KINETICS OF THE HYDBOBROMINATION OF n-PROPYL
ALCOHOL BY HYDROGEN BROMIDE IN AQUEOUS

SOLUTIONS OF HBr AND HBr WITH H,80, CONTAINING HIGH
CONCENTRATIONS OF ALCOHOL
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The kinetic laws for the formation of n-C3H;Br from n-CsH;OH and HBr in aqueous solutions with and
without HySO, at 80-100°C have been described in [1]. In order to avoid a large change in the acidity of the
medium during the course of the reaction, the experiments were carried out at relatively low initial concen-
trations of the reactants: 0.71-0.84 mole/liter n-C3H;OH in experiments with and without H,SO, and 0.5 mole/
liter HBr in the experiments with H,SO,. In the experimentsin which no additions of HySO, were made, the
HBr concentration was varied from 6.56 to 8.28 mole/liter. In this case, a decrease in the rate constant was
recorded after high degrees of conversion had been achieved which may be attributable to a decrease in the
acidity of the medium.

Both for theory and practice, the results of kinetic experiments on the formation of alkylbromides in
aqueous solutions of strong acids with high concentrations of alcohol are of interest. It is important that two
questions should be examined: 1) how to quantitatively take account of the change in the acidity of the medium
during the course of a kinetic experiment when there’is a decrease in the concentration of the strong acid; 2)
how relatively high concentrations of the alcohol affect the true rate constant which characterizes the reactiv-
ity of the reagents,

The aim of the present work was to study -these questions using the hydrobromination of n-C3H,;0H by
hydrogen bromide 1n aqueous solutions of HBr in the presence of H;SO, as a catalyst and without H;SO, as the
example.

EXPERIMENTAL

The characteristics of the reagents, the technique used to carry out the kinetic experiments, and the
method of calculating the changing concentrations of the alcohol, HBr, n-C3H;Br, the alkylsulfonic acid (n-
C3H;0803H), and H,SO, have been described in [1].

All the experiments were carried out at 80°C and until the reaction had gone to completion. At certain
concentrations of the reagents, an equilibrium is established between the alcohol and n-CgH;Br. The calcu~
lated concentration equilibrium constants Ky and the densities of the solutions at the moment of mixing the re-
agents and affer the reaction had gone to completion, measured at 25°C, are shown in Table 1.

DISCUSSION OF RESULTS

The experiments in aqueous solutions without H,SO, were carried out with concentrations of n-CyH;OH
from 1.5 to 4.2 mole/liter and at HBr concentrations from 6.11 to 8,0 mole/liter, The acidity of the medium
decreased sharply during these experiments due to the change in the concentration of HBr. '

In the experiments on the hydrobromination in aqueous solutions of H;SO,, the initial concentration of the
alcohol was varied from 1.45 to 4.23 mole/liter at relatively low concentrations of HBr (from 0.267 to 0.783
mole/liter). In this case, the change in the acidity of the medium during the course of an experiment was small-
er than in the experiments with aqueous solutions of HBr. This is attri]outaible not only to the use of low initial
HBr concentrations but also to the formation of H,S0, as a result of the hydrolysis of the propylsulfonic acid
which is in equilibrium with the alcohol and H,S0; '
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n-C;H,080,0H -+ H,0 = n-CgH,0H -+ H,S0,

It follows that one should also allow for the change in the acidity of the medium during the course of the
reaction in calculating the rate constants for hydrobromination in experiments with solutions of the reagents
in HZSO4.

According to [1], the rate of formation of n-C3H;Br, when the acidity of the medium and the volume of the
reaction mixture remain constant, is expressed by the equation

1 dix » Nuse  Nwom Nx Nuo :
—_ — kS’ i 1
v Ty v ke~ — (1)

where Ny, Nygr» Nrowys and NH20 are the number of moles of the alkylbromide, HBr, the alcohol, and water
in the reaction mixture respectively. k;'and k,' are the effective rate constants for the forward and reverse
reactions, and V is the volume of the reaction mixture.

In Eq. (1), the total number of moles of the alchohol not bound up in the alkylsulfonic acid, and
of the alkyl acidis denoted by Nppoyy. As has been shown in [2], n-propylsulfonic acid is unreactive in the hy-
drobromination of alcohol with HBr and the concentration of the active species C3H;OH is reduced on account
of its formation. Hence in analyzing the kinetic data from experiments using solutions of the reagents in H,SO,
in accordance with Eq. (1), account should be taken of the fact that the rate constant k;' contains a factor which
allows for the relative concentration of the reactive form of the alcohol. The n-C3;H;Br which is formed is
poorly soluble in the solution of the acid and is evolved into the gas phase where it partially condenses in the
form of droplets which leads to a reduction in the volume of the reaction mixture. The densities p of the initial
solution and the solution obtained after the reaction has gone to completion are practically identical. Hence,
when x moles of n-propylbromide are formed in 1 liter of the initial solution and they are removed into the gas
phase, the volume of the reaction mixture decreases by the amount

- Mm@
M= 55000
where Mc, . gy 1S the molecular weight of the alkylbromide. The initial volume of the reaction mixture is 'de-
noted by V; and the current volume of the reaction mixture V = V(1 — Ax). When V is replaced by V; in Eq. (1)
and we introduce the notation Nx/V, =x, and Nypy/Vy =a, NRon/Vy =b, Ng,0/V, = Cfizo for the initial solu-
tions, then, for a constant acidity of the solution

dr  k'(@a—a)(b—z) — k' (Cho + )

= 2
dat A —hz )

In Eq. (2) and the subsequent equations, x has the meaning of the current concentration of the n-propyl-
bromide if it had all remained in the solution., The rate constant k;' changes in proportion to the acidity of the
medium hg [1] and ky' = (k;")ghy. The rate constant for the hydrolysis of n-propylbromide k,' also includes a
coefficient describing the solubility of n-C3H;Br in the reaction mixture. It follows from the data cited in [1]
that k,' only changes insignificantly when there is a change in the acidity of the medium. Under the conditions
which were employed, the equilibrium of the hydrobromination reaction was strongly displaced in favor of n-
C3H,Br, i.e., ky' «k;'. Hence, in order to simplify the calculations, we assume that k,' also changes propor-
tionally to hy, ive., ky' = (ky)ghg. In calculating k', this assumption can only lead to significant errors when
points on the kinetic curve close to equilibrium are employed, With the above assumption the rate of the re-
action is described by the equation

dz _ [()o(a—2) (b—2) — (kah (Ciro + 2) 2] (oo )
dr 1— Az
where (hg) ., is the current acidity of the solution.

For integration, Eq. (3) is written as

dz _ (k)o(m — 2) (n — 2) (ho)cy, (4)
o (1 — Ke) (1 —22)

" where

a+ b+ KoCho

Mo n=— g

; n=Compr=x" (4
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Ke is the equilibrium constant for the hydrobromination expressed in concentration terms

Ko= (a - C(OJCJH7BF) (b —_ CaILBr)
(Ciro + Clmmr) Commr

Coés H,Br is the equilibrium concentration of n-propylbromide in the solution if it had not evaporated into the
Zas phase. By C we also denote the final concentration of n-propylbromide which would have been ob-
tainedinthe solutioh ziuring the complete conversion of the alcohol into n-C3H;Br subject to the condition that
the latter completely remained in solution.

In order to integrate Eq. (3) it is necessary to express (hg)y,, in terms of the current concentrations of
HBr, H,80,, H,O, and n-C3H,0H. It is impossible to measure the acidity functions of agueous—propanol solu-
tions of HBr and mixtures of HBr with H,SO, at 80°C using the indicator method. The values of H, for the solu-
tions under investigation at 80°C can be calculated on the basis of results presented in [2] where it was shown
that at 25°C, the acidity functions of aqueous—alcoholic and aqueous solutions of a strong acid change by the
same amount over the same range of v (y is the ratio of the sum of the concentrations of the strong acids to
the sum of the concentrations of the bases), We assume that this law is also valid at higher temperatures.
The acidity functions of aqueous solutions of strong acids can be measured by the indicator method. If these
data are available, the acidity functions of aqueous— alcoholic solutions can also be calculated. In order to do
this it is necessary to calculate the value of y for the solutions under investigation and to find Hy of an aqueous
solution of the strong acid with the same value of y from the tabulated data. The acidity functions of aqueous
solutions of H3SO, at temperatures above 25°C are known from [3]. These data have been used in [1] and in the
present work to calculate Hy for solutions of HBr and HBr with H,SO, in agueous—propanol mixtures,

It is khown [4, 5] that, at 25°C and at concentrations of a strong acid in an aqueous solution of more than
4 moles per 1000 g water, there is a linear relationship between H; and the molality of the acid (the number of
moles of the acid per 55.5 moles of water).

According to [2], the same relationship also holds at 25°C in the case of adueous—alcoholic solutions of
H,80, and a mixture of H,SO, and HBr and is applicable to the mixtures investigated in this work. It can be
expressed by the equation

= (Hy) = 5558y + d (5)

The factor of 55.5 in this equation was introduced in order to refer the number of moles of the strong acid to
55.5 moles of the sum of the bases. It is expedient to refer to the number of moles of the acid per 55.5 moles
of water and alcohol in the aqueous—alcoholic solution as the molality of the aqueous—alcoholic solution of the
acid.

Water and alcohol molecules are the basesinaqueous—alcoholic solutions of HySO,. Any alkyl acidpre-
sent in the solution is not allowed for in the sum of the concentrations of the acids [2]. According to [2], a
molecule of an alkyl acid binds a water molecule which is allowed for in the sum of the number of moles of the
bases. In our case the acidity functions of the initial and current solutions can be expressed by the equations

. , (Y —semr—1z) |
 (Ho)oyy—=55.5-¢ (CLD-C—“‘CFO“_) +d
H:0 — VROH (6)
L (y——z())
(Hy)y — 5550 —H =% g
Vin Cho + Chon

where y is the sum of the concentrations of H,SO, and HBr in the initial solutions in mole/liter, zgy is the con-
centration of the alkylsulfonic acid in the initial solution in mole/liter, zcyp is the concentration of the alkyl-
sulfonic acid in the current solution subject to the condition that the volume remains constant during the course
of the reaction, and ¢' and d are constants which are temperature dependent but independent of the nature of
the strong acid. ’

Since Eqs. (5) and (6) are empirical and have not been checked experimentally at temperatures exceed-
ing 26°C, it is reasonable to assume that the constants &' and d only retain their constancy over a narrow range
of the acidity function at high temperatures. If these constants really remain constant even within the limits
of a single Hj unit, then this is acceptable for the description of the kinetic curves of experiments where the
acidities of the initial and final solutions differ by an order of magnitude. In these experiments, the concen-
tration of the strong acid decreases by almost 2-2.5 mole/liter. The coefficient v is equal to the number of
moles of the strong acid removed from the solution during the formation of 1 mole of n-alkylbromide,



Only the initial concentrations of water C? o and alcohol c%{OH are used in Egs. (6) since the total num-
ber of moles of these components in the solution ¥emains constant during the course of the reaction. From
Eqgs. (6) we obtain that '

& (x—
(e—~20 + 2,1

Ezziin —10 “Ho+CRoH g )

cur

¥55.5

In experiments without additions of H;8Q,, only 1 mole of the strong acid (HBr) is consumed in the formation
of 1 mole of n~propylbromide. In the analysis of such experiments when there is no Hy30, in thé solution, the
- quantity 2.3-g'-55. 5/(0H ot CROH) is denoted by & in Eq. (7).

It has already been mentioned above that, in experiments with HySO, solutions, the acidity also changes
during the course of the experiment due to hydrolysis of the alkylsulfonic acid. The change in the concentra-
tion of the alkylsulfonic acid can be expressed in terms of x. It has been established by an experimental route
that, during the course of the hydrobromination of n~C3H;0H, the ratio of the current concentrations of the al~
cohol and the alkylsulfonic acid is practically constant [1]. We shall denote this ratio by g .

CROH —Z—

ﬁ ,______.4__: in the current solution

ZCUI

Chrom — 2
ﬁ::ﬂ{__o in the initial solution
0

Consequently

. Ckox . Chon —7%

THp T T IEp

) P2
TE7

Zg== i (=20 + 2y,

Hence, in analyzing the experiments with solutions of the reagents in H,SO,, the quantity

23.¢.555 B
Cho+ Chon 115

is denoted by ¢ in Eq. (7). We shall represent the exponential function e®Xinthe form of a series. In our
experiments ex was not greater than 1.8, Hence, even at the maximum value of ex, only the first four terms
in the series

3
08X = 1 1 ex + (E.t) + (ag)
are required to describe the change in h and
' h
(ko) — ()i 8

PR A 1 d

‘ When Egs. (4) and (8) are solved simultaneously, we have

dz _ (k1Yo (m — z) (n — 2) (ha)in .
@ (1— &Ke) (1 +ex 4+ (ex) -+ (sx) ) (1 — hx) )

As a result of the integration of Eq. (9), formula (10) is ‘obtained for the calculation of the rate constant for
the hydrobromination of n-C3;H;OH by hydrogen bromide

Aln-"=% L Bln(m—2z)+Cln(n—2z) + Dz +
n— ' (10)

k1Yo (Bo)4 m
+Mx2—Nx3=La—k%Lt+ Aln—ﬁ— +Binm+Clan
When all four terms of the series are used, which is necessary in the experiments without H,SO, where a lot

of HBr is consumed, the coefficients in Eq. (10) are calculated using the formulas

2 3
A (1+sn+6mn)(1—-?~n) : 6:_82_+%
m—n ;

B = (e + 86m) (1 — An) — (1 + em -+ Sm*)A
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6
D:(%n+§) (1 —An)— (e +0m)r

Czn(ia-n—‘r 6)(1—7m)

{1 ed e
M:T[—E(i—kn)——ék], N=-fzh

For the analysis of experiments where the change in ex is not greater than 0.5, it suffices to use just
three terms in the series expansion of the exponential function e€X, In this case the coefficients appearing
in Eq. (10) should be calculated using the formulas :

(1 +en —1~—;—82mn> (4 —An)
m-—n

B— (s+f;-m) R _xn)'_(i»(L em+i;m2>x

A—

2

g2 g? ‘ 3
€= n(l—n); D:—Q—(i—hn)~—<a+7m> A

&%

M=——
In our calculations we took dilute solutions of a strong monobasic acid in a mixture of water and alcohol of
fixed composition™ as standard states of the values of H, for agqueous—propanol solutions. Hence the coeffi-
cient £ depends on the ratioof CH;O to CROH The coefficients ¢' and e were determined for each experiment
in the following manner. The molalities of the initial (55.5(y — zg)/ (CH ot CROH)) aqueous—alcoholic HBr and
HBr/H,80, solutions and the aqueous—alcoholic HBr and HBr/H,S0O, solutlons obtained at the end of the reaction
(55.5(y — zp — x%) /(CH o C%OH)) were calculated. Using the tabulated data, we found the values of H0 for
aqueous solutiocns of HQSO4 with the same molalities at the experimental temperature. The values of ¢’ were
calculated by the simultaneous solution ofthe two equations (6). The values of & were subsequently calculated
using the known values of €' and 8. The values of Hy for aqueous solutions at 80°C were determined using the
linear relationship between H, and 1/T over a range from 25-90°C using the data cited in [3]. The points for
80°C did not lie on this line and they were not taken account of in constructing the graph. The kinetic curves
for the hydrobromination of n-propyl alcohol are completely described by Eq. (10). Values of (kg /(1 — Kp}
were calculated from the tangent of the slope of the line plotted in the coordinates of Eq. (10), The values ob-
tained for the constants (k; ", are presented in Table 1. In the experiments without H,S0,, (k;", is the effec-
tive rate constant for hydrobromination in a solution with a constant acidity equal to (hy);, subject to the
condition that the volume of the solution does not vary during the course of the reaction.

In experiments with solutions of the reagents in H,80, (k;'), is the ratio of the rate of reaction to the cur-
rent total concentration of the alcchol (the fotals of that not bound in the alkyl acid of the alcohol and of the al-
kyl acids) and HBr. Hence, (k;"), includes the factor (1 + 8)/8 which takes account of the fraction of the over-
all concentration of the alcohol which is in the reactive form. We denote the rate constant obtained after making
allowance for the fraction of the reactive form of the alcohol by k; and according to [1]

ey = ()o gﬁ
As would be expected, k; varies linearly with the acidity thodin < log ky + gH, = const, g = 0,99 + 0,01, const =
— 5,92 + 0.04.

It was found in (1], using an initial concentration of alcohol equal to ~ 0.75 mole/liter, that g=1.00=
0.04, const =—5.98 + 0,13, The errors in these constants were calculated at a confidence level of 6. 95 with-
out taking account of the errors in the parameters hyand §. In [1], the errors in g and const were greater
than in the present work which may be attributable to the failure to take account of the variation in hy during
the course of the experiment. It should be noted that, when allowance is made for the variation in hy, the main
error in k; is introduced by the factor (1 + g)/8. This error lies within the bounds of 5-15% since B is cal-
culated as the difference between two large quantities and the lower the concentration of the alcohol, the great-
er the error in 8. Thus, the values of k;/h(, within the limits of the errors in the measurements, are the

* As the result of the reaction taking place in the solution there is a small change in the ratio between the al-
cohol and water but we have neglected this in the calculations.

/



same in experiments with relatively low (~ 0.75 mole/liter) and high ' (up to 4.2 mole/liter) concentrations of
alcohol in aqueous solutions of HBr, H,SO;, and H,80, with HBr.

As has already been mentioned above, its own standard state was chosen in calculating Hy for each miix-
ture of water and alcohol: a dilute solution of a strong monobasic acid in the mixture. If the values of hyof a
dilute solution of the strong acid in water and in aqueous— propanol solutions containing up to 4.2 mole/liter
C3H,OH are equal to the concentration of the acid then it may be asserted that, in these solutions, the true
rate constant for the hydrobromination of aleohol is independent of the composition of the medium. If, how~
ever, at the same concentrations of the acid, the values of h; are different in the dilute aqueous and aqueous—
alcoholic solutions of the strong acid then the result which is obtained is a consequence of a change inthe acid-
ity of the medium which has been referred to a single standard state and a change in the true rate constant.

CONCLUSIONS

1. The kinetic laws for the hydrobromination of n-C3H;OH by hydrogen bromide at 80°C in a solution
with and without additions of H,80, have been investigated.

2. A method is proposed for taking account of the reduction in the acidity of the medium due to the con-
sumption of HBr from the solution during the hydrobromination reaction. The kinetic curves are described by
a second order equation for the reactions involving the formation of n-C3H;Br and its hydrolysis.

3. When the reagents are mixed, an equilibrium is rapidly achieved befween n-C3H,OH, H,80,, and n-
C3H,080,0H. The alkylacidisunreactive in the hydrobromination of n-propyl aleohol.

4, The rate of reaction, referred to the current concentrations of HBr and the alcohol which is not
bound up in the alkyl acid, varies proportionally to the acidity of the medium h,. A dilute solution of the strong
acid in the mixture was chosen as the standard state. At 80°C, this law is obeyed up to 4,2 mole/liter n-pro-
panol in the solution.
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REACTION OF o-PHTHALONITRILE WITH ANILINE

S. A. Siling, I. I. Ponomarev, v UDC 541.124:542.91:547,584:547.551
V. V. Kuznetsov, B. V, Lokshin,
V. V. Korshak, and S. V. Vinogradova

The work reported here is a continuation of our studies of the relationships and mechanism of formation
of nitrogen-containing macroheterocycles, hexazocyclanes, which are obtained by the condensation of o-phthalo-
pitrile with diamines in phenols

N——R——N
CN I It
; 7z
2 m/ + 2H,N—R—NH, — <I>NH HN<Y\1 -+ 2NH,
S MOA
@ N

Since this reaction is complex and proceeds in many stages, it appeared desirable to investigate the reac-
tion of phthalonitrile with a monoamine, aniline, as this reaction can be regarded as a model of the interaction
of phthalonitrile with diamines.

A, N, Nesmeyanov Institute of Heteroorganic Compounds, Academy of Sciences of the USSR, Moscow.
Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 8, pp. 1755-1762, August, 1983.
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