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Abstract 
Acid-catalyzed additions of ethylene oxide to 

various isomeric butyl  alcohols were observed to 
agree with the Poisson equation and the prod- 
ucts were relat ively unaffected in composition by  
changes in the reactants  or reaction conditions. 
Base-catalyzed reactions yielded products  whose 
composition could be more closely approximated  
by Weibull  and Nycander ' s  equations. The prod- 
uct composition, al though largely independent  
of reaction conditions, varied with the s t ructure  
of the s ta r t ing  alcohol. Good correlation was 
found between the relative acidities of the start-  
ing alcohols and their reaction products  and 
Weibul l -Nycander  distribution constants for  base- 
catalyzed reactions of ethylene oxide and propyl-  
ene oxide. I t  is believed that  the relative acidities 
of the alcohol and its epoxide adduet  influence 
the produet  composition through the equil ibrium 
reaction: 

]~Ot{ q- RO (CH2CK20) -~ ~ RO- § RO (CH2Ct:I20) ~It 

Introduction 

T H E  P O L Y M E R I Z A T I O N  Of  a cyclic monomer such as 
ethylene oxide can be init iated by substances, such 

as alcohols, which contain an active hydrogen group 
and are capable of cleaving the oxirane ring with the 
generation of a new hydroxyl  group. Since the hy- 
droxyl  group which is thus formed may  add addit ional  
monomer, the process can be continued unti l  the de- 
sired degree of polymerization is achieved. Thus the 
polymerization is usually p ic tured  as a series of suc- 
cessive competit ive reactions of the epoxide with the 
alcohol and its products.  Kinetically, the polymeriza- 
tion has some of the character  of both a vinyl  addit ion 
and a condensation polymerization. At  intermediate 
stages of the reaction the product  consists only of 
polymer and unreaeted monomer similar to a vinyl  
addit ion reaction, and molecular growth occurs ex- 
clusively through addition of the monomer to the poly- 
mer. Similar to condensation polymerization, the 
various polymer  molecules undergo more or less simul- 
taneous growth and the average molecular weight in- 
creases as monomer is consumed. 

Since the growth of all polymer  molecules occurs 
at roughly the same rate, it is possible to modify  the 
propert ies  of the polymer by vary ing  the tool ratio 
of epoxide to alcohol reacted. This principle is utilized 
industr ial ly  in the manufac tu re  of nonionie surface- 
active agents f rom epoxides and high molecular weight 
f a t t y  alcohols. Considerable variat ion in the proper-  
ties of the sur fae tan t  can be obtained by vary ing  the 
mol ratio of epoxide to alcohol, thus changing the 
hydrophylic- l ipophylic  balance in the molecule. At  
a given average epoxide chain length it is expected 
that  the propert ies  of the mixture  as a whole will be 
determined by the product  distribution. Consequently, 
a knowledge of the product  distr ibution and of reac- 
tion conditions which result  in a change in product  
distr ibution becomes of considerable pract ical  impor-  
tance. 

Presented at the AOCS meeting in Toronto, Ganada, 1962. 

Theoretically, it is possible to calculate the product  
distr ibution if certain assumptions concerning the 
relative reaetivities of the s ta r t ing  alcohol and its 
epoxide adduet  are accepted. Thus, if the relative 
reactivities of all of the competing alcohols are equal, 
F lo ry  (1) has shown tha t  the Poisson formula  applies: 

m/noo = e -v v ~ - l / ( i -  1) ! [M 
where: 

V = tool ratio of epoxide to alcohol reacted 
noo = no. of tools of starting alcohol 
ni = no. of mols of produet containing i epoxide units 

The Poisson distr ibution has been reported to describe 
the base-catalyzed reaction of ethylene oxide with 
ethylene glyeol (2),  and also the reaction of ethylene 
oxide with lauryl  aleohol (3). Other theoretieal dis- 
t r ibutions have been advanced in which the relative 
reaetivities of either all (4) or some (2,7) of the 
alcohols formed are considered unequal.  The simplest 
of these is tha t  developed by Weibull  and Nycander  
(2) result ing in equations [B] and [C] which are 
based on the assumption that  the relative react ivi ty  
of the products  are equal, but differ f rom the start-  
ing alcohol. 

V = cln(noo/no) -- (c--1)[1--  (no/noo)] [B] 

nl/noo = [ci-V(e - 1)'] { (no/noo) - 

(no/noo) c'~l(1/j ! ) [ (e - 1) In (noo/no) ]J } [G] 
J=o 

where: 
no = no. of tools of starting alcohol in product 
c = distribution constant, a measure of the relative reactiv- 

ities of the products to that of the starting alcohol. 

This approach appears  to be a reasonable compromise, 
since in all steps except the first the hydroxyl  group 
is at tached to an oxyethylene group. Several investi- 
gators have utilized the Weibull-Nycander  equations 
to in terpre t  the reactions of ethylene oxide with 
ethanol (2), te tradeeanol  (5), and lauryl  alcohol (6).  

The object of the present  work was threefold. First ,  
it was deemed impor tan t  to determine how the prod- 
uct composition of epoxide reactions varied with re- 
action conditions, e.g., mol ratio of epoxide to alcohol 
reacted, catalyst, temperature ,  etc. Second, the valid- 
i ty of the Weibul l -Nycander  equation for the base- 
catalyzed reaction was tested against  different alcohols 
and epoxides. Final ly,  a reaction mechanism for the 
base-catalyzed reaction was considered and several 
factors, such as the rate of the individual  epoxide ad- 
dition reaction and the relative acidity of the compet- 
ing alcohols, were investigated. 

Most of the work was done using isomeric buty l  
alcohols because of the ease with which their lower 
oxyethylene ethers could be separated by fract ional  
distillation. Some experiments  were conducted with 
higher molecular weight alcohols in order to determine 
the extent to which the results using butyl  alcohol 
enable us to predic t  the composition of higher molec- 
ular  weight alcohols reacted with m a n y  moles of ethyl- 
ene oxide, where fraet ionat ion by distillation or sol- 
vent  separat ion is not achievable. 
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Experimental 
Materials. Commercial  ethylene oxide and the best 

available grade of alcohols were used in the epoxide 
addition reactions. Most of the alcohols were distilled 
before use. In  selecting materials  for use in the acidity 
measurements,  more elaborate precautions were taken 
to be sure tha t  they were free f rom trace impurit ies,  
such as acids or conducting salts. Whenever  possible, 
gas-liquid chromatography  (GLC) was used to es- 
tablish pur i ty .  The electrical conductivi ty was also 
measured at  a concentration greater  than  tha t  used in 
the determinat ion of the ionization constant and com- 
pared with that  of water  itself. Some of the alcohols 
containing several ether oxygens were unstable in 
the alkaline isopropanol solution used in the spectro- 
photometric study. These solutions become stable when 
t reated to remove peroxides. 

Compounds not commercial ly available were pre- 
pared  as follows: 

1-(2 hydroxyethoxy)  propane-2-ol was f rac t ionated 
f rom a base-catalyzed reaction product  of propylene 
oxide and ethylene glycol 

[ b p l l 0 C  (6mm) ; n~) ~ 1.4435.] 

Ethylene glycol mono-sec.-butyl ether [bp158C; 
n~) ~ = 1.4170] and  diethylene glycol mono-sec.-butyl 
ether [bp97C (8mm) ; n5 ~ = 1.4297] were f ract ionated 
f rom the neutral ized reaction product  of ethylene 
oxide and the sodium salt of sec.-butanol in toluene 
(8). 

Alkylene Oxide Reactions. The reactions were con- 
ducted in a one-liter stainless steel, bot tom-st i rred 
autoclave provided with an internal  cooling coil and 
automatic t empera ture  and pressure recorders and 
inlet tubes for  ethylene oxide and nitrogen additions. 
The commercial ly available epoxides were charged in 
increments to the s tar t ing alcohol at reaction tempera-  
ture  in a ni t rogen atmosphere.  The incremental  ad- 
ditions were made f rom a calibrated cylinder main- 
tained under  a ni t rogen pressure in excess of tha t  in 
the autoclave. 

By careful ly  monitoring the epoxide additions it  
was possible to follow the ra te  of epoxide consump- 
tion dur ing the course of the reaction. At  intermedi- 
ate stages the epoxide consumption represents  the 
rate  of addit ion to a complex mixture  of alcohols. 
However,  at the s tar t  of the reaction the initial rate  
of consumption represents the ra te  of addition to the 
parent  alcohol, as this is the only alcohol present.  
Ini t ia l  reaction rate  constants were calculated, based 
on the assumption tha t  the epoxide was ideally solu- 
ble in the paren t  alcohols, thus providing an estimate 
of the amount  of the added epoxide in the liquid 
phase. Most of this work was done before the general- 
ized applicat ion of the technique of GLC, and frac-  
tional distillation was utilized to separate  the products.  
The distillations were conducted in a vacuum jacketed, 
spinning-band column, 6ram I.D. x 16 em long, under  
atmospheric and reduced pressures. Many distillation 
fract ions were essentially pure  compounds according 
to refract ive index or hydroxyl  number  determination.  
The other fract ions were considered two component  
mixtures  and analyzed by linear interpolat ion be- 
tween the refract ive  indices or hydroxyl  numbers  of 
the pure compounds. 

The procedure used in a typical  run  was: 199 g 
n-butanol containing 0.14 g dissolved sodium metal  
was charged to the reactor, which was flushed with 
nitrogen and heated to 120C. The reactor was vented 
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TABLE I 

Fractional Distillation of the Reaction Product of Ethylene Oxide with 
n-butanol .  

~r R a t i o  ( E p o x i d e / A l c o h o l )  = 1 .30  

F r a c t i o n  !% 
no. ion 

1 5 .45 1 . 3 9 9 1  
2 4 .43  1 . 3 9 9 3  
3 3 .38 1 . 3 9 9 2  
4 4 .52  1 . 4 1 9 0  
5 4 .07  1 . 4 1 9 1  
6 0 .62  1 . 4 2 6 6  
7 9 .39  1 . 4 3 1 4  
8 6 .87  1 . 4 3 1 6  
9 0 .38  1 .4311  

0 4 .08  1 . 4 3 8 8  
1 6 .36  1 . 4 3 9 0  
2 2 .84  5 . 4 3 8 8  
3 1 .71 1 . 4 4 3 3  
4 5 .12 1 . 4 4 4 6  
5 1 .07  1 . 4 4 4 4  

' ' r a p  23 .2  1 . 4 0 6 3  
R s idue 16.2  ] . 4 5 3 5  

'Lotal 99 .7  ... 

Analysis based on n ~  

( W t  % of to ta l  c h a r g e )  

]120 
D ( p u r e  component )  

aol 

5 .45  
4.43 
3.38  

15.0  

28.3  

4 .52  
4 .07  
0 .26  
0 .51 
0 .26  
0 .05  

8.2 

17.9  

Monobut "1 e the r  of 

0 .36  . . . . . . .  
8 .88 . . . . . . .  
6 .61 
0 .33 . . . . . . .  
0 .28  
0 .27  
0 .20  

16.9  

T e t r a -  
E G  

3 .80  ...... 
6 .09 ..... . 
2 . 6 4  ...... 
0 .44  1 .27  
0 .09  5 .03  
0 .06  1 .01  

13.1  7 .31 

i'r e ther  of 

Di- T r i -  Te t r a -  
n -bu tano l  E G  E G  E G  E G  

1 . 3 9 9 3 a  1 . 4 1 9 1 b  1 .4321  a 1 . 4393  1 . 4 4 4 7  

a Ob ta ined  f rom r e f e r e n c e  ( 1 7 ) .  
b Ob ta ined  f rom r e f e r e n c e  ( 1 8 ) .  
e E G  = ethylene glycol.  

to 10 psi and ethylene oxide was introduced unti l  a 
presure of 24 psi was obtained. A 4 psi drop in pres- 
sure was permit ted,  a f ter  which ethylene oxide was 
added unti l  24 psi pressure was obtained. Ethylene  
oxide was thus introduced in termi t tent ly  unti l  a total  
of 154 g was added over a period of 310 min. The 
charge was reacted to a constant pressure, cooled and 
removed. The product  recovered in a 98.6% yield 
was a light yellow liquid with a hydroxyl  number  of 
418 ( theory = 427). Disti l lat ion of a sample of the 
reaction product  yielded the fract ions given in Table 
I. 

Acidity Measurements. Two methods were used to 
determine alcohol acidity. The relative acidity of an 
alcohol in isopropanol was determined spectrophoto- 
metr ical ly as described by Hine and Hine (9). These 
measurements  were made with a Beckman Quartz  
Spectrophotometer  Model DU, Serial  No. 1178, using 
1 cm or 10 cm silica cells. The data  repor ted are the 
average of at least three (usual ly  more) determina-  
tions over a wide range of alcohol concentration. Some 
of the polyethylene glycols gave results which va ry  
with the concentration of the alcohol. The data re- 
por ted for these compounds (in parentheses) were ob- 
tained by extrapolat ion to zero concentration and are 
considered less reliable. 

Acid ionization constants were determined f rom the 
change in conductance observed when an alcohol is 
added to a dilute aqueous alkaline solution, as was 
described by Ball inger and Long (10). The conductiv- 
i ty  measurements  were obtained at  a f requency of 
2000 cycle/see on an L K B  Precision Conduct ivi ty  
Bridge Type 3216B. A conductivi ty cell (cell con- 
s tant  = 0.4600cm -1) of conventional design with plati- 
n u m  electrodes was suspended in a mineral  oil bath  
at 25-+-0.005C. The procedure was essentially tha t  
described by Bal l inger  and Long. A value of 30 was 
assumed for the ionic mobil i ty of the aleoholate ion. 

Results and Discussion 

The base-catalyzed reaction of ethylene oxide with 
n-butanol was investigated most extensively.  The  vari-  
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I.O 

0 8  o ~o n-BUTANOL 

0 6  WEIBULL-NYCANDER 
o C=3.6 

0.4 o 

0 2  

u .  i i I I P 

ETHYLENE GLYCOL M O N O - n - B U T Y L  E T H E R  
0.4 

0.~ / ooo o 9 o 

~-'WEIBULIfl NYCAN DER C= Z,.6 ~ 

1 r r r I 

D IETHYLENE GLYCOL MONO-n -BUTYL  ETHER 

0.; ~ '~-- FLORY 

o., dB ,i ,'6 io 
MOL RATIO (ETHYLENE OXIDE /n -BUTANOL}  REACTED 

:FI~. 1. T h e  a d d i t i o n  o f  e t h y l e n e  o x i d e  to  n - b u t a n o l  a t  1 2 0 C  i n  
t h e  p r e s e n c e  o f  s o d i u m  n - b u t o x i d e .  V a r i a t i o n  o f  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  p r o d u c t  c o m p o s i t i o n  w i t h  m o l  r a t i o  o f  r e a c t a n t s .  

ation of product  composition with tool ratio of epoxide 
to alcohol reacted is shown in F igure  1. 

Comparison of the experimental  data  with theory 
shows tha t  the values predicted by the F l o w  equation 
deviate considerably f rom experiment,  while those ob- 
tained with the Weibul l -Nycander  equations show bet- 
ter, though not perfect,  agreement.  

The theoretical Weibull  and Nycander  distributions 
were calculated f rom a distr ibution constant, c = 3.6. 
This is the average value of e calculated for  each in- 
dividual experiment  shown in F igure  1. The c value 
for n-butanol is approximate ly  the same as values re- 
ported by other workers;  for ethanol, c = 2.2 (2 ) ;  
lauryl  alcohol, c = 2-3 (6) ; and tetradecanol, e = 3.0 
(5). The distr ibution constant, e, is a measure of the 
relative react ivi ty  of the products  versus tha t  of the 
initiaI reactants.  Since it is greater  than unity,  one 
can conclude that  the n-butyl  glycol ethers are more 
reactive towards ethylene oxide than  is n-butanol 
itself. 

Since the Weibul l -Nycander  equations approximate  
the experimental  results, the distribution constant, c, 
can be used to compare product  compositions obtained 
under  va ry ing  reaction conditions with different re- 
actants. Table I I  shows tha t  the product  composition 
of the base-catalyzed reaction of ethylene oxide with 
n-butanol is relat ively unaffected by changes in re- 
action temperature ,  pressure, or catalyst  concentra- 
tion. Even  var ia t ion in catalysts (as long as the 
catalyst  is, or can be converted into, a base) has a 
minor effect upon the product  composition, al though 
the rate of ethylene oxide uptake may  be varied con- 
siderably. Other workers (11,12) have also observed 

T A B L E  II 

The l~eaetion of Ethylene  Oxide wi th  a -Bu tano l  

Catalyst 

Sodium n-butoxide ............ 
Sodium n-butoxide ............ 
Sodium n-butoxide ............ 
Sod ium n-butoxide ............ 
Sodium n-butoxide ............ 
Sodium n-butoxide ............ 
Benzyl t r imethyl  

ammon ium hydroxide.. .  
N,N'-dimethylbenzyl  

amine ........... 
4 -~vlethyl imidazole ............ 

T~ 

55 
76 

110 
120 
130 
150 

100 

120 
120 

EtO 
press 

psi  

8 
14 
14 
12 
11 
12 

16 

12 
11 

Cat. co]2cn 
wt  % of 

n-butanol  
charge  

1.1 
1.06 
0.30 
0.30 
0.30 
0.30 

1.0 

0.80 
0.44 

~Neibull- 
Nycander 

c 

3.2 

3.0 
3.6 
3.4 
3.3 

2.7 

5.3 
2.7 

k 
( l / m o l  
rain ) 

0 . 1 i  
0.37 
2.6 
3.9 
7.5 

10 

5.7 

2.1 
4.2 

T A B L E  III 

The Base-Catalyzed Addi t ion  of Ethylene  Oxide to Var ious  Alcohols 
and Thei r  Glycol E thers  

Catalyst  = sodium alkoxide 
Temp ~ 120C 

Alcohol 

n -Butanol  ......................................................................... 
I sobutanol  ......................................................................... 
sec.-Butanol .............. ........................................................ 
te r t . -Butanol  ..................................................................... ca, 3 0 0  
Ethylene  glycol mono-n-butyl  ether ................................... 
Diethylene glycol mono-n-butyl ether ................................ 
Ethylene glycol mono-sec.-butyl ether ............................... 
n-Hexanol  ....... , ................................................................. 
n -nodecanol  ...................................................................... 
Tridecanol  a ...................................................................... 

Weibull-  
Nycander  

c 

3.6 
6.1 

29 

1.3 
1.1 
1.3 
3.1 
2.5 
2.9 

a A mix tu re  of h ighly  branched  alcohols h a v i n g  an average  of 13 G 
atoms in the molecule. 

that  the product  composition changes with the mol 
ratio of reactants,  but  is relat ively independent  of the 
reaction conditions. 

Gee et al. (13) have shown tha t  the base-catalyzed 
reactions of ethylene oxide with alcohols are first order 
with respect to the ethylene oxide and catalyst  con- 
centration, provided the catalyst  (sodium alkoxide) 
is completely dissociated. I n  the present  work a simi- 
lar dependence of the initial rate of ethylene oxide 
consumption upon the epoxide and catalyst  concen- 
trat ions was observed and used to calculate rate  con- 
stants for  the addition of epoxide to the s tar t ing 
alcohol. 

Ini t ia l  rate  constants for  the sodium butoxide cata- 
lyzed addit ion of ethylene oxide to n-butanol are 
given for the t empera ture  range 55-150C. When these 
data  were substi tuted in the Arrhenius  equation an 
energy of activation of 14 kcal /g  tool was obtained. 
This value agrees with that  reported by Gee for the 
same reaction (13). 

The base-catalyzed reaction is influenced by the 
s t ructure  of the alcohol. Table I I I  shows that  sec- 
ondary and te r t i a ry  butyl  alcohols are considerably 
less reactive than  their  ethylene oxide adducts, which 
are p r i m a r y  alcohols. Bases are considered poor cata- 
lysts for the reactions of secondary and te r t i a ry  alco- 
hols, since the s tar t ing alcohol reacts with difficulty 
and the product  contains a broad polymer distribution 
(14). On the other hand, the product  composition is 
less affected by changes in the size of the alkyl group 
or the introduction of branch chains other than those 
on the a carbon. I t  is interesting to observe that  the c 
values for  the various mono- or d i e t h y l e n e  glycol 
butyl  ethers are slightly greater  than one. Thus the 
basic assumption of Wcibull  and Nyeander,  that  the 
products  are equally reactive with epoxides, is not 
s tr ict ly t rue for  polymers containing less than three 
epoxide units  which, at least qualitatively, may  ac- 
count for  the discrepancy between theory and experi- 
ment. 

Acid catalysts (Table IV)  result  in products  which 
approach the distr ibution predicted by F lory  (e = 1). 
The product  composition was similar for all of the 
catalysts investigated and was only slightly influenced 
by positioning the hydroxyl  group upon a secondary 
or t e r t i a ry  carbon atom. These results indicate that  
acid and base-catalyzed reactions proceed by different 
mechanisms. Acid-catalyzed reactions are believed to 
proceed with the format ion of the conjugate acid of 
the epoxide (15). 

+ 
CII~ -- CH~ + H + -> CH~ -- CH~ -> CII~C:II,~011 [C] 
\ / \ / 

O O 
H+ 
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T A B L E  I V  �9 

The Acid-Catalyzed Addi t ion  of Ethylene Oxide to Several  Buty l  Alcohols 

Alcohol 

n -Butano l  ....................... 
n -Butano l  ....................... 
n -Butano l  ....................... 
n -Butano l  ....................... 
n -Butano l  ....................... 
n -Butano l  ....................... 
sec.-Butanol ................... 
t e r t . -Butanol  .................. 

Catalyst  Te~lp 

BF:~ . etherate 120 
BF:~ �9 etherate / 55 
p-Toluene sulfonic acid 148 
Fluosul fonic  acid 120 
A l u m i n u m  butyla te  150 
Perchlor ic  acid 56 
BF~ . e therate  134 
BFa . etherate 43 

Weibull-  
Nycander  

c 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.9 

(2.6) 

The use of the Weibul l -Nycandcr  equation for the 
base-catalyzed reaction implies that  a difference exists 
in the react ivi ty  of the epoxide with the product  and 
the s ta r t ing  alcohol. This difference is represented by 
the distr ibution constant, c. At tempts  have been made 
to correlate c with the observed velocity constants for  
the addit ion of epoxide to the s tar t ing  alcohol and 
its glycol ether (2,4). The data presented in Table V 
show that  the distr ibution constant cannot be esti- 
mated solely f rom the apparen t  second order rate  
constants. 

I t  is apparen t  that  a thorough analysis of c requires 
more detailed knowledge of the reaction mechanism. 
I t  is general ly accepted that  the base-catalyzed reac- 
tion of alkylene oxides with alcohols proceeds through 
the alkoxide ion (16) as shown below: 

k-1 
R e -  + CH~CH2 --> R O C H 2 C H 2 0 -  [ D ]  

\ /  
o 

R O C H 2 C H : O -  + R O H  ~ R O C H 2 C H . - O H  + R e -  [ E l  

k - :  
R O C H ~ C H 2 0 -  + C H ~ C H 2  ~ 1~0 ( C H 2 C H 2 0 )  -2 [ F  ] 

\ /  
O 

R O  ( C H 2 C H 2 0 )  -_~ + R O C H 2 C H : O H  
R O  ( C H 2 C H , O )  2I t  + ROCH~CH, . ,O-  [ G ]  

](-x 
R e  ( C H : C H 2 0 ) - ~  .~ + CH~CH2 ~ R e  (CH, . ,CH20) -~  [ H ]  

\ /  
0 

Equat ions  [D] to [HI  imply that  the relative con: 
eentrat ion of a component, x, depends not only upon 
the velocity constants of its format ion and disappear-  
ance, but  also upon the distr ibution of alkoxide ion 
among the competing alcohols. Under  these circum- 
stances Weibull  and Nycander  (2) have shown that  
equations similar to [B] and [C] can be derived, 
except that  the distr ibution constant, c, is replaced 
by the product  c-e'. Here  c- is a measure of the re- 
activities of the anions towards epoxide (k-2/k 1) and 
c' is a measure of the acidity of the hydroxyl  gener- 
ated in comparison to the hydroxyl  group of the start-  
ing material ,  c' can be related direct ly to the ioniza- 
tion constants of the alcohol (Kx) and its epoxide 

T A B L E  V 

The React ion of Ethylene  Oxide with the Buty l  Alcohols 
and Thei r  Glycol Ethers  

Temp ---- 120C 
Catalyst  = Sodium salt  of alcohol l is ted 

Alcohol 

n -Butano l  ............................ 
E thylene  glycol 

mono-n-butyl  ether .......... 
Diethylene glycol 

mono-n-butyl  ether .......... 
sec.-Butanol  ......................... 
E thylene  glycol 

mono-sec.-butyl ether ....... 

i 

0 

1 

o 

21 

(1/kmol 
min ) 

3.2 

3.8 
1.7 

2.2 

ki  

1.2 

Weibull-  
Nyeander  

c 

3.6 

1.3 

1.1 
29 

T A B L E  VI 

Acid Ion iza t ion  Constants  and Rela t ive  Acidi t ies  of Some 
Hydroxyl  Con ta in ing  Compounds 

Temp ---- 25C 

Acid ioniza- Rela t ive  
Alcohol t ion cons tant  ac id i ty  in  

in  water  i sopropanol  
(K X 10~)  b (K~) r 

sec.-Butanol .................................................. 
n -Butano l  ...................................................... 
Wa te r  ............................................................ 
1 ,2-Propylene glycol ...................................... 
Ethylene  glycol mono-n-butyl e~her ............... 
E thylene  glycol mono-sec.-butyl ether  ........... 
1-(2 hydroxyethoxy) propane-2-ol ................ 
E thylene  glycol ............................................... 
Diethylene glycol ........................................... 
Tetraethylene glycol ...................................... 
Diethylene glycol mono-n-butyl ether ............ 
Diethylene glycol mono-sec.-butyl ether ........ 
Tr ie thylene glycol .......................................... 

1.0 a 
1.8 b 
4.9 
5.4 

14 
16 
18 
2O 

22"" 

< 0 . 8  
0.8 
1.2 

28 
6.4 
6.3 

30 
44 

(66)  
(140)  

11 
10.5 

(120)  

a Est imated.  
b See reference (1O). 
e See reference (9 ) .  

adduct  (Ky) front the proton exchange equilibrium 
shown in equation [El .  

K -  [ R O C H ~ C H ~ O H ]  [ R O - ]  [ H  +] _ K ~  _ 1 

[ ]~ooH~c~o- ]  [•oH] [H +] Ky e' 

The role of acidity in determining the product  com- 
position of the base-catalyzed reaction was suggested 
also by other workers. Recently Nagase and Sakaguehi  
(6) concluded that  alcohol acidity was a pr incipal  
factor  in determining the product  composition of oxy- 
ethylated nonyl phenol or lauryl  alcohol. However,  
these workers did not compare distr ibution constants 
with the acidity of the corresponding alcohols, but  
based their  conclusion on acidity data of simpler 
alcohols. 

Data  obtained in this labora tory  on acid ionization 
constants in water  and on relative acidities in iso- 
propanol  for  water  and several alcohols, glycols, and 
their  alkylene oxide adducts  are given in Table VI.  
The results obtained in the two solvents show a quali- 
tat ive agreement  even though the numerical  values are 
quite different. This agreement  becomes more obvious 
when the parent  alcohol is compared with its epoxide 
adducts. Table V I I  shows a comparison of the experi- 
mental  distr ibution constant, e, with that  calculated 
f rom the ratio of ionization constants in water  or rela- 
tive acidity in isopropano]. The agreement  between 
the experimental  c and the calculated values is sur- 
pr is ingly good, considering that  the acidity measure- 
ments were made at 25C while the epoxide reactions 
were conducted at elevated tempera tures  ca. 120C. 

I t  should be noted tha t  measurements  for  poly- 
hydric alcohols per ta in  to the molecule as a whole. No 
a t tempt  was made to distinguish between the acidity 
contributions of the various hydroxyl  groups, nor 
were the various isomeric products  isolated when de- 

T A B L E  VII 

Base-Catalyzed React ions  of Epoxides  wi th  Alcoho l s - -Cmnpar i son  of 
Expe r imen ta l  Weibul l -Nycander  D i s t r i bu t ion  Cons tan t  wi th  tha t  

Pred ic ted  from the Acidi t  of the Components  

g(y) a gr~y) a 
Alcohol C ~ K,'~) 

A - - E t h y l e n e  oxide 
Ethylene glycol ................................... 1.0 1.1 1.5 
Dielhylene glycol ................................. 1.0 1.4 1.8 
Tr ie thylene  glycol ............................... 1.0 0.82 1.2 
1,2-Propylene glycol ........................... 1.1 1.2 1.1 
n -Butano l  ............................................ 3.6 5.4 8.0 
Ethylene glycol n-butyl  ether .............. 1.3" 3.7 1.6 
sec.-Butanol  ........................................ 2 > 7 . 9  
Ethylene  glycol sec.-butyl ether ........... 1.3 1.7 

B - - P r o p y l e n e  oxide 
Ethylene glycol ................................... 0.5 0.42 0.68 

a x represent  the s t a r t i ng  alcohol and  y the react ion product .  Thus,  
for the react ion of ethylene oxido w i th  ethylene glycol:  K(y) /K(x)-~ 
K(diethyle.e glycol)/K(ethylene glycol) = 1 6 / 1 4  (Table V I ) .  



594 T H E  J O U R N A L  OD' T H E  A M E R I C A N  O I L  C t t E N : I S T S '  S O C I E T Y  VOL. 40 

termining the product  composition. Undoubtedly  the 
p r ima ry  and secondary hydroxyl  groups of an unsym- 
metrical glycol, such as propylene glycol, differ in 
acidity, which result  in different isomeric products  
upon reaction. 

One can conclude f rom these results that  the specific 
rate constants for the base-catalyzed reactions of an 
epoxide with the various anions (Equat ions D,F,  and 
I t )  have very little influence upon the product  com- 
position. The product  composition is determined pre- 
dominantly,  if  not solely, by the protonie acidity of 
the alcohol and its epoxide adducts, presumably  com- 
peting' in the proton exchange reaction of the type 
depicted in equations [E,G],  etc. Addit ional  suppor t  
for  this mechanism was obtained f rom the reaction 
of ethylene oxide with sodium see.-butoxide. When 
this reaction was conducted at 120C in toluene solu- 
tion a product  composition with e value of 1.3 (F lory  
e = 1.0) was obtained as compared to e value of 29 for 
the base-catalyzed reaction. The reaction with the 
sodium salt eliminates the proton t ransfer  steps [E,G],  
etc., and the product  composition will depend only 
upon the velocity constants of the epoxide addition 
reactions. The faet  that  the distribution constant e 
is close to uni ty  shows that  reactions [D,F] ,  ete. pro- 
ceed at equal rate. 
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Methanesulfonic Acid Catalyzed Additions to Oleic 

Cyclohexene III Addition of Acids and Substituted 
ABNER EISNER, TIIEODORE PERLSTEIN, and W. C. AULT, Eastern Regional 
Research Laboratory, 2 Philadelphia, Pennsylvania 

Acid and 

Phenols * 

Abstract 
Benzoic acid adds to oleic acid in methane- 

sulfonic acid as catalyst-solvent to form an ad- 
dition product  in 30%yield. Saponification studies 
on the product  reveal that  the addition is made 
via the carboxyl group and no rear rangement  of 
the initial product  takes place. A number  of sub- 
st i tuted benzoic acids were also tried but the yield 
of addition product  was nil. Da ta  are included 
for the experiments  with a number  of phenols not 
previously reported.  These include: o-ehlorophe- 
nol,2,6-di-tert.-butylphenol, 2,4,6-trichlorophenol, 
resorcinol, 5-n-pentadecylresorcinol, hydroqui-  
none, methyl  salicylate, and 3m-pentadecylphenol.  
Good yields of addition products  of cyelohexene 
are obtained using" methanesulfonic acid as cata- 
lyst-solvent and the same nueleophiles employed 
previously. 

Introduction 
T N  PREVIOUS C O M M U N I C A T I O N S  f rom this labora tory  
1( 1,2), data were presented showing improvement  in 
yields of products  when methanesulfonie acid was used 
in place of sulfuric acid (3,4) as catalyst-solvent for 
the addition of phenols and phenyl  ethers to oleic acid. 
I n f r a r ed  studies of the phenol addition reaction gave 
suppor t  to the theory tha t  the addition proceeds via 
the format ion of an intermediate which subsequently 
rearranges  to give the substi tuted phenol instead of 
the phenoxy ether. I t  was also shown that  arylthiols 

1 P r e s e n t e d  at the  A O C S  m e e t i n g  in Toronto; Canada, 1962. 
A laboratory of the E. Utiliz. Res. & Dev. Div., ANN, U.S.D.A. 

could be added to oleie acid and good yields of product  
were obtained. The arylthio] addition, however, takes 
place without subsequent rea r rangement  of the initial 
addit ion product.  Invar iably ,  the end product  of the 
reaction was a thioether. 

Since diesters have been shown to have considerable 
utili ty, it seemed of interest to learn whether the ad- 
dition reaction could be applied to the addition of aro- 
matic carboxylie acids to oleie acid. I f  the reaction 
proceeded so that  the addition resulted in the forma-  
tion of a earbon-carbon bond, then the end product  
would be a diearboxylie acid derivative. Some evi- 
dence in support  of this hypothesis is found in a 
recent patent  (5) and paper  (6) describing the prepa-  
rat ion and propert ies  of benzoic acid modified a lkyd 
resins. An interesting product  was obtained in an 
a t tempt  to add benzoie acid to oleie aeid using meth- 
anesulfonic acid as catalyst. I n f r a r ed  analyses of the 
product  af ter  esterifieation were ineonelusive, in that  
it was not possible to differentiate between two pos- 
sible products:  methyl  benzoxystearate or a carbo- 
methyoxyphenyl-s tear ic  aeid ester. The former, on 
saponification followed by esterifieation with methyl 
alcohol, would yield a mixture  of methyl  hydroxy-  
stearate and methyl  benzoate. I f  the addition prod- 
uet was a carbomethoxyphenyl-s tear ie  acid derivative, 
saponification followed by esterifieation would not 
alter the material .  Saponification of the benzoic acid 
addit ion product  yielded hydroxy-stear ie  aeid demon- 
s t ra t ing  that  the addit ion took place via the earboxyl 
group and no carbon-carbon bond was formed. 

F r o m  the addit ion of benzoic acid to oleie acid 


