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The isoprene hydrochlorination has been investigated in the presence of anhydrous diethyl ether,
diethyl ether containing water, and in the presence of water and ammonium salt. Conditions of the
highest selectivity of the transformation of isoprene to 3-chloro-3-methyl-1-butene in an isoprene—
water system in the presence of didodecyldimethylammonium bromide have been established basing
on statistical methods of the design of the experiments. The conditions are as follows: temperature

—30°C, hydrogen chloride to isoprene mole ratio 0.45, hydrogen chloride flow rate 0.01 g min~

1

(for 1 g of isoprene), water mass fraction (w) 5.0 mass %, didodecyldimethylammonium bromide
w = 0.2 mass %. Also the conditions of the highest isoprene conversion were worked out and the
isomerization of chloromethylbutene was investigated.

During the addition of hydrogen chloride to iso-
prene a mixture of 3-chloro-3-methyl-1-butene
(3ch3mlb), 1-chloro-3-methyl-2-butene (1ch3m2b),
and 1,3-dichloro-3-methylbutane (1,3dch3mb) is for-
med
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Chloromethylbutenes are used mainly in produc-
tion of odorizing agents for perfume industry [1—4]
and auxiliary agents for plastics production [5].

3ch3mlb or its mixture with 1ch3m2b are used as
alkylating and telomerizing agents for olefins [6—9].
The telomerization of chloromethylbutenes with iso-
prene results in formation of the mixture of chloro
derivatives: CsHg—(CsHg),—Cl. From the practical
point of view, terpene chlorides of geraniol, terpineol,
linalol are of greatest importance considering the pro-
duction of synthetic vitamin A. Lowering the temper-
ature conduces the attainment of 3ch3m1b. Heating
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of 3ch3m1b and the presence in the mixture of hydro-
gen chloride [10, 11] or chlorides of Ni, Cu, Bi, and Pd
[8, 12, 13] causes its isomerization to 1ch3m2b.

Ultée [10] obtained 3ch3mlb by passing dry hy-
drogen chloride through the mixture of isoprene and
anhydrous diethyl ether at the temperature of —15°C
and mole ratio of hydrogen chloride to isoprene 0.66.
The yields of 3ch3mlb and 1ch3m2b with respect to
hydrogen chloride introduced were 66.7 % and 16.5 %,
respectively.

Pocker et al. [11] obtained pure 3ch3mlb by grad-
ual passing through 0.66 mol of hydrogen chloride with
respect to equimolar amount of isoprene. The reaction
was carried out in the presence of diethyl ether or ni-
tromethane at the temperature —78°C.

Both methods are characterized by low reaction
rates. In order to achieve a full conversion of hydro-
gen chloride, the reaction product was kept at the low
temperature for 24—36 h.

The aim of this study was to find the best method
of isoprene hydrochlorination towards 3ch3mlb, the
determination of the most advantageous parameters
of hydrochlorination and their influence on the results
of the synthesis.

EXPERIMENTAL

The following materials were used: 2-methyl-1,3-
butadiene (isoprene), pure, stabilized with 50 ppm 4-
tert-butylpyrocatechol (Merck—Schuchardt, Germa-
ny); hydrogen chloride stored in a gas cylinder, pure
(BASF, Germany); didodecyldimethylammonium bro-
mide, pure (Fluka, Switzerland).

Syntheses of chloromethylbutenes were carried out

167



G. LEWANDOWSKI, E. MILCHERT

HCI

U

=

N2

Fig. 1. Scheme of the apparatus for isoprene hydrochlorination. 1. Reactor, 2. thermometer, 3. paddle mixer, 4. reflux condenser
(water—glycol; —25°C), 5. bubbler for hydrogen chloride, 6. thermostat, 7. liquid seal, 8. flow meter, 9. HCI drier, 10. scrub-

ber, 11. container of 2 % soda lye, 12. pump.

on the apparatus shown in Fig. 1. Isoprene, water,
and didodecyldimethylammonium bromide were in-
troduced into a dry and clean reactor. The stirrer
was turned on, the reactor placed in the thermostat
at determined temperature for stabilization (about 10
min). Hydrogen chloride from steel cylinder equipped
with needle valve flew under the surface of the liquid
in the reactor. The moment of the introduction was
assumed to be the beginning of the reaction. Waste
gases from the reactor went to scrubber sprinkled with
2 % NaOH solution from container.

The amount of hydrogen chloride used was calcu-
lated on the basis of potentiometric determinations of
chloride ions concentration in an aqueous layer and in
refluxes from the scrubber of waste gases, and in the
organic layer after the hydrolysis of chlorine bound in
organic compounds.

Components of organic layer were determined by a
gas chromatography method. The analyses were car-
ried out using a Chrom 5 type gas chromatography
with flame ionization detector (FID). A 1 m x 3 mm
stainless steel column packed with Chromosorb G
DMCS AW 149—177 um, coated with 5 mass % SE-30
was used. The temperature of the column was 30 °C.
The injection temperature was 40 °C and the detec-
tion temperature was 50°C.

RESULTS AND DISCUSSION

Basing on the literature, the isoprene hydrochlo-
rination was performed according to three different
methods: in the presence of anhydrous diethyl ether,
in the presence of water and diethyl ether, and in the
presence of water and ammonium salt.

For each of the methods, the preliminary experi-
ments were performed at boundary values of one pa-
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rameter: temperature —30—20°C, hydrogen chloride
to isoprene mole ratio 0.45—1.25, hydrogen chloride
flow rate 0.002—0.01 g min~! (for 1 g of isoprene),
and the amount of the auxiliary agent 0—>50 mass %.
The rest of the parameters were settled at the average
level for a given range.

The preliminary examinations showed that the
highest yields of chloromethylbutenes were achieved
in the isoprene—water system in the presence of di-
dodecyldimethylammonium bromide. Simultaneously
the reaction rate was ten times greater than in other
methods. The separation and purifying of the product
is simplified when a homogeneous solvent is not used.

On the basis of preliminary experiments results
the essential reaction parameters (independent vari-
ables) and ranges of changes: temperature (Z;) —30—
20°C, hydrogen chloride to isoprene mole ratio (Z3)
0.45—1.25, hydrogen chloride flow rate (Z3) 0.002—
0.010 g min—! (for 1 g of isoprene), water mass fraction
(Z4) 5—20 mass % with respect to isoprene mass, am-
monium salt mass fraction (Zs) 0.2—1.0 mass % with
respect to isoprene mass (Z; — independent variables
in natural form) were determined.

Experiments in the isoprene hydrochlorination
were carried out according to rotatable uniform de-
sign of the second order, applying in its nucleus a
fractional design of 2*~! type with generating rela-
tion Ts = 1 T2 T3 =4 (z; — independent variables
in a coded form) [14].

Table 1 shows parameters influencing the course
of isoprene hydrochlorination to 3ch3mlb. The val-
ues of these parameters are given in natural (Z;) and
coded (z;) form on all levels resulting from the design
of experiments. The selectivity of the transformation
to 3ch3m1b with respect to isoprene used (Y;) and iso-
prene conversion (Y2) was assumed as response func-
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Table 1. Independent Factors of the Plan

Level Coded Temperature, HCI to isoprene  HCI flow rate, Z3 (for Water mass fraction, Ammonium salt mass
factor, z; Zy/°C mole ratio, Z2 1 g of isoprene)/(g min~1!) Z4/mass % fraction, Zs/mass %

Basic 0 -5.0 0.85 0.006 12.50 0.6

Higher +1 7.5 1.05 0.008 16.25 0.8

Lower -1 -17.5 0.65 0.008 8.75 0.4

Star higher +2 20.0 1.25 0.010 20.00 1.0

Star lower -2 —30.0 0.45 0.002 5.00 0.2

z; — independent factors in a coded form; Z;—Zs — independent factors in a natural form.

Table 2. Design Matrix and Experimental Results

Number of = Temperature, HCI to isoprene HCI flow Water mass Ammonium salt mass Selectivity, Conversion,

experiments Ty mole ratio, 2 rate, z3 fraction, z4 fraction, zs Y1 Y2
1 1 1 1 1 13.8 92.2
2 -1 1 1 1 -1 33.2 81.5
3 -1 1 1 -1 16.3 41.9
4 -1 -1 1 1 1 33.1 57.4
5 1 -1 1 -1 20.1 88.6
6 -1 1 -1 1 1 25.2~ 85.1
7 -1 -1 1 1 15.3 53.3
8 -1 -1 ~1 1 -1 33.0 48.1
9 1 1 1 -1 -1 174 90.8
10 -1 1 1 -1 1 34.2 86.4
11 1 -1 1 -1 1 18.8 64.2
12 -1 -1 1 -1 -1 42.0 51.1
13 1 ] -1 -1 1 12.5 97.6
14 -1 1 -1 -1 -1 30.5 90.1
15 1 -1 -1 -1 -1 16.3 56.9
16 -1 -1 -1 -1 1 34.0 64.9
17 -2 0 0 0 0 39.5 73.1
18 2 0 0 0 0 16.8 78.8
19 0 -2 0 0 0 26.1 39.9
20 0 2 0 0 0 16.7 97.8
21 0 0 -2 0 0 17.2 77.2
22 0 0 2 0 0 24.4 74.2
23 0 0 0 -2 0 30.1 76.8
24 0 0 0 2 0 23.7 67.4
25 0 0 0 0 -2 24.5 64.0
26 0 0 0 0 2 18.7 76.3
27 0 0 0 0 0 22.1 73.0
28 0 0 0 0 0 224 75.2
29 0 0 0 0 0 20.0 76.9
30 0 0 0 0 0 22.0 75.2
31 0 0 0 0 0 22.7 73.7
32 0 0 0 0 0 20.8 76.6

71— — independent factors in a coded form; Y; - selectivity of the transformation of isoprene to 3ch3m1b/mole %; Y2 — conversion

of isoprene/mole %.

tions characterizing the hydrochlorination process.

The experiments were carried out basing on the de-
sign matrix shown in Table 2. In the last two columns
there are experimental values of response functions
(Y1 and Y3) in particular design systems.

An influence of independent factors (z;—s) of iso-
prene hydrochlorination on the value of response func-
tions Y7 and Y5 is presented as the regression equation
in the form of a polynomial of the second order
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k
y* = bo+Zbiz‘i+
=1 i<j

k
Z bijil:il‘j +

k
Y bugi (1)
i=1

where y* is the independent variable, one of response
functions: Yi, Y3; bo, b, bij, bi; are the regression equa-
tion coefficients (i, j = 1,...,k); z;, z; are the indepen-
dent factors in coded form (4, j = 1,...,k); and k is the
number of factors in the experiment design (k = 5).
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Table 3. Significant Regression Coefficients in Natural Form and Statistical Parameters

Selectivity of the transformation of isoprene
to 1ch3m2b, Y;

Conversion of isoprene, Y3

Coefficient Statistical parameters Coefficient Statistical parameters
bo 42.74 Sis 1.12 bo —42.37 St 2.33
by —0.85 frep 5 by —0.56 frep 5
by —-17.97 S2ieq 3.38 ba 165.52 52ieq 4.24
bs 2244.16 Fadsn 18 bs —2189.58 - 18
by —2.63 F 3.01 by —0.72 F 1.82
bs —7.03 F(a) 4.65 bs 79.81 F(a) 4.65
biz 0.40 R(a) 0.98 bia 0.78 R(a) 0.99
bia —40.05 bi3 ==
b14 0.02 bis —
bog 0.92 baq 1.56
bos — bos —49.59
b4 —136.33 bas —
b3s — bas 2775.00
b1 0.01 b11 -
boo — baa —40.13
bag 0.10 baa —0.06
bss — bss —31.94

Table 4. Optimurn Values of Independent Variables of the Regression Function (Y1, Y2)

Variables

Y1 max = 80.0 mole % Y2 max = 100 mole %

Temperature, Z;/°C

HCI to isoprene mole ratio, Z

HCI flow rate, Z3 (for 1 g of isoprene)/(g min~1)
Water mass fraction, Z4/mass %

Ammonium salt mass fraction, Zs/mass %

-30.0 20.0
0.45 1.05
0.010 0.002
5.0 8.1
0.2 0.5

The transition from the system of independent fac-
tors in natural form to coded form was performed by
linear transformation of variables

T; = (Zi — Zio)/AZ (2)
where z; is the coded variable value in the point of
the experiment design (i = 1,...,k); Z; is the natural
variable value in the point of the experiment design
(i = 1,...,k); Zio is the natural variable value in the
central point of the experiment design (i = 1,...,k);
and AZ; is the step value along the Z; axis (natural).

The coefficients of the regression equation were cal-
culated applying the method of the least squares.

Having calculated the coefficients a statistical anal-
ysis of the regression equations was performed [15].
For each of the equations the repeatability variance
SZ,, and critical values of #-Student test were calcu-
lated and compared with the table value [16]. For fp
= 5 and the significance level a = 0.05 it is 2.571.
After the elimination of insignificant coefficients the
values of the significant coefficients of regression equa-
tions were recalculated. The adequacy variances fdeq
and values of the F quotient of the Fisher—Snedocor
test were determined. For Y; function this value is
3.01 and for Y, 1.62. The critical value F(a) read

170

from the tables [17] for & = 0.05, frep = 5, fadeq = 18
is F(a) = 4.65. For both functions F < F(a). Thus
the functions adequately describe the results of the
experiment.

The coefficients of the regression equations in nat-
ural form and the results of the statistical analysis are
shown in Table 3.

Due to a great number of independent variables
(k = 5) the optimization of the regression equa-
tions was performed numerically applying the Gauss—
Siedel and Hook—Jeeves methods [17]. Both methods
gave identical optimum values of independent vari-
ables values for a given regression function.

Table 4 shows the maximum values of response
functions (Y7, Y2) and corresponding values of in-
dependent variables (in natural form). The compar-
ison indicates that achieving the maximum selectivity
of the transformation to 3ch3mlb with simultaneous
maximum isoprene conversion is not possible.

On the basis of the regression equations and with
the use of Surfer 5.01 computer program, the lines of
the same values of both response functions in two-
dimensional coordinate system (isolines) have been
plotted.

An analysis of Y7 function and its graphical illus-
tration (Figs. 2—4) showed that it depends on all in-
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HCl to isoprene mole ratio, Z,

0 20

temperature, Z,/°C

Fig. 2. The influence of the temperature and HCI to iso-
prene mole ratio on the transformation of isoprene to
3ch3m1b selectivity; HCI flow rate 0.01 g min~! (for 1
g of isoprene), water w = 5.0 mass %, ammonium salt
w = 0.2 mass %.

Z/mass %

water mass fraction,

5
0.002 0.003 0.004 0.005
HCI flow rate,

0.006 0.007 0.008 0.009 0.010

Z(for 1 g of isoprene)/(g min™)

Fig. 3. The influence of HCI flow rate and water mass fraction
on the transformation of isoprene to 3ch3mlb selec-
tivity; temperature —30°C, HCI to isoprene mole ratio
0.45, ammonium salt w = 0.2 mass %.

vestigated independent factors of the design.

The course of the isolines (Fig. 2) shows that
the selectivity of the transformation of isoprene to
3ch3mlb depends considerably on the temperature.
At the optimum other parameters of the reaction
the lowering of the temperature from 20°C to —30°C
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ammonium salt mass fraction, Z,/mass %

10 11 12 13 14 15 16 17 18 19 20
water mass fraction, z,/mass %

Fig. 4. The influence of water and ammonium salt mass frac-
tion on the transformation of isoprene to 3ch3mlb se-
lectivity; temperature —30°C, HCI to isoprene mole ra-
tio 0.45, HC! flow rate 0.01 g min~! (for 1 g of iso-
prene).

causes the increase of the transformation selectivity
from 24.7 to 80.0 mole %. That is the highest increase
among the investigated reaction parameters.

The lowering of hydrogen chloride to isoprene mole
ratio results in an increase in selectivity of transfor-
mation of isoprene to 3ch3mlb (Fig. 2) from 59.6 to
80.0 mole %.

Similar changes of selectivity are caused by increas-
ing the rate of introducing hydrogen chloride or low-
ering the water concentration (Figs. 3 and 4), respec-
tively, from 56.9 or 53.2 to 80.0 mole %.

Much lower is the influence of changes in concen-
tration of ammonium salt. At the fixed other reac-
tion parameters (Fig. 4) the change of ammonium salt
mass fraction from 1.0 to 0.2 mass % results in the
increase of the selectivity of the transformation of iso-
prene to 3ch3mlb from 74.4 to 80.0 mole %.

The analysis of the regression function and its
graphical illustration (Figs. 2—4) shows that the
biggest influence on the value of the selectivity of
the transformation of isoprene to 3ch3mlb is exerted
by the temperature. Much lower is the influence of
reagents mole ratio, hydrogen chloride flow rate, and
water concentration. The lowest is the influence of am-
monium salt concentration.

In the control experiments, in the point of the
highest selectivity of the 3ch3m1b synthesis (Table 4),
the average transformation selectivities were as follows
(z/mole %): 3ch3m1b 80.5 + 5.6; 1ch3m2b 16.9 + 6.5;
1,3dch3mb 2.3 + 0.9. The isoprene conversion was
(23.0 £ 7.7) mole %.
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Fig. 5. The influence of the temperature and HCI to isoprene
mole ratio on the conversion of isoprene; HCI flow rate
0.002 g min~—! (for 1 g of isoprene), water w = 8.1 mass
%, ammonium salt w = 0.5 mass %.

Z,/mass %

water mass fraction,

002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
HCl flow rate, Zs(for 1 g of isoprene)/(g min™")

Fig. 6. The influence of HCI flow rate and water mass fraction
on the conversion of isoprene; temperature 20°C, HCI
to isoprene mole ratio 1.05, ammonium salt w = 0.5
mass %.

The analysis of isoprene conversion function Y»
pointed out that the increase of process temperature
and hydrogen chloride to isoprene mole ratio, and the
decrease in hydrogen chloride flow rate result in the
increase of isoprene conversion (Figs. 5—7).

The temperature appears to have a relatively low
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ammonium salt mass fraction, Z,/mass %

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
water mass fraction, z,/mass %

Fig. 7. The influence of water and ammonium salt mass frac-
tion on the conversion of isoprene; temperature 20°C,
HCI to isoprene mole ratio 1.05, HCI flow rate 0.002
g min! (for 1 g of isoprene).

influence on the isoprene conversion (Fig. 5). For ex-
ample, at hydrogen chloride to isoprene mole ratio
equal to 0.72 the isoprene conversion does not de-
pend on the temperature over the whole range of its
changes. At the established optimum remaining pa-
rameters of the reaction, the change in temperature
from —30°C to 20°C causes the increase in the iso-
prene conversion from 87.2 to 100 mole %.

The greatest influence on the isoprene conversion
is observed when changing the mole ratio of hydro-
gen chloride to isoprene. Its increase from 0.45 to 1.05
at the established optimum remaining parameters of
the reaction causes the increase of the conversion from
35.8 to 100.0 mole % (Fig. 5). The total isoprene con-
version is achieved at hydrogen chloride to isoprene
mole ratio equal to 1.04. Due to the lack of physical
sense of response surface at mole ratios above 1.05,
the analysis was restricted to this value.

The hydrogen chloride flow rate exerts only very
little influence on the isoprene conversion. The change
in flow rate from 0.01 to 0.002 g min~! (for 1
g of isoprene) at the established other reaction pa-
rameters, results in the conversion increase from 94.5
to 100.0 mole % (Fig. 6). The course of the isoline
of the isoprene conversion at the hydrogen chloride
flow rate similar to changes in hydrogen chloride to
isoprene mole ratio is of linear character.

As for concentrations of water and ammonium salt
(Fig. 7) the conversion isolines show distinct maxima:
for water w between 5.2—11.0 mass % and for am-
monium salt w between 0.4—0.64 mass %. Over the
wide range of changes around the optimum point the
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Fig. 8. The influence of the storage time on the product of
isoprene hydrochlorination. ® 1ch3m2b, M 3ch3mib, A
1,3dch3mb.

isoprene conversion reaches the value close to the max-
imum.

Considering the investigated parameters of the hy-
drochlorination reaction it can be seen that the biggest
changes in conversion are caused by changes in the
mole ratio of hydrogen chloride to isoprene. The in-
fluence of other parameters is rather inconsiderable
and can be presented in a decreasing series: hydro-
gen chloride to isoprene mole ratio > temperature >
water concentration > hydrogen chloride flow rate >
ammonium salt concentration.

The experimental selectivities of the transforma-
tions of isoprene to the main reaction products in the
point of maximum conversion (Table 4) are as follows
(z/mole %): 1ch3m2b 80.0 £ 4.5; 3ch3m1b 12.9 + 3.7;
1,3dch3mb 6.4 &+ 0.5.

Also the examinations of the reaction mixture com-
position during storing the product at room tem-
perature were performed. The initial composition of
the mixture was as follows (w/mass %): isoprene
5.1; 3ch3mlb 43.6; 1ch3m2b 47.1; 1,3dch3mb 2.0;
hydrogen chloride 1.4; unidentified compounds 0.2;
water 0.7. The changes in chloromethylbutenes and
1,3dch3mb content wvs. time are shown in Fig. 8.

The greatest changes in the composition are ob-
served up to 120 h. The mass fraction of 3ch3mlb
lowers to 33.9 mass %, and of 1ch3m2b increases to
52.1 mass % after 2 h storage. After 120 h of stor-
ing the mass fraction of 3ch3mlb decreases to 24.2
and that of 1ch3m2b grows to 55.1 mass %. The
further storage causes only inconsiderable changes in
chloromethylbutenes concentrations (to 1 mass %).
The 1,3dch3mb mass fraction after 120 h storage
increases to 12.45 mass % and inconsiderably in-
creases during the further storing. Also the increase
of the concentration of unidentified compounds, prob-
ably products of oligomerization, telomerization or
chloromethylbutenes hydration has been observed.
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CONCLUSION

The most effective synthesis of 3-chloro-3-methyl-
1-butene from isoprene and hydrogen chloride pro-
ceeds in the following conditions: temperature —30°C,
hydrogen chloride to isoprene mole ratio 0.45, hydro-
gen chloride flow rate 0.010 g min~! (for 1 g of iso-
prene), water w = 5.0 mass %, ammonium salt w =
0.2 mass %. In such conditions the maximum selectiv-
ity of the transformation to 3ch3m1b is 80.5 mole %,
and the selectivities of the transformation of isoprene
to 1ch3m2b and 1,3dch3mb are 16.9 and 2.3 mole
%, respectively, at the isoprene conversion equal to
23.0 mole %.

The rise of temperature increases the rate of
isomerization of the formerly formed 3ch3mlb to
1ch3m2b and therefore influences the selectivity of the
transformation of isoprene to 3ch3m1b.

A recirculation of considerable amounts of isoprene
to the synthesis reactor must be taken into consider-
ation in the realization of the technological process.
Its separation from 3ch3m1b will require distillation
columns of high efficiency. It is of great importance
to maintain precise parameters of the process, espe-
cially temperature, because the satisfactory selectiv-
ity of the transformation to 3ch3mlb is achieved in
relatively narrow ranges of their changes.

During the storage 3ch3m1b isomerizes to 1ch3m2b.
Also the hydrochlorination of the second double bond
occurs resulting in formation of 1,3dch3mb and prod-
ucts of oligomerization or telomerization.
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