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The base strength of amines in solvent systems containing dimethyl sulfoxide (Me2SO) is studied. Equilibrium 
constants for the Bronsted acid-base reaction of various amines with p-nitrophenol in benzene/Me2S0 solvent 
systems indicate that all such reactions are favored by increased Me2S0 concentration but that the effect is 
far greater for primary and secondary amines. NMR studies indicate that hydrogen bonds are forming between 
primary or secondary amines and Me2S0. It is proposed that such hydrogen bonds increase amine basicity. 

Introduction 
As part of a study of phenol-amine interactions, we 

observed that in dimethyl sulfoxide (Me2SO) solutions the 
log K for the ionization of p-nitrophenol was considerably 
higher for n-butylamine than for triethylamine although 
the two amines were considered to be similar in base 
strength-l At that time we proposed that the basicity of 
the primary amine, n-butylamine, was enhanced by the 
formation of hydrogen bonds between the amine protons 
and Me2S0. Present extensions of these studies focus on 
specific solute-solvent interactions investigating both how 
solvent influences the reaction and whether the reaction 
can serve as a probe of the structure of mixed solvent 
systems.2 We have returned to this earlier observation 
to investigate the mechanism of enhancement of basicity 
both for its own sake and for comparison with solvent 
systems whose behavior is more complex, particularly 
aqueous systems. 

Experimental Section 
Materials. Diethylamine, n-butylamine, and triethyl- 

amine (Eastman reagent grade) were distilled before use. 
p-Nitrophenol (Eastman indicator grade) was recrystallized 
from benzene. Dimethyl sulfoxide was spectro grade from 
Eastman. Benzene was spectro grade from Mallinckrodt. 

UV-Visible Spectrophotometry. All solutions were 
assembled by weight. The absorption spectra from 550 
to 350 nm were determined by using matched 1-cm silica 
cells in a Beckman DK-2A, the temperatures of both 
sample and reference cells being maintained at 25 "C. The 
concentration of p-nitrophenol was 1.8-2.2 X M. For 
each amine in each solvent system the p-nitrophenol 
spectrum was recorded for no amine and for four or five 
different amine concentrations. Three solvent systems 
were studied with all amines: 3:7, 1:1, and 9:l Me2SO/ 
benzene (vo1:vol). Amine concentrations were varied as 
required to  provide useful data, ranging as follows: 3:7 
Me2SO/benzene, 6 X 10- X M 1:l MezSO benzene, 

M. The method of Rose and Drago3 was used to calculate 
equilibrium constants from the absorbances of p-nitro- 
phenol in the presence of the various amine concentrations. 
The array of constants obtained from each calculation was 
subjected to Chauvenet's criterion to reject extreme values, 
and the remaining values were averaged. Data were taken 
and calculated at  three different wavelengths for each 
experimental procedure. 

NMR Spectroscopy. Solutions for study by NMR were 
prepared by weighing pure substances directly. Amine 
self-association was studied by using a range of concen- 
trations of the amines in benzene. The effect of Me2S0 

1 X lo4+ X lo4 M; 9:l MeaO/benzene, 2 X 10- d -7 X 10" 
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TABLE I:  Ionization Reactions for 
pNitrophenol and Amines 

log K i n  Me,SO/benzene: wave- 
length, - .  

amine nm 3:7 1:l 9 : l  
n-butyl- 410 2.36 c 0.08 3.18 c 0.19 4.09 c 0.04 

amine 4.14 f 0.14 
430 2.31 f. 0.15 3.19 c 0.11 4.11 c 0.08 

4.12 f 0.07 
450 2.26 f 0.22 3.24 c 0.14 3.99 f 0.13 

4.12 c 0.13 
diethyl- 410 2.33 c 0.21 3.14 c 0.12 3.80 e 0.19 

amine 430 2.35 c 0.17 3.25 f 0.08 3.86 f 0.05 
450 2.52 f 0.23 3.25 f 0.13 3.86 f 0.10 

triethyl- 410 1.09 f 0.15 1.30 f 0.13 2.47 c 0.16 
amine 430 1.24 c 0.04 1.40 f 0.11 2.43 e 0.17 

450 1.22 c 0.13 1.55 f 0.23 2.50 f 0.15 

was observed by holding the amine concentration constant 
and varying the relative proportions of Me2S0 and benz- 
ene. Mixtures of Me2S0 and benzene without amine were 
also prepared to measure the effect of Me2S0 concentra- 
tion on its NMR spectrum. The spectra of these solutions 
were obtained with a JEOLCO (2-60 H1 high-resolution 
NMR spectroscope, using tetramethylsilane as a standard 
for determining chemical shift. 

The theory developed by Gutowsky and Saika4 was ap- 
plied to the data obtained by varying the amine concen- 
tration in benzene. A computer program was written to 
obtain the best value for the equilibrium constant for 
self-association by the primary and secondary amines. 

Results 
The equilibrium constants for the ionization of p -  

nitrophenol by n-butylamine, diethylamine, and tri- 
ethylamine in the various solvent systems are recorded in 
Table I and are plotted in Figure 1. 

The NMR studies are summarized in Figure 2 for n- 
butylamine in benzene, in Figure 3 for diethylamine in 
benzene, in Figure 4 for n-butylamine in Me2SO/benzene 
mixtures, and in Figure 5 for diethylamine in Me,SO/ 
benzene mixtures. 

Discussion 
The purpose of this research is to establish that Me2S0 

when present in a solvent system does increase the effective 
basicity of primary and secondary amines. Furthermore, 
if this occurs, we wish to establish whether the formation 
of hydrogen bonds between amine hydrogens and Me2S0 
is a reasonable explanation for the occurrence. Figure 1 
demonstrates that the log K for the ionization of p-nitro- 
phenol by an amine increases for all amines as the pro- 
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Flgure 1. The logrithim of the equilibrium constant obtained spectro- 
photometrically at 25 O C  for the conversiion of p-nitrophenol to p- 
nitrophenylate ion by n-butylamine (nBA), diethylamine (DEA), and 
triethylamine (TEA) is plotted here against the proportion of Me,SO in 
the solvent. 
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Flgure 3. As in Figure 2, the NMR chemical shifts reflect self-asso- 
ciatlon of the amine by hydrogen bonds. 
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Flgure 2. The NMR cheimical shlfts for amine-group protons in various 
concentrations of n-butylamine in benzene reflect the degree of 
self-association of the n-butylamine by intermolecular hydrogen 
bonding. 

portion of MezSO iin the solvent is increased. However, 
the increase is relatiively greater for the primary and sec- 
ondary amines. This result supports our proposal if we 
can also establish that the fundamental base strengths of 

log (dimethylsulfoxide concentration i 

Flgure 4. (A) The NMR chemical shifts for the protons of Me,SO are 
plotted against Me,SO concentratlon in the absence (open circles) and 
presence (solid clrcles) of a fixed concentration of n-butylamlne. (B) 
The NMR chemical shifts for the n-butylamine amine-group protons 
are plotted against Me,SO concentration. 

three amines are similar enough to warrant direct com- 
parison of the data. 

The most commonly used measure of the strength of 
amines as Bronsted bases is the aqueous pK,. The liter- 
ature values of 10.66 for n-butylamine, 10.98 for diethyl- 
amine, and 10.76 for triethylamine5 imply that the three 
amines have similar base strength, the initial reason for 
their selection for this study. However, because of the 
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Flgure 5. As Figure 4, substituting diethylamine for n-butylamine. 

TABLE 11 : Equilibrium Constants for Hydrogen-Bond 
Formation between Phenols and n-Butylamine, 
Diethylamine, and Triethylamine in Cyclohexane 

log K 

amine amine amine ref 
triethyl- diethyl- n-butyl- 

p-nitrophenol 3.05 
p-cresol 1.79 

3.25 9 
1.77 8 

o-cresol 1.65 1.94 1.89 8 
o-sec-bu tylphenol 1.66 1.99 2.01 8 
p-chlorophenol 3.09 3.24 7 

possibility of hydrogen bonding between water and amine 
hydrogens, the effect of the aqueous solvent on base 
strength may be questioned, and data based on use of an 
inert solvent is welcomed for comparison. 

The equilibrium constants for hydrogen bond formation 
between these amines and a series of phenols are of interest 
since cyclohexane was the solvent in each case (Table 11). 
It has been established by using p-fluorophenol as the 
proton donor that Bronsted base strength and ability to 
accept a proton to form a hydrogen bond are in direct 
proportion within a family of compounds of identical 
functional group.6 In the case of o-cresol and o-sec-bu- 
tylphenol, the log K values for hydrogen bond formation 
with diethylamine and n-butylamine are very similar, while 
in each case triethylamine is slightly less reactive. The 
three p-substituted phenols reported display log K values 
for hydrogen bonding involving triethylamine that are 
either the same or slightly lower than the values for n- 
butylamine. This difference may be due to steric effects 
rather than to base strength. Steric interference in the 
formation of a hydrogen bond between a tertiary amine 
and phenol has been p r o p o ~ e d , ~ , ~  although triethylamine 
is shown in these studies to deviate from expected behavior 
less than tertiary amines with larger alkyl groups such as 
tripropylamine and tributylamine. 

In the ionization reaction where the reactants do not 
remain bonded together, steric blockage of the tertiary 
amine would be expected to have less effect than would 
be the case for formation of the intermolecular hydrogen 
bond. More acidic phenols can be ionized in low-dielectric 

TABLE 111: Equilibrium Constants for the Ionization of 
Phenols by n-Butylamine and Triethylamine in a Variety 
of Solvent Systems 

log K 
triethyl- n-butyl- 

phenol solvent system amine amine ref 
p-nitrophenol 
pnitrophenol 

pnitrophenol 

p-ni trophenol 

pnitrophenol 

p-nitrophenol 

p-nitrophenol 

p-nitrophenol 

p-nitrophenol 

p-ni trophenol 

p-nitrophenol 

p-chlorophenol 

2,6-dini trophenol 
3,4-dinitrophenol 

1-butanol 
dimethyl- 

for mami de 
4 : l  1-butanol/ 

cyclohexane 
1 : 1 dimethyl- 

formami de / 
benzene 

dimethyl 
sulfoxide 

7:3 dioxane/ 
water 

4 : l  dioxane/ 
water 

9 : l  dioxane/ 
water 

9 : l  acetone/ 
water 

1 9 : l  acetone/ 
water 

4 : l  tert-butyl 
alcohol/water 

1 : 1 dioxane/ 
water 

dioxane 
benzene 

1.57 
1.90 

1.32 

1.24 

2.61 

3.19 

1.50 

1.71 

2.80 

2.21 

2.30 

3.23 
3.19 
4.55 
3.49 

2.45 1 
3.30 1 

2.66 1 

1.57 1 

5.73 1 

3.78 11 

2.21 11 

3.28 11 

2.82 11 

2.37 11 

5.03 11 

3.23 1 2  
3.25 
5.23 1 3  
3.35 10 

solvents, as exemplified by 3,4-dinitrophenol in benzene.l0 
Equilibrium constants for that reaction mirror the aqueous 
pK, values strikingly (Table 111). In conclusion, we es- 
timate that these amines vary little in their fundamental 
basicity. 

Ionization reactions involve a separation of charge and 
are therefore facilitated by solvents of higher dielectric 
constant.lJ On this basis alone, one would expect the 
ionization equilibrium constant for the reaction of p- 
nitrophenol with any amine to increase as the proportion 
of Me2S0 in the solvent system increases, and this we 
observe (Figure 1). However, the increases observed for 
n-butylamine and diethylamine are very much greater than 
for triethylamine. We interpret the increase in log K ob- 
served for triethylamine as representing the increase in 
base strength resulting from the increased solvent di- 
electric. The additional increase in log K exhibited by 
diethylamine and n-butylamine we attribute to specific 
Me2SO-amine interactions dependent on the amine-group 
hydrogens of primary and secondary amines. 

We have proposed that the MezSO is attracting the 
amine hydrogens to form an amineMezSO hydrogen bond. 
When the electron density around the amine nitrogen is 
thus raised, its basicity is increased. NMR studies in which 
the amine concentration is held constant while the relative 
proportions of MezSO and benzene are altered (Figures 
4 and 5 )  reveal the amine proton signal shifting with 
changes in MezSO concentration. This could be due to an 
interaction with MezSO or could represent an increase in 
self-hydrogen-bonding as the dielectric constant of the 
solvent is increased by addition of Me2S0. However the 
signal for the methyl-group hydrogens is also plotted for 
various benzene/Me2S0 mixtures both with and without 
amine. At  higher MezSO concentrations the Me2S0 is 
present very much in excess of the amine concentration, 
and any effect of Me2SO-amine interaction is overwhelmed 
by the signal from noninteracting Me2S0. However a t  
lower concentrations the MezSO methyl groups are clearly 
affected by the presence of amine, indicating that inter- 
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action is occurring between these species. 
When one looks for support in previously reported re- 

sults (Table ZII), the case of 3,4-dinitrophenol in benzene 
shows the two amines to be equivalent when the solvent 
does not hydrogen bond. Hydrogen-bonding solvents such 
as 1-butanol, dimethylformamide, dioxane, and dioxane/ 
water mixtures generally increase log K for n-butylamine 
to a value significantly higher than that for triethylamine. 
Some surprising results are observed. The amines are 
roughly equivalent in acetone/water mixtures and in 1:l 
dioxane/water, and in the case of 4:l tert-butyl alcohol/ 
water the log K for n-butylamine is much larger than one 
would have anticipated, when compared to the other re- 
sults. Reasons for this behavior are presently under study. 
The previous study in pure MezSO supports our present 
study and in fact has been included in Figure 1. 

An alternative explanation for the results obtained lies 
in the possibility that MezSO is breaking up hydrogen- 
bonded n-mers or polymers of the primary or secondary 
amine. In the studies of diethylamine, Springer and 
Meek14 reported that, as the concentration of diethylamine 
in cyclohexane is increased, the amine forms a cyclic hy- 
drogen-bonded structure containing four amine molecules 
per unit. To the extent that such structures form, the 
concentration of amine available to react with phenol is 
reduced. Me2S0, by forming a hydrogen bond with the 
primary or secondary amine, would prevent the cyclic 
structure from forming without blocking the amine from 
interacting with the phenol. 

On the assumptioin that diethylamine favors a tetramer, 
Feeney and Sutcliff'e15 determined the equilibrium con- 
stant for tetramer formation at 25 O C  in carbon tetra- 
chloride to be 2.5 X IO4 M-3. Springer and Meek repeated 
the work in cyclohexane at  40 "C and obtained an equi- 
librium constant of 1.75 X lom3 M-3. 
Our study of diethylamine and n-butylamine in benzene 

was treated in the same fashion as the above reports. 
Assuming a size for the self-hydrogen-bonded complex 
(n-mer), we calculated the value for the equilibrium con- 
stant that would predict a curve that fit the experimental 
data most closely. 'The equilibrium1 constants obtained 
were K4 = 1 X lod4 IW3 for diethylamine and K4 = 1.7 X 
10" M-3 for n-butylamine both at  25 "C, in each case 
assuming for purposes of comparison with previously re- 
ported values that the self-hydrogen-bonded form is a 
tetramer. Plotting calculations done for dimer, tetramer, 
hexamer, decamer, and even higher n-mers revealed that 
the correspondence of the curve to experimental values 
when optimally fitteld by adjusting the value of K,  varied 
very little with changing assumptions of n-mer size. The 
numerical value of E<, changed as expected, but the cal- 
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culated concentrations of non-hydrogen-bonded amine 
altered from one assumption to the next only at very high 
concentrations of amine. Furthermore, at low amine 
concentrations all calculations predict less than 1 % of the 
amine to be involved in self-hydrogen-bonding. In con- 
clusion we established that for both amines studied the 
degree of self-hydrogen-bonding was essentially negligible 
at most amine concentrations, and we were unable to build 
a case for one specific size of n-mer predominating. The 
proposal that Me2S0 could be providing a higher con- 
centration of amine to react with p-nitrophenol by 
breaking up self-hydrogen-bonding by the amine seems to 
be quantitatively unimportant. 

Summary 
The effect of dimethyl sulfoxide on the basicity of 

primary, secondmy, and tertiary amines has been studied. 
When p-nitrophenol is used as the acid and Me2SO/ 
benzene mixtures as the solvent, all equilibrium constants 
for ionization increases when the proportion of Me2S0 in 
the solvent is increased, but the effect is far greater in the 
case of primary ,and secondary amines. NMR studies of 
the self-hydrogen-bonding of n-butylamine and diethyl- 
amine in benzene confirm earlier work in CC14 and cy- 
clohexane indicating that the degree of such hydrogen 
bonding is slight. NMR studies of amines in Me2SO/ 
benzene mixtures indicate that hydrogen bonding is oc- 
curring between IMe2S0 and the amines. The special effect 
of Me2S0 on primary and secondary amines is therefore 
attributed to the formation of a hydrogen bond between 
Me2S0 and the (amine-group hydrogen. 
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