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There is a series of chemical reactions that proceed faster at lower temperatures (nega- 
tive temperature coefficient) [i]. Some of them have been investigated quite thoroughly. 
The formation of reactive molecular donor-acceptor complexes as intermediate compounds is a 
necessary condition for these reactions, but not the only condition. 

This paper reports a study of the forward exchange reaction in the alkene oxide--alkyl- 
~-hydroxyalkyl sulfide system: 
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over a wide temperature range. It was shown in [2] that in concentrated solutions of alkyl- 
B-hydroxyalkyl sulfides at 150~ the forward reaction is basically due to two bimolecular 
reactions: an interaction of the sulfide monomer with an H-complex (I) formed from the 
alkene oxide and the alkyl-B-hydroxyalkyl sulfide and an interaction of two H.complexes 
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It is assumed that a sulfonium salt (II) and a bipolar ion (II') are intermediate products 
of exchange reaction (I), and the unique composition of reaction products (3) and (4) is de- 
termined by the decomposition of the ion: 
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Reactions (3) and (4) are the rate-limiting steps in the process, 
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Fig. i. Temperature dependence of the 
initial reaction rate in the system 
propylene oxide--octyl-B-hydroxyethyl 
sulfide: i) for [A]o = 0.55 and [B]o = 
2.5 moles/liter, solvent: monoch!oro- 
benzene; 2) the same system, ac nting 
only for the kl, k2, and ks pat 

An unexpected finding was the fact that the initial rate Wo of the forward reaction in 
the propylene oxide--octyl-B-hydroxyethyl sulfide system as a function of temperature shows 
extremes between 60 and II0~ with a maximum at 90~ (under comparable conditions: [A]o = 
0.55 mole/liter, [B]o = 2.5 moles/liter, solvent: monochlorobenzene) (Fig. i, curve 1). As 
Fig. i indicates, the reaction rat~ rises as the temperature is lowered between 90 and llO~ 

In order to estimate the contribution of steps (3) and (4) to the overall rate of the 
process between 60 and II0~ we studied the reaction in this system quantitatively between 
130 and 160~ where the reaction rate has an Arrhenius temperature dependence. The values 
of ka and ks were calculated at 130, 140, and 160~ from the reaction rate equation: 

Wo' = kzKe  [AI [B] +k2Ke[Al  2 [B 1+ 
kaKe~ [A]Z [-Bj~ (I) 

as we had done earlier in [2] for 150@C; [A] and [B] are the concentrations of free hydroxy- 
ethyl sulfide and propylene oxide, respectively. When [A]o~ 0.4 mole/liter and [B]o~[A]o, 
we may assume that [B] ~[B]o and [A] ~[A] -- [I]; then Eq. (I) becomes: 

Wo' (t + Ke [Bilo) 2 k l ( i  + Ke[  Blo) 
k2 ~- k3K e [B 10 = ~ ~- Y (II) 

�9 K e [A]o 2 [B 1o [A]o 

where kz is the constant for the monomolecular transformation of H-complex (I) and K e is the 
equilibrium constant for the formation of H-complex (I) [3]. The dependence of Y on [B] is 
used to determine the values of k2 and ks (Fig. 2 and Table i). The constants can be deter- 
mined to an accuracy of %20%. From the values of the rate constants obtained for 130, 140, 
and 160~ in this work and for 150~ in [2] we derived the following values: k= = 2.37 x l0 S 
exp(--19350/RT) and ks = 8.2 • 103 exp(--17820/RT). 

We used the kinetic characteristics that we found for the reaction in this system to 
estimate the constants K d and the enthalpy change for the dimerization of octyl-B-hydroxyethyl 

Kd 
sulfide (2 monomers ~ dimers), which are needed to calculate the concentrations of the reac- 
tant moleculesbetween 60 and II0=C. K d was determined from a material balance equation as 
follows: 

2 K  d K e [A] 8 -}- (2K d + Ke) [A] 2 + (l + K e [B ]o - -  Ke [A]o) [A] - -  [A]o = 0 (III) 

Values of [A] were found for (III) from Eq. (I) transformed by substituting [B]o/(l + Ke[A]) 
for [B]. The estimate was made with high concentrations of Ao and concentrations of Bo that 
where comparable to or less than that of Ao. Table i lists the results of these calculations. 

47 



TABLE i. Values of the Rate Constants k2 and k3 for 
Reactions (3) and (4) in the System Propylene Oxide- 
Octyl-B-Hydroxyethyl Sulfide and Values of the Dimer- 
ization Constant for Octyl-B-Hydroxyethyl Sulfide 
(solvent: monochlorobenzene 
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Fig. 2. Y as a function of [B]o for the reac- 
tion of the system propylene oxide--octyl-8-hydro- 
xyethyl sulfide; [A] >I-0.4 mole/liter; [B]o >> 
[A]o; 140~ solvent: monochlorobenzene. 

From the value of K d obtained for several temperatures by calculation from the kinetic data 
and also by a spectroscopic method for 25~ (K d = 86.4 liters/mole), we found --AH to be 6.7 
kcal/mole. The hydrogen bonds in the alcohols have strengths between 3 and i0 kcal/mole [4]. 

Values of Wo' for 60 and 120~ that account for steps (3) and (4) were calculated from 
Eqs. (I) and (III). The calculated initial rate Wo' accounting for these steps turned out for 
the 60 to 120~ interval to be 50% of the overall reaction rate Wo for 120~ 10% for II0~ 
and~l to 2.5% for 60 to 95~ (see Fig. i, curve 2), i,e., steps (3) and (4) cannot explain 
the trend of Wo as a function of t in this interval. 

It was also shown that chlorobenzene, used as a solvent, is inert in this process. Re- 
placing it with benzene, a chlorobenzene--decane mixture (i:i, since hydroxyethyl sulfide has 
a limited solubility in pure decane), and acetonitrile, made no significant changes in Wo 
as a function of t in spite of the differences in these compounds' properties, such as di- 
electric permeability (Table 2). At the same time, we found marked changes in Wo for proton- 
donor solvents, which may participate directly in one of the steps of the process between 
60 and I10~ Since the composition of the products does not change over the entire tempera- 
ture range, we must assume that the sulfonium salt (II) and the bipolar ion (II') are formed 
at the final step of the reaction, as they are between 130 and 160=C. Apparently then, Wo 
shows extremes as a function of t as a result of the participation of a new active species 
in the reaction that is different from those that take part in steps (3) and (4). This 
species may be the complex (III) formed by the reaction of the H-complex (I) with octyl-8- 
hydroxyethyl sulfide (ROH): 

kl 
MeCH--CH2 + ROH ) MeCH--CH2 (6 )  

\ /  \ /  a 
O...HOCH~CH2SCsHI~ O. . - iHOCH~CH~SCsH17 

( I )  ( I I I )  ! H O R  
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TABLE 2. Initial Reaction Rates in the 
Propylene Oxide-~ctyl-B-Hydroxyethyl Sulfide 
System at 90.5~ with Different Solvents 

[A]o [ l'81o 

moles ~liter 

w o .  10 s, 

moles/ l i ter -  see 
Solvent 

0,545 * 
0,5661 ~* 
0,572 
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o,ao $ 
0,5'20 

, ~ , L  . 

�9 89 ~ . 
%92.5 ~ �9 
$96 ~ . 

2,22 
2,22 
2,t2 
~,39 
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2,28 
3,58 

2,0 
2,0 
2,t7 
i,9 

i,62 
8,0 

37,5 

PhC1 
PhC1 
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(1 : t) 
MeCN 
EtOH 

EtOH - H20 
(i : l) 

The formation of associates of three molecules, including alcohol molecules, is not rate 
[5-7]. It is suggested that t~m reactivity of complex (III) is higher than that of H-complex 
(I) in nucleophilic reactions. If that is the case, it must be assumed that the proton on 
the OH group of fragment "a" migrates to the oxygen of the oxide ring, as observed in proton- 
donor systems such as EtaN [8]. Therefore, the role of fragment "a" in the first step is 
one of activation of the oxide ring. In deciding on a mechanism for the reaction between 
60 and II0~ we also considered the fact that the ratio (Wo --Wo')/[A]2[B] = Kef is constant 
over a wide range of initial Ao and Bo concentrations at a given temperature (Table 3), where 
[A] and [B] are the calculated concentrations of the free hydroxyethyl sulfide monomer and 
propy!ene oxide, respectively. When [A] and [B] were calculated by material balance equation 
(III), it was assumed that the concentration of complex (III) was not high and could be 
neglected. The assumption that Kef is constant is apparently supported by the fact that it 
is a combination of constants that do not include concentrations. Then the formation of the 
reaction products may be represented as the result of an intramolecular nucleophilic attack 
by the S atom of sulfide complex (III) at the C-O bond of the epoxy group through the sulfonium 
salt (II) and the bipolar ion (II'): 

: C8I-I17 
/ 

Me--CH - - C H ~  ~- S 
\ / \ ~ 
\ / CH~ --+ Reaction products 
\/ I 
O...H O CH2 

HOB 

( 7 )  

The active centers of the molecules should be nearby and oriented in the most favorable manner 
for the reaction to take place. The probability of so specific an orientation drops as the 
temperature rises. The rate constant ks of reaction (7) may be represented as follows: 

k5 = P (T) Ae-E,/aT (:v) 

where A is a preexponential factor and P(T) is a probability factor that depends on tempera- 
ture. The latter reflects the fraction of the molecules oriented in the proper direction for 
the reaction. 

The following steps must be added to the general scheme of the process over a wide tem- 
perature range (60 to 160~ in addition to the reactions described earlier in [2]: 

A + (I) -~ (III) 

k8 ( I I I )  - ~  Reaction products 
(III) "~ Decomposition without formation of products 

(8) 

(9) 

(10) 
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TABLE 3. Kef for the Reaction of the Propylene Oxide--Octyl E~ 
~-Hydroxyethyl Sulfide System between 67 and II0~ 

[A]o [B]o ,[ [A] [B] W~-i0~ ~#o".'. Kef• ~ 
T,~ 

moles / l i te r  moles/~i~er sec l i ter /me!e 'er '  
�9 sec  

67 0,8~ 
0,83 
0,89 
0,82 
0,89 
0,88 

Mean 0,82.+0,04 

75 i,f6 
0,86 
0,92 
0,99 
t,03 
1,19 , 

Mean t,03:e0,t0 

~2 L20 
i,36 
'1,29 
t,51 
t , t2 

VlearL t,30.+0,08 

90,5 2,29 
2,36 
2,78 
2,24 

Mean 2~37~0,t6 

'95 0,687 2,44( t,70 
t,205 0,29~ t,90 
0,790 6,95C 2,38 
0,536 2,750 ' t,69 
0,515 3,700 2,07 

Mean t,95-+0,22 

~il0 0,532 2,420 " 0,50 
0,749 2,330 0,65 
0,981 2,33( 0,68 
t,35t 2,360 (~66 
t,686 0,265 0,59 
2,t78 0,458 0,62 

Meap. 0,6164-0,05 

The reaction rate is determined at low temperatures by the expression Wo" = ks[(lll)], in 
which the concentration of complex (III) is determined by assuming steady-state conditions. 
Step (i0), which has the rate constant k6, includes decomposition of complex (III) without 
the formation of the reaction products (including decomposition to form the original components). 
The overall expression for the reaction rate, accounting for all possible reaction routes, 
would be : 

Wo = k4Ke [AI 2 [ B] q_ klKe [A] [B ] + k~K e [A] 2 [B] + kaKe2 [A] 2 [B ]~" (V) 
k6 ~+-F( 

We ran this equation on a computer and the Wo calc vs t function that we found describes the 
experimental points satisfactorily with the following values k~ = 3.32 • 107 exp(--9542/T) 
and k6/ks = 8.76 • 1023 exp(--20080/T). The temperature dependence of the reaction rate be- 
tween 60 and II0~ is essentially determined by the first term of Eq. (V). From Eq, (V), 
Kef = k~Ke/(l + ks/ks), where the numerator increases exponentially. Between 60 and 90~ 
the denominator increases slowly (from 1.02 to 1.9) and the change in Kef is determined by 
the increase in the numerator, the reaction rate rising in the process. A further rise in 
temperature results in a sharp increase in the denominator (from 4.7 to 2 . lO ~ between 100 
and 150~ and Kef decreases, lowering the reaction rate. The contribution of Wo" to the 
overall reaction rate for 150=C ([A]o = 0.55 and [B]o = 2.5 moles/liter) is a total of only 
2.7%, i.e., Eq. (9) practically disappears as a reaction path at high temperatures and the 
major contribution to the formation of the reaction products is through Eqso (3) and (4). 
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The sy3tem propylene oxide-octyl-8-hydroxyethy! sulfide is not the only one that shows minima 
and maxima in the reaction-rate-temperature curve. Such a trend is typical for the butylene 
oxide-octyl-8-hydroxyethyl sulfide system as well, where the initial reaction rate has a sharp 
maximum at 86~ as a function of temperature. 

EXPERIMENTAL 

The tests were performed as described in [2]. The following constants were used in th~ 
calculations: K e = 0.147 exp(1076/T) liters/mole; k d = 1.02 x 10 -3 exp(3384/T) liters/~ole~ 
k~ = 1.52 x 109 exp(--14850/T) sec -I [3]; k2 = 2.37 x i0 ~ exp(--9770/T) liters/mole'see$ k~ = 
8.2 x 103 exp(--90OO/T) liters/mole-sec. The computations were performed on a BESM-6 computer 
by minimizing the sum of the squares of the differences betueen the theoretical and experi- 
mental values of the variable in question by the method given in [9], The experimental func- 
tion is described to an accuracy of at least 20%, which agrees closely with experimental 
error~ 

CONCLUSIONS 

The temperature dependence of the initial rate of the exchange reaction in the propylene 
o~ide-octyl-B-hydroxyethyl sulfide system shows a maximum and a minimum between 60 and II0~ 
the maximum at 90~ This behavior may be explained by the participation in the reaction of 
an associate that is formed from a molecule of propylene oxide and two molecules of hydro~y ~,~ 
ethyl sulfide. Computer calculations have been made for this scheme of the reaction over a 
wide temperature range. 
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