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It was found that the molecular weights of adducts in the acid-catalyzed reactions of epichlorohydrin with

alcohols obey the Weibull-Nycander distribution but not the Flory distribution.

The distribution constants

(C=k;/ky) were found to be smaller than 1, indicating that the reaction rate of the initial stage (k,), i.e., the re-
action of epichlorohydrin with a starting alcohol, is greater than the rates of the later stages (k;), i.c., the re-

actions of epichlorohydrin with its adducts.
A-2 mechanism.

Nonionic surface active agents, prepared from the
successive addition reaction of alkylene oxides to
aliphatic carboxylic acids, aliphatic amines, and esters
of polyhydric alcohols, have recently attracted much
attention. They are used as commercial surfactants
to a greater extent than anionic ones.

Several papers have appeared dealing with basic
studies on the preparation of surfactants. The molec-
ular weight distribution (MWD) of the adducts in
the sodium hydroxide-catalyzed addition reaction of
ethylene oxide (EO) or propylene oxide to lower
alcohols was determined by Shigematsu et al.,2%
who indicated that it obeys the Weibull-Nycander
distribution.) Shoda et al.®) studied the MWD of
the products in the sodium hydroxide-catalyzed ad-
dition reaction of EO to the reduced alcohol of coconut
oil and showed that it obeys the Flory distribution,®
that is, the Poisson one. Nagase and Sakaguchi?
indicated that the MWD of the adducts in the sodium-
catalyzed addition reaction of EO to dodecyl alcohol
obeys the Weibully-Nycander distribution better than
the Flory one. Karabinos and Quinn® studied the
potassium hydroxide-catalyzed reactions of EO with
lauryl alcohol and showed that the MWDs of
the adducts deviate from the Flory distribution.
Tischbirek® discussed the effects of reaction temperature,
pressure of reaction systems, concentration of EO,
rate of stirring, and kinds of alcohols and catalysts

The results indicate that the reaction proceeds zia an “borderline”

C,, alcohols). Thus few papers have appeared on the
MWD of adducts in the acid-catalyzed reactions of
epoxides with alcohols.

On the other hand, the mechanism of the acid-
catalyzed ring-opening reactions of epoxides has been
discussed by many workers.10-13) Briggs et all%
discussed the mechanism of the acid-catalyzed alcohol-
ysis of epoxides in detail, criticizing our previous work.t)

In order to confirm the mechanism of the acid-
catalyzed alcoholysis of epichlorohydrin (EpCl), we
have determined the distribution constant (C), which
is the ratio of the rate constant of the later stages (k,,
ks, .. .) to that of the initial stage (k,), and which
distribution the MWD in these reactions would obey.

Experimental

Materials. Methyl, propyl, butyl, s-butyl, and isobutyl
alcohols were purified by the usual method. Boron tri-
fluoride etherate (BF;-Et,0) and EpCl were repeatedly
distilled through a rectifying column (Kyowa VI-DL Con-
centric Tube Fractionater, theoretical plate number 80);
BF;-Et,0 bp 125°C; EpCl 114—115°C, d¥* 1.1682, n}y
1.4326.

Synthes is of 1:1 (EpCl-ROH) and 2:1 (3EpCi-ROH)
Adducts. Epichlorohydrin reacts with an alcohol in the
presence of an acid to give the following adducts.1:15:16)

CICH,-CH-CH, + ROH —— CICH,CH(OH)CH,0R
Ne X4

on the MWD of the adducts in the acid- or base- (EpCI-ROH)
catalyzed reactions of EO with alcohols (C,, C,, and I
TaBLE 1. Syntueses ofF 1:1 Anp 2 : 1 AppucTts
React React .
ROH®» EpCl Catalyst N B Yield®
Ron - Addu gmo)  glmol) g(mol) e Commbg (%)
1 EpCl.n-C,H,OH 1280(17.3) 200 (2.16) 8 (0.078)® 117—121 12 72.6—74.6/2 60
2 EpCl-:-CH,OH 1280(17.3) 200 (2.16) 8 (0.078)2 108—112 17.5 74.0—76.0/4 72
3 EpCls-C,H,0OH 1280(17.3) 200 (2.16) 8 (0.078)9 99—103 26 86—88/8 80
4  9EpCl-n-C,H,OH 208( 1.78) 20.8(0.224) 1.18(8.37x10-%)® 110—130 31  140—144/1 34
5 2EpCl.:-C,H,OH 238( 1.42) 16.3(0.176) 1.13(7.99x10-*)® 110—130 30 145—150/4 52
6 2EpCl.s-C;H,OH 284( 1.70) 19.8(0.211) 1.16(8.17x10-%)® 110—130 34 168—170/12 29
7 EpCl.CH,OH 480(15.0) 140 (1.5) 2.8 (2.7 x103)9  67—68 12 93.2—93.5/ 83.3
48—50
8 EpCl-»n-C,;H,OH 520( 8.65) 100 (1.08) 1.6 (1.5 x10-)  96—98 10 73—75/8 56.3

a) Alcohols used are n-, i-, and s-C,H,0OH, CH,OH, and »-C;H,OH in the case of Runs 1—3, 7 and 8, respectively;

EpCl-ROH(1 : 1 adduct) in the case of Runs 4—6. b) Based on initial EpCl.

d) BF;-Et;O used as a catalyst,

c) 95% H,SO, used as a catalyst.
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TABLE 2. REFRACTIVE INDICES AND ELEMENTAL ANALYSES OF ADDUCTS
Elemental anal. (%)
Run Adduct Ref. (in:i)ex” Calcd Found
o ——— ——t—
C H C H
1 EpCl-n-C,H,OH 1.4437(23.8) 50.45 9.07 50.31 9.22
[1.4441(23.5)]"» , ‘ .
2 EpCl-:-C,H,OH 1.4399(23.8) 50.45 9.07 50.37 9.06
3 EpCl.s-C,H,OH 1.4420(23.2) 50.45 9.07 50.30 9.09
[1.4425(23.8)1\1»
4 2EpCl. n-C,H,OH 1.4652(25.0) 46.33 7.77 46.50 7.71
5 2EpCl-i-C,H,OH 1.4597(26.5) 46.33 7.77 46.31 7.74
6 2EpCl-s-C,H,OH 1.4593(25.4) 46.33 7.77 46.48 7.67
7 EpCl- CH,OH 1.4488(15.4) 38.57 7.28 38.58 7.42
[1.4488(15.4)]»
8 EpCl-n-C,H,OH 1.4443(15.4) 47.22 8.58 47.08 8.39
[1.4447(19.5) ]
a) Figures in parentheses indicate the temperature of measurement.
-CH- k
CICH, CE-IOSJHZ + CICH,CH(OH)CH,OR — CICH,-CH-CH,-OR SN

CICH,CH(OH)CH,OCH(CICH,) CH,OR @)
(2EpCl1-ROH)

Higher adducts are formed, depending on the reaction condi-
tions, especially on the molar ratio of EpCl to alcohol. These
adducts were synthesized for the preparation of calibration
curves in vapor phase chromatography (VPC).

In the case of EpCl. CH,OH, a typical procedure is described
below. One hundred and forty grams (1.5 mol) of EpCl
was added dropwise at room temperature to a stirred solution
of 480 g (15 mol) of methyl alcohol and 2.8 g (2.7 x 102 mol)
of H,SO,. EpCl had to be carefully added to prevent
bumping. After addition of EpCl the mixture was further

| CICH,-CH-CH,
O-CH,-CH-CH,CI o
OH
(2EpCl-ROH)

CICH,-CH-CH,-OR —
CICTH,- (\II(I)»/CHZ

k3

—>
I
O-CH,-CH-CH,CI
O-CH,-CH-CH,CI
l
OH
(3EpCl-ROH)

" refluxed for 12 h. After the mixture had been neutralized . . R ®)

with a concentrated sodium hydroxide solution, and dried Flory distribution (or PO‘SSQH distribution) .
over anhydrous sodium sulfate, methyl alcohol was distilled If ky=ky=ky="=k,=-- in Eq. 2, we obtain
off and the residue was distilled under reduced pressure. n; . 0

The reaction conditions, boiling points and yields for the . oo = 4)
preparation of the adducts are shown in Table 1, and the . e
physical properties and results of elemental analyses in Table 2. Weibull-Nycander dIStnblftlon

Determination of Unreacted Alcohols and Epichlorohydrin, and — 1f ky=ky=ky="=k,=-in Eq. 1 we have
Adducts. The amount of the unreacted EpCl and a0 n, .
Alcohols, and adducts were determined by VPC on a column v = C-ln—’z - (G- 1)(1 - ”00) (5)
packed with 109 polydiethylene glycol succinate (2 m) on and
Diasolid M at 100 °C for unreacted EpCl and alcohols (toluene n Gi-t n e NCiml 1T n
used as an internal standard), 190 °C for 1 : 1 adducts and L ——,{~—°——( v > = —,—L(C—l)ln—‘m-:l }
200 °C for 2 : 1 adducts (in these cases, nitrobenzene used Roo (C=1)% Lng oo /=0 J! o
as an internal standard). Helium was used as a carrier gas. (6)

Theoretical

Theories on molecular weight distribution have
been worked out by several workers, the Flory!” and
Weibull-Nycander distributions!®) being often used.
Molecular weight distribution can be calculated if
certain assumptions are made on the relative reactivities
of a starting alcohol and its adducts.

The reaction path of addition is expressed as follows:

k1

—> CICH,-CH-CH,-OR —
ClCHz-qPé~PHz CICH;-(E%—/CHz

ROH

OH
(EpCl-ROH)

ny9; mole of a starting alcohol
n;; mole of i-th mer ({EpCl-ROH)
v; average mole of added EpCl per one mole of the
starting alcohol
C; distribution constant (k;/k,)

Thus we can calculate the v-value if the amount
of unreacted EpCl is determined. Once the p-value
is determined, the expected amounts of i-th mers
formed in the Flory distribution can be calculated
by means of Eq. 4. Furthermore, if the amount of
unreacted alcohol is also determined, a C-value can
be calculated by means of Eq. 5. Using the C-value
and Eq. 6, one can estimated the expected amounts
of i-th mers in the Weibull-Nycander distribution.



1640 S. Sexicuchr, Y. Hasecawa, K. Nakamura, K. Matsui, and K. Nacanama [Vol. 49, No. 6
TABLE 3. DETERMINATION OF ADDUCTS®
Observed values
React.
Run  Alcohol Catalyst®) temp v T C
(mol%) °C) Mo M e
Moo Ny Ny
9 BF;-Et,O 0.108 50 0.996 0.154 0.761 0.103 0.14
10 BF,-Et,O 0.109 70 1.000 0.160 0.743 0.101 0.16
11 2-CH.OH BF;-Et,O 0.054 70 0.917 0.200 0.754 0.079 0.14
12 4570 SnCl, 0.109 70 1.0C0 0.112 0.845 0.031 0.08
13 ZnCl, 1.99 70 0.845 0.239 0.779 0.025 0.12
14 H,SO, 2.00 70 0.184 0.814 0.180 trace 0.10
15 BF,-Et,O 0.108 50 0.994 0.150 0.716 0.113 0.13
16 :-C,H,OH BF,-Et,O 0.106 70 1.000 0.155 0.699 0.117 0.15
17 SnCl, 0.109 70 1.000 0.129 0.733 0.097 0.10
18 BF,-Et,O 0.109 50 1.000 0.157 0.701 0.124 0.15
19 s-C,H.OH BF,;-Et,O 0.109 70 1.000 0.169 0.650 0.127 0.17
20 4079 SnCl, 0.109 70 1.000 0.129 0.733 0.097 0.10
21 ZnCl, 2.00 70 0.902 0.167 0.712 0.067 0.07
22 CH,OH BF;-Et,O 0.063 55 0.980 0.158 0.725 0.108 0.13
23 n-C,H,OH BF;-Et,0O 0.035 70 0.882 0.235 0.678 0.108 0.17

a) Thirty grams (0.324 mol) of EpCl was used. The molar ratio of each alcohol to EpCl is one.

the amount of EpCl.

< o 05}
SN
0

Fig. 1. The relationship between n;/ny, and i.
observed, Flory distribution,

Weibull-Nycander distribution.

Results and Discussion

The results of determination of the adducts are
given in Table 3. Through all runs, the recovery
of initial EpCl summing up unreacted and transformed
EpCl ranged from 95 to 1009%,, and, moreover, most
of it was found to be transformed EpCl. Thus it
seems that a very small amount of initial EpCl changed
into unidentified products.1®)

The results indicate that the distribution constant
was smaller than 1, the 1 :1 adduct being produced
to a greater extent than the 2 : 1 one in every case.
The observed values (n;/ny,) in the case of Run 9 are
compared with those calculated on the basis of thke
Flory and Weibully-Nycander distributions by use
of C (0.14) (Fig. 1). The MWD in Run 9 clearly
obeys the Weibully-Nycander one. Similar results
were also obtained in the other runs.

The mechanism of acid-catalyzed ring-opening reac-
tions of epoxides have been discussed by several workers.
Long et al.l® concludedthat the acid-catalyzed hydrol-

b) Based on

ysis of epoxides proceeds via a ‘“‘borderline” A-1 mech-
anism,'%29 yiz., the carbonium ion formed through
the co-ordination of an acid (catalyst) to the oxygen
atom of epoxides reacts with nucleophiles.

On the other hand, Koskikallio and Whalley!?
and leNoble and Duffy!® found that the volume of
activation (AV*) is negative in the acid-catalyzed
hydrolyses of epoxides and they concluded that the
hydrolysis proceeds via an A-2 mechanism. Briggs
et al.1®) reported that the acid-catalyzed alcoholysis of
styrene oxide proceeds via a ‘‘borderline’ A-2 mecha-
nism.

Entropy of activation as a criterion for reaction mecha-
nism is discussed by many workers.2) Whalley??
deduced that (i) if 4S* is less than zero the reaction
was probably A-2 and (ii) if AS=* is greater than zero
the mechanism can be either A-1 or A-2. And,
Stimson?® and Stimson and Watson?) showed that
the hydrolysis of ¢-butyl benzoate and i-butyl formate
in acidified 609, aqueous acetone gives AS* values
of +9.5 and —23.7 e.u., respectively, indicating that
the former hydrolysis proceeds by an A-1 mechanism
and the latter by an A-2 mechanism and that the
hydrolysis of ¢-butyl 2,4,6-trimethylbenzoate in acidified
909, ethanol-water gives AS* value of 48.1 e.u. by
an A-1 mechanism.

We reported that the acid-catalyzed reaction of
EpCl with alcohols or their adducts (rEpCl-ROH;
n=1,2,3) proceeds via an ‘“‘borderline” A-2 mechanism
with AS* values of —20~—10 ec.u., which were greater

HO®R
CH,Cl-CtH—#+C2H,

-Q1—

l
MX,

to some extent than those of usual A-2 mechanism
and proposed the following transition state.’ The
distribution constants of ca. 0.10 correspond to this
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proposition, since if this transition state is assumed, the
reaction rate of the first stage will be greater than those
of the later ones owing to the steric crowding of the
bulkier adducts (RO?H) at C2 atom. If the carbonium

ion such as CIC‘.HZ(OMX")EH2 were formed, the
1 : 1 adducts should be produced less than as shown
in Fig. 1 and the MWD should obey the Flory distribu-
tion since this situation indicates that ky=k;=--.

Although Briggs et al. stated that the choice of EpCl
is not appropriate for the elucidation of the mechanism
or ring-opening reaction of epoxides, we found that
the determination of MWD of adducts in the acid-
catalyzed reaction of EpCl with alcohols is very useful.
It is concluded that in the presence of acidic catalysts
EpCl reacts with alcohols vie an ‘“borderline” A-2
mechanism.
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