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ABSTRACT 

The steric requirements of nucleophilic displacement reactions 

were studied using the Menshutkin reaction as a model. The quaterni-

zation rates for the reaction of a series of highly hindered aliphatic 

tertiary amines with methyl benzenesulfonate were determined. 

F. Becker has developed a theoretical method for the treatment 

of steric effects which, when applied to the esterification rates of 

carboxylic acids, was able to account for a wide range of reactivity. 

Treatment of the amine rate data by this method, however, did not lead 

to the successful prediction of the large rate decreases noted in 

this series. 

The extended Taft equation has been used to correlate the 

quaternization rates of unhindered amines with some success. This 

method fails when applied to highly hindered amines. In connection 

with the work on the Taft approach the quaternization rates for the 

reaction of a series of 4-substituted 1-methylpiperazine derivatives 

with methyl benzenesulfonate were determined. The pKa values for the 

members of both amine series studies were determined in water, 20% 

dioxane-water, 50% dioxane-water, and anhydrous acetonitrile. An 

improved method for the determination of the pKa values of bases in 

acetonitrile was devised. 

vii 



viii 

The large decreases in the quaternization rates of the 

highly hindered amines are explained on the basis of differential 

solvation of the ammonium ion being formed. 

v 



HISTORICAL 

Linear Free Energy Relationships 

Chemists have long sought a basic understanding of the pro

cesses by which molecules react so that this information might be 

used for predictive purposes. Broadly based theories on mechanisms 

of reactions have the added feature that they reduce the number of 

specific facts which a chemist must memorize; indeed this feature 

is usually the first evidence one obtains for the' importance and 

generality of a theory. The reduction of a vast amount of experi

mental data for many reactions to a general equation and a short 

list of constants is evidence for the power and generality of the 

approach of correlating structure and reactivity by means of "linear 

free energy relationships". Although the first linear free energy 

relationships identified were empirical correlations of data, more 

recent work has had the objective of separating and quantitatively 

identifying the various factors which determine the reactivity of 

molecules. Some of the factors affecting molecular reactivity are: 

(1) Polar and resonance effects which change 

electron density at electrophilic or 

nucleophilic centers, 

(2) Steric effects which hinder the approach of 

1 
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reacting molecules, and 

(3) The interaction of molecules with the solvent. 

The logarithms of the equilibrium constants or rate constants 

of a series of substrates, undergoing essentially the same reaction, 

are sometimes seen to be related to another such reaction series by 

the equation"'': 

log k.^ = m log k ^ + C 
1 (1) 

Thus the name "linear free energy relationship" derives 

from the fact that the logarithm of the equilibrum constant is 

proportional to the standard free energy of the reaction, 

log K = -AF° /2.3RT, 

(2)  

and the logarithm of a specific rate constant can be rewritten in 

terms of the standard free energy of activation, 

log k = log (RT/Nh) -AF* /2.3RT. 

(3) 

When either equation(2)or equation(3)is substituted into equation(1), 

one obtains a general equation, 

AF_. = nAF. + d 
B A 

(4) 



3 

Thus equation 1 can be represented as a linear function of free 

energy terras. A reacting molecule can be thought to consist of 

two parts, a reacting portion (X) and a non-reacting residue (R). 

Linear free energy relationships might be expected to exist for 

those reactions series where there are no "strong specialized inter-

2 actions between F and X" because, in those cases, the linear free 

energy principle states: 

+ 
(1) The changes in the value of AF caused by 

a series in R are linearly related to the 

changes in AF° for the same reaction, and 

+ 
(2) The changes that take place in either AF 

or AE° for a reaction at X. caused by 

changes in R are linearly related to the 

corresponding change in these values for 

a different reaction at X. The changes in 

AF and AF° are also linearly related to 

those for a corresponding reaction series 

involving as the reacting groups. These 

same considerations also hold for changes 

in reaction medium. 

3 
Ostwald (1885) reported that the Ka values of a number of 

substituted acetic acids varied in a uniform manner. This obser-

4 vation was treated on a more general basis when Hixon and Johns 

(1927) investigated "the electron sharing ability of organic 
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radicals". The first linear free energy relationship to be recog

nized was reported by Bronsted and Pederson"* (1924) and dealt with 

the catalytic effectiveness of acids and bases. 

Substituent effects were studied by means of their effect 

on the rates of the alkaline hydrolysis of aromatic esters by 

Kindler6 (1928). Hammett and Pfluger7 (1933) found a correlation 

between the quaternization rate of trimethylamine by methyl carboxy-

lates and the Ka of the corresponding carboxylic acid. The similarity 

to the Bronsted equation was noted and a hint of the usefulness of 

linear free energy relationships was provided when the correlation 

was used as evidence in a discussion of the question of alkyl versus 

acyl oxygen cleavage in ester hydrolysis and amine alkylation reactions. 

A more general treatment of substituent effects leads to the Hammett 

Q 

equation (1937). 

log (k/kQ) = Op 

(5) 

The 0 value is a constant dependent only on the substituent 

and defined by the substituent's effect on the dissociation constant 

of the corresponding substituted benzoic acid as compared to that 

of benzoic acid in water at 25°: 

a = log Ka - log Ka° = ApKa. 

(6) 
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The p value is a constant dependent only on the reaction series. The 

Hammett equation was found to successfully correlate the rate data 

for aromatic sidechain reactions for 52 reaction series. Substituent 

constants for 30 groups were calculated. 

a 
In 1953 Jaffe published a critical re-evaluation of the 

Hammett equation and was able to list 204 reactions which, when 

altered reaction conditions were taken into account, yielded 371 

reaction series that were successfully correlated. Although several 

substituents (e.g. p-ITC^) exhibited exalted values, the problem was 

treated by van Bekkum, et al.^ through the use of a number of 

"primary" a values derived from some meta substituted derivatives. 

The obvious dependence of the substituent constants on mesomeric as 

well as inductive effects was taken into account by Taft in his formu

lation of a similar substituent constant a°. Although numerically 

very similar to these primary a values, the Taft*"'" a° value was 

calculated from contributions of an inductive nature (cx^.) and contri

butions from an "unenhanced resonance factor" (a °). Thus by means 
K 

of an empirical procedure, Taft was able to separate inductive and 

12 
mesomeric effects. In much later work, Dewar and Grisdale (1962) 

achieved considerable success using a more precise model based upon 

the separation of direct electrostatic (field) cffects and IT electron 

(mesomeric) effects. 

13 
Taft was subsequently able to separate polar and steric 

substituent effects by examining the structurally similar postulated 
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transition states for the acid and base catalyzed hydrolysis of 

esters. 

0 
I 

R C 

H-

+ 
OH. 

0' 
+ 

•R1 

R 

0 

I 
•C OH 

I  
0 — R1 

acid base 

The acid catalyzed reaction was found to be sensitive to the steric 

and resonance effects of substitucnts but relatively insensitive to 

polar effects while the base catalyzed reaction was sensitive to all 

three effects. The difference in the effect of a substituent on the 

ester hydrolysis rate under acidic and basic conditions would there

fore be expected to depend upon the polar effect of that substituent. 

This approach allowed Taft to define a polar substituent constant 

* * 
(a ) and reaction parameter (p ). Phenomena dependent solely on the 

polar nature of substituents (be they spectroscopic, physical, or 

kinetic) may be expected to be correlated by the Taft equation, 

& & 
log (k/kQ) = a p . 

(7) 

For an acid catalyzed ester hydrolysis reaction series 

where no polar effects are operating the rate data would be 
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expected to depend only on steric effects. Employing this assumption 

Taft was able to define a steric parameter (Eg), 

log (k/k ) = SE 
o s 

(8) 

where 6 is a reaction dependent parameter. A number of reactions 

were found to be correlated by this equation. 

This steric parameter was used in connection with the Taft 

14 
equation by Pavelich and Taft (1957) to give a more general 

equation. 

log (k/k ) = cr*p + 6E , 
o s 

(9) 

which was found to correlate a number of reaction series where 

substituent effects are expected to contain steric as well as 

polar contributions (e.g., the base catalyzed methanolysis of 

(-)-methylesters). 

Nucleophilic displacement reactions constitute a large and 

a very important area in organic chemistry and for this reason a 

number of attempts have been made to either correlate the data 

available empirically or to separate nucleophilic reactivity into 

contributions from polar and steric effects. Attempts have been 

made to correlate rates in nucleophilic displacement reactions 

with the base strength of the nucleophile as measured by its pKa 
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value."'""' Although this method has enjoyed some limited success, a 

more generally applicable method of correlation was proposed by 

Swain and Scott.In this treatment £•. nucleophilicity parameter 

(n) is defined for each nucleophile by comparing its rate of reaction 

with methyl bromide under standard conditions to the corresponding 

reaction rate where water is the nucleophile. Values of n so defined 

may then be used in correlating kinetic data for other substrates 

by means of the linear free energy relationship, 

log (k/kQ) = s n. 

(10) 

Hall"'"'' found that the Taft equation correlated the pKa 

values of a large variety of amines but in spite of this success, 

when applied to amine S^2 reaction rates, the Taft equation was 

quite useless. The Swain-Scott equation was found to correlate a 

wide range of nucleophiles and substrates but unfortunately was not 

found to be useful for highly hindered nucleophiles. The n number 

of a nucleophile is thought to contain contributions of several 

types (e.g.,base strength, steric effects, and base polarizability). 

A more satisfying and theoretically more useful approach 

to the correlation of S^2 reaction rate data would be through the 

separation and identification of these effects. The best method 

currently available to an organic chemist would be through the 

separation of a base's nucleophilicity into polar and steric 
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contributions. This approach has been tried by Russian workers 
17 

using the extended Taft equation (9). 

The Becker Method 

Another possible approach to the isolation and examination 

of steric effects is the theoretical treatment of Becker. In this 

treatment polar effects are neglected and steric interactions are 

examined using models. The Becker treatment is based upon the 

18 
absolute reaction rate theory developed by Eyring which gives the 

formula for the rate constant of a bimolecular reaction, A + B 

4 
AB -> Product, as: 

Where the term feT/h is the universal constant that is the effective 

.rate at which activated complexes cross the activation energy 

k 

(11) 

barrier, Eq is the activation energy at absolute zero, and the 

terms are the partition functions of the activated complex 

19 
and reactants, Becker factors out the steric partition functions 

to give, 

k 
Q'ab* -E /RT 

e o 

(12) 
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20 
The steric partition function of Pitzer is written, 

.st „ -E./RT Q = Ze 1 , 
i 

(13) 

th 
where is the steric energy of the i conformation, and the 

summation extends over all conformations of the molecule. Straight 

chain hydrocarbons have a steric energy of zero in their lowest 

energy form (all trans) but the branched hydrocarbons derived from 

them must have at least one gauche butane interaction in the lowest 

energy conformation. This difference in steric energy between the 

lowest energy conformations of the branched and unbranched species 

s t 
is denoted by E . Factoring equation 3 yields: 

„st /nrn „ I „st 
,st rE /RT Ee-E^/RI „ e~E /RT sf 

(14) 

i th 
The term E is the amount by which the steric energy of the i 

i 

conformation exceeds that of the lowest energy conformation. 

Treating the steric partition function in this manner divides 

the influence of intramolecular repulsions into two parts: 

s t 
(1) The exp(-E /RT) term is a function of 

the general increase of the potential 

energy of the molecule, and 

st' 
(2) The summation Q gives the probabilities 

for occupation of various conformations. 
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If, for equation(2) one assumes that structural changes in 

s t 
reaction partner A have a significant influence only on Q and all 

of the other terms remain the same, the ratio of to for two 

similar reactions with the same reaction partner B under the same 

condition is: 

k / k  .  ' 4 5  
2 1 st st 

0 4 / 0 
AB 1 ' ̂A1 

(15) 

The substitution of equation(14)into equation(15)yields: 

/i- _ _-[AESt(2) - AEst(l)] /RT ^AB*^ QA , 
2 1 6 <?t' st' 

Q^CD Qf<2 )  

(16) 

where AEst = E®£ * - E?' 
AB A 

(17) 

The effect of chain branching in reactant A upon the ratp 

of reaction with reactant B can be seen to arise from a steric 

entropy effect and an activation energy increase. For the conditions 

set above the Arrhenius equation (18) gives, 

Ae-Ea/RI 

(18) 
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lnA(2) - lnA(l) = InZ + T ̂  InZ, and 

(19) 

Ea(2) - Ea(l) = AEst(2) - AEst(l) + RT2 InZ 

(20) 

where 

„ •<&*& . 
st' st' 

W(1) QA (2) 

(21) 

21 
The steric entropy effect a rises from the decrease in the 

number of allowed conformations within molecule A upon the formation 

of the activated complex AB in reactions 1 and 2. Its effect is 

seen in a change in the quotients of Z. If, for example, a greater 

number of low energy conformations becomes relatively high in 

energy upon formation of activated complex AB (2) than for the 

formation of AB^Cl) , the quotient Q^t(2) / Q^t(l) would be smaller 

and, by equation(6),would lead to a smaller rate ratio (k2/k^). The 

influence of the steric entropy effect is seen in the frequency 

factor (A) in the Arrhenius equation (18). 

The steric influence on the activation energy comes from 

the intermolecular repulsions between partners A and B upon their 

approach to form the activated complex AB . The repulsions increase 
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more strongly when a substituted A is used rather than a unsubstituted 

s t s t 
A. This effect can be seen in cases where AE (2) - AE (1) is a 

value other than zero. 

The theoretical ground work having been laid, a systematic 

and unambiguous method for determining the steric energies of the con

formations was needed. Becker has developed such a method through a 

20 
generalization of the method employed by Pitzer for straight chain 

hydrocarbons. It is based upon the idea that one can build up the 

carbon chain of any molecule from the chain of n-butane by adding 

extensions or branches. The steric energies of conformations are 

represented in units of a, where a is the energy of one gauche butane 
/ 

22 
interaction (a = 0.5 kcal/mol. ). The three conformations of 

n-butane are trans, gauche left and gauche right: 

CH CH, 

CH 

CH. 

CH, 

* 01 . 9* 
0 a la la 

A normal chain lengthening step triples the number of 

conformations by adding 1 new trans and two new gauche conformations. 

The increase in the steric energy upon lengthening the chain is 



given by the following rules of Becker: 

(1) A trccns lengthening doesn't increase the 

steric energy, 

(2) A gauche step (left or right) following a 

trans step increases the steric energy by 

a3 

(3) A gx following a gl or a gl following a gx 

increases the steric energy by a, and 

(4) A gx followed by a gx or a gl followed by 

a gl gives a situation where the chain 

curls back upon itself for a 5-carbon 

segment. 

The carbon atoms at the ends of this segment are held in such a way 

that the van der Waals radii of their hydrogen substituents are in 

contact. Becker has given the energy of this interaction as 5a as 

a result of a study of heat of formation data for highly branched 

paraffins. 

Becker has assembled all of the steric energy data needed 

to construct any methyl branched hydrocarbon in 27 "growth schemes". 

An example of the manner in which they are used is given in the 

construction of 2,4,5-trimethylheptane from 2-methylbutane. Ethyl 

branched chains are more complicated to treat because the rotation 

of each chain incorporates three additional possible conformations, 
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but this type of compound has been treated in an additional set of 

27 "growth schemes". 

/ 



RESULTS AND DISCUSSION 

Kinetic Data 

The purpose of this study was to examine the steric require-

23 
ments of a series of highly hindered amines undergoing the Menshutkin 

quaternization reaction. It was hoped that for a series of tertiary 

aliphatic amines for which amine base strength does not vary widely, 

changes in the rate of quaternization with an unhindered substrate 

(e.g.jCH^-X) could be assumed to be due to steric effects alone. 

The best currently available methods for the treatment of steric 

effects couJLu thcii be evaluated for the treatment of highly hindered 

systems. 

The series of amines chosen was that obtained by stepwise 

addition of methyl branches to triethylamine (e.g.»EtcN Et^i-PrN 

Et i-P^N, etc.). Some norbornylamine derivatives and models for 

the norbornyl system were also examined with the hope that successful 

treatment of the data for the acyclic amines might lead to a better 

understanding 'of steric effects in the important norbornyl system. 

Rate data for highly hindered amines is non-existent in the liter

ature so the quaternization kinetics of almost all of these amines 

are examined here for the first time. 

The rates of reaction (quaternization) for the series of 

highly hindered tertiary alkyl amines with methyl benzenesulfonate 

16 
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in acetonitrile were determined as outlined in the experimental 

section. The data conformed to the integrated second order rate 

equation for equimolar reactants: 

x/a (a-x) = k^t , 

(22) 

where a is the initial concentration of reactants and x is the 

concentration of product at time t. 

The best fit line for a plot of x/a (a-x) versus t was 

found by the least squares methods on a CDC 6400 high-speed digital 

computer (see Appendix A). The slope of the line (k^) was determined 

and was reported with the confidence interval at the 95% confidence 

level (Student t test). The values of x/a (a-x) as reported by the 

computer were plotted versus the experimental t values and the slope 

(k2) was determined graphically in order to examine the data for 

M'1'1 
# 

inconsistent points. A sample kinetic run for the reaction of iso-

propyldiethylamine with methyl benzenesulfonate at £9.88° follows 

in Table 1. A sample kinetic plot is shown in Figure 1. The kinetic 

,data for the remaining amines were treated in the same manner and 

the values of determined by program SJOHN are given in Table 2 in 

units of (£/mol min.). The average values for the quaternization 

rates are given in Table 3. 
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Table 1 

Kinetic Data for iso-Propyldiethylamine 

t V Base x/a (a-x) 

1 9.00 5.01 0.420 

2 15.90 5.25 0.877 

3 22.90 5.46 1.311 

4' 29.60 5.65 1.735 

5 42.60 5.97 2.527 

6 51.00 6.18 3.107 

7 66.40 6.48 4.036 

8 80.80 6.72 4.880 

9 95.30 6.95 5.791 

10 104.50 7.07 6.312 

a = 0.1005M; M acid = 

k£(by program SJOHN) -

k2(graphically; see pg.l9)= 

0.0907M; M base = 0.0848M 

0.062 ± 0.003 H/mol min. 

0,061 H/raol min. 
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4.0-

3.0-

/ 
/ 
/ 

t (min.) 

Figure 1. Rate Plot for Et2^PrN (run 3) 
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Table 2 

Aliphatic Amine Quaternizatlon Rates 

Amine it of points (at 95% confidence; T = 29.88 ) 

Me2Cyclopentyl 

eao-M^Norbornyl 

Et3N 

Me^BuN 

5 

8 

8 

8 

8 

7 

8 

8 

8 

9 

8 

10 

10 

2-Me 2Bicyclo[2.2.2]octyl iq 

10 

8 

Et2Cyclopentyl 

1.797 

0.688 

0.505 

0.500 

0.494 

0.481 

0.467 

0.446 

0.446 

0.465 

0.177 

0.174 

0.176 

0.141 

0.142 

0.138 

0.026 

0.024 

0.029 

0.018 

0.019 

0.010 

0.008 

0.026 

0.011 

0.008 

0.004 

0.003 

0.004 

0.006 

0.003 

0.004 
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Table 2,' Continued. Aliphatic Amine Quaternization Rates 

Amin.2 # of points k2 (at 95% confidence; T = 29.88°) 

Et2£-PrN 10 0.059 + 0.003 

9 0.061 0.002 

10 0.062 0.003 

exo-Et2Norbornyl 10 0.049 0.001 

10 0.049 0.001 

8 0.049 0.002 

i-Pr2MeN 9 0.036 ± 0.002 

9 0.039 0.003 

9 0.039 0.009 

9 0.037 0.002 

MeEttBuN 7 0.025 ± 0.037 

endo-Me^Norbornyl 6 0.016 ± 0.006 

10 0.016 0.001 

i-Pr2EtN 7 0.0032 ± 0.001 

ewcfo-Et2Norbornyl 9 0.0046 i 0.018 

13 0.0021 0.004 

7 0.0016 0.004 

Et^-BuN 10 0.0015 ± 0.0011 

8 0.0015 0.0035 

8 0.0014 0.0016 
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Table 3 

Aliphatic Amine Average Quaternization Rates 

Amine av. k^CA/mol min.) 

Me2Cyclopentyl 1.80 

ea:o-Me2Norbornyl 0.688 

EtgN 0.499 

uN 0.461 

Et2Cyclopentyl 0.176 

2-Me2Bicyclo[2.2.2]octyl 0.140 

Et2£-PrN 0.061 

eao-Et^Norbornyl 0.049 

iPr2MeN 0.038 

MeEt t-BuN 0.025 

en<ic>-Me2Norbornyl 0.016 

£-Pr2EtN 0.003 

endo-Et2Norbornyl 0.0016 

Et^-BuN 0.0015 



A plot of the data for endo-diethylnorbornylamine did not 

give a straight line, but rather a smooth curve of gradually 

decreasing slope. Since this would correspond to a gradually 

decreasing rate, it was suspected that the amine was contaminated 

with a small amount of a more reactive compound. A kinetically 

pure sample was prepared by treating a solution of the amine in 

acetonitrile with ̂ 15 mol per cent of methyl benezenesulfonate over 

a period of 16 days. The remaining amine was isolated, dried, and 

distilled through a spinning band column. The rate of reaction of 

the kinetically pure amine was followed {.endo-EtgNorbornyl, run 3) 

and was found to again exhibit a smooth curve of decreasing slope. 

The amine was homogeneous to glc (a mixture of the exo and endo 

isomers could be separated by glc) and a satisfactory analysis was 

obtained. We have no explanation for this behavior. 

Test of Becker Method 

Esterification Calculations 

The theoretical treatment of steric effects developed by 

19 
Becker , based as it is on the absolute reaction rate theory of 

Eyring, is at once the most generally applicable and the most 

appealing method for the treatment of steric effects. 

24 
Becker has used this method for the treatment of steric 

effects to predict the rates of esterification and hydrolysis of 

substituted carboxylic acids. Since the method for determining 
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the steric energies of conformations has been developed for hydro

carbons, i hydrocarbon model is necessary. The transition state 

for the a'lid catalyzed esterification of a carboxylic is generally 

accepted to be: 

0 R'OH 

I I  
R - C - OH 

H+ 

0 H 

1  I  
R - C - 0 - R' 

I + 
' + 

R - CH CH_ 
2 3 

CH, 

R - C - CH2 - R' 

CH, 

•The second equation gives the hydrocarbon models which Becker chose 

for his calculations. It did not seem reasonable that the two 

oxygen ligands represented by the starred methyl groups would have 

the same steric requirements as a normal methyl group so they were 

given a special repulsion parameter such that gauche butane inter

actions between a normal methyl or methylene group and a starred 

methyl group would be equal to 0.5 a or 0,25 kcal/mol. Gocuohe 

butane interactions between all other atoms in the molecule were 

taken to have the normal repulsion parameter a = 0.5 kcal/mol. 



A sample calculation for the acid catalyzed esterification of iso-

butyric acid with methanol at 25° follows: 

CH 

| 

0 

II 
CH3 
1 

CH3 - C - CH 
1 2 

II 
- C - OH 

E CH3 

1 
- C - CH_ 

1 ^ 
- CH2CH3 

1 
H 

1 
H 

The possible conformations and their steric energies in units of 

a are: 

t gl Gr 

t 1 2 7 

91 1 7 2 The lowest energy conformation 

. 9r 2 8 8 has E. = 
l 

s t 
la therefore E = la. 

if of conf. E±(a) E^(a) -E'/RT 
i 

-E!/RT 
e l 

,, -E!/RT 
if x e x' 

2 1 0 0 1.000 2.000 

3 2 1 0.84 0.432 1.296 

1 7 6 5.03 0.007 0.014 

2 8 7 5.87 0.003 0.006 

CT* ' 
Q - Ze-Ei/RT 3.316 
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For the transition state: 

CH 3 -

CH 0  H 

I  I I  
C - CH„ - C - 0 - CH, 

I  
H 

I + 

+OH„ 

CH, CH, 

I  
CH. - C - CH. - C - CH0 - CH, 
3 i 2 I 2 

H CH, 

This compound must be built up from 2-methylbutane in two steps: 

(a) a threefold methyl substitution, and 

(b) a "simple" methyl substitution, 

in units of a: 

2-methylbutane 2,2,4-trimethylpentane 2,4,4-trimethylhexane 

*££ ML g'1ffr 

t 2.0 5.5 5.5 9.0 
t 1.0 -»• 2.5 •f 6.0 8.5 12.0 

. 9* 2.5 8.5 6.0 12.0 

t 2.5 6.0 6.0 9.5 
gi 1.5 -> 91 8.0 •¥ 11.5 14.0 17.5 gi 

. 9r 3.0 9.10 6.5 12.5 

t 2.5 6.0 6.0 9.5 

9r 1.5 ->- . 91 3.0 6.5 9.0 12.5 9r 
. 9r 8.0 15.0 11.5 17.5 

The steric energy of the lowest energy conformation is 5. ,5a = E1 



# of conf. E (a) E (a) -E'(a) e"Ei/RT # x e~Et/RT 
1 i ' i 

2 5.5 0.0 0.0 1.000 2.000 

6 6.0 0.5 0.42 0.660 3.960 

2 6.5 1.0 0.84 0.432 0.864 

2 8.5 3.0 2.54 0.080 0.160 

3 9.0 3.5 2.94 0.050 0.150 

2 9.5 4.0 3.36 0.030 0.060 

2 11.5 6.0 5.03 0.007 0.014 

2 12.0 6.5 5.45 0.004 0.008 

2 12.5 7.0 5.87 0.003 0.006 

9 14.0 8.5 7.13 0.001 0.002 

2 17.5 12.0 10.07 0 0 

QSt' = Ee~Ei/RT = 7.224 

The rate ratio will be calculated with respect to the rate of 

esterification for acetic acid under the same conditions (k^). 

For acetic acid: ESt = 0a; QS<* = 1.00 

For the transition state: Est = la: 2.31 
AB 

AEst(2) = 5.5a - 1.0a = 4.5a = 2.25 kcal/mol. 

AEst(l) = 1.0a - 0 = 1.0a = 0.50 kcal/mol. 

1.75 kcal/mol. 



AAESt/RT 

' -AAEst/RT 
e 

= 2.94 

= 0.053 

7.21 
2.31 

3.12; 
st' 

QA (2) 

l.oo 
3.31 

= 0.301 

-[AEst(2) - AEst(l)]/RT QAB*^ QA ^ 
fit' ef* ' 

Q£*(1) Qf (2) 

(16) 

= 0.053 x 3.12 x 0.301 = 0.0498 

(experimental) = 0.111 

All 15 of the rate ratios calculated down to R = (CH^CH^) 

(CHg) CH- differ from the experimental rate ratio by less than a 

factor of ten. For more substituted acids the rate ratio begins 

to lag behind the experimental ratio as it decreases. Becker 

sees this to be a consequence of the effect of intramolecular 

repulsions upon each other. This effect can be seen in a com

parison of 2,2,3,3-tetramethylpentane (A) and 2,2,3,3,4-penta-

methylpentane (B): 

k2 k̂l 

k2/lc2 

k2/kl 
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CH, CH 'CH 

CH 

CH CH, 

(A) ( B )  view down bond C, - C 

In compound (B) - there is a strong repulsion (1), which Becker 

calls a "steric pressure" repulsion, which can be considered to 

cause an enlargement of the - C3 - C^ bond angle. This bond 

angle enlargement would cause a worsening of repulsions 2 and 3. 

In order to account for this increased steric repulsion the 

energy parameter for the "steric pressure" repulsion was increased 

by 20% and that for the "simple repulsion" (i.e.,2 and 3) by 50%. 

By means of this correction for the "steric feedback" type 

of repulsion Becker was able to calculate rate ratios for another 

18 aliphatic carboxylic acids which, in all cases, differed from 

the experimental value by less than a factor of ten. Several 

examples illustrate the potential of this method for the treatment 

of highly hindered systems (see Table 4). 
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Table 4 

Becker Esterification Calculations 

k/k (25°) 
o 

R in RCO^H Experiment Calculated 

Me^BuC 1.29 x 10~4 1.15 x 10~4 

Me2neoPeC 2.41 x 10-3 1.35 x 10~3 

Met-BuCH 4.95 x 10~4 , 4.10 x 10~4 

Eti-PrCH 4.77 x 1G~4 4.05 x 10~4 

EttBuCH 'Vl.O x 10~4 2.21 x 10~4 
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Quaternization Calculations 

T.ie successful calculation of rate ratios for the esteri-

fication of relatively hindered carboxylic acids by means of the 

Becker method made this approach seem attractive for the calcu

lation of rate ratios for the quaternization of sterically hindered 

amines. It was decided to test the method first on some less 

hindered amines than those examined in this study. Data available 

in the literature for the reaction of a series of moderately 

15 
hindered amines with propylene oxide were converted into predicted 

rates for the quaternization reaction with methyl bromide by means 

of the Swain-Scott equation (10). The calculation of predicted 

rate ratios by means of the Becker method (see pg.33 for a sample 

calculation for a more hindered amine) with respect to the rate 

of Me^N (k^) gave the following results listed in Table 5. 

Table 5 

Becker Unhindered Quaternization Rates 

Amine 

EtMe2N 0.719 0.610 

n-PrMe2N 0.684 0.290 

£-PrMe2N 0.512 0.385 

Et2MeN 0.502 0.360 

Me2t-BuN 0,320 0.259 

Vki 

Experimental Calculated 
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The calculation of reasonable rate ratios for the quater

nization of moderately hindered amines by means of Becker's method 

encouraged us to perform the calculations for the quaternization of 

highly hindered amines. The generally accepted transition state 

for the Menshutkin reaction (23) may be represented by the hydro

carbon moilel (24) : 

(24) 

Using the same approach employed by Becker for the calcu

lation of esterification rates, a sample calculation for methyl-

ethyl-t-butylamine yields: 



( 1 )  For the starting material, 

t 

5 a 10a 11a 

the lowest energy conformation has E 

and 
s t  

therefore E = 5a. 

f conf. E ± ( « )  E'(a) e~%/RT 

1  5 0 1.000 

1 10 5 0.016 

1 11 6 0.007 

Q s t '  =  1.023 

(2) For the transition state: 

t 
.££_ 

£ 

8 a 13a 13 a 

p t 
and therefore E" = 8a. 



# of conf. E^(a) E^(a) e-Ei R̂T // x e~E± R̂T 

1 8 0 1.000 1.000 

2 13 5 0.016 0.032 

fit * 
Q 6 = 1.032 

For the purpose of comparing calculated rate ratios with 

experimentally determined rates for the base rate was chosen to 

be that of dimethyl-t-butylamine. For dimethyl-i-butylamine the 

calculated values are: 

(1) For the starting material: 

Est = 4 a QSt' = 1.00 

(2) For the transition state: 

Est = 6a QSt' = 1.00 

AEst(2) = 8a - 5a = 3a = 1 . 5  k c a l / m o l .  

AEst(l) = 6a - 4a = 2a =1.0 kcal/mol. 

MEst = 0.5 kcal/mol. 

e~MESt = Q>438 
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QAB*(2) 

QF' (2 )  

1.032 
1.023 

1.088 
o f b  

J = 1.00 

Substituting into equation (16) : 

k2/\ = (0.438) (1.008) (1.00) = 0.442 

^2^1 (exPer:'-Inenta-'-) = 0.055 

Some of the hydrocarbon models whose steric energies have 

been calculated by Becker are the same as those used to represent 

the amines in this study. The steric energies calculated by Becker 

for these compounds (in which there are no special repulsions) were 

used to calculated amine rate ratios where k^ is taken to be the 

quaternization rate of dimethyl-t-butylamine. The fact that 

Becker's data were calculated for a reaction at 25° while the amine 

quaternization rates were measured at 30° leads to a negligible 

error as can be seen from the data calculated for both temperatures 

(see Table 6). 
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Table 6 

Becker Hindered Quaternization Rates 

kp/k^ (calcd) k2/k1(exp.) 

Amine (2) at 25° at 30° at 29.88° 

MeEt t-BuN 0.433 0.442 0.055 

Et3N 0.818 1.065 

(iPr)2MeN 0.430 0.437 0.083 

Et2t-BuN 0.241 0.248 0.003 

Et2^PrN 0.436 0.130 

Amine (1) = Me^ t-BuN 
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These data would seem to indicate that increased branching 

in a highly hindered tertiary amine exerts a stronger effect upon 

the quaternization rate than can be accounted for by means of 

simple steric repulsions with the approaching reactant. 

Test of Taft Method 

The failure of the theoretical treatment of steric effects 

used by Becker forced us to turn our attentions to the empirical 

method of Taft. Since Eg values are actually determined from 

experimental data it was hoped that the separation of polar and 

steric effects by means of the extended Taft equation might offer 

more chance for success. This approach has been used by the 

17 , 
Russi«m woiivelb who have claimed good success for the correlation 

of rate data for a number of amines. The application of this 

approach to the rate data for highly hindered amines should provide 

a more severe test for the extended Taft equation. 

The Russian workers made use of an assumption, introduced 

25 
by Brown , which considers the steric requirements of a tertiary 

amine, R^^R-jN, to be essentially the same as those of the corres

ponding alkyl fragment, R^R^R^C-. In the formation of the transition 

state for the amine quaternization reaction (see pg. 32) the amine 

molecule may be treated as an alkyl substituent. If one assumes 

the rate of reaction to be dependent upon the base strength of 

the amine and the steric hindrance to approach of the quaternization 
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reagent, it seems quite reasonable to expect the observed rates to 

be correlated by the extended Taft equation (9). 

There are literature data available for the substituent 

ft 
constants a and Eg but the values for the reaction parameters p* 

and 6 must be determined for the reaction conditions used. The 

values employed by the Russian workers were apparently those 

determined to be the values which gave the best correlation coeffi

cient (presumably with the aid of a computer). The extended Taft 

equation was applied to 17 reaction series employing 16 different 

substrates. A correlation coefficient better than 0.95 was claimed 

for 14 reactions series while the remaining series gave correlation 

coefficients better than 0.93. Although most of the rate data were 

for primary and secondary amines, several tertiary amines such as 

•iso-proplydimethylamine and triethylamine were examined. 

Polar Factor 

ft 
We proposed to determine the polar reaction parameter (p ) 

for the reaction of a tertiary amine with methyl benzenesulfonate 

in acetonitrile at 29.88° by a chemical rather than mathematical 

method. This procedure was based upon the reasoning that the 

quaternization rates of a series of 1-methylpiperazines substituted 

in the 4-position with polar groups. 

X-INJ N-CH. 

w  •  



should depend solely upon the polar effect of the substituents. 

The polar groups used must be electron-withdrawing enough to make 

the rate of reaction at position 4 negligible. The value for the 

reaction constant (p ) may then be determined graphically from the 

Taft equation (7) by means of a plot of log versus Ecr . 

The rates of quaternization with methyl benzenesulfonate 

for a series of our 1-methylpiperazine derivatives were determined 

as discussed in the experimental section and were found to determine 

a straight line when plotted versus their pKa values in the same 

solvent. This plot was taken as confirmation of the dependence of 

the quaternization rates solely on polar effects (see Figure 7, 

Appendix B). 

The results for the individual runs at 95% confidence are 

given in Table 7. The averaged rate values are given in Table 8. 

The rate of reaction for 1,4-dimethyl-piperazine at 29.88° 

was too fast to measure accurately by our experimental method (t VL 

min.) so lower temperature data had to be obtained. The data for 

reaction at 0° and -22.75°C gave: Ea = 11.21 kcal/mol.; AS* = 

-29.59 (0.0°) and -29.80 (-22.75°) kcal/mol. deg; AH* = 10.67 (0.0°) 

10.76 (-22.75°) kcal/mol. The rate predicted by the Arrhenius 

equation (18) for 29.88° is 8.74 and is in good agreement with the 

value observed for this very fast reaction. This value must be 

corrected by the statistical factor 2 in order to obtain the rate 



Table 7 

Piperazlne Derivative Quaternization Rates 

X // of points kgCVmol min.) t(°c) 

Methyl 6 8.90 + 0.13 29.88 

6 1.13 0.08 0.0 

10 1.16 0.05 0.0 

10 1.18 0.02 0.0 

10 0.176 0.028 -22.75 

7 0.164 0.035 -22.75 

9 0.179 0.035 -22.75 

Acetyl 7 0.911 + 0.020 29.88 

7 0.914 0.020 29.88 

Benzoyl 10 0.775 + 0.019 29.88 

9 0.756 0.017 29.88 

10 0.763 0.012 29.88 

Benzenesulfonyl 9 0.385 + 0.007 29.88 



Table 8 

• Average Piperazine Derivative Rates 

X kav(£/mol min.) t(°C) 

Methyl 8.90 29.88 

4.37 (kcorr.) 29.88 

1.16 0.0 

0.173 -22.75 

Acetyl 0.913 29.88 

Benzoyl 0.765 29.88 

Benzenesulfonyl 0.385 29.88 
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of reaction at only one of the amine sites. Therefore k = 
corr. 

4.37 A/mol min. 

The £a values in water for a number of piperazine deriva-

26 
tives are known from work of Hall . It was found that the pKa 

values in water for a wide range of amines could be correlated with 

the Ecr values of the substituents on the nitrogen atom. It was 

* not known whether O values determined in aqueous solution could be 

used for reactions in acetonitrile. Specific solvation effects on 

the polar groups in the 1-methylpiperazine series might cause changes 

in the elctron-withdrawing power of the substituents and, therefore, 

A 
lead to altered values of la if the compounds were shifted to 

acetonitrile solution. In view of this problem a study of the 

pKa values of the 1-methylpiperazine compounds and the sterically 

hindered amines was undertaken. The pKa values were determined as 

reported in the experimental section in water, 20% dioxane-water, 

50% dioxane water, and anhydrous acetonitrile (for results see 

Table 9). For the highly hindered aliphatic amines there were 

severe solubility problems in the aqueous phases and, for the 

amines with no pKa reported in water, not enough of the compound 

could be dissolved to give a useful titration curve. 
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Table 9 

Amine pKa Values 

# Amine H2° 

pKa value 

20% dioxane 

in: 

50% dioxane CH3CN 

1. Et2£BuN 10.97 10.33 18.50 

2 iPr2EtN 10.92 10.32 18.48 

3 iP^MeN 10.06 18.43 

4 Et^Cyclopentyl 10.50 9.81 18.42 

5 Me^PrN 10.26 10.04 9.60 18.42 

6 Et3N 10.65 10.39 9.85 18.39 

7 Me2£-BuN 10.39 10.27 9.81 18.39 

8 exo-E12No rb o rny1 10.47 9.80 18.16 

9 en<3c>-Et:2Norbornyl 10.35 9.69 18.12 

10 nBu^N 10.89 18.01 

11 Me2Cyclopentyl 9.91 9.82 9.22 17.95 

12 Me piperidine 9.97 9.20 17.88 

13 ea;o-Me2Norbornyl 9.78 9.07 17.69 

14 endo-Me2Norbornyl 9.91 9.60 8.99 17.35 

15 Allylpiperidine 9.49 9.30 8.58 17.16 

16 Me2piperazine 8.09 8.03 7.73 16.75 
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Table 9j Continued. Amine pKa Values 

pKa value in: 
# Amine H2O 20% dioxane 50% dioxane CH^CN 

17 Me2benzyl 8.80 8 .59 8.03 16.49 

18 Me Me2Carbamyl piperazine 7.58 6.96 15.60 

19 Me morpholine 7.40 6.91 15.47 

20 Me CI^CN piperazine 7.30 6.88 15.34 

21 Me Acetyl piperazine 6.88 6.44 15.06 

22 Me CO^Et piperazine 7.28 6.54 14.92 

23 Me Benzoyl piperazine 6.70 6 .60 6.14 14.77 

24 M1..1 -AiJ.^ J- 1UU J. ̂ UUXXilC 7.03 6 .76 6.32 14.76 

25 Me CHO piperazine 6.76 6.15 14.66 

26 Me Bzsulfonyl piperazine 6.45 6 .35 5.84 14.50 



The pKa values determined in water were plotted in turn 

against those values determined in each of the aqueous-organic and 

organic phases. This procedure gave three sets of straight lines 

(see Appendix B) with slopes: 

pKa (^0) versus i.'lope (95% confidence) 

20% dioxane-water 0.98 + 0.04 

50% dioxane-water 0.94 + 0.05 

anhydrous acetonitrile 1.15 + 0.58 

These results are those expected in the absence of strong 

ft 
special solvation effects. The normal Ecr values could therefore 

be used for reactions of these compounds in acetonitrile. 

The previously reported linear plot of amine pKa values 

ft 
versus Ecr values was reproduced and that data for piperazine der

i
vatives with unknown EG values was made to conform to the correlation 

ft 
line. The EG values thus obtained are: 

ft 
piperazine EG 

methyl, benzenesulfonyl 0.97 

methyl, benzoyl (lit.) 0.86 

methyl, acetyl 0.84 

dimethyl 0.47 

ft 
A plot of log versus ECT for piperazine derivatives 

yields a straight line with the slope, p = -2.09(Fig.2 ). 
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Figure 2. Determination of p 



Steric Factor 

The polar portion of the extended Taft equation having thus 

been accounted for,it was now necessary to evaluate the steric 

27 
portion. In view of the scarcity of Eg values available for 

highly hindered systems it was hoped that a correlation found by 

28 Friedrich would be useful in the determination or estimation of 

further values. 

When a small amount of chloroform is dissolved in a basic 

solvent a hydrogen bond is formed which causes a change in the 

chemical shift of the nmr signal of the chloroform proton that 

depends upon the position of the association equilibrium: 

The chemical shift is especially strong in amines and does not vary 

by a great deal when the R groups are changed, so long as the change 

does not sterically hinder the association. Friedrich has found 

that the introduction of alkyl groups which cause steric hindrance 

leads to a characteristic shift in the signal of the chloroform 

proton. The chemical shift of the chloroform signal was found to 

be linearly related to the sum of the Taft Eg values of the alkyl 

substituents (R). Although steric effects due to alkyl groups are 



48 

27 
generally not closely related to EEg , a plot of the literature data 

indicated that the correlation was able to predict EEg values to 

within 40.2 units. In view of this and of the fact that the assoc

iation of the amine and chloroform bears a resemblence to the 

transition state of the Menshutkin reaction, the nmr method of 

Friedrich appeared to offer an attractive method for obtaining 

another measure of the steric requirements of highly hindered amines. 

The chemical shift data for more hindered amines were 

determined for 0.5% solutions of chloroform in the amine on a Varian 

HA-100 instrument. The literature data were plotted and the best fit 

line was estimated visually. The data for more hindered amines were 

then plotted, using EEg values where known and fitting the data to 

the best fit line where EE values are unknown. In the latter case 
s 

predicted values for EEg were determined. The norbornyl amines should 

provide a good test for the Friedrich correlation. Since the Eg 

value for a methyl group is zero the value of EE determined for 
s 

ewo-dimethylnorbornyl should give the E value for the eara-norbornyl 
s 

27 
radical. The E value for an ethyl group is also known so the 

s 

predicted value for EEg of ea:o-diethylnorbornylamine can be calculated. 

The same reasoning holds for the endo-norbornyl and cyclo-

pentyl radicals. 
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EE 
s 

Amine 
Found Predicted 

endo-dimethylnorbornylamine -0 .49 

eajo-dimethylnorbornylamine -0 .36 

enc?o-diethylnorbornylamine • -1 .22 -0. 63 

eao-diethylnorbornylamine -1 .30 -0. 50 

dimethylcyclopentyl +0 .26 

diethylcyclopentyl -0 .09 +0. 12 

These results cast considerable doubt on the usefulness of 

the Friedrich correlation for predictive purposes for the highly 

hindered amines examined in this study. 

Of the highly hindered amines examined in this study only 

two have corresponding alkyl fragments with known E values. The 
s 

Taft Eg value is defined as a ratio of the acid catalyzed esteri-

fication reaction rates for a substituted acetic acid versus acetic 

acid: 

0 H+ 0 

If II 
k2 for R - C - OH -* R - C - 0 - R1 

R'OH 

0 H+ 0 

II II 
^ for CH3 - C - OH -> CH3 - C - 0 - R' 

R'OH 

Es for R = log (k2/k1>. 



The predicted esterification rates 

perdict values. 

of Becker can be used to 

E 
s 

Taft27 Becker24 

Mi(£-Pr)2N -2.93 

Et3N -3.8 -3.90 

Me2*-BuN -3.9 -3.94 

MeEt t-BuN -4.46 

Unfortunately only four amines Eg values can be determined 

from Becker's data. The predicted rate ratios for more hindered 

carboxylic acids have not been calculated because the number of 

conformations possible is 243. All of these conformations would 

have to be examined for the special steric pressure repulsions 

mentioned earlier. 

Application to Amine Data 

The data available are sufficient to allow a test of the 

Taft method for highly hindered amines. Rearranging the extended 

Taft equation (9) gives: 

ft 
log k_ - p Ecr = 6E + log k,. 

/ S i 
(25) 

>V A 
A plot of (log k2 - p £a ) versus Eg (Fig. 3 )  should yield 

a straight line with slope equal to 6. Examination of the plot 



shows that the Taft approach does not correlate the rate data for 

highly hindered amines in the few cases examined. 
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Figure 3. Test of Taft Method 



CONCLUSIONS 

The calculation of rate ratios for esterification reactions 

-4 
was successful for a range of values from 1.0 to "VL0 . The amine 

quaternization reactions followed cover about the same range of 

experimental rate ratios but the calculated values only cover a 

range of from 1.0 to M).3. This much smaller range of calculated 

values seems reasonable if one looks at the models for both 

reactions: 

(1) For the esterification reaction with methanol : 

* 

(2) For the quaternization reaction 

In the esterification reaction there are three methyl 

groups added to the model upon formation of the transition state 

and two of them are added at right angles to the main chain where 

they will encounter the maximum number of steric repulsions from 

53 
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the substituents (R). Thus the formation of the esterification 

s t 
transition state leads to a relatively large increase in the E 

value which is translated into a large increase in the activation 

energy (see equation 20). 

The formation of the quaternization transition state model, 

on the o;:her hand, involves the addition of only one methyl group 

to the hydrocarbon model and it is not situated in direct opposition 

to the alkyl substituents. There is, therefore, much less steric 

opposition to the formation of this transition state and one 

should expect a much smaller range of rate ratios than for the 

esterification reaction. Thus, on the basis of steric consider

ations, the quaternization rates for highly hindered amines seem 

to be much slower than is reasonable. In view of the high base 

strengths of these highly hindered amines (see pg.43 ), the 

extremely slow rates are even more unreasonable. 

Since steric and polar effects have been shown to be unable 

to account for the rate ratios observed, the question of what other 

factors might be involved arises. The importance of solvation in 

23 
the quaternization reaction of amines is reflected in rate data 

for the reaction of triethylamine with ethyl iodide which show 

a rate increase of ^10^ when the reaction solvent is changed from 

hexane to nitrobenzene. When the reaction of triethylamine with 

29 
ethyl bromide is studied in a mixed solvent system where the 

ratio of benzene to acetone is varied, it is found that the energy 
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of activation remains essentially constant over the range of solvent 

compositions. The entropy of activation, however, changes dramat

ically at acetone concentrations of 20« or below. This phenomenon 

is explained on the basis of the solvation of the transition state 

complex. As long as there are enough acetone molecules in solution 

to solvate the polar transition state complex the entropy of acti

vation remains relatively constant. 

The reason for this more negative entropy of activation can 

perhaps be understood if one visualizes the solvation of the polar 

transition in acetone and in benzene. In acetone one can have 

specific solvation of the positive charge developing on the amine 

by a small number of polar acetone molecules. In benzene there 

can be no specific solvation as in acetone so a large number of 

the weakly polar benzene molecules must be grouped around the 

transition state complex in order to exert their general solvation 

effect (dielectric effect). 

A similar situation can be envisioned for the quaternization 

reactions of highly hindered amines in acetonitrile. As long as 

there is at least one avenue of approach open for a polar solvent 

molecule to directly solvate the developing charge in the transition 

state the effect of repulsions between reactants remains relatively 

minor (even for quite hindered amines). This is reflected in the 

calculated rate ratios for moderately hindered amines by means of 

the Becker method (pg. 31). All of these amines have at least 
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one avenue of approach (next to a methyl group) for solvent mole

cules. In the case of the more hindered amines examined in this 

study there is no avenue of approach available for specific solvation 

of charge by the polar acetonitrile molecules and therefore a sharp 

decrease is noted in the rate data. For these cases more solvent 

molecules are needed in order to form a solvent cage around the 

transition state and thereby provide general solvation. This would 

result in a more negative entropy of activation and therefore a de

crease in the reaction rate. We must therefore conclude that the 

excessive reduction in rates observed for the quaternization reactions 

of highly hindered tertiary amines with methyl benzenesulfonate in 

acetonitrile are due to steric hindrance to solvation rather than 

steric interactions betmeen reactants. 

Support for this view is provided by the work of Harris and 

30 Weale . They have studied the acceleration of Menshutkin reactions 

under high pressure conditions and have found that the data obtained 

for volumes of activation were inconsistent with the commonly held 

view that non-bonded interactions determine rates. They were forced 

to conclude that the "variations are attributed, instead, to differ

ences in the degree and type of solvation of the transition states, 

30 
which are imposed by the configurations of the reacting molecules" 



EXPERIMENTAL 

General 

Infrared (ir) spectra were obtained on Perkin-Elmer Model 

337 (grating) or Infracord spectrometers. For known compounds only 

peaks or areas of interest are reported. The abbreviations, s, m, 

and w refer to strong, medium and weak, respectively. Spectra were 

normally obtained for a liquid film between sodium chloride plates. 

Nuclear magnetic resonance (nmr) spectra were obtained on Varian 

Associates A-60, HA-100, or T-60 instruments with tetramethylsilane 

as internal standard. Signals are reported in T units and the abbre

viations s, d, t, q, and m refer to singlet, doublet, triplet, quartet, 

and multiplet, respectively. Mass spectra were obtained on a Hitachi-

Perkin Elmer RMU-6E instrument. Only the molecular ion is reported. 

Gas liquid chromatographic analyses were obtained on a 

Varian Associates Aerograph Series 1700 instrument with a thermal 

conductivity detector and using 5-foot by 1/4-inch columns con

taining Silicone Gum Rubber SE-30 (3%), Silicone Fluid SF 96 (5) 

or Carbowax 20M (57°) on 100-120 mesh Chromosorb P. Thin layer 

chromatograms (tic) were obtained on unactivated 1 by 3 inch pre-

coated strips (Eastman Chromagrams) using either silica gel or 

alumina as the absorbent. Melting points were determined on a 

Mel-Temp capillary melting point apparatus and are reported 

57 
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uncorrected. Microanalyses were performed by Galbraith Micro-

analytical Laboratories, Knoxville, Ten.lessee. The spinning band 

column used for distillations was 75 cm in length. For the compounds 

synthesized the workup procedures emphasized purity rather than 

yield. Therefore no yields have been reported. All of the quantities 

of reactants used here gave at least enough product for kinetic 

studies (>15 g). 

N-Allylmorpholine and N-allylpiperidine were obtained from 

Chemicals Procurement Laboratories. N-Methylmorpholine was obtained 

from Eastman Organic Chemicals. N-Methylpiperazine and N,N-dimethyl-

benzylamine were obtained from the Aldrich Chemical Company. The 

Jefferson Chemical Company supplied 4-methyl-l-piperazineacetonitrile 

and 4-methyl-l-dimethylcarbamylpiperazine. The Mallinckrodt Chemical 

Company supplied 50% sodium hydroxide (AR) and 70% perchloric acid 

(AR). These chemicals were used as obtained. 

Commercial 1,4-dioxane was purified exactly as previously 

31 
reported and was finally distilled from sodium through a 65 cm 

Widmer concentric tube column to obtain a constant boiling, middle 

fraction (b,no 99°). The dioxane was stored in brown bottles under 
070 

nitrogen before use. Acetonitrile was purified using a slight 

32 
modification of the procedure of Coetzee . Acetonitrile was 

refluxed for several hours over phosphorous pentoxide (^50 g/2 Z) and 

then distilled. The distillate was refluxed for several hours over 

calcium hydride and then slowly fractionated under nitrogen through 
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a 65 cm Widmer column to obtain a constant boiling middle fraction 

(b,QI. 79°.). Water for the preparation of stock solutions of acids 

and bases was prepared by degassing distilled water by heating to 

a full boil for at least ten minutes and then cooling under a nitrogen 

atmosphere. 

Syntheses 

Methyl Benzenesulfonate . Sodium (23 g, 1 mol) was added in 

small pieces to a solution of methanol (32 g, 1 mol) in anhydrous 

ether (100 ml). The resulting homogenous solution was treated drop-

wise with a solution of redistilled benzenesulfonyl chloride (176.6 

g, 1 mol) in anhydrous ether (300 ml). The precipitated sodium 

chloride was filtered and the etheral solution was washed with water, 

dried over sodium sulfate, and concentrated. The crude product was 

fractionated twice on a spinning band column and gave colorless 

liquid which was homogeneous by tic (silica, chloroform); b 104° 
•I i <3 

(lit.33 b2Q 154°); n 7̂ = 1.5152; ir (film) 3050 (w, phenyl), 2950 

(w, CHg); nmr (CCJ^) T 6.97 (s, 3H, CH^), 3.58 (complex pattern, 

5H, phenyl). 

•tso-Propyldiethylamine was prepared from diethylamine as 

34 reported previously . Distillation twice through a spinning band 

column gave colorless liquid; 106.5° (lit.3̂  b 108°); ir (film) 

clear above 3000 cm-"''. 
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' Ethyldi--£so-propylamine was prepared from di-iso-propylamine 

35 
as previously reported . Distillation twice through a spinning band 

column gave colorless liquid; bggQ 125° (lit.3"* b 126 °); ir (film) 

clear above 3000 cm \ 

Methyldi-iso-proplyamine was prepared from di-iso-propylamine 

by the Eschweiler-Clarke methylation procedure as reported by 

36 
Spialter and Pappalardo . Distillation from potassium hydroxide 

at atmospheric pressure yielded colorless liquid, homogeneous to 

glc (Carbowax); b69Q 106-110° (lit.36 111.7-112.0°). 

t-Butyldimethylamine was obtained from t-butylamine by means 

of the Eschweiler-Clarke methylation procedure as reported by 

36 
Spialter and Pappalardo . Distillation on a spinning band column 

gave colorless liquid, homogeneous to glc (SF 96); 88° (lit.36 

b^Q 89.6-89.9°); ir (film) clear above 3000 cm nmr (CC£^) T 8.98 

(s, 9H, t-butyl), 7.83 (s, 6H, N(CH3)2. 

Methylethyl-fr-butylamine was prepared from ethyl-t-butyl-

amine by means of the Eschweiler-Clarke methylation procedure as 

37 
reported . Distillation of the product at atmospheric pressure 

gave colorless liquid which was homogeneous to glc (SF 96) ; 

105° (lit.37 110°); nmr (CCJ^) T 9.00 (m, 12H C(CH3)3 and CH3CH2), 

7.88 (s, 3H, N-CH3), 7.65 (q, 2H, J=7 Hz, C^S^). 

e»c?o-2-Dimethylnorbornylamine was prepared by the method 

38 
of Bach . A mixture of norcamphor (71.5 g, 0.65 mol), formic 



acid (82.3 g, 1.73 mol, 97%), and N,N-dimethylformamide (144 g, 1.97 

mol) was heated for 24 hours at 190° u:ider autogenous pressure in a 

glass-lined autoclave. The cooled mixiure was treated with excess 

hydrochloric acid, washed twice with ether, and made strongly basic 

with sodium hydroxide. The aqueous layer was extracted three times 

with pentane and the combined extracts were dried over anhydrous 

potassium carbonate. Distillation twice through a spinning band 

column gave colorless liquid, homogeneous to glc (SE 30) and to 

tic (silica, CHC£3); b3Q 77.5° (lit.39blg 68-69°); ir (film) a 

strong band characteristic for the endo isomer (795 cm ^) is present 

and one found in the exo (1022 cm~^) is absent; nmr (CC&^) T 8.72 

(broad, 9H, ring protons); 7.97 broadened s, 8H, N(CH ̂  and ring 

protons). 

ea;o-2-Dimethylnorbornylamine; eo;o-2-Norbornylamine can be 

conveniently prepared by means of the addition of iso-thiocyanic 

acid to norbornene followed by chlorinolysis of the iso-thiocyanate 

40 
thus formed .. Methylation by the Eschweiler-Clarke procedure as 

39 
reported by Cope gave eao-2-dimethylnorbornylamine. The product 

was purified by distillation on a spinning band column to yield 

o 39 
colorless liquid homogeneous to glc (SE 30); b^ 81.5 (lit. b£Q 

o 39 
71 ); ir (film) a strong band characteristic for the eajo-compound 

(1022 cm "*") is present and a strong band found in the endo isomer 

(795 cm ^) is absent; nmr (CCT 9.20 + 08.20 (broad m, 9H, ring 

protons), 7.93 (s, 6H, N(CH )£, 7.77 (broad, 2H ring protons). 



•'endo-2-Diethylnorbornylamine was prepared by the Leuckart 

38 
reaction *.s modified by Bach . A mixture of norcamphor (71.5 g, 

0.65 mol), N,N-diethylformamide (198.7 g, 1.97 mol), and formic 

acid (82.3 g, 1.73 mol, 97%) was heated at 190° for three days 

under autogenous pressure in a glass-lined autoclave. This product 

work up was the same as for endo-2-dimethylnorbornylamine and 

distillation through a spinning band column gave colorless liquid, 

b^g 107°; ir (film) clear above 3000 cm nmr (CCZ )̂ T 9.25 (t, 

6H, J=4 Hz, CH2Cff3), 7.90 (q, 4H, J=4 Hz, CZ^CH^, 8.93 and 8.20 • 

(complex patterns, 11H, ring protons). 

Anal. Calcd for ̂ H^N: C, 78.95; H, 12.68. 

Found: C, 79.22; H, 12.52. 

ga:o-2-Diethylnorbornylamine; A solution of ea;o-2-norbornyl-

amine^ (70 g, 0.63 mol) in benzene (50 ml) was treated with ethyl 

iodide (196 g, 1.26 mol). Cooling of the mechanically stirred 

mixture with an ice bath was necessary during the slow addition of 

41 
ethyl iodide. Potassium hydroxide (34.2 g, .61 mol) was then 

added in portions. The mixture was stirred at reflux for three 

hours and then at room temperature overnight. The mixture was 

diluted with an equal volume of water and the aqueous layer was 

washed twice with ether. The aqueous layer was made strongly 

alkaline with sodium hydroxide, extracted three times with pentane, 

and the combined extracts were dried over anhydrous potassium 
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carbonate. Removal of solvent followed by distillation through 

a spinning band column yielded colorless liquid; b^ 107.5°; ir 

(film) clear above 3000 cm-"''; nmr (CC&^) T 9.25 (t, 6H, J=4 Hz, 

Cff2CH3), 7.93 (q, 4H, J=4 Hz, Ctf2CH3), 9.10, 8.83, and 8.08 

(complex patterns, 11H, ring protons). 

Anal. Calcd for C^H^Ns C, 78.95; H, 12.68. 

Found: C, 78.78; H, 12.62. 

N,N-Dimethylcyclopentylamine was prepared from cyclopentanone 

38 
and N,N-dimethylformamide as reported by Bach . Distillation of the 

product through a spinning band column gave colorless liquid homo

geneous to glc (SE 30); b69Q 130-131° (lit.42 b?6() 135-137°); ir 

(film) 2800to 1450 cm ^ clear; nmr (CCH^) x 8.43 (broad, 6H, ring 

protons), 7.88 (broad singlet, 9H, N(CH3)2and ring protons). 

N,N-Diethylcyclopentylamine was prepared by a modified 

38 
procedure similar to the Leuclcart modification of Bach . A 

mixture of cyclopentanone (54.6 g, 0.65 mol), N,N-diethylformamide 

(198.7 g, 1.97 mol), and formic acid (82.3 g, 1.73 mol, 97%) was 

heated under autogenous pressure at 190° for 26 hours in a glass-

lined autoclave. The cooled mixture was treated (slowly, gas 

evolved) with excess hydrochloric acid and washed twice with ether. 

The aqueous layer was made strongly basic with sodium hydroxide 

and extracted three times with pentane. The combined pentane 

extracts were dried over anhydrous potassium carbonate, concentrated, 
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and distilled through a spinning band column to give colorless liquid; 

b^ 80°; ir (film) above 3000 and from 2750 to 1500 cm""'" clear; ir 

(film) above 3000 and from 2750 to 1500 cm ^ clear; nmr (CC£^) T 9.00 

(t, 6H, J-4 Hz, CH^Cff^), 8.40 (broad, 8H, ring protons), 7.42 (q. 4H, 

J=4 Hz, Cff CH ), 7.10 (broad, 1H, R2Ctf-N). 

Anal. Calcd for C9HlgN: C, 76.50; H, 13.58. 

Found: C, 76.34; H, 13.47 

5 - Dimethylamino-2-bicyclo[2.2.2]octene was prepared using 

38 
the Leuckart modification of Bach . A mixture of bicyclo[2.2.2]-

A 3 
oct-2-erce-5-one (45 g, 0.4 mol), N,N-dimethylformamide (144 g, 

1.97 mol), and formic acid (82.3 g, 1.73 mol, 97%) was heated at 

180° under autogenous pressure in a glass-lined autoclave for three 

days. The cooled mixture was treated with excess hydrochloric 

acid (slowly, gas evolution) and washed twice with ether. The 

aqueous layer was made strongly basic with sodium hydroxide and 

extracted three times with pentane. The combined extracts were 

stripped of solvent to yield the crude product as a slightly 

yellow oil which was not further purified before use. 

2-Dimethylaminobicyclo[2.2,2]octane; 5-Dimethylamino-2-

bicyclo[2.2.2]octene (41.4 g, 0.27 mol) was dissolved in glacial 

2 
acetic acid (200 ml) and reduced in a Paar shaker at 40 lb/in of 

hydrogen gas employing platinum as catalyst. The dark brown 

solution was filtered on a bed of filter aid and the solvent was 
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stripped at reduced pressure. The residue was taken up in water, 

made strongly basic with potassium hydroxide, and steam distilled. 

The distillate (MOO ml) was extracted three times with ether and 

the combined extracts were dried over anhydrous potassium carbonate. 

Removal of solvent and distillation through a spinning band column 

yielded colorless liquid, homogeneous to glc (SE 30); b^ 102.5° 

A A q —1 
(lit. b^ 82 ) ; ir (film) 2800 to 1460 cm clear; nmr (CC£^) T 

8.47 (broad, 11H, ring protons), 7.85 broadened singlet, 8H, 

and ring protons); the mass spectrum showed the molecular ion at 

m/e 153 as expected. 

4-Methyl-l-benzoylpiperazine ; A cold (5°) solution of 1-

methyipiperazine (30 g, 0.3 mol) and triethylamine (35.4 g, 0.35 

mol) in ether (100 ml) was treated dropwise with benzoyl chloride 

(49.2 g, 0.35 mol). The precipitated triethylamine hydrochloride 

was filtered and washed with ether. Concentration of the filtrate 

and distillation of the residue (b. . 123-145°) was not sufficient 
0.4 

for purification so the product was isolated as the hydrochloride 

and recrystallized twice from ethyl acetate (white needles, mp 254-255°). 

A cold (5°) aqueous solution of the salt was treated with potassium 

hydroxide to regenerate the free base which, after extraction with 

ether and drying, was distilled in a molecular still to give a bright 

yellow liquid, homogeneous to tic; ir (film) clear above 3000 cm \ 

1650 cm-"*" (S, C=0); nmr (CCil^) T 7.78 (m, 7H, N-CH^ and ring protons), 

6.54 (m, 4H, ring protons), 2.70 (m, 5H, phenyl protons). 
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Anal. Calcd for C12H16N20: C' 70*545 H» 7*915 N> 13-72. 

Found: C, 70.27; H, 8.08; N, 13.97. 

''4-Methyl-l-acetylpiperazine: Cold (5°) acetic anhydride 

(71.5 g, 0.7 mol) was treated dropwise with 1-methylpiperazine (50.1 

g, 0.5 mol). The reaction mixture was dissolved in ether and treated 

with anhydrous hydrogen chloride. The hydrochloride salt of the 

product was filtered and recrystallized from ethyl acetate-methanol 

(m 224-225°). A cold aqueous solution of the salt was made strongly 

basic with potassium hydroxide and extracted with ether. Drying and 

removal of solvent yielded a slightly yellow oil which was distilled 

through a spinning band column to yield colorless liquid; b^ ̂  64° 

(lit.^"*b 6̂0 168°); ir (film) clear above 3000 cm-"''; 1650 cm (S, C=0 

nmr (CC^) T 8.06 (S, 3H, N-Ciy j 7.83 (S, 3H -COCH^) 7.73 and 6.59 

(m, 8H, ring protons). 

1, 4-Dimethylpiperazine was prepared from piperazine by the 

46 
Eschweiler-Clarke methylation procedure as previously reported 

Distillation twice through a spinning band column gave colorless 

liquid, b^g 53-53.5° (lit.^ ̂ 750 130-135°); ir (film) clear above 

3000 cm nmr (CC£^) X 7.86 (S, 6H, N-CH^), 7.72 (S, 8H, ring protons). 

Anal. Calcd for CgH^N^ C, 63.09; H, 12.38. 

Found: C, 62.81; H, 12.48. 

' 4-Methyl-l-benzenesulfonylpiperazine; A solution of 1-

methylpiperazine (75.2 g, 0.75 mol) and sodium hydroxide (60 g, 1.5 
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mol) in water (500 ml) was treated dropwise at 5° with redistilled 

benzenesulfonyl chloride (176 g, 1 mol). The white, powdery product 

was collected on a Biichner funnel and washed thoroughly with dis

tilled water. After drying in a vacuum desiccator the crude product 

was recrystallized from ethyl acetate to give white needles; m 131-

132° (lit,47 129-130°); ir (KBr) 3060, 1460, and 1350 cm"1 (s, phenyl), 

2950 and 2815 cm"1 (s, alkyl) ; nmr (CC^) T 7.80 (s, 3H, N-CH3) , 

7.59 and 6.98 (m;, 8H, N-CH2) , 2.45 and 2.25 (m, 5H, phenyl). 

Anal. Calcd for C> 54.97; H, 6.72; N, 11.66; 

S, 13.34. 

Found: C, 55.07; H, 6.84; N, 11.54; S, 13.10. 

l-Dimethycarbamyl-4-methylpiperazine : Cold (-22°), anhydrous 

dimethylamine (45 g, 1 mol) was treated with powdered 4-methyl-l-

48 
piperazinecarbonyl chloride hydrochloride (100 g, 0.59 mol) in four 

batches. After the second batch, cold chloroform (300 ml, -22°) was 

added as solvent. After stirring for one hour at -22° and for one 

hour at room temperature, the solvent was stripped and the residue 

was made strongly basic with ice cold sodium hydroxide solution (50%). 

The mixture was extracted four times with ether and the combined 

extracts were dried over magnesium sulfate, stripped of solvent and 

treated with phthalic anhydride (5 g). Distillation through a 

spinning band column gave colorless liquid; b , 83°; ir (film) 
w » O 

above 3000 cm 1 clear, 1650 cm 1 (s, C=0); nmr (CC£^) T 7.82 (s, 



3H, N-CHg), 7.72 and 6.88 (m, 8H, ring protons), 7.25 (s, 6H, -CO-N 

<ch3)2). -

Anal. Calcd for CgH N 0: C, 56.11; H, 10.01; N, 24.54. 

Found: C, 56.27; H, 9.92; H, 24.33. 

Ethyl 4-methyl-l-piperazinecarboxylate was prepared from 

ethyl 1-piperazinecarboxylate by means of the Eschweiler-Clarke 

methylation procedure as reported by Eschweiler-Clarke methylation 

46 
procedure as reported by Hamlin, et al . The crude product was 

treated with phthalic anhydride in order to remove any secondary 

amines and then distilled through a spinning band column to yield 

colorless liquid homogeneous to tic (alumina; ether-methanol); b„ r 
X • J 

72° (lit.46 b1Q 116-119°); ir (film) 1700 cm-1 (s, C02Et); nmr 

(CC£4) T 8.78 (t, 311, J=7 Hz, -CH2CEJ, 7.82 (s, 3H, N-CH3), 7.77 

and 6.63 (m, 8H, N-CH2), 598 (q, 2H, J-7 Hz, . 

Anal. Calcd for CgH^N^: C, 55.79; H, 9.36, N. 16.27. 

Found: C. 56.08: H. 9.66; N. 16.44. 
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Kinetic Method 

The quaternization reactions of tertiary amines with methyl 

benzenesulfonate were followed titrimetrically by the method of 

49 
Brown . All preparations and transfers were performed in "Class A" 

volumetric ware. All glassware had been washed, rinsed with distilled 

water, rinsed with purified acetonitrile and dried in an oven at M.10° 

prior to use for kinetics. A stock solution of the amine in question 

in acetonitrile was prepared at a concentration of MD.2M. 

After having been thoroughly mixed and aged for one day under 

nitrogen atmosphere the amine concentration was determined titri

metrically. A 5 ml sample of stock solution was transferred to a 50 

ml Erlenmeyer flask and neutralized with excess (20 ml) standard 

hydrochloric acid solution. Back-titration with standard sodium 

hydroxide solution using methyl red as indicator gave the excess 

milliequivalents of hydrochloric acid and, therefore, by difference, 

the concentration of amine. From this value the weight of methyl 

benzenesulfonate needed for exact molar equivalence with 50 ml of 

the stock solution was calculated. 

Kinetic runs were performed in 100 ml glass-stopped volu

metric flasks immersed in a stirred 5-gallon water bath^, maintained 

at 29.88° (Princo #609355 thermometer; 0.1° C Divisions N.B.S. stand

ardized; 30.00° correction -0.12°). The temperature was controlled 

by means of a mercury contact thermoregulator with a reservoir of 

^50 ml. The heating element was a commercial 100-watt light bulb. 
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Temperature variation during a run was generally less than ±0.01° as 

measured by a Beckman differential thermometer. 

To begin a kinetic run the precise amount of methyl benzene-

sulfonate needed for molar equivalence with 50 ml of amine stock was 

weighed into a 50 ml Erlenmeyer flask. The quantity was generally 

M.7 g and was within ±0.00059 of the value desired. This material 

was quantitatively transferred (with many risings of the flask) to 

a 100 ml volumetric flask. The total volume was brought up to M5 

ml with acetonitrile and the flask was put in the constant temperature 

bath for ^15 minutes. A 50 ml buret (Class A) was filled with amine 

stock solution and the level adjusted to the 0.000 mark. The amine 

stock solution was run into the volumetric flask containing methyl 

benzenesulfonate solution with swirling and the timer (Precision 

Scientific Co., minutes and hundredths) was begun when the level in 

the buret reached the 25 ml mark. The addition was stopped at the 

50.00 mark and the solution in the volumetric flask was brought up 

to 100 ml with acetonitrile. The flask was stopped and inverted 

with rotation 25 times and then placed in the constant temperature 

bath. The initial manipulations take ^2 minutes. The first kinetic 

point could generally be taken after ^5.00 minutes. The reaction was 

followed by measuring the rate of disappearance of amine. 

A 5 ml sample of the reaction mixture was transferred to a 

50 ml Erlenmeyer flask. Excess standard hydrochloric acid (10 ml) 

was run in from a 10 ml buret (Class A, delivery time ML0 sec.). 



Methyl red indicator was added followed by 10 ml of carbon dioxide 

free distilled water. Back titration v.o the yellow end point with 

standard sodium hydroxide solution gave the. concentration of amine. 

The kinetic data were found to conform quite well to the 

second order equation for equimolar reactants^"'"; 

x/a (a-x) = k^t 

t1/2 = l/k2a 

where a is the initial concentration of reactants, x is the con

centration of product formed at time t, and k2is the second order 

rate constant. 

Kinetic data were collected and calculations were performed 

on a CDC 6400 high-speed digital computer (see Appendix A). The 

computer determined the best fit line for a plot of x/a (a-x) versus 

t by means of the last squares method. The slope of this plot is 

equal to k^. The slope was also determined graphically using x/a 

(a-x) values supplied by the computer in order to check the data for 

any points which were grossly out of agreement with the line. The 

k2 values are reported with the confidence interval at 95% confidence 

level as determined by Students t test. 

pKa Method 

Amine base strength is commonly reported in terms of the 

acid strength of the protonated form, BH (conjugate acid). Thus 
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the equations in question are: 

•f + 
BH B + H 

[B] [H+] _ ru+. [B] 
Ka = L"J r J = [H*] 

[BH+] [BH+] 

(26) 

pKa pH + log 
[B] 

(27) 

*T* 
At the point where [BH ] = [B] equation 1 reduces to: 

pKa = pH 

(28) 

Therefore, as the half equivalence point of a titration of an amine 

with standard acid solution, the pH of the solution is equal to the 

pKa value of the amine. This generally employed formulation con

tains approximations which, in some cases, can lead to serious 

errors. 

(1) Activity coefficients are neglected. The 

thermodynamic equilibrium constant, 
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[B] [H+] fo fh+ Ka = 1 J L" J x 

[BH ] fx 

(29) 

where f^ values are the corresponding activity coefficients. The 

glass electrode, which is commonly used to follow the course of 

potentiometric titrations can be shown to measure the activity of 

hydrogen ion (A^ ) rather than the concentration of hydrogen ion. 

Therefore, 

w + [B] fo 
Ka = ajj x 1 •.••• x — 

[BH4] fi 

30 

fo fi Ka = Ka x — and Ka = Ka x — 
f. fo 
x 

31 

where the observed Ka is a mixed equilibrium constant incorporating 

one ionic activity term. The activity constant for an uncharged 

species (fo) remains essentially 1 while the activity coefficient 

for an ionic species increases toward the value 1 with a decrease 

in the ionic strength of the solution. Thus the ration f^/fo 

increases with decreasing ionic strength until at infinite dilution, 

Ka = Ka. A series of pKa values measured at constantly decreasing 

ionic strength will then show a steady decrease. By performing the 

potentiometric titrations used to determine pKa values at a low 

concentration of amine one can minimize the error introduced by 



74 

not incorporating activity coefficients into the defining equations. 

(2) All ionic species are considered to be completely 

+ -
dissociated. By not incorporating species such as BH CSL into 

the defining equation one assumes that all ionic species are in 

dissociated form. Existence of the species as above would lead to 

a lowered observed pKa value. In a solvent of high dielectric constant 

such as water the use of a strong acid such as perchloric acid reduced 

the problem of ion association such that it can be ignored. 

In solvents of lower dielectric constants the problem of 

ion association can be further complicated by the formation of 

homoconjugated complexes [BHB] and, in severe cases, higher order 

+ 52 
complexes may form [B^BH ] . Ammonium ions resort to homoconju

gation because they receive little stabilization through solvation 

53 
in solvents of low dielectric strength such as acetonitrile. Coetzee 

has found that, in acetonitrile, the extent of homoconjugation 

increases with increasing strength of the base (B) and with an 

increase in the number of acidic hydrogen atoms in the conjugate 

-j-
acid [BH ]. There is, however, a severe steric requirement which 

effectively rules out homoconjugation for noncyclic tertiary amines 

bulkier than trimethylamine. 

Titration of weak bases does not give satisfactory results 

in aqueous and aqueous-organic media because the weakly basic 

water present causes a decrease in the potential break at the 

equivalence point. Aprotic solvents such as acetonitrile 

and nitroalkanes are much more weakly basic than water 
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overall ionization constants of amines are about 8 powers of ten 

smaller in acetonitrile than in water, the autoprotolysis constant 

of acetonitrile is about 13 powers of ten smaller than that of 

water. The titration of an amine with perchloric acid in aceto

nitrile therefore gives a potential break at the equivalence point 

that is ^250 mv. larger in acetonitrile than in water. For this 

reason acetonitrile has been used as solvent for the differential 

54 
titration of amines 

The use of acetonitrile as a titration solvent for amines 

is complicated by the fact that solutions of acids in acetonitrile 

are not stable. The decrease in the hydrogen ion activity of a 

solution of perchloric acid in acetonitrile can be noticed as soon 

55 
as one hour after preparation . Solutions of perchloric acid in 

dioxane"^' have been used as the titrant but, in addition to the 

problem of the water introduced by the perchloric acid (anhydrous 

perchloric acid is quite dangerous) , the dielectric constant"''' of 

dioxane (e = 2.2) is very low compared to that of acetonitrile 

(e = 37.5) and the nature of the overall solvent system may be 

changed appreciably. The solution may be made anhydrous by the 

addition of acetic anhydride"*"* but in some instances the acetic 

acid thus introduced can produce a decrease in the potential break 

at the equivalence point. Nitroalkane solutions of perchloric 

acid have been found to be stable and have been used in the titration 

of amines in acetonitrile"'"'. The dielectric constant of nitromethane 
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(e = 35.9) is quite close to that of acetonitrile but once again 

acetic anhydride must be added in order to obtain an anhydrous 

titrant. 

Coetzee has circumvented this problem by preparing, drying, 

and purifying amine perchlorates and then preparing a series of 

buffer solutions of constant ionic strength but varying porportions 

of buffer components. Coetzee has found that the corresponding 

picrates are also highly dissociated in acetonitrile and, therefore, 

give almost identical pKa values when used instead of the perchlorate 

salts52. 

With these observations in mind, we have found that the 

pKa values for tertiary amines can be conveniently determined in 

acetonitrile by titration if a solution of anhydrous picric acid 

in nitromethane is used as the titrant. The tedious method used 

52 
by Coetzee has no advantages over this method since: 

(1) the titration can be done under completely 

anhydrous conditions, 

(2) the dielectric constant of nitromethane is 

so close to that of acetonitrile that no 

significant change in the solvent dielectric 

properties should take place during the 

titration, 

(3) the ionic strength is fairly constant through 

the area of the buffer region that defines 
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the pKa value, and 

(4) pKa values determined on picrate buffers are 

virtually identical to those determined on 

perchlorates. 

Using the titration method one generates the same series of 

buffers prepared by Coetzee but at a very small fraction of the time 

needed for his method. A comparison of pKa values determined for 

several amines by both methods illustrates the validity of this 

approach: 

pKa 

35 
Amine (exp.) (lit. ) 

Et3N 18.39 1G.46 

1,3-diphenylguanidine 17.77 17.90 

morpholine 16.60 16.61 

n-Bu3N 18.01 18.09 

Amine pKa values were determined from potentiometric titration 

curves. Titrations took place in a cell consisting of a water-

jacketed 100 ml beaker fitted with a rubber stopper with holes for 

the glass and reference electrodes and for the buret tip. Water 

from a constant temperature bath maintained at 29.88 ±0.01° was 

circulated through the titration cell jacket. The solution was 

stirred magnetically but the stirrer was turned off before each 

pH meter reading. 
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The potentiometric measurements for the titrations in water 

and aqueous-dioxane media were made with a Leeds and Northrup Model 

7401 pH meter. The Beckman (40498) glass electrode and Corning 

(476002) saturated calomel electrode pair was calibrated at pH 

6.85 and 9.14 using Beckman buffer solutions. Standard hydrochloric 

acid solution was added to the solution of amine in acetonitrile 

from a 10 ml Class A buret. Electrode response in aqueous media 

was very rapid. A titration usually consisted of ^30 points. 

Between titrations the electrode pair was stored in distilled water. 

_3 
The potentiometric titrations were usually done on ̂ 4x10 mol of 

amine in 75 ml of solvent (. 05 M) . 

Potentiometric measurements for titrations in acetonitrile 

were made with an Orion digital pH meter. The Beckman black glass 

53 58 
electrode (41260) and Pleskov ' silver-silver nitrate electrode 

-4 
pair was calibrated (see below) using a 1:1 buffer solution (5x10 m) 

of l,3-diphenylguanidine/l,3-diphenylguanidine picrate. The Pleskov 

reference electrode was constructed from the glass shell of a calomel 

electrode with a porous fiber tip for electrical contact between the 

filler solution (0.01 M silver nitrate in acetonitrile) and the 

solution being titrated. The silver electrode was a 6-inch length 

of coiled silver wire which had been cleaned in nitric acid (AR). 

During the titration a standard solution of picric acid in nitro-

methane was added to the solution of amine in acetonitrile (75 ml) 

from a Gilmont 0.2 ml buret with the buret tip below the level of 
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the solution being titrated. A titration again consisted of ̂ 30 

points. Between titrations the electrode pair was stored in 

acetonitrile. The titrations in acetouitrile were generally per-

-3 
formed on 'VLO M solutions of amine. In this low concentration 

range the pKa was found to vary only slightly with amine concen

tration changes. 

+ 
For the Ag/Ag //glass electrode pair (in mv): 

a. + P& 
E - Eq _ S9JL lQg ^_J12 

(32) 

aAg° V 

The activity of Ag° and the pressure of hydrogen gas are 

taken to be 1. Rearranging equationq32)and letting C = Eq - log a^ 

yields: 

E = C +59.1 log ^  

(33) 

Substituting pH = - log a^+ yields: 

C-E pH = 
59.1 

(34) 

The constant C was determined by calibration in the organic 

buffer system mentioned above. The pH of this system was taken 

to be 17.90. 



APPENDIX A 

PROGRAM SJOHN 

Piogram SJOHN is used to handle the data obtained for the 

kinetics of the aliphatic tertiary amines. The data are obtained 

by the back titration method. A sample of amine (5.0 ml) is 

obtained from the reaction mixture and treated with a fixed, excess 

amount of standard hydrochloric acid (MEQACID). Back titration 

with standard sodium hydroxide solution of constant normality 

(NBASE) gives the volume of base used (VOL BASE). From this data 

the program calculates values of x/a (a-x) (see pg. 71). The 

time (X) at which the point was taken is read in by the computer 

and is used in conjunction with values of x/a (a-x) to calculate 

the slope ^2) by the least squares method. The value of t for 

Students t test (T) is read in and is used to calculate the confi

dence interval (CONL) and percent confidence interval (PCONL) at 

95% confidence. 

80 
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PROGRAM SJOHN(INPUT,OUTPUT,TAPE1=INPUT) 
DIMENSION TITLE (8) 
COMMON X(99),Y(99),N,T 
REAL MEQACID,NBASE,MEQBASE,MEQAME,NAMINE 

51 READ 3, (TITLE(I), 1=1,8) 
IF (EOF,1)10,6 

3 FORMAT (8A10) 
6 READ 1, A, MEQACID, NBASE 

PRINT 4, (TITLE (I), 1=1,8) 
4 FORMAT (1H1,8A10,////) 
50 READ 20, N, T 
20 FORMAT (I2,F10.4) 

IF(N.EQ.O) GO TO 51 
1 FORMAT(3F10.4) 

PRINT 11,A,MEQACID, NBASE, N 
11 FORMAT (5X,*A=*, F10.4,*MEQACID=*, F10.4,*NBASE=*, F10.4, *N=*,I3 

1,///) 
PRINT 8 

8 FORMAT(3X,* TIME *,*X/A(A-X) *,* VOL BASE *,* MEQBASE *,* 
1MEQAME *,* NAMINE *,* A(A-X) *,* A-(A-X)*,///) 
DO 5 1=1,N 
READ 2, X(I), VOL BASE 

2 FORMAT (2F10.2) 
MEQBASE=VOL BASE*NBASE 
MEQAME=MEQACID-MEQBASE 
NAMINE=MEQAME/5. 
CONST 1 = A*NAMINE 
CONST 2 = A-NAMINE 
CONST 3 = CONST 2/CONST 1 
Y(I) = CONST 3 
PRINT 7, X(I), Y(I), VOL BASE, MEQBASE, MEQAME, NAMINE, CONST 1, 
1CONST 2 

7 FORMAT (IX,5F10.4,3F10.6) 
5 CONTINUE 

CALL LEAST SQ 
GO TO 50 

10 STOP 
END 
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SUBROUTINE LEAST SQ 
COMMON X(99), Y(99), N, T 
SUMX=0. 
SUMY=0. 
SUMXY=0. 
SUMX2=0. 
SUMY2=0. 
DO 4 1=1,N 
SUMX=SUMX+X(I) 
SUMY=SUMY+Y(I) 
SUXX2=SUMX2+X(I)*A2 
SUMY2=SUMY2+Y(I)**2 
SUMXY=SUMXY+X(I)*Y(I) 

4 CONTINUE 
DEMON=N*SUMX2-SUMX**2 
SLOPE=(N*SUMXY-SUMX*SUMY)/DEMON 
B=(SUMXY-SLOPE*SUMX2)/SUMX 
PRINT 5, SLOPE, B 

5 FORMAT (1H0,*THE SLOPE IS *,F10.8,*THE INTERCEPT IS *,F10.8) 
BOTT=SUMX2-SUMX**2/N 
S2=(SUM Y2-SUMY**2/N-(SUMXY-SUMX*SUMY/N)**2/BOTT)/(N-2) 
SDSL2=S2/(SUMX2-SUMX**2/N) 
CONL=T*(SDSL2/SLOPE)**0.5 
PCONL=100.*(CONL/SLOPE) 
PRINT 6, CONL, PCONL, S2 

6 FORMAT (1H0,* CONL IS(95PERCENT) *F15.8,*PCONL IS *,F15.8,* 
1S2 IS *,F15.8) 
PRINT 7, SLOPE, PCONL 

.7 FORMAT (1H0,* THE SLOPE IS *,F15.8,2X,*+OR-*,F15.8) 
RETURN 
END 
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The data card order for program SJOHN is as follows: 

First Card: 

Title card to identify the data which follows. Up to 72 

characters may be used and will be printed at the top of the output 

page. 

Second Card: 

In spaces 1-10, the initial concentration of amine (molarity), 

called A. 

In spaces 11-20, the millequivalents of acid added to the 

amine sample. 

In spaces 21-30, the normality of the standard base used 

as titrant. 

Third Card: 

In spaces 1 and 2, the number of kinetic points (right 

justified). 

In spaces 3-10, the value of t for Student's t test at 

95% confidence. 

Data Cards: 

In .spaces 1-10, the time at which the point was taken. 

In spaces 11-20,, the volume of base titrant used (ml). 

Last Card: 

A blank card is inserted. 

Another set of data following the blank card will cause the 

program to recycle and thus multiple runs may be made. 

A 6789 card causes the program to terminate. 
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APPENDIX B 

SOLVATION EFFECTS 

The following graphs test the piperazine derivatives for 

special solvation effects (see pg.45). 
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