20.1
Mesitylene 2,4,6 13 -27.85 6.60 -27.28
Pentamethylbenzene 2,3,4,5,6 14 -28.0 6.79 -28.68

*
Statistically corrected

*%
Legend for Figure 10 and Figure 11

901
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of As° for proton complex formation of these same compounds, -15.6,
-16.7, -20.2, and -20.8 cal/deg, respectively.

Insofar that AS* is the derivative of AG¢ with respect to tempera-
ture, and since Figure 8 is approximately linear, then it is suggested
that AH¢ be proportional to AS#. A plot of AH¢ versus AS$ gives a slope
of 370°K (r=0.80). Since the correlation coefficient is so low, the cor-

relation may not be considered significant78 and the plot is not given,

Molecular Orbital Calculations

Since the purpose of this study is primarily the study of the in-
fluence of methyl substituents on the reactivity of benzene, perhaps the
most meaningful correlation using molecular orbital calculations will be
one that refers specifically to the effects of methyl substituents; there-

fore, the correlation given in Table 19 and Figure 11 is

A(AE) = AE [c6H6_n (CHB)n] - AE(benzene)
versus
log (Partial Rate Factor)

where AE is the change in energy calculated for the reaction

ArH + H+ rd ArH2+

The CNDC calculations were carried out using the CNINDO program76 of

Pople and Dobosh., This program is also capable of performing INDC (Inter-
mediate Neglect on Differential Overlap) calculations. The Cartesian co-
ordinates of the atoms were calculated from the input values of the molecu-
lar geometry in terms of the molecular bond distances and angles using

the program COORD.77 These two programs were combined such that input
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coordinates could be either in terms of (x,y,z) or (r,9,8). If the latter
parameters were used, the former could then be punched ocut by the computer
if desired.

The model for the ground state is basically the structure of ben-
zene with methyl groups attached in appropriate positions. The aromatic
ring in both the ground state and the transitionm state25 models is assumed
to be a regular hexagon with C-C bond distances of 1,395 L. The c-cH

3

bond distance is 1,52 ﬁ, and the C-C-CH_, bond angle is 1200. The C-H bond

3
distance for the sp3 methyl group is 1.093 ﬁ, and for the ring protons is
1.083 L. The geometry at the reaction center in the transition state
model has been given a C-H bond distance of 1,10 i and an HCH bond angle
of 1100. The effect of the relative configuration of the methyl group
protons with respect to the ring plane and other methyl groups has not
been found to be important so long as the same relative methyl group
geometries are the same in both models and if the reaction center is sym-

metrically substituted. On considering three configurations of the methyl

groups of o-xylene

~«~ AL -

¢y (2)

where (1), (2), and {(3) represent the proton positions relative to the
horizontal ring plane the largest deviation in AE, for. the 3 4-dimethyl
proton complex isomer is 0.1 percent, or 250 calories, and the average

deviation is 0.05 percent. The configurations used for all the caleculations
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are given in Appendix D. The use of a proton as a model atom for I+ is
predicated by the above requirements and substantiated by the successful
correlation of proton-type reactions with other substitution reactions
such as chlorination, bromination, and deuterium exchange mentioned
earlier,

The energies listed, A(AE), or relative proton affinity, are the
differences between the energy difference on protonation of various posi-
tions of the substrates studied and the energy difference on protonation
of benzene, These differences in '"proton affinity" are plotted versus the
observed relative rates of iodination in Figure ‘11 and are listed in
Table 20, The energy of the position of greatest proton affinity is used
in the plot where rate constants for specific positions are not determined
experimentally, The correlation coefficient of the plot in Figure 10 is
0.996. 1t appears that the proton model proposed is a good one for elec-
trophilic reactions. The model thus handles well methyl group interac-
tions with the aromatic ring in the proton complex, The points of major
deviation from the line are for the sterically hindered positions of o-
xylene, mesitylene, and pentamethylbenzene. Such behavior helps to jus-
tify the assumption that there should be no steric problems for protona-
tion equilibria.

That the Hammett relationship should hold for polymethylbenzene
molecules is given some foundation by the CNDO calculations, The relative
proton affinities calculated from the appropriate sum of proton affinities
for the three positions in toluene are given in Table 20, In Figure lé
is a plot of the proton affinity calculated directly for each hydrocarbon

versus that derived from the toluene values. The agreement appears to be
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very good. The slope is 1.03 (r=0,994). Since the slope is so near unity
at least from CNDO calculations, the increase of the number of substituent
methyl groups from one to five increases the proton affinity of benzene

in a regular mannmer; there does not appear to be a "saturation point”
beyond which increasing the number of methyl groups causes no change in
the proton affinity, CNDO calculations have been often criticized, but

as long as they work their use is justified! 1In this study they give a
good account of the ability of methyl group to stabilize a positively
charged closed shell system,

For direct comparison both proton affinities calculated directly
and the Hammett parameters, Eci+, for each hydrocarbon position are
plotted in Figure 11 versus the respective proton affinities calculated
from the toluene values, The correlation with both ordinate and abscissa
is linear, showing that on a relative basis Eci+ values parallel proton
affinities, The slope of the plot is 0.032 (r=0.989).

In Table 21 are the valence shell atom electron populations result-
ing from the calculations for the ground state and proton complex of
pentamethylbenzene, toluene, and the para-toluene proton complex. The
indices, i, refer to the carbon atoms and the numbers quoted for the
hydrogen atoms are the total electron density for all the hydrogen atoms
attached to carbon atom i, The differences in the electron densities on
going from the ground state to the proton complex are noted as A,

Some comment is necessary on comparing calculations of molecular
properties other than energy. While AE may be essentially invariant to
the methyl groups configuration, there is no requirement that the density

matrix should be, As a result it will be assumed that the differences in
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Table 21. Ground State (G.S.) and Proton Complex (P.C.)
Properties from CNDO Calculations
Carbons Hydrogens
No. .5, P.C. VAN G.S. P.C. A
Pentamethylbenzene

1 4.0433 4.0712 -0.0279 2.9652 2.8265 +0.1387
2 3.9698 3.8489 +0.1209 -- .- --

3 3.9974 4.0411 -0.0637 -- -- --

4 4.,0451 4.0450 +0.0001 2.9665 2.8511 +0.1154
5 3.9770 3.8322 +0.1448 -- -- --

6 4.0482 4.0739 -0.0257 2.9603 2.8202 +0.1401
11 4,0309 4.0820 -0.0511 1.0089 1.7342 -0.,7253

Toluene

1 4.0445 4.0756 -0.0311 2.9588 2.7309 +0.2279
2 3.9545 3.7908 +0.1637 -- -- --

3 4,0152 4.0572 -0.0480 1.0063 0.9437 +0.0626
4 3.9863 3.8461 +0.1227 1.0063 0.9432 +0.0640
5 4.0072 4.0786 -0.0714 1.0063 1.6880 -0.6817

6
8

10
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electron densities and bond orders for particular atoms and bonds will be
the chemically significant numbers. It is noted that the fact that a
molecule bears a positive charge does not mean that all atoms in a charge
molecule will have lower electron densities than in the parent molecule.

In the pentamethylbenzene case, C, and C6 have larger electron densities

1
in the complex than in the parent hydrocarbon, while C4 shows essentially
no change. The methyl group in toluene shows behavior similar to C1 and
C6 of pentamethylbenzene.

Two factors commonly are thought to directly affect the stability
of a conjugated system bearing a formal charge, the ability of a substitu-
ent to stabilize the system by direct resonance interaction and an empiri-
cal rationalization that trisubstituted carbons bear a positive charge
more readily than disubstituted carbons, and hence are better able to
stabilize such a system. The comparison of the calculation of distribu-
tion of the charge in pentamethylbenzene and toluene on protonation to
give a sigma complex shows that there is a theoretical justification for
the two arguments above, On protonation of toluene the percent of a

whole positive charge induced on the H, group is 100(A) = 22.8, and on

3

the tertiary carbon 16.4 percent. This accompanied by an increase in the

Cl-C2 T bond order between C4 and C5 must be significant. Calculation

shows that the methylene protons bear 31,8 percent of the charge and the

CA_CS T bond order is 0,364, significantly larger than the 01-02

as well as the zero value for the C4-C5 T bond order implicated in the

value,

above structure. The charge in the toluene proton complex is 71.4 per-
cent accounted for on considering the charge changes in the methyl group,

the tertiary carbon, and the methylene group. Of the 71.4 percent, con-
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sidering the tertiary carbon and the methyl group as a charge absorbing
unit accounts for 36.1 percent of the charge. Of the remaining 28.6 per-
cent change of the total molecular charge, 24.5 percent is located on the
carbon meta to the tertiary carbon.
It is interesting te note that, in the proton complex of toluene,
the change in charge density on the hydrogens of positions 3 and 4 are
the same, ca, +0,064, but that the difference on the associated ring
carbons changes magnitude by 0.17 electrons, The cause of this may be
the "completeness” of o-T separability in the CNDO calculations or it may
lie in the fact that the repulsion integrals used in the calculations have
no directional character; they are a function of internuclear distance only.
In the pentamethylbenzene complex changes in electron density on an

ortho, meta, and para position CH, group account, respectively, for 11.1,

3
11.5, and 11,4 percent of the formal charge. This shows about the same

amount of charge on each CH, group regardless of the position! The charge

3
picture changes somewhat when the ortho, meta, and para tertiary carbon
changes are added to the above values. The orthc and para tertiary car-
bons have positive changes in charge of 0.120 and 0.144, respectively,
while the meta tertiary carbon has a negative change of 0.0637, These
numbers result in gross changes in charge for the tertiary carbon-methyl
group units of 0,258, 0.232, and 0.052 for para, ortho, and meta, respec-
tively. This order is the same as that expected by elementary resonance
theory. To isolate so called inductive effects from resonance effects

in the methyl group of the complex requires a comparison of the net change

of charge on the methyl group with the change in the ring-methyl-carben

bond order. The C~CH3 T bond orders change significantly on formation of



the proton complex, For the para position the change is from 0,197 to
0.249, for the ortho 0.192 to 0,238, and for meta 0,192 to 0.186, These
changes are +0.052, +0.046, and -0,006, respectively. Since the change
in charge on each methyl group is the same within 2,0 percent, it is
suggested that the inductive effect of each methyl group in stabilizing
the sigma complex is the same, The changes in bond orders differ sig-
nificantly for the three ring positions and have the same relative order
of magnitude as the positive charges on the associated tertiary carbons,
It is thus suggested that the resonance of the methyl group is accounted

for by the change in the C-CH3 T bond order.

Conclusions

The kinetics of the iodination of methyl-substituted benzene are
very similar in general nature to other electrophilic reactions involv-
ing the same aromatic substrates and other halogens., In general, the re-
activity of the hydrocarbon increases as the number of methyl groups is
increased,

Using water as solvent, a numerical treatment of the thermodynamics
of the inorganic portion of the mechanism is possible, It has been estab-
lished that the halogenating agent is H201+ and that this reagent evolves
from the hydrolysis of AgIz+. Of prime importance in the halogenation
reaction studied here is the appearance of a primary proton isotope effect
of approximately constant magnitude, 2.2 to 2.9, throughout the series of
hydrocarbons studied, Insofar as it may be assumed that this isotope ef-
fect is approximately constant, then the relative rates of reactivity

found reflect the relative rate of formation of sigma complexes; to wit,
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for compounds i and j

K k
Dy [k-;_(a (klf;L +E£5):|i L ()
I okl g ) O
kog (kg + kg) j

as a nearly constant isotope effect implies that kg/(k.z + kg) is approxi-
mately the same for all hydrocarbons studied. 1In light of the behavior of
the mesitylene kinetics then, it is demonstrated that the kinetics of iodi-
nation of methyl substituted benzene by HZOI+ have some of the same spe-
cific properties of kinetic studies of chlorination and bromination. The
presence of an isotope effect for these simply substituted hydrocarbons
makes this halogenation study unique while at the same time, for all the
compounds studied here, sigma complex formation is partially determining
and the formation of halogenating agents can also be partially rate deter-
mining,

Another unique facet of this study is the quantitative treatment of
the presence of Ag+ and the effect of Ag+ on the kinetiecs of iodination.
The similarities between the relative rate of reaction among all the halo-
genation kinetiecs then, in conjunction with the good agreement of the rate
constants for mesitylene determined both in the presence and absence of
Ag+, suggests that the behavior of Ag+ is to affect only the inorganic
portion of the reaction in a known, quantitative way. It may be stated
that, on comparing kinetics at 10°° M (I") and 107-* M (I7) effectively,
Ag+ serves solely to regulate the iodide concentration,

The variance of the ionic strength over a large range, from 10 ° M

to 107°°%2 M has no adverse effect on the reaction and the major function



117

of perchloric acid that controls the ionic strength at the higher ionic
strength is to suppress the hydrolysis of 12 to HOI, a reaction which is
significant in the presence of Ag+.

Not only have the kinetiecs of the hydrocarbons been studied, but a
means was developed to study the activity, or ideality, of the hydrocarbons
in aqueous media and it is verified experimentally that the hydrocarbons
obey Henry's law in aqueous media over the ionic strength range used in
this study.

Another area of investigation that is important to kinetic studies
is the semiempirical molecular orbital calculations used to correlate the
rate data obtained. It is found that a proton complex (sigma complex)
model in conjunction with the CNDO/2 scheme is a useful combination with
which to augment the understanding of the kinetic studies herein, Not
only do the molecular orbital calculations correlate with the rate data
well, but the dipole moment of the proton complex model serves to corre-
late the entropy of activation when used with a dipole model for the tran-
sition state,

Further, the "additivity principle" is accurately verified on com-
paring proton affinities for polymethyl-substituted benzenes.

Finally, it is not necessary to be skeptical about using pure water
(as long as it is pure!) as a solvent for kinetic studies of reactions of

nonpolar hydrocarbons.
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CHAPTER VI
RECOMMENDATIONS FOR FUTURE WORK

The techniques developed in the course of this work make possible
kinetiec studies of halogenation of aromatic molecules of reactivity com-
parable to benzene, Low solubilities of hydrocarbons in water do not
present difficulties in the presence of a reactive halogenating agent such
as H201+. Naphthalene and naphthalene-g8 can be studied, as well as 1-
methylnaphthalene and its perdeutero analogue,

The bromination of relatively unreactive hydrocarbons dissolved in
water in the presence of silver ion may also be studied. The unreacted
bromine ﬁay be determined spectroscopically after reacting with an excess
of iodide ion according to the equilibrium reaction

228 + 1.

31 + Br2 3

As a result of the silver ion adsorption on AgI, it is suggested
that possible association of silver ion with the iodine atom of iodobenzene
may be studied by measuring the solubility of iodobenzene in aqueous silver
nitrate solutions. After equilibration with iodobenzene, the aqueous layer
may be quenched with iodide ion and extracted with isococtane, The optical
density can be determined and compared to that of standard solutions, It
is proposed that there may be strong adsorption of silver ion on the iodine

atom due to the high polarizability of iodobenzene,
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APPENDIX A
SOLUTION TO GENERAL RATE EQUATION

In this appendix is given the solution in closed form for the

general rate equation

Y e ket {
dt  ~at X

+
(arH) | - x} {(I,) - x - HOI} {(4g") - x - HOI}
SP
where x is the product formed, HOI is the amount of I2 that exists as HOI,
and KSp is the solubility product for Agl. In the remainder of the ap-

. + . . . .
pendix, Ag will appear without the charge sign and all concentrations

will correspond to zero time, which is denoted above as ( ). Now HOIL is

related to X by

c LS @on @ ad -
K=g_= (T,) -x -HOT Yi/ (g7 (1T)V3

3 (Ho1) (')
[(12) -x-HOI}{ Ag ) - x-HOI}

where Y, is the mean activity coefficient.
If
X = (H+)/K'

then

L
(4 + I, + ) - [(ag + I, + K)* - 4K - 4(ag)(1]?
2

HOI =-u +




Defining the discriminant as W gives

(Ag+12+1<)‘°‘-wa
= 4K

X

and

It will be useful to have the following definitions

@ = Ag - 12 - K
Y=1,-4-K
B = 4{K(ATH) + (4g)(L,)} - (Ag + I, + K)®

It can be shown that the rate equation is now

“WAW k¢TI (04W) (B4WS) (Y+W)
dt KSP 8

Defining the right side as

k*1 (AW+B c . D )
KSP B+WE T oW T v+W

the new constants are

__ B(ay)
(F+8) (*+B)

w
|

-

¢ = @V (@FD
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D= Wy F By
A= - (C+D)
and
-k*T th _ Wdw _ [ (AwB)dw Cdw_ DAW
8K U T (W) (BHWR) (YHW) T (B+W°) (o+W) (Y+W)

sp

The sum of the second and third integrals is

C 4n (B+W°) + D 4n (y+W)

and the first part of the first integral is

% fn (B+W)

The second part of the first integral is dependent on the algebraic

sign of B and

B-% arctan (B+W) for B > 0

I BdW - .
B+ £
'('B)_% in )%ES%%ig for p <0

The limits of integration for W are W evaluated for x at t=T and

for x=t=0,



APPENDIX B
SOLUTION TCO BLANK REACTION EQUATION

The rate equation for blank reactions is

-d(IZ) dx

—ZL ==k () -x- ot} {(agh) - x - not)

dt
5P
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Utilizing some of the identities found in Appendix A, as well as

the same method of solution, the rate equation becomes

SWAW _ ke (OHW) (Y4W)

dt K 2
sp
or
-kdt _ J Wdw = [ AdWw [ BdW
ZKSP (W) (YHW) ~ J o4l Y+W
for which
_ o
A=
= _Y
B = Vj&
Thus

k[T 1
2Ksp jo dt = o Lo 4n (c4W) - ¥ &n (yH)]

The integration limits for W and t are the same as in Appendix A,
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APPENDIX C

SAMPLE CALCULATION

This appendix contains the contents of the computer printout for
experiment 154 in which it was necessary to correct for a blank reaction,

The formulae in Appendices A and B were employed.



Rate Constants for Experiment #154
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Stochiometric ArH = 1,197 @ -02 M/L
Stochiometrie L, = 2,370 @ -06 M/L
Stochiometric Ag't = 3.259 @ -05 M/L
Initial H =1.0 @ -0l M/L
Initial HOI = 1,413 @ -06 M/L
Initial I, =9.574 @ -07 M/L
Initial agt = 3.118 @ -05 M/L
Initial I = 8.546 @ -12 M/L
Blank Drop Slope = 1.065 @ -16
Error in Blank Drop Slope = 2.856 @ -19
Rate Constant Correction = 8,894 @ -15
Error in Rate Correction = 2.386 @ -17
Time (sec) k*I (obs) k*I (corr) % Reaction
36570 1.317 @ -14 4,274 @ -15 34.40
43870 1,303 @ -14 4,137 @ -15 39,36
48070 1.296 @ -14 4,067 @ -15 42,02
56170 1.355 @ -14 4.653 @ -15 48.58
69335 1.356 @ -14 4.666 @ -15 56,03
84200 1,330 @ -14 4.411 @ -15 62.41
88429 1.349 @ -14 4,597 @ -15 64,72

Average = (4.40 £ 0,17) @ -15 sec !
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APPENDIX D
METHYL GROUP GEOMETRIES

The dihedral angles of the methyl group protons used in the
molecular orbital calculation are presented here., The angles listed
are defined with respect to counterclockwise rotation of the group
about the ring-CH3 bond. When viewed from the center of the aromatic
ring, zerc degrees is found in the ring plane to the right of the
methyl carbon. Protons above the ring have angles between zero and 1801
and those below the plane have angles greater than 180° but less than
360 .

The locations of the methyl bearing carbons are found by count-
ing around the ring counterclockwise from the reaction center, which is

carbon number one,
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Methyl Group Geometries Used in Molecular Orbital Calculations

Hydrocarbon

Isomer

Methyl Group

Locations

Methyl Hydrogen

Angles ()

Toluene

o-Xylene

m-Xylene

p-Xylene

Durene

Prehnitene

Mesitylene

Pentamethylbenzene

2-Me

2,3-Di-Me

3,4-Di-Me

3,5-Di-Me
2,6-Di-Me

2,4-Di-Me

oy B N2 [« ARV R L W N o ooy b oo LRSI N ]

(o WV L FURY S )

60,180, 300
60,180,300
60,180,300

60,180, 300
60,180,300
60,180,300
60,180, 300

0,120,240
60,180,300
60,180, 300

0,120,240

0,120,240
60,180,300

60,180, 300
60,180,300

0,120, 240
60,180,300
0,120,240
60,180,300

60,180,300
60,180, 300
60,180, 300
60,180,300

60,180, 300
60,180, 300
60,180, 300

0,120,360
0,120, 360
90,210,330
60,180, 300
60,180,300
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16.
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