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The kinetics of the anionic coordination dimerization of isoprene (i.e., 2-methyl-1,3-butadiene)
to B-myrcene (i.e., 7-methyl-3-methylene-1,6-octadiene) was investigated. The reaction was
initiated with sodium in the presence of dicyclohexyl amine in tetrahydrofuran. Kinetic measure-
ments showed that ionic pairs of isoprenyl sodium were additionally solvated by two molecules
of tetrahydrofuran. A kinetic model of the reaction enabled the time dependence of the iso-
prene concentration to be expressed in terms of a two-parameter equation.

In our preceding paper' the mechanism of the anionic coordination dimerization
of isoprene (i.e., 2-methyl~1,3-butadiene) to B-myrcene (i.e., 7-methyl-3-methylene-
-1,6-octadiene) has been suggested using the scheme (4)—(C):

RIRINM 4 >—\\ — M>—\\ + R'R'NH (4)

(8)

+ R'RINH —= + R'RINM (C)

B-myrcene

M = Na, K
R!, R? = alkyl, cycloalkyl

For the sake of simplicity, the solvation effect of tetrahydrofuran in which the
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Anionic Coordination Dimerization of Isoprene 595

reaction was carried out is not considered in the suggested reaction mechanism.
The influence of possible association effects of organometallic compounds was also
neglected. These effects, observed mainly in nonpolar solvents, have been discussed
in detail in refs>~*. In this study the mechanism of the dimerization reaction (4)—(C)
was used as the starting point for a kinetic model of the reaction, the solution of which
provided a mathematical description of the conversion of isoprene to B-myrcene.

EXPERIMENTAL

Chemicals Used

Isoprene (I), tetrahydrofuran (THF), dicyclohexyl amine, sodium and nitrogen were purified
as described in ref.!. The origin and purity of the chemicals also correspond to ref.!.

Methods

In a 50 ml reactor with a magnetic stirrer, washed with nitrogen, equimolar amounts of sodium,
isoprene and dicyclohexyl amine were mixed at room temperature against a stream of nitrogen'
in tetrahydrofuran in excess of several moles. The reactor containing a homogeneous initiation
solution (c. 10 ml) formed after 30 min of the reaction was immersed into a bath 10°C. Iso-
prene was added in excess to the initiation solution against the stream of nitrogen, and'the
reaction system was thus obtained. The onset of the reaction (+ = 0) was defined b)f the addition
of isoprene to the initiation solution. The initial rate of isoprene consumption was investigated
as a function of the composition of the reaction system.

Analytical Methods

The composition of the reaction mixture was analyzed by gas chromatography using a Chrom 4
apparatus (Laboratory Instruments, Prague) with flame-ionization detection. A packed glass
column, 2:5 m long, inner diameter 2 mm, packing 15% Apiezon L and 3% NaOH on Chroma-
ton N-AW-HMDS was used. The injected amount was 3 pl of the reaction mixture, with'nitro-
gen as the carrier gas. The temperature was program-controlled between 50°C—200°C with the
temperature gradient 20°C/min and plateaus 2 min at 50°C and 12 min at 100°C. The nitrogen
overpressure at the column inlet was 83—120 kPa. The isoprene and B-myrcene concentrations
were determined by using calibration plots.

RESULTS AND DISCUSSION

Two limiting cases of the course of the dimerization reaction of isoprene (I) according
to Scheme (4)—(C) have been considered. In the first case (1) the equilibrium (4)
was supposed to be established instantaneously. In this case the rate of consumption
of isoprene would be limited by the rate of addition according to relation (B). This
procedure allowed us to explain the influence of tetrahydrofuran on the reaction
course. In the second case (II) the back reaction of equilibrium (A4) was neglected,
further simplifying rearrangements were made and a kinetic model of the reaction
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was obtained. Both these cases representing limits between which a real reaction
course can be expected are discussed below.

Kinetic Model 1

Within a broad time interval, the rate of isoprene consumption in the reaction systems
under investigation (Table I) is independent of the instantaneous isoprene concentra-
tion (Fig. 1). Experiments have revealed that the initial rate of isoprene consumption,
ro, corresponds to the initial rate of the increase in B-myrcene determined as a tangent

TasLE I R
Effect of the initial composition of the reaction system on the initial rate (ry) of isoprene
consumption (I) and on the rate-determining parameters A and ¢ (Eq. 19). The data are listed
for series of identical initial molar ratios of the given reaction components (amine stands for
dicyclohexylamine)

(Crurdo (€0 -~ O ro. 10° rol(edo - 103 L e
mol 11 mol 1! min~ min~ min~!
(THF + I): Na:amine=26:1:1
15 81 0-36 10 12 0-28 22
26 73 037 21 29 0-40 4-0
41 5-8 0-38 22 3-8 042 4-4
52 5-0 0-40 17 34 036 51
70 33 0-40 9 27 0-49 26
90 1-7 0-42 7 4-0 040 51
I:Na:amine=13:1:1
15 717 0-59 9 1-1 0-34 1-5
33 66 0-50 15 2-3 0-53 2-1
7-0 32 0-26 9 2:6 0-60 23
10-0 1-8 015 6 33 0-25 62
THF : Na:amine= [13:1:1 N
17 85 0-13 9 . 1-1 013 42
34 68 0-26 20 2:9 034 42
69 33 0-53 9 2:6 0-56 23
89 1:6 0-68 6 37 0-87 2:0
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to the curve representing the dependence of B-myrcene on time at a point ¢ = 0,
bearing in mind a change in the mol number in the reaction

N — —~ @

Hence, it may be inferred that the concentration of intermediates in the reactions
(4)—(C) is very low.

The dependence of the initial rate of isoprene consumption (ro in moll™*.
.min"") on the initial concentration (in moll™') of the individual components
of the reaction system (cy, denotes the analytically determined sodium concentra-
tion) can be expressed through a formal kinetic equation

Fo = 288 . 107 *(crue)®® (c)-® ¢l (1)

where formal orders of magnitude of the individual components of the system and
formal rate constants have been calculated by a multiple regression analysis of the
lincarized form of Eq. (/) with the correlation coefficient 0-86.

The effect of tetrahydrofuran on the reaction course can be explained by an ad-
. N

ditional solvation of ionic pairs Na>-—\ and Na_|

_{ with tetrahydrofuran

according to (E), (F) ~
10 T T
<
©Jo
04
Fie. 1
Dimerization process of isoprene (I) in the
system THF-dicyclohexylamine-Na-I; (cy)q [ 1
=50 mol 17, ¢y, = 0-4 mol 1%, initial
molar ratio THF : Na : dicyclohexylamine= 0 X ) \
=13:1:1 “0 min 160
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A + (C¢H;),NH

>/—\ +7(C¢H,;):NNa + z(j =
0

1 THF 0

(E)

(F)

For the concentration of ionic pairs Q, it can be written, assuming an instantaneous
establishment of equilibrium (E), °

Cq, = Ko.s(cl)g.s ("THF)O L’OA'S > (2)

where ¢, is the concentration of sodium dicyclohexylamide; substitution of the
initial isoprene and tetrahydrofuran concentrations instead of the equilibrium ones
is a simplifying act due to the large excess of isoprene and tetrahydrofuran with
respect to sodium dicyclohexylamide. Let it also be assumed that sodium is distri-

buted only between the ionic pairs Q, and sodium dicyclohexylamide, and that the
relation

Cna = Cq, + Ca 3)

is valid. The rate of isoprene consumption is then limited by the addition of ionic
pairs Q, and isoprene (for a region close to the onset of the reaction, where isoprene
in the reaction system markedly prevails by its concentration, and thus cq, > ch):

—d(ey)ofdt = 74 = k; cq,(c)o = k2K ¥crup)o ()9 3% . 4)

By comparing Egs (/) and (4), we can see a perfect agreement in the reaction order
to isoprene. The difference between the reaction order to Na (Eq. (/) and sodium
dicyclohexylamide (Eq. (4)) obviously follows from the fact that all sodium has not
been distributed in the form of sodium dicyclohexylamide. Eq. (2) can namely be
written as

Cén = K(Cl)o (CTHF)(Z) (CNa - CQ,) s (5)
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whence for the concentration ¢y, we have
cq, = P[(1 + 4eo/P)** — 1])2, (6)

P= K(cl)o (CTHF)é . (7)
Only in the case where P is sufficiently small, Eq. (6) assumes the form of (2), and
it holds that ¢, & cy,.
Kinetic Model 11

The kinetic model of a reaction in which for the sake of simplicity no additional solva-

tion of pairs Qy, Q,...Q; with tetrahydrofuran is considered has been suggested
using schemes (G), (H).

k
>/~\\ + (CH)NNa — Na>—\\ + (CeHy)NH ©)

+Lka +1,k2

Q s q, U q .. )

In the equilibrium (4) the reversible reaction had been neglected. The concentration
of dicyclohexylamide has been found constant during the reaction. For this reason,
and assuming that sodium is mainly distributed in the form of sodium dicyclohexyl-
amide (¢, > Y'cq,), it can be written that
. i

ky.cy=Kki. (8)
If, for simplicity’s sake, we consider the rate constants of the addition of isoprene
to lonic pairs Q, Q,, ... Q; to be equivalent, for the dependence of the isoprene
concentration and ionic pairs Q on time it can be derived that

—degfdt = kpcqey + ki, 9)

degidt = kic . (10)

For the dependence of the isoprene concentration on time it holds that

& = —2DCfKkyfe™ PN — Cret VPR (11)

D = k2 + 2k,C, , (12)
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where C;, C, are the integration constants. Eq. (/1) can be advantageously rearranged

to a two-parameter relation

c)f(eo = 1/(cosh gt + A sinh gt)? (13)

10

<

(chy

06

FiG. 2
Dependence of c¢;/(cy)y on or for chosen
parameters 4 4 according to Eq. (13). 14 =
=0224=0334=05A4=10

1
o2+ ) ] o2t ]
0 ST 08 0 ' ST 08
FiG. 3 Fic. 4

Comparison of the dependences of ¢(/(c))o
on ¢¢ according to Eq. (13) for the deter-
mined average value A4 0-35 with correla-
tion of experimental data for the determined
parameters ¢ at the initial molar ratio
(THF + I): Na: dicyclohexylamine = 26:
:1:1 (Table I); (¢ (in mol1™'): 81 o,
73e, 580,500,330,17@

Comparison of the dependences of ¢;/(c)g
on ot according to Eq.(13) for calculated
values of the parameter 4 with correlation
of experimental data for the determined
values of the parameter ¢ at the initial molar
ratio THF : Na : amine 13:1:1 (Table I).
1 4A=013 2 4=034 3 4= 056
4A4=087
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with conditions

—C, = (1 + 4)[1 - 4) (14)
—2DC,[k ik, = 4{c))of(1 — A)?, (15)
e=D"%2, (16)

where ¢ and A4 are parameters. For parameter A one can derive, by combining (10),
(13) and (9), that

4 = {1 = [Kiky(cr)of20°]}°% (17)
where

20% = [ky + ky(cq)o]?[2 + kikaler)o - (18)

Differentiation of Eq. (/3) and substitution ¢ = 0 into arguments of hyperbolic
functions give for the product of parameters ¢ and A4:

rofle)o = 204 . (19)

Eq. (19), into which measurable values of the initial isoprene consumption rate, rg,
and the initial isoprene concentration, (¢;)o, can be substituted, was used in the cal-
culation of the parameters ¢ and A.

Fig. 2 shows the dependence of the function ¢,/(c;), on gt for various values of 4
and suggests the way of calculation of parameters ¢ and 4. The value of A was
estimated. For the estimate, the product gt for ¢, = 0-7(c;)o was ascertained. By divid-
ing the product gt with the real time at which ¢; = 0-7(c), (Fig. 1) was reached, the
first estimate of ¢ was obtained. Substitution of the estimated ¢ into Eq. (19) along
with the respective values of ry and (C[)O gave the corrected value of parameter 4.
The calculation cycle was repeated until two subsequent values of parameter A
differed by less than (0-01). On the experimental condition that the initial molar
ratio (THF + 1) : Na : dicyclohexylamine is 26 : 1 : 1 (Table 1), the average value
of parameter 4 lies close to 0-35. According to Eqs (17), (/8), it must hold, under
the circumstances, that

[kt + ka(eqol®[2 : Kiky(e)o = 1:10 (20)

and the magnitude of parameter 4 is little sensitive to a change in the isoprene con-
centration (Fig. 3). Hence, in the subsequent two series of experiments, the condi-
tions were chosen so (Table 1) that in one serics there was a constant initial molar
ratio of isoprene, sodium and dicyclohexylamine (for the investigation of the effect
of THF), while in the other series the ratio of THF, Na and amine was constant;
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in this case, the ratio of the terms of (20) assumed a limiting value of about 10 : 1,
which demonstrates the high dependence of parameter 4 on the isoprene concentra-
tion (Fig. 4).

By using a simple kinetic reaction model, a very good description of the time
dependence of the isoprene concentration was obtained even for high values of the
isoprene conversion, (¢;/(c)o = 0-5). The result indicates that a simplifying con-
ception of the reaction mechanism leading to a kinetic model may to a great extent be
regarded as adequate.
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