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phenol in each layer agreed within 5 % or less of the original 
amount. Thereafter, analyses were usually confined to 
the cyclohexane phase, except in those instances where the 
partition coefficient was very high or low. 

Despite the fact that no close temperature control was 
maintained during distribution, duplicate partition co
efficients, determined at intervals of several days, agreed 
within 5 % of each other in the intermediate range and 
within 10% in the very high or low range. Since a 30% 
change in partition coefficient would affect the calculated 
pK value by only a 0.1 unit, it is believed that the calcu
lated values are within about ±0 .1 pK unit of the exact 
values. 

Phenolic compounds of wide variety are poten
tially available in huge amounts from coal-hy-
drogenation oils.3 It is therefore of considerable 
interest to determine the composition of the com
plex tar-acid fractions in which these phenols are 
found. Such mixtures are composed largely of 
homologous and isomeric phenols, and separation 
by the usual procedures of precise fractional dis
tillation and fractional crystallization is difficult. 
Since the method of countercurrent distribution4 

has successfully resolved mixtures of isomeric and 
homologous acidic and basic compounds,66 it ap
peared to be applicable in isolating individual 
phenols and testing their purity. Previous parti
tion studies' on phenol homologs showed signifi
cant relative differences among such compounds, 
particularly in organic solvent-buffer systems. 
Alkaline buffer when used as one of the immiscible 
phases allows adjustment of the partition coef
ficient to any desired value and frequently in
creases the partition ratios among groups of 
closely related phenols. Separation of some iso
meric phenols and proof of their homogeneity are 
described in this manuscript. 

Experimental 
Materials.—The source and purity of the phenols used in 

this work have been mentioned previously.7 

Apparatus.—The countercurrent distribution machine 
was a stainless steel (8-18), 54-tube instrument manu
factured by Otto Post, Maspeth, N. Y. This apparatus 
differs from Craig's original model4 principally in the 
manner of sealing the bottom of the lower drum and top 
of the upper drum. Plate glass is used instead of steel 
plates, to permit observation of phase separation. The 
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Summary 
The partition coefficients of 14 phenols have 

been measured in systems composed of cyclohex-
ane-water and cyclohexane-phosphate buffer. A 
relationship was observed between partition co
efficient and pH which permitted calculation of 
approximate ionization constants. Partition co
efficients and ionization constants were corre
lated with molecular configuration of phenols. 
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lower tubes of the instrument hold 10 ml. of solvent; the 
upper tubes, up to 15 ml. 

Procedure.—Before the experiment was started, the 
organic solvent (cyclohexane or benzene) and 0.5 M 
phosphate buffer (Na2HPO4 + Na8PO4) were mutually 
saturated at room temperature by shaking in separatory 
funnels. Sufficient buffer layer was introduced into the 
lower drum of the countercurrent instrument to fill each 
tube to its brim; this was followed by addition of 10 ml. 
of the organic solvent to each upper tube. After inverting 
the instrument several times to test whether the glass-
metal and metal-metal seals were leakproof, the upper 
phase of tube 0 was replaced with a solution of the entire 
material to be distributed. Stepwise countercurrent 
distribution was then conducted as described by Craig.4 

Upon completion of the run, the contents of each tube of 
the instrument were pipetted into glass-stoppered centri
fuge tubes and acidified with 2 ml. of HCl (1:1) . These 
tubes were shaken and centrifuged to clarify the layers. 
The organic phase was separated and analyzed by means 
of the Beckman Model DU quartz spectrophotometer. 
In cases where the analysis indicated the presence of a 
crystalline component in nearly pure form, a crystalline 
residue was always obtained by evaporation of the solvent. 
The amounts, however, were too small for determination 
of capillary melting points. 

Results 
Homogeneity Stifdies.—For this purpose, 53-

plate distributions were run in a 54-tube Craig 
distribution machine8 employing cyclohexane 
and 0.5 M phosphate buffer as the immiscible 
phases. Preliminary measurements of the parti
tion coefficient at different pK values were made, 
to select a buffer that would provide a partition 
coefficient close to one.7 After distribution, the 
total amount of phenol in each tube of the distri
bution machine was determined by ultraviolet 
measurement at the wave length of maximum ab
sorption. 

A typical example of the results is shown in Fig. 
1, which represents the distribution of a 50-mg. 
sample of 3-methyl-5-ethylphenol in cyclohexane 
-phosphate buffer of pjk 11.26. Because this 
compound had been isolated from a tar-acid frac
tion of a coal-hydrogenation product8 containing 

(8) Barry, Sato and Craig, J. Biol. Chtm., IM1 221 (1948), 
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tubes 0-26 and that ^-cresol is the major compo
nent in tubes 28-54. 
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1.—Distribution of 3-methyl-5-ethylphenol: O, ex
perimental; • , theoretical. 

several homologs and isomers, it was considered 
advisable to obtain this independent check on its 
homogeneity. From the position of the maxi
mum of the distribution curve, the partition co
efficient, k', was calculated by the equation 

N = nk'/(k' + 1) 

where N is the position of the tube of maximum 
concentration and n is the total number of plates 
applied.4 A theoretical distribution curve for a 
compound with this partition coefficient (0.8) was 
calculated according to the method of Williamson 
and Craig.9 The theoretical and experimental 
curves agreed very closely. Such data provide 
very strong evidence for the purity of a com
pound.10 

Separation of Isomers.—Mixtures of m- and p-
cresols, xylenols and ethylphenols were sub
jected to 53-plate countercurrent distributions; 
m- and ^-cresols form a mixture that cannot 
be separated by distillation because they boil 
within a degree of each ofher. By counter-
current distribution a partial separation was ef
fected. 

A mixture of 100 mg. each of m- and p-cresols 
was distributed in the system benzene-phosphate 
buffer of pH 11.08. Ultraviolet measurements 
were made at wave lengths of 280 and 286 m^. 
At both wave lengths, p-cresol exhibits a maxi
mum in its ultraviolet curve, whereas trc-cresol has 
a strong band only at 280 m/i. Therefore, when 
separation of these isomers occurs during the dis
tribution, the optical density values at 280 m/* 
should be much higher than at 286 rmt for those 
tubes relatively rich in m-cresol and about the 
same in tubes in which the p-cresol is concentrated. 
The experimental results represented graphically 
in Fig. 2 show that w-cresol predominates in 

(9) Williamson and Craig, / . Biol. Chem., 168, 687 (1947). 
(10) Craig, Mighton, Titus and Golumbic, Anal. Chem., 20, 134 

(1948). 
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Fig. 2.—Distribution of cresol mixture: O, 280 rmi; A, 
286 mm. 

The amount of each isomer in each tube of the 
distribution machine was determined by solution 
of two simultaneous equations derived in the usual 
way from ultraviolet measurement at two wave 
lengths.11 When plotted, the calculated amounts 
give curves (curves 1 and 2 of Fig. 3) that clearly 
show the degree of separation attained. Com
plete separation could be achieved by application 
of more plates by the technique of "alternate 
withdrawal" or "single withdrawal."8 Compari
son of the experimental curves with theoretical 
curves (indicated by dotted lines) shows that the 
w- and ^-cresol used were not entirely pure. The 
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Fig. 3.—Separation of cresols by 53-plate distribution: 
O, curve 1; w-cresol; A, curve 2, ^-cresol; # , theoretical. 

(11) These equations were developed by Dr. R. A. Friedel and are 
considered to measure total amounts of isomers in each tube with an 
accuracy in the order of 2% for the cresols and 5% for the xylenols 
and ethylphenols. 
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inhomogeneity present, determined as previously 
described,10 amounts to about 5% for each isomer. 

A 53-plate distribution was run on a mixture of 
10 mg. each of 2,4-, 2,5- and 3,5-xylenol in the sys
tem cyclohexane-phosphate buffer of pH 11.08. 
Optical densities were measured at wave lengths of 
275, 281 and 285 mjt. From these measurements, 
three simultaneous equations were derived for the 
determination of the quantity of each isomer in 
each tube.11 

The calculated amounts are plotted in Fig. 4 
(curves 1, 2 and 3). As can be seen, 3,5-xylenol 
separates readily from 2,4- and 2,5-xylenol. From 
the shape and appearance of each curve, it is evi
dent that each compound distributes itself essen
tially independently of the others in accordance 
with the distribution law. Since the ratios of the 
partition coefficients of the un-ionized forms of 
these isomers are similar,7 their separation in this 
distribution results mainly from their different 
acid strengths. 
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Fig. 4.—Separation of xylenols by 53-plate distribu

tion: A, curve 1, 3,5-xylenol; O, curve 2, 2,5-xylenol; 

V, curve 3, 2,4-xylenol. 

An experiment using similar quantities and 
solvent pair was conducted with a mixture of o-, 
m- and ^-ethylphenols. For determination of 
each compound, optical densities were measured 
at wave lengths of 272, 279 and 285 m^.11 

A plot of these calculated amounts is given in 

The condensation of aldehydes, ketones, a,/3-
unsaturated carbonyl compounds or various 
derivatives of such compounds with ammonia 
or its derivatives to form substituted pyridines 
is one of the oldest of organic reactions.2 The 
transformations involved, as studied extensively 
by Chichibabin and his co-workers,3 can be 
regarded as aldol condensations, generally in 

(1) For the previous communication on pyridine chemistry, see 
Frank and Weatherbee, T H I S JOURNAL, 70, 3482 (1948). 

(2) Htibner and Geuther, Ann., 114, 45 (1860). 
(3) (a) Chichibabin, Bull, soc. Mm., [5] 4, 1826 (1937); (b) 

Chichibabin, J. Russ. Phys.-Chem. Soc, 87, 1229 (1905); Chcm. 
Centr., 77, I, 1438 (1906); (c) Chichibabin and co-workers, / . prakt. 
Chem., 107, 109, 122, 129, 132, 138, 145, 154 (1924). 

Fig. 5. I t may be observed that the o-ethylphenol 
separates easily from the meta and para isomer. 
This is so because the ortho compound has a 
higher partition coefficient and greater pK than 
the other isomers.7 
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Fig. 5.—Separation of ethylphenols by 53-plate distribu

tion: A, curve 1, m-ethylphenol; O, curve 2, £-ethyl-

phenol; V, curve 3, o-ethylphenol. 

For both xylenols and ethylphenols, the isomers 
separate in order of decreasing acid strength. 
When dealing with a material suspected of con
taining a mixture of isomeric phenols, important 
clues concerning molecular orientation could be 
obtained from the countercurrent distribution 
curves by identifying one component and then 
applying previously observed correlations be
tween molecular structure on the one hand and 
partition coefficients and ionization constants on 
the other. 
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Summary 
Application of the method of countercurrent 

distribution to the separation of isomeric phenols 
is described. The method was also used success
fully for establishing purity of phenols. 
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conjunction with Michael-type reactions, and 
ring closures involving ammonia. 

Because of the formation of mixtures of pyri
dines and various by-products, the method has 
had a poor reputation for synthetic purposes.4 

Indeed, in all of Chichibabin's reports, there are 
but two instances3a'b of yields of single products 
higher than 20%. Some notable exceptions,6'6 

(4) See Sidgwick, "Organic Chemistry of Nitrogen," Oxford Uni
versity Press, 1937, p. 518. 

(5) (a) Farbenwerke vorm. Meister Lucius u. Bruning, British 
Pat. 146,869 (July 5, 1920); (b) Frank, Blegen, Dearborn, Myers 
and Woodward, T H I S JOURNAL, 68, 1368 (1946). 

(6) Stitz, Oesterr. Chem. Z., 45, 159 (1942): C. A., 38, 2040 
(1944). 
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