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A mathematical model is proposed for acid-catalyzed polyaddition of 1-chlo-
ro-2,3-epoxy-2-methylpropane to lower aliphatic alcohols. Based on simplify-
ing assumptions the distribution of the products, depending upon the initial
molar ratio of the alcohol to the epoxide, is calculated for four addition steps
and complete conversion of the epoxide. The validity of the model has been
verified on the reaction of 1-chloro-2,3-epoxy-2-methylpropane with 1-pro-
panol at 35°C in the presence of a catalytic amount of boron trifluoride
etherate. The distribution constants for this particular case have been found by
comparing the calculated and experimentally found amounts of alcohol and of
the products after the first polyaddition step.

Ipennaraercs MaTeMaTHyeckass MOJENb KUCIOTaMH KaTaJM3UPYyeMO# Mo-
JMagauuuH -1-xa0p-2,3-3n0Kcu-2-METHANPONaHa K HU3IIKMM anudaTHyeCKuM
cnupTaM. [IpW ynpoLEHHBIX NPEeanoOChLIKAaX BBIYUCISETCH Ppacnpene/ieHne
KOMIIOHEHTOB MPOAYKTOB B 3aBUCUMOCTH OT Ha4aJIbHOT'O MOJISPHOTO OTHOLIe-
HUSl CIIUPTa K 3MOKCHAY ONS YEThIpEX CTENeHed NMPHUCOENMHEHUS M MOJHOM
KOHBEpCcHMM 3MoKcuaa. Mopnenb Gblla npoBepeHa Ha peakuuu 1-xmop-2,3-
-3MOKCH-2-METHINPONaHa ¢ 1-MponaHoioM NpH KaTalUTHYECKOM AEHCTBUH
F,B-O(C,H;), npu Ttemneparype 35°C. ComocraBneHHeM BBIYHUCIEHHOTO
M 9KCMEPUMEHTANBHBIM MYTEM NOJIy4YEHHOTO COEP>KAHUS CIIUPTa M NPORYKTOB
NepBOi CTENEHM NOJUANAULMK B PEAKLIMOHHON CMECH ObLIHM HAaWEHbI BEIHYH-
Hbl KOHCTAHT pAacrpefesieHus oI 3TOro ciyyas.

The composition of the reaction mixture of a nonsymmetrically substituted
oxiran with an alcohol (and the catalyst, as the case may be) depends on the extent
of parallel, consecutive and, with respect to the epoxide, competitive reactions. The
extent of consecutive reactions is governed by the initial alcohol/epoxide ratio and
by the reactivity of the hydroxy groups in both the starting material and products.
The distribution of the products of the polyaddition of epoxides has been calculated
[1—6] only for stereospecific opening of the epoxide ring. The present work deals
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with the calculation of the distribution of products of boron trifluoride
etherate-catalyzed reaction of 1-chloro-2,3-epoxy-2-methylpropane (-methyl-
epichlorohydrine) (MECH) with alcohols.

Theoretical
In addition to 1-alkoxy-3-chloro-2-methyl-2-propanols [(A), or ‘“‘normal” pro-

ducts (C, ethers)], the first step of the reaction (A) gives also 2-alkoxy-3-chlo-
ro-2-methyl-1-propanols [(B), or ‘“abnormal” products (C, ethers)] [7, 8]

CH3 . (|ZH3 (IZH3
H
ClH,C c\ /CH2 + ROH —~ClHZC-(I:—CH20R + ClHZC—(IZ—CHZOH (A)
E 0 H A OH B OR

Based on a kinetic study [8] at 15—35°C it can be assumed that starting with the
second reaction step the rate constants will be equal for products with an equal type
of the hydroxy group, and that the formation of C, ethers from tertiary alcohols
and MECH can be neglected. Thus, the polyaddition of MECH to primary
aliphatic alcohols can be written as

B,
Elky ¢% ks
=2 Ay Ayt E B,
K
i=3 Az Ay 32 5,
+E kg *Elka £ kg 0%. *E"s
t=4 A A A, A 5, "
1XE k3 OElka 0Elk3 QElks + k‘ > 5 (B)
etc.

where i stands for the step number of the polyaddition. In B; type products all
epoxide units are linked as C; ethers. In A, type products having the last epoxide
unit linked as C, ether k stands for the number of epoxide units linked to the
alcohol consecutively as C; ether.

By solving the system of differential kinetic equations describing the scheme (B)
integrated concentration—concentration type relations can be obtained. We have
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done calculations related to the scheme (B) using the method of Weibull and
Nycander [3], and that of Novdk and Svéb [5, 6]. All partial reactions involved in
the scheme (B) were related to the reaction

H+E -5 A,

The respective distribution constants are then given by a ratio of the particular rate
constant and the rate constant of the fundamental reaction

_k ks
KZ_kl, —kl

K= (ki=p=1) (1)
For the calculation by a digital computer the gradual change of the concentration
during the reaction of the components in the reaction mixture is replaced by
a system of small discrete changes. The basis of the calculation is the interval during
which a certain portion (L) of the alcohol reacts to give substance A ,,. The index j
denotes the state of the reaction mixture before j calculation step. It holds for the j
calculation step: The decrease of the hydroxy compound

AH=H~, H=HL(1+K,) @)
and the formed products
AAG = A — Au 3
i=1 AB; =B, — B, 4)
iAAw=L(H—K; A) %)
/AB,=L[H K~ (K, +K;) B\] (6)
i=2 iAA2=L K;(;A10~Az0) (7)
AA, =L(K,B,—K;,A3) (8
AB,=L[K; B, — (K,+Kj5) ;B] (C))

The equations for further polyaddition steps are set up in a similar way.
It holds for the decrease of the epoxide

AE=E—,  E=L[H1+K,)+ Ks(;A;0+;A%+...
+,A5+...)+(K,+K;) (B, +;B,+..)]=

=L HO+K)+ K, S 3 A+ Ko+ K 38 (10)

i=1 k=0
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The calculations of the distribution of the first 14 assumed products of the
reaction of MECH with primary aliphatic alcohols, depending upon the initial
molar ratio of the alcohol to the epoxide, Q =H,/E,, were based on the
afore-mentioned relations. The values of the distribution constants for the given
reaction system can be determined by comparing the calculated dependences with
the experimentally found data.

The applicability of the above-mentioned calculation of the distribution of the
polyaddition products was verified on boron trifluoride etherate-catalyzed reaction
of MECH with 1-propanol at 35°C.

Experimental

The chemicals used were specified previously [7]. The apparatus used was the same as that
used in the kinetic studies [8].

Working procedure

To a solution (50 cm?®) of MECH in 1-propanol (initial molar ratio Q =0.3—3.0) was
added boron trifluoride etherate (1—3 mole %, based on MECH). Since the reaction is
strongly exothermic larger amounts of the catalyst (Q =0.5 and 0.3) were added portion-
wise. The reaction temperature was maintained at 35°C for 5.5—10 h, while the conversion
of MECH was 94.7—98.5%. The catalyst was then neutralized with powdered sodium
hydrogen carbonate.

Analytical methods

The composition of the reaction mixture was determined by gas—liquid chromatography
using a Perkin—Elmer 900 gas chromatograph equipped with a flame ionization detector
and s.s. column, /=200 cm, inner diameter 3 mm, packed with 3 wt. % of polyethylene
glycol adipate on Chromaton NAW DMCS (0.16—0.20 mm). The temperature was
programmed (10°C min~") from 60 to 170°C. The inject port temperature was 160°C. Gas
flows: hydrogen, 40 cm® min™"; air, 270 cm® min™', nitrogen (carrier gas), 35 cm® min~".
Diethylene glycol was used as the solvent and 1-hexanol as the internal standard. Elution
times (min): (CH;),0 0.51;n-C,H,OH 2.23; MECH 4.23; n-CiH,,OH 6.17;
CICH,C(CH,)(OH)CH,0n-C,H, 8.59; CICH,C(CH,)(On-C,H,)CH,OH 11.69; diethyl-
ene glycol 15.04.

Calculations

The calculations for the four addition steps (n =4), taking into account also the reactions
of compounds A,, and B, with the epoxide, were carried out using a Hewlett—Packard
calculator, Model 9830 A. The starting points were E,= 100 moles of the epoxide and the
respective number of moles of the alcohol (H,), according to the given Q. The calculations
were terminated when the conversion of the epoxide first exceeded 100%. As a rule, the
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number of moles of unreacted alcohol and that of the individual products at a conversion
closest to (below and over) 100% was recorded.

Results and discussion

The accuracy of the calculation increases with the decrease of the calculation step
L. From the practical point of view, considering the experimental errors, L =0.01
is satisfactory. For L =0.1 the calculation is too inaccurate, and for L =0.001 the
calculation is too time consuming. Only the concentrations of the alcohol, epoxide
and those of the products of the first addition step could be analytically determined.
Examples of the dependence of the content of the alcohol and of the products A,,
and B, in the reaction mixture (for epoxide conversion 100%) upon the distribu-
tion constants K, and K, are given in Figs. 1—4. The influence of the remaining
distribution constants can be pictured in a similar manner.

H//-lo T T T
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Fig. 1. Dependence of the calculated composition of the reaction mixture vs. the initial alcohol/epoxide
molar ratio (E,= 100 moles ; epoxide conversion = 100%) upon the distribution constants.
K;=K,=K,=1.

K,:1.1;2.0.5;3.0.1.

Of the constants K,—K needed to predict the composition of the reaction
mixture only K, (0.22) could be relatively accurately estimated from the kinetic
measurements [8]. From the comparison of the rate constants of the reaction of
MECH with tert-butyl alcohol and 1-propanol to give the product A an approxi-
mate estimate was made that K, will probably be less than 0.5. It is further
probable that the ratio Ks/K, will not differ much from K,. The next calculations
were based on these values.
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Fig. 2. Dependence of the calculated composition of the reaction mixture vs. the initial alcohol/epoxide
molar ratio (E, = 100 moles ; epoxide conversion = 100% ) upon the distribution constants.
K,=K,=K;=1.

K,:1.1;2.05;3.0.1.
a)ForA,,; b)forB,.
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Fig. 3. Dependence of the calculated composition of the reaction mixture vs. the initial alcohol/epoxide
molar ratio (E,= 100 moles ; epoxide conversion = 100% ) upon the distribution constants.
K,=K,=K,=1.

Ky: 1. 0:132. 133, 2.
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Fig. 4. Dependence of the calculated composition of the reaction mixture vs. the initial alcohol/epoxide
molar ratio (E,= 100 moles ; epoxide conversion = 100% ) upon the distribution constants.
K,=K,=K;=1.

K,:1.0.1;2.1;3. 2.

The experimentally found composition of the reaction mixture best coincided
with the calculated values when for K,, K;, K,, and K, (Fig. 5) values 0.27, 0.1,
0.45, and 0.15, respectively, were taken.

The amounts of alcohol as well as of all considered products in the reaction
mixture calculated for this case are summarized in Table 1. The calculated amount
of unreacted 1-propanol is somewhat smaller in the whole range of Q than that
found by analysis. The reason for this is mainly the fact that the 100% conversion
of the epoxide, assumed by the calculations, was not reached. The other deviations
occur only with the lowest Q values which, firstly, is the result of the simplifying
assumptions and, secondly, the result of the fact that only four addition steps were
considered. The ‘“best” value K,=0.27, used in the calculation, does not differ
significantly from 0.22 which is the value based on kinetic measurements. Besides
being affected by experimental errors the determination of the ‘“‘best” combination
of K,—K; is, to some extent, subjective.

It can be concluded, when the polyaddition of 1-chloro-2,3-epoxypropane to
primary aliphatic alcohols [5] is compared with the same reactions of MECH that
the reactions of the latter are accompanied by side reactions to give C; ethers.On
the other hand, the relative polyaddition reaction rates of MECH are considerably
smaller than those of 1-chloro-2,3-epoxypropane.
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Table 1

Composition of the products (moles) calculated for the reaction of MECH with 1-propanol at 35°C vs. initial alcohol/epoxide molar ratio (epoxide
conversion = 100% ; E,= 100 moles)

(6L61) 8LT—OLT (Z) €€ USAZ "WYD

LLT

H/H, (E,—E)/E,
Q HO 0/0 ( ° 0/0 ) ‘ AI() AZI) AJU A‘() AZI AJI A“I AJZ A42 A43 Bl BZ BJ 84
3.0 300 68.15 98.72 7408 121 0.01 O 140 0.02 0 002 0 0 1853 044 001 0
67.29 101.51 76.05 129 0.01 0 149 0.02 0 0.02 0 0 1897 047 001 0
20 200 52.78 99.73 72.38 2.02 004 0 226 004 O 0.06 O 0 17.12  0.69 0.02 0
52.11 101.26 73.36  2.09 004 O 233 004 O 0.03' 0 0 1730 071 0.02 0
1.0 100 15.28 99.67 60.72 572 032 0.01 536 032 0.01 040 0.02 002 1048 135 0.11 0.01
15.08 100.01 60.82 578 0.33 0.01 541 033 0.0! 040 002 0.02 1046 136 0.11 0.01
0.5 50 0 100.01 1820 1399 545 143 431 254 082 118 053 029 012 0.13 0.07 0.03
0.3 30 0 99.99 245 555 628 475 060 1.23 128 0.18 0.33 0.05 0 0 0 0
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5+

50

Fig. 5. Comparison of the found composition of the reaction mixture in the reaction of MECH with
1-propanol at 35°C (epoxide conversion, 94.7—98.5%) with that calculated for the epoxide conversion
of 100% (E,= 100 moles).

Y: 1. H/H,(%);2. A,, (mol); 3. B, (mol).

In spite of the above-mentioned shortcomings the presented model makes it
possible to get an idea about the composition of the reaction mixture resulting from
the polyaddition of MECH to primary aliphatic alcohols, the products of which are
not easily obtainable at present. Thus, the model is a contribution to the isolation
and structure elucidation of products of the reaction of MECH with 1-propanol
among which, in addition to products A, and B,, also the presence of substances
A, A, and perhaps A, and A,, should be expected.
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