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ANALYSIS OF MIXTURES OF ALCOHOLS bY ACYLATION *

bill !•* Lean fellowa and J. $. Frit*

AribTRACT

Recently a general cnemical method for the analysis of 
mixtures of alcohols appeared, using pyridine catalyzed 
acetylation and second order kinetics to determine the 
amount of the faster reacting component. The use of 0.25M 
isobutyric anhydride in pyridine containing 0.Q025H 
perciloric acid as catalyst promotes the rate of the reaction 
and diminishes the time necessary to perform an analysis. A 
mathematical treatment of the data and kinetic plot reduces 
the cumber of kinetic points to only four or five. The 
mixtures are primarily composed of isomers.

A conventional plot of the second order reaction data is 
made. A plot of log is made versus time, where b and
a are tne Initial concentrations of anhydride and alcohol, 
respectively, and x is the amount of reaction at time t.
Only four or five points are taken after the faster reacting 
alcohol has been esterified (determined from the rate
constants or a previous analysis). The concentration of the

*

faste* reacting alcohol is found by extrapolation of the line 
through the points to zero time. Let a ■ a^ ♦ a2, where a^

*This report is based on a Pfc. D. thesis bv -illlaw "«an 
Fellows submitted November, 1961, to Iowa State Univer-ity, 
A'vee, Iowa. This work was dona under contract with the 
TJ. J. Atonic Energy Ccmmission-.
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1* the concentration of the more reactive hydroxyl. At the
intercept where t * 0, x * a^ and log ^  j * log ~.■
the value at the intercept.

The moat practical solar ratio of anhydride to aJcohol 
is 2 to 1. Their concentrations must not be equal because 
then a * b and the log term will be sero. When more than 70% 
of the more reactive alcohol is present, add a known amount of 
the less reactive one and correct the final result for the 
amount added. For samples containing less than 10% of the 
more reactive species, it is expedient to use a larger sample 
and have the hydroxyl in excess of the anhydride. The

i
presence of small amounts of water or aldehydes does not 
interfere.

Second order rate constants for twelve primary and 
secondary alcohols were measured at 26 WC. These are in the 
same order as predicted from differences In their steric 
requirements. On the basis of the ratio of the rate 
constants (primary to secondary) for acid catalyzed isobutyr- 
ylatlon and base catalyzed acetylation, the former reagent 
appears to be more sensitive toward steric Interactions. An 
increase in the acid concentration of the isobutyric anhydride 
reagent increases the rate constant of 2-butanol, as expected, 
but the increase in rate is not linear.

( £>
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IKXfiODUCTION

Until r«c«ntly, tfc* literature contained no general 
chemical method for th. analy.l, of mixture, of alcohol..
Th. method described herein 1. be.ed on the difference. In 
reaction rate, of different alcohol, with l.obutyric anhydride 
U*in* Pyrldln* ** *ol»«nt and perchloric acid a. cat.ly.t.

The method utilise. ,.Cond order kinetic, wherein th. 
rat. of th. reaction 1. dependent upon th. concentration, of 
both reacting .peel.*, the alcohol and the anhydride. From a 
plot of the kinetic data and extrapolation back to zero time, 
the concentration of th. more reactive .icohol 1. determined ’ 
directly from th. intercept at zero time. Knowing th. total 
concentration of hydroxyl present, th. concentration of th. 
less reactive specie. 1. determined by difference.

*
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HISTORICAL 

Analysis of Mixture*
F«w metr.oda for the analysis of mixtures of alcohol*

.

hava appeared in the literature, even though the basic 
principles for an analytical method were established 
approximately ten years ago.

Lee and Kolthoff (1) in lyjl formulated tho first method 
for the analysis of mixtures based on rates of reaction.
They realised that the same functional group on different 
organic molecules often exhibits differences in its rate cf 
reaction with a given reagent. This difference in reaction 
rate is frequently due to the size and configuration of the 
molecule to which the functional group is attached. They 
illustrated that a mixture of two organic compounds contain— 
ing the same functional group could be analyzed by measuring 
their rates of reaction with a third substance. The total 
amount of the two compounds was determined by a fast 
reaction and then determined the amount reacted with the 
reagent undor rigidly fixed conditions and after a specified 
optimum time. The optimum reaction time was calculated from 
values of the specific rate constants. Reference to 
calibration curves gave the composition of the mixture.
While only ;wo measurements are required per analysis, after 
establishment of the calibration curves, the somewhat long 
and exacting procedure probably curtailed much investigation

2
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of this method. They also illustrated that the error 
decreased as the ratio of the two rate constants increased.

Two methods for the specific determination of 2-propanol 
in mixtures involved oxidation of the 2-propanol to acetone 
and subsequent determination of the acetone produced.
Etienne (2) determined traces of 2-propanol in various 
mixtures by oxidation to acetone with acidic potassium 
dichromate. The resulting acetone was then condensed to 
difurfurylldene-acetone which had a red or violet color in 
acid solution. The absorbance was measured at 425 mu.
Strache and Mart lenssen (3) analyzed aqueous mixtures of 
ethanol and 2-propanol by a direct titration scheme with 
chromic acid, utilizing a knowledge of the densities of the 
aqueous solutions.

Recently, Critehfield and Hutchinson (4) described a 
method for the determination of small amounts of secondary 
alcohol in the presence of primary alcohol. Oxidation of 
the sample with acidic potassium dlchromate formed ketones 
from the-secondary alcohols. Primary alcohols were oxidized 
to carboxylic acids and did not interfere. Hypophosphorous 
acid was used to reduce the excess dichromate and the acid 
was neutralized before the addition of 2,4-dinitrophenyl- 
hydrazine. The ketones generally reacted quantitatively with 
the 2,4-dinitrophenylhydrazine in less than 30 minutes. The 
absorbance was measured at 480 mu. A separate calibration

i
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eurve had to ba obtained for each secondary alcohol deter* 
mined. The oxidation time varied from 5 to 120 minutes, 
depending upon the alcohols oxidised. The method was not 
applicable for the determination of cyclic secondary alcohols 
or highly branched aliphatic alcohols because these compounds 
were oxidized to acids.

In 1961, Siggia and Hanna (5) presented a general method 
of analysis which utilized second order reaction rates to 
analyze mixtures of alcohols. Their method was based on the 
differences in reaction rates of different alcohols with 
acetic fMihydrlde in pyridine. The second order reaction data 
were plotted in the conventional aunner. Ten ml. ailqjots 
were removed, at intervals, fror the reaction mixture (50 
millimoles of hydroxyl and 10 ml. of acetic anhydride per 250 
ml. solution), hydrolysed, and titrated with standard base.
A blank was run similarly. Then log was plotted
versus time, where x was the decrease in concentration of 
reactant in time t, and a and b were the initial concentra* 
tions of alcohol and anhydride, respectively. A mixture was 
indicated when a curve with two straight-line portions was 
observed. The upper line representing the slope of the less 
reactive alconol was extrapolated to point A at zero tlx.e 
(Figure 1). A line AB was drawn parallel to the time axis 
and the time T, at point B of the intersection between this 
line and the lower slope, was read. The concentration of
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4
Figur* 1. Plot for analysis of a aixturs of alconols vis 

method of SIggia and Hanna (5)
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tfta &ore r e a c t i v e  a lco n o l  \  then  the  c o n c e n t r a t i o n  o f  

a lc o h o l  r e a c t e d  a t  t h i s  t im e .  Tne c o n c e n t r a t i o n  was then  

de term ined  by a p l o t  o f  x v e r su s  t .  The t o t a l  hydroxyl  

c o n te n t  o f  the  sample was de term ined  by an e s t a b l i s h e d  

a c e t y l a t i o n  p ro ced u re .  A ll  o f  the  r e a c t i o n s  were fo l low ed  - 

f o r  app rox im ate ly  3^0 m in u te s .

B ase-C ata lyzed  A cy la t io n s

Gold and J e f f e r s o n  (6) have proposed a mechanism fo r  

p y r i d i n e - c a t a l y z e d  h y d r o ly s i s  o f  a c e t i c  anhydr ides

♦  A c 2 0 ^ ---------= = i  C ^ H ^ N A c ^ j O A c ” ( 1 )

C cjH^NAc ♦ H 2 0 ^ ~ = = ± C 5 H 5 NH^ ♦  H O A c ( 2 )

R eac t ion  1 was r a t e  d e te rm in in g  w i th  the  h y d r o ly s i s  o f  the  

p y r i d i n e - i s o b u t y r y l i u a  ion  beii  g r a p id  in  r e a c t i o n  2 .

P y r i d i n e t  3 - m e th y lp y r ld ln e , and V -m ethy lpyr ld ine  a l l  

c a ta ly z e d  the  h y d r o ly s i s  r a p i d l y  w hile  s t e r i c  h ind rance  in 

the  case  o f  2-m e th y lp y r id in e  or  2 f6 -d im e th y lp y r id in e  

i n h i b i t e d  th e  c a t a l y t i c  e f f e c t .

A cld -C a ta iyzed  A cy la t io n s

P h y s ic a l  o rg an ic  s t u d i e s  have e s t a b l i s h e d  t h a t  p e r c h l o r i c  

a c id  forms a very r e a c t i v e  a c e t y l i u a  ion which i s  then capab le  

o f  a c e t y l a t i n g  any hydroxyl group r a p i d l y .  G i l l e s p i e  (7) has 

dem ons tra ted  the  p resence  o f  the  a c e t y l i u a  ion  by c ry o sco p lc  

measurements o f  a c e t i c  anhydride* in  excess  s u l f u r i c  a c i d .

1 *
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burton and Praill (8) have established chat perchloric acid 
is more effective than sulfuric in the formation of the 

^sicet/lium ion. Their mechanism involves the formation of a 
reactive acetylium ion intermediate in equilibrium with 
acetio anhydrldet

Ac20 ♦ H4 <,----  Ac20H* ? = —  A c 4 ♦ HOAc (3)

Ac* ♦ ROH ,--—  ROAc ♦ H* (4)

The equilibrium is shifted to the right by the reaction of 
any electrophile such as an alcohol with the acetylium ion. 
The regenerated proton in reaction 4 can rapidly reestablish 
the equilibrium.

Mechanism of the Reaction
The mechanistic hydrolysis of the pyrldine-acetyliua 

ion proposed by Gold and Jefferson (6) can be modified for 
the reaction with alcohols, preceded by acid catalysis to 
form an equilibrium amount of the pyridine-isobutyrylium ion 
(which should form nearly as readily as the acetylium ion); 
letting Byl equal (CH^)2ChC0:

b y 120 4 -̂--= *  C^H^NByl* ♦ HOByl (5)

C ^ N B y l *  ♦ ROH p 1 ♦ ROByl (6)

The pyridlnium ion should be in equilibrium with a 
proton and pyridine, and thus catalyse the formation of the



8

pyridiniun-isobutyrylium ion in reaction 5 via the following 
patnvays

C5H5NH .' c5«5* + H* + Byl20 ̂ = = ±  Byl2GH* (7)

Byl2OH* ♦ CfMjX ----- * C^ N B y i *  ♦ HOByl (8)

isobutyric anhydrium ion probably reacts reversibly with 
tne Pyr^ina rather than dissociating into the fraa 
isobutyryllum ion. Since reaction 6 is a displacement reac
tion, it should ba subject to ateric hindrance.

*
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EXPERIMENTAL

Development of the Method 

Preliminary observations
Schenk (9) found that by using pyridine as solvent, the 

acid catalyzed acetylation of various primary and secondary 
alcohols was complete in 5 end 10 to 60 minutes, respectively. 
This difference in reaction time suggested that a kinetic 
method for the analysis of mixtures of alcohols might be 
feasible, especially if the differences in reaction time 
could be enhanced via a reagent that could sterically inter
act with the alcohols. This would emphasise the existing
structural differences between the alcohol types and

*

lengthen the time of analysis.
A comprehensive study was made of the following 

anhydridesi propionic, butyric, isobutyric, pivalic, 
hexahydrobenzoic, benzoic, and p-nitrobenzoic. The 
aliphatic anhydrides generally reacted too fast in ethyl 
acetate containing perchloric acid. For example, purities 
of 90 and 935̂  vere obtained from the analysis of 
2,6-diisopropylphenol and benzyl alcohol, respectively, 
after a five minute reaction with 0.25M hexahydrobenzoic 
anhydride containing Q.Q06M acid. The rate of acylation 
with the aromatic anhydrides in ethyl acetate was decreased 
as the acid concentration was increased, A purity of

1
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was obtained from 1-butanol after a 10 minute reaction with 
0.25M benzoic anhydride containing 0.0G6M acid but only id# 
with an acid concentration of 0.012M. The aromatic 
anhydrides were hydrolyzed with difficulty in both ethyl 
acetate and pyridine, often requiring 20 minutes versus 5 
minutes for the aliphatic ones.

The rate of reaction was greatly reduced in pyridine. 
Purities of 0 and 63# were obtained for the analysis of 
2,6-dilsopropylphenol and benzyl alcohol, respectively, 
after a 60 minute reaction with C.25M hexahydrobenzoic 
anhydride containing 0.Q2M perchloric acid. Purities of 80 
and 31# after 60 minutes and 67 and 19# after 30 minutes 
were obtained from the analysis of benzyl and isopropyl 
alcohols, respectively, with 0.25& isobutyrlc anhydride 
containing 0.04m acid.

It was predicted that pivalic anhydride would yield the 
greatest difference between the extent of reaction of primary 
and secondary alcohols. However, it was extremely difficult 
to hydrolyze, requiring 20 minutes at 60®C, and also had to 
be synthesized since it was not readily available.

Selection of reaction order
When a single point method of analysis can not be 

realized, an attempt is frequently made to perform the 
analysis by use of kinetics. Reaction order gives the 
dependence of rate on concentration. The first method

4
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attempted was a pseudo first order reaction, wherein the 
lsobutyrlc anhydride was present in approximately ten fold 
excess, as recommended by Fritz and Hammond (10), so that the 
hydroxyl or alcohol was the only species whose relative 
concentration changes appreciably throughout the reaction 
period. Thus the rate of reaction was proportional to the 
concentration of the alcohol.

The difficulty with this mode of attack was in the means 
of measuring the amount of reaction or reagent consumed at 
various intervals of time. An aliquot of the sample was 
hydrolyzed. The amount of reaction was equal to the 
difference between the volume of standard base required for 
the titration of the sample and the volume for the blank.
For a typical run, the difference between the blank (45.0 ml.) 
and the final point was only 1.5 ml., and this had to be 
spread out over approximately nine points. A plot of the 
data frequently possessed a "shot gun effect".

An attempt was made to find a reagent that would act as 
a strong base but a poor nucleophile and thus permit the 
direct titration of the carboxylic acid formed during the 
reaction while undergoing only slight interaction with the 
excess anhydride. This direct titration would greatly 
enhance the accuracy of the plot. Tetramethylguanldine 
(Me2NC(*NH)NMe2) was tried but attempts at achieving a 
sharp potentiometrlc endpoint were unsuccessful.
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The n e x t approach  was to  t r y  second o rd e r  k i n e t i c s  

w here in  th e  r a t e  o f  r e a c t io n  i s  dependen t upon the  c o n c e n tra 

t io n  o f b o th  s p e c ie s .  R ead ily  o b ta in a b le  s t r a i g h t  l i n e s  

r e s u l t i n g  from  th e  p lo t  o f th e  k in e t i c  d a ta  suggested  th a t  

t h i s  method shou ld  be a p p lic a b le  to  s i ix tu re s  o f  a lc o h o ls .

C o n c e n tra tio n  o f the anhydride

The l i m i t s  f o r  the  c o n c e n tra t io n  o f  an h y d rid e  a re  f ix e d  

by keep ing  th e  0 . 11N sodium hydrox ide  t i t r a t i o n  o f th e  

h y d ro lyzed  b lan k  w ith in  25 * 1 * and by u s in g  a low enough 

c o n c e n tra t io n  o f  an hyd ride  to  p e rm it use o f a 5 .0  m l, p lp e t .  

T h is amounts to  ro u g h ly  0.25^1 an h y d rid e  r e a g e n t ,  a llo w in g  

f o r  th e  base  consumed by th e  a c id  c a t a l y s t .

h y d ro ly s is  o f i s o b u ty r lc  anhydride  ( 0 . 0G2 SM a c id )' I.- I.! i II' II in  —'.x  l ITTiiiiii. ,  if - -  in., I 1l H --- III I|«»(»I|* I  Mllli.r*. A .

The an h y d rid e  h y d ro ly zes  s a t i s f a c t o r i l y  in  f iv e  m inu tes 

a t  room tem p era tu re  when accom panied by m agnetic s t i r r i n g .  

A pproxim ately  98jf o f th e  anhyd ride  h y d ro ly zes  d u rin g  th e  

f i r s t  m inute by t h i s  m ethod. To en su re  b e s t  r e s u l t s  i t  i s  

su g g ested  th a t  a 10 m inute p erio d  be u t i l i z e d  a f t e r  the  

i n i t i a l  m ixing o f  th e  re a g e n t and w ate r i f  th e  s o lu t io n  i s  

n o t  s t i r r e d .

R eagents

fi.221 iUMmii. a e tu e i  (Q.ooasi am i
Add 0 .0 5  . 1 ,  o f  72% p o rc h lo r le  . e l d  to  235 m l. o f  ACS 

g rade  p y r id in e  (p re v io u s ly  coo led  to  0*C) in  a c le a n ,

%

t
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acetone-free 250 ml. glass stoppered flask, into which Is pipetted 
10.5 ml, isobutyric anhydride (Eastman practical grade -

' 'V

fractional distilled). Thoroughly mix and allow the reagent 
to come to room temperature, or place the flask in a constant 
taaperature bath. A yellow coloration will slowly develop 
over a period of three to four weeks. However, the color 
does not interfere with the end-point, using either 
indicator.

Q.11K alcoholic sod^m  fjYflroxlde
To 55 »1. of saturated aqueous sodium hydroxide 

(carbonate free), add 125 ml. of carbonate free water and 9 
liters of either absolute acetone-free methanol or freshly 
opened methyl cellosolve (Union Carbide Chemicals Co.).

Titration indicators
Mix one part of Q.ljf neutralized aqueous cresol red . 

with three parts of neutralized thymol blue.
For colored solutions, mix 2.5 parts of 0.l£ nile-blue 

sulfate in 50Jf ethanol and one part of 1% phenophthalein in 
95% ethanol. This frequently yields a more distinct end
point.

tha 1 Is. (primary standard srada)

Procedure
Transfer approximately 46 ml. of the isobutyric 

anhydride reagent to a 50 ml. volumetric flask placed in a



14

constant temperature bath or kept In a room where the 
temperature la reasonably constant. Add a weighed sample 
containing approximately 5 to 6 millimoles of hydroxyl. 
Determine the total hydroxyl content of the sample by the 
method of Fritz and Schenk (11). Rapidly fill to the mark 
with reagent, note (record) the time and thoroughly 
equilibrate the solution. After the faster reacting 
component has reacted (determined from their rate constants 
or from a previous run), at intervals of time (usually 20 to 
30 minutes) pipet a 5*0~ml. aliquot into a 125 ml. glass- 
stoppered flask, add 2 to 2.5 ml* water and magnetically stir 
the solution for 5 minutes at room temperature or allow it to 
stand, after mixing, for 10 minutes. Titrate with the 0.11N 
alcoholic sodium hydroxide.

Determine a blank by pipetting 5.0 ml. of the anhydride 
reagent into a 125 ml. glass-stoppered flask, hydrolyzing as 
above and titrating to the same end-point.

Standardize the approximately 0.11M sodium hydroxide 
against dried potassium acid phthalate, using the same end
point.

Cautionx Do not heat any acylating solution containing 
perchloric acid; dispose of solutions promptly when the 
determination is finished. Heating samples with perchloric 
acid present is not recommended. If heating is absolutely 
necessary, prepare the acylating reagent with an equivalent

A
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amount of p-toluene sulfonic acid.
Plot log ^  ^  versus time, where a and b are the

initial concentrations of alcohol and anhydride, respectively, 
and it is the decrease in concentration of reactant at time t. 
Extrapolate tne line through the points to point D at zero 
time (Figure 2). Calculate the concentration of the more 
reactive species froa the value of the intercept, point D.

Since the total alcohol concentration, a, is equal to 
f ♦ s, where f is the concentration of the aore reactive

The alcohols used as standards were either Reagent 
Grade or Eastman White Label chemicals. A two microliter 
sample of each alcohol was run through an F & H Model 500 
gas chromatograph, using a 4 ft. column containing 10*
Carbowax 20M on Haloport F (fluorocarbon support - reduces 
tailing of vater). Sampler containing over 2% impurities 
(generally lower boiling alcohols) were fractional 
distilled through a Todd Model A column (20 to 50 
theoretical plates). The various mixtures were prepared 
by weight.

The 3~methyl-2-butanol was prepared via lithium 
aluminum hydride reduction of the corresponding ketone and 
subsequently distilled, after normal workup and the addition

alcohol, x * f at t ■ 0. Her.ce 
value at D, the intercept. Thus

Acylation Samples
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Figure 2* Plot of data from proposed aathod of ai.aiyaia

t

)
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2,H-dinitrophenylhydrazine to remove any unreacted ketone.

The second order rate constants for the individual 
alcohols were determined by the same procedure as used for 
the analysis of the mixtures, except that the first point was 
ta,;en within the first 10 minutes. The remaining four points 
were spacea so that tnere was approximately 0.20 ml. titrant 
difference between each point. A plot of iog ,
versus t yieldea the rate constant, wnich is equal to the 
slope of the straight line through the points. The reagent 
•H4 samples were kept at 26®C in a constant temperature bath.

Hate constants were also determined for several alcohols 
using 0.25& acetic anhydride in pyridine in the absence of 
acid catalyst.

concentrations of 0.0013, 0.0025, 0.0050, and 0.O10H, by the
addition of 0.025 »!., 0.05 ml., 0.10 al., and 0.20 ml. of 
72% perchloric acid, respectively, la order to determine the 
effect of acid concentration upon the rate of acylation of 
2-butanol. The rate constants were determined as above.

Hate Constants

ell feet of Acid Concentration upon Hate Constant 
The isobutyric anhydride reagent was prepared with acid

W
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RESULTS

Second Order Rate Constants 
Table 1 lists second order rate constants for twelve 

primary and secondary alcohols in Q.25M isobutyric anhydride 
containing 0.0025* perchloric acid. All of these rates were 
measured at 26°C, The initial alcohol concentration was kept 
in the range of 5*5 to e».0 millimoles per 5.0 ml. of reagent 
so that there would be better correlation between the values. 
The rate constants generally fall in the same oraer that tney 
would be placed from a consideration of the steric interaction 
between the alcohol and the anhydride.

Table 1. Second order rate constants for alcohols in 0.25M 
/isobutyric anhydride containing 0.00256 perchloric acid at 26 “C

Alcohol k (liters mole”1 sec*1)
x ICr*

1-Propanol 2.*02-Propanol 0.413
1-butanol 2.592-rutanol Q.3*>22,2-Din.ethyl-l-prcpanol l.h3-Methyl-?-, butanol 0.1613-Pentai.ol 0.268Cyciopentanol 0.355Cyclohexanol O.3892-Methylcyclohexanol 0.2532-PhenyIcyclohexanol 0.252Benzyl 1.90

4

V
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Table 2. Comparison of rate constants in pyridine catalyzed 
0.25M acetic anhydride and acid catalyzed 0.25M 
isobutyric anhydride

Alcohol k (liters mole"" sec"*) x 10^ 
anhydride

acetxc isobutyric
( 0 . 0 0 2 acid)

l-But&nol 0.550 2.592-Butanol 0.143 0.3523-Methy1-2-butanol 0.139 0.1812-Methylcyclohexanol 0.136 0.253

Table 2 lists rate constants for four representative 
alcohols, as measured in 0.25M acetic anhydride and in 0.25M 
isobutyric anhydride which contains 0.002^4 perchloric acid. 
This yields a more direct comparison of the two reagents 
except that the actual concentration of the acetic anhydride 
reagent of Siggia and Hanna (5) is approximately G.dM. One 
advantage of the acid catalyzed reagent is tnat only 120 to 
XbO minutes is required for the average fixture while 250 to 
300 minutes is required for the uncatalyzed procedure. The 
ratio of the rate constants (1-butanol to 2-butanol) for each 
reagent clearly implies that the isobutyric anhydride reagent
is more sensitive towards steric hindrance. The three

*

secondary alcohols shew almost the same degree of reactivity 
towards the acetic anhydride while there is an appreciable 
difference In the case of the isobutyric anhydride.

4
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xable 3. Effect of acid concentration on the rate constant 
of 2-butanol in iaobutyrlc anhydride

Acid concentration 
molarity k (liters mcle”1 sec-1) 

x 105

0.0013 2.230.0025 3-520.005C 5.700.Q1G 7.41

Certainly, 2-butanol would not offer as such steric inter
action as 3-methyl-2-hutanol. This also indicates tnat the 
lsobutyric reagent has more differentiating power.

The rate constants listed in Table 3 clearly demonstrate 
the effect of increasing or decreasing the catalyst concentra
tion on the reaction rate of 2-butanol• The values repre
sented tne average of at least two separate runs. The rate 
constants for other alcohols should behave in a similar 
manner. A higher acid concentration should be beneficial, 
from a time standpoint, for the analysis of mixtures 
containing 40 to <fO% of an isomeric secondary alconol.

Mixtures ana Polyhydroxyl Alcohols 
The data presented in Table 4 illustrate the 

applicability of the aetnod for the determination of mixtures 
containing both primary and secondary hydroxyl groups. It is 
recommended that the analysis be run in duplicate in order to
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Table 4 . A lcoho l m ix tu res  and po lyhyd roxy l a lc o h o ls

A lcohols
Prim ary  Secondary

1 -P ro p an o l
it

1 -B utanol
tt

B enzyl
H
H

N oopentanol
G ly ce ro l
1 ,2 -P ro p a n e d io l

P re se n t
% P rim ary  

Found

2 -P ropanol
w

2 -B u tano l
M

2 -P ropanolit

3 -P en tan o l

1 0 . 0
15.1  
4 o .8  
65 .6
2 0 .2  
2 3 .0  
4 9 .0 ' 
76 .1

6 . 0
6 6 .7
50.0

1 0 .3 .1 0 .3
1 4 .9 .1 5 .4
5 0 .1 .5 0 .5  
6 5 .9 ,6 6 .3
2 0 .4 .2 0 .6
2 2 .5 .2 2 .8
4 9 .3 .4 9 .8  
7 5 .0 ,7 5 .6
6 . 1 , 6 . 1

^5.3»o5*9
5 0 .5 .5 0 .8

Average

10.2
15.2
50.3
66.1
2 0 .5
2 2 .6
4 9 .5
75.3

6.1
65.6
50.6

en su re  a c c u ra te  r e s u l t s .  The p e r c e n t p rim ary  reco rd ed  in  the  

ta b le  i s  an av e rag e  o f  two ru n s .  I t  i s  e v id e n t th a t  m ix tu res  

o f iso m eric  and non isom eric  a lc o h o ls ,  a s  w e ll  as po lynydroxy l 

compounds, can be s u c c e s s fu l ly  a n a ly z e d . G ly c e ro l and 1 ,2 -  

p ro p a n ed io l c o n ta in  both p rim ary  arid secondary  hydroxy l 

groups bu t a re  sim ply l i s t e d  under p rim ary  a lc o h o l .

V.
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DISCUSSION 

Hate Constant*
In the case of tn# two Isomeric propanols and butanols,

the ratio of the rate constants, primary to secondary, is 
roughly 6 to 1 and 7.5 to 1, respectively. There is no 
apparent reason why this ratio should not remain nearly the 
same as one advanced through the homologous series, each time 
comparing the 1 and 2 isomers,

A comparison of 3-methyl-2-butanol (k « 0.181) and 
3-pentanol (k * 0.268) clearly shows the greater sterlc effect 
of a secondary alcohol attached to methyl and isopropyl groups 
than one attached to two ethyl groups. The other pentanol 
present, 2,2-diaethy1-1-propanol, shows the effect of having 
three methyl groups on the alpha carbon. Its rate constant 

1* much larger than the other pentanols examined 
but appreciably less titan any other primary alcohol 
investigated.

* Vfhile the rate constants for 2-butanol,3-metny 1-2- 
butanol and 2-methylcyclohexanol are nearly equivalent with 
acetic anhydride, the rat# constants f«_r 2-butanol arid 2- 
methylcyclohexar.ol are 2 and 1,5 times greater, respect!vely, 
than that of 3-methyl-2-butanol in reaction with isobutyric 
containing 0.0025M acid- This indicates a greater resolving 
ability for the acid c* talysed isobutyrylation.

The rate constants could be used to predict whetner a
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particular mixture could be successfully analyzed. The lowest 
ratio of rate constants utilized for an analysis was 5.3 to 1 
for the mixture of 2,2-dimethyl-l-propanol and 3-pentanol.
The analysis would certainly be less favorable for the case 
where the ratio is almost one than when it is 10 or 50 to 1, 
because tne closer tne two rate constants are, the smaller

t

the difference between the slopes of the two lines. The 
limiting case would be where only one straight line could be 
obtained from a mixture.

The increase in the rate constant for 2-butanol as the 
acid concentration is increased is not surprising. However, 
the higher the acid concentration, the greater will be the 
Interference due to the presence of aldehydes. Fritz and 
Hammond (10) state that aldehydes also interfere somewhat 
with the standard method of acetylation in hot pyridine.
Schenx (9) found that aldehydes are «he only major inter
ference in the case of acid catalyzec acetylations in 
pyridine. His reagent contained more than 60 times as much 
acid so the effect of aldehydes should be considerably less 
when using the isobutyrie anhydride reagent.

Mixtures
Generally, when more than 70t of the more reactive 

alcohol is present in the mixture, difficulty Is experienced 
in plotting the data. The upper portion of the reaction 
rate plot levels off as the reaction nears completion and

«
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become* unreliable. Thus not even four or five reliable 
point* can be obtained to aecure a linear plot for the less 
reactive alcohol*

A method to overcome this involves the addition of a 
known amount of the less reactive component to the mixture 
and correction of the final result for the amount added. 
However, any error made in tnis measurement will be magnified 
several fold. For example, suppose that enough secondary 
alcohol was added to an isomeric mixture which originally 
contained only 10JC secondary to bring the final concentration 
to 50%, A 0,5% error made in the measurement of the concen~ 
tratlon of the slower reacting alcohol in the HnewH sample, 
after correction for the amount added, would amount to an 
absolute error of 2»5% since the error would be thrown on 
only the amount of secondary alcohol present in the original 
sample.

For tne analysis of mixtures containing less than 10% of 
the faster reacting species, it was necessary to use a larger 
sample sise and thus have the total alcohol in excess of the 
anhydride. The mixture of neopentanol arwl 3-pentanol in 
Table *♦ was analyzed in this way, with a molar ratio of 
alcohol to anhydride of 2 to 1. The concentrations of 
anhydride and alcohol must not be equal since then a * b and 
the log term will equal zero.

Only five or six points need to be taken for an average

,
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m ix tu re  s in c e  o n ly  p o in ts  f o r  th e  slow er r e a c t in g  sp e c ie s  a re  

needed . In  S ig g ia * s  m ethod, a t  l e a s t  tw ice t h a t  many p o in ts  

m ust be tak en  because th e  s lo p e  o f  th e  f a s t e r  r e a c t in g  a lc o h o l  

m ust a ls o  be d e te rm in e d . T his r e s u l t s  in  a g r e a t  sav ing  o f  

tim e as w e ll as r e a g e n t .  A lso h i s  method consumes 50 m i l l i 

m oles o f hydroxy l w h ile  t h i s  method consumes o n ly  6 , som ething 

to  c o n s id e r  when on ly  a sm all amount o f  th e  a lc o h o l i s  

a v a i la b le  f o r  a n a ly s i s .  A lso , the a c id  c a ta ly z e d  method i s  

f a s t e r ,  en a b lin g  tw ice  as many a n a ly s e s ,  on th e  a v e ra g e , to  

be perfo rm ed . F in a l ly ,  th e  r a t e  o f  th e  p a r t i c u l a r  a n a ly s is  

caui be in c re a se d  o r d ec reased  m erely  by In c re a s in g  or 

d e c re a s in g  the  c o n c e n tra t io n  o f  p e r c h lo r ic  a c id .

Minimum R ate D if fe re n c e s  Needed fo r  an A n a ly s is  

S ince i t  i s  ex trem ely  d i f f i c u l t  to  c a lc u la te  the  minimum 

r a t e  d i f f e r e n c e s  from second o rd e r  k i n e t i c s ,  th e  same 

a n a ly s is  as i s  a p p lie d  to  u n im o le cu la r r e a c t io n s  can be 

u t i l i z e d  fo r  a r e a c t io n  th a t  i s  second o rd e r  w ith  a r a t e  

depending  upon th e  c o n c e n tra t io n  o f th e  re a g e n t(S )  as w e ll 

as the  a lc o h o l( a ) s

•  *a (a  -  x)(R -  x) (9)

In  the  u s u a l  c a se  the  re a g e n t  w i l l  be added In s u f f i c i e n t  

ex cess  ( tw o fo ld  o r m ore) so th a t  th e  o rd e r  o f m agnitude o f the  

c o n c e n tra t io n  o f R w i l l  n o t change over the  co u rse  o f the  

r e a c t io n .  T h e re fo re , th e  v a lu e  o f th e  p ro d u c t kaUO can be
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treated as approximately constant.

A * products (10)
u k*B -+ products (11)

ka(R)(a - xa) (12)

VB * 5 ?  * kb(S)(b - *b) (13)
wher* a and b are the initial concentrations of A and B, 
respectively.

The integrated equations are as follows*
....

2.31°* — j--—  « ka(HHt - t„) - k,<R)tr (lV)

2>31°* b - xh ’ kb<*><* - V  * kbU)*r (15)

where tr is the reaction time, which will always be the sane 
for two constituents of a mixture• These equations give the 
simple, time-independent relationship*

1o* r- £i
*b

(lb)

The results of the calculation of the concentrations of 
A and b that will remain at various stages in the lifetime 
of A, the more reactive constituent, are tabulated in Tables 
5 and 6 for a 1*1 mixture.

The results in Table 5 illustrate that a 1*1 mixture
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of two alcohol* wnose rates of reaction differ by a factor of
2 is virtually impossible to analyze, providing that the. ip
original assumption is correct, there would not be enough 
of the slower reacting species present, after 9&% of A is 
destroyed, to permit four kinetic points to be taken. The 
accuracy will increase as the concentration of A decreases 
since the amount of B remaining, after 96 to 99^ reaction of 
Ay will increase.

The results in Table 6 demonstrate that a 111 mixture 
whose rates of reaction differ by a factor of 3 should be 
possible to analyze, because after 99% of A has reacted, 
there is still 22% of B remaining for the establishment of 
four good kinetic points. As above, the accuracy of the 
analysis will increase as the concentration of A decreases.

Table Rate of destruction of two compounds whose rates 
of reaction differ by a factor of 2

Time (expressed as a fraction 
of initial A destroyed) ICr m

0.00 1.00 1.00 1.00
0.10 Q.9C o.95 1.05
0.50 0.50 0.71 1.42
0.90 0.10 O.32 3-2
0.95 0.05 0.22 4.4
0.96 0.02 0.14 7.0
0.999 0.001 0.03 30
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Table  6 .  Rate o f  d e s t r u c t i o n  o f  two compounds whose r a t e s  
o f  r e a c t i o n  d i f f e r  by a f a c t o r  o f  3

-
Time (e x p re s se d  as f r a c t i o n  

o f  I n i t i a l  A d e s t ro y e d )

0 .00 1 .00 1 .00
0 .10 0 .9 0 0 .9 7
0 .50
0 .80

0 .5 0
0 .2 0

0 .7 9
0 .590 .90 0 .10 0 .4 7

0 .95 0 .0 5 0 .37
0 .99 0 .01 0 .22
0.998 0.002 0.13

1. 
1 . 1. 
2 . 
u.7 
7 .4  

22 
130

*

The lower l i m i t  f o r  the a n a l y s i s  o f  a l t l  m ix tu re  ap p e a rs  to  

be th e  case  where the  r a t e  c o n s t a n t s  d i f f e r  by a f a c t o r  o f  3. 

The a n a ly s i s  o f  a m ix ture  c o n ta in in g  10% o f  A might be 

f e a s i b l e  where the  r a t e  c o n s t a n t s  d i f f e r e d  on ly  by a f a c t o r  

o f  2 .  For a m ix tu re  c o n ta in in g  b0% o r  more o f  A, a f a c t o r  o f  

3 would n o t  be s u f f i c i e n t  and should be a t  l e a s t  4 or 

g r e a t e r ,  depending upon the  accuracy  r e q u i r e d .  Whatever th e  

r a t e  f a c t o r  o r  the  per ce n t  com posi t ion  of  th e  m ix tu r e ,  th e re  

must be a s u f f i c i e n t  c o n c e n t r a t i o n  o f  b rem aining  f o r  the 

t a k in g  o f  a t  l e a s t  3 k i n e t i c  p o i n t s .  The l a r g e r  the  f a c t o r

by which the  r a t e  c o n s t a n t s  d i f f e r ,  the  g r e a t e r  th e  p o t e n t i a l
*

accuracy  of the method f o r  any co m p o s i t io n .

®
£8
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SUMMARY

Second order rate constants were determined for some 
primary and secondary alcohols. These generally were in the 
same order as predicted from differences in their sterie 
requirements. On the basis of tne ratio of rate constants 
for acid catalysed isobutyrylation and base catalysed 
acetylation, the former appeared to be more sensitive towards 
sterie interactions.

An Increase in the acid concentration of the isobutyric 
anhydride Increased the rate constant of 2-butanol as 
expected. The increase in rate was not linear with the 
Increase in catalyst concentration.

The addition of a known amount of the slower reacting 
alcohol and correction of the final result for tne amount 
added was recommended for analysis of mixtures containing 
more than ?0% of the faster reacting alcohol. For mixtures 
containing less than ?0JC of the faster reacting species, it 
was expedient to use a larger sample size and have the 
alcohol (total) in excess of the anhydride.

because of the simplicity of plotting, smaller number of 
points necessary, smaller sample size and matnematical nature 
of the calculation coupled with the flexibility of the 
ieocutyrylation method owing to variation of reaction rate 
with catalyst concentration, it is apparent that this method 
has much to offer over that with acetic anhydride.
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Example o f C a lc u la t io n s  fo r  T y p ica l A n a ly s is  

T able 5 l i s t s  d a ta  and r e s u l t s  frosi th e  a n a ly s i s  o f an 

iso m e ric  b u ta n o l m ix tu re . Assume th a t  a •  0 .5501  mmoles p e r 

5 m l. a l i q u o t , b * 1 .2630  mmoles per 5 m l*  a l i q u o t ,  Vfa 

(volume o f  base  re q u ire d  fo r  b la n k ) * 23*52 m l. o f  sodium 

hyd ro x id e  (V * 0 .1 0 7 4 ) , Vg * volume o f base  re q u ire d  fo r  

sam ple, and x « (V* -  Vs )« .

T ab le 7 . Summary o f  c a lc u la t io n s  fo r  ty p ic a l  a n a ly s is

Time Vg Vb -  Vg X b -  x a -  x a -  x

oO 21 .99  1*53 0.1643 1.0967 0 .3858 2 .848 0 .4 9 4 5
80 21 .75  1*77 0.1901 1.0729 O .36OO 2.980 0.4742

105 21.56 1.96 0 .2 1 0 5 1.0525 0 .3 3 9 6 3.099 0.4912
130 2 1 .3 5  2 .17
160 21 .19  2 .32

0.2331
0.2492

1.0299
1 .0 1 2 8

O.3 1 7 0 3.2*»9 0.5118
0.52850.2999 3 .377

For the  a l iq u o t  removed a t  60 m in u te s , c a lc u la te  x , 

e h ic h  r e p r e s e n ts  e i t h e r  th e  amount o f e s t e r  formed o r e l s e  

th e  amount o f an h y d rid e  o r a lc o h o l consumed, by m u ltip ly in g  

0 .1074  ( th e  n o rm a lity )  tim es  1 .53  ■ ! . Q V 23*52 m l.)  -  

Vs (2 1 .9 9  m l , ) J .  C a lc u la te  th e  te rm s , b -  x and a -  x , by 

s u b t r a c t in g  0 .1643 mmoles (x )  from 1 .2630 mmoles (b )  and 

0 .5501  mmoles ( a ) ,  r e s p e c t iv e ly .  D iv ide 1 .0967  (b -  x ) by 

0 .3658  (a  -  x ) and then  look  up th e  lo g a rith m  o f  th e

r e s u l t i n g  number (2 .6 4 6 ) .



33

w.

C a lc u la te  th e  v a lu es  fo r  each  term  a t  80, 105, 130 end 

160 n in u te s ,  s im i l a r ly .  P lo t  th e  v a lu e s  fo r  lo g  [j[ J " 

v e rsu s  t h e i r  co rresp o n d in g  t i n e s .  E x tra p o la te  th e  l i n e  

th rough  th e  p o in ts  to  se ro  t in e  o r  p o in t  D (0 .4 2 1 )  cm F ig u re  

2 . C a lc u la te  th e  c o n c e n tra t io n  o f  th e  f a e t e r  r e a c t in g  

a lc o h o l ( f )  as  fo llo w s t

f  ■ a a t l ^ O S  g j a -  b ,  (2 .6  i6 ) 0 ^ 0 1  -  1 .2610
■  1

O .I I 4 3  Meoles.

The t h e o r e t i c a l  v a lu e  i s  0 .1112  sm o les .

m.

*
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