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Table II. Rates of Hydrolysis0 

pH 6 pH 8 

No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
20 

t,h,h 

60.1 
14.8 
75.8 
26.6 
10.0 
10.1 
63.7 
182.0 
80.1 
111.0 

4.7" 
115.0 

if, h"1 

0.0115 
0.0468 
0.0091 
0.0261 
0.0695 
0.0688 
0.0109 
0.0038 
0.0087 
0.0062 
0.1470 
0.0060 

f1/2,h 

21.1 
4.7 

27.2 
7.9 
3.9 
3.0 

11.9 
43.9 
25.6 
12.1 
1.4 

61.1 

if, h M 

0.0329 
0.1480 
0.0255 
0.0879 
0.1790 
0.2310 
0.0583 
0.0158 
0.0271 
0.0575 
0.5130 
0.0114 

a The rates of hydrolysis studied conform to a pseudo-
first-order reaction law, with the exception of 11 at pH 6. 
It appears that 11 reaches a state of equilibrium at about 
10 h. Because of this exception the analysis was repeated 
and the same hydrolysis rate was obtained. At equi­
librium there remained 24.3 mol % of ester. 

Erylenmeyer flasks (reaction vessels). Aliquots of 5 mL were 
withdrawn from each reaction vessel and placed in 25-mL vo­
lumetric flasks (zero time). The reaction vessels were then 
immediately placed in a 37 °C H20 bath and N2 was bubbled 
through the solutions throughout the experiment. At selected 
time intervals, 5-mL aliquots were withdrawn, reacted with 2 mL 
of DTNB solution, and diluted with 25 mL of pH 7.5 buffer. The 
absorbance at 410 nm was recorded in 1-cm cells against a reagent 
blank (used to balance the spectrophotometer, a Cary Model 118). 

Since the analytical method measured the growth of a reaction 
product rather than the decay of the ester under study, the 
concentration of intact ester at each sampling time was calculated. 

Knowledge of the chemistry of catecholamines is fun­
damental to understanding the molecular mechanisms of 
their biological actions.1 Catecholamines exist as equi­
librium mixtures of different ionic species and conformers 
and there have been various studies to determine proton 
dissociation constants2 and conformational preference.3 

The effects of N-alkyl substitution are of particular in­
terest; in the simple series classified by Ahlquist,4 viz. 
norepinephrine, epinephrine, and isoproterenol (1, Ri = 

OH OH 

I I 
R2 .. CHCH2NH2R HO ^^^ CHCH2NMe3 

1 2 
R2 = OH; R = H, Me, i-Pr), isoproterenol is the least active 
at a-receptors but is the most active at /3-receptors, and 
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This concentration was proportional to the difference AA between 
the absorbance observed and that calculated for complete hy­
drolysis. First-order rate constants and half-lives were calculated 
by computer using a nonlinear least-squares fit to the first-order 
rate equation 

Ct= C0-exp(-fe0 
ti,2 = In 2/k 

At pH 6, the rates of hydrolysis of all the esters studied, except 
11, conformed to a pseudo-first-order reaction law (Table II). It 
appeared that 11 reached a state of equilibrium at about 10 h. 
Because of this exception the analysis was repeated and the same 
hydrolysis rate was obtained. At equilibrium there remained 24.3 
mol % of ester. As expected, the hydrolysis rates for this series 
of compounds were more rapid at pH 8 than at pH 6. 
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the chemical basis for selectivity imparted by the isopropyl 
substituent continues to intrigue medicinal chemists.lb,e,f'5'6 

Various molecular models for the receptor site interaction 
have been reviewed by Brittain et al.5 There is, however, 
no proven mechanism of drug action and it is worthwhile 
to continue to examine features of catecholamine chemistry 
attributable to the iV-alkyl groups. 

The author wishes to draw attention to a subtle effect 
of the alkyl group derived from proton dissociation. 
Determination of catecholamine proton acidities by po-
tentiometric titration affords two stoichiometric p# a values 
(e.g., for the epinephrine cation Lewis reported20 values 
of 8.7 and 9.9) but assignment of proton ionization to 
particular sites in the molecule is problematical. Making 
comparison with simpler molecules such as catechol (pjFfa 
= 9.4) and phenylethanolamine (pKa = 8.9) some authors 
attributed the lower pKa to the -NH2

+R group2a,d and the 
higher pKa to the phenolic OH.2U However, using a UV 
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The relative concentrations of zwitterionic and uncharged species for the series of N-substituted catecholamines 
(I, R! = R2 = OH; R = H, Me, Et, i-Pr, t-Bu) are derived from the pK„ data published in 1962 by Sinistri and Villa. 
The concentration ratios, represented by the tautomeric equilibrium constant Kt, show a definite trend and are 
respectively 1.8, 4.3, 4.7, 4.7, and 7.1. These values suggest that any mechanism of action involving proton transfer, 
which might transform the zwitterion into the uncharged form, would be most favorable for norepinephrine and 
least favorable for the t-Bu derivative. 
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Table 1. Tautomeric Equilibrium Constants (X t)
a and Species Populations (Percentage of Total) of Catecholamines 

(1, R, = R2 = OH) at 25 °C in Water at pH 7.4 and 8.4, Using Data from Sinistri and Villa28 

Norepinephrine 
Epinephrine 
A;-Ethylnorepinephrine 
Isoproterenol 
JV- te rt-Bu tylnorepinephrine 

R 

H 
Me 
Et 
i-Pr 
f-Bu 

Kt 

1.8 
4.3 
4.7 
4.7 
7.1 

Z+ 

95.1 
95.9 
96.4 
96.2 
96.2 

pH 7. 

Zi 

2.9 
3.2 
2.8 
3.0 
3.2 

.4 

Z'J 

1.6 
0.7 
0.6 
0.6 
0.5 

Z" 

0.4 
0.2 
0.2 
0.2 
0.1 

Z* 

67.8 
71.1 
74.2 
72.9 
72.4 

pH8. 

Z1 

18.1 
21.8 
20.0 
21.0 
23.1 

,4 

Z" 

10.0 
5.1 
4.2 
4.5 
3.3 

Z 

4.1 
2.0 
1.6 
1.6 
1.2 

a Kt = antilog (pfe, - pk2). 
from the equation: Ka = kl 
OH. 

pkl is obtained by titration28 of the model compounds 1, R, = R2 = OMe. pk2 is obtained 
+ k2. ifa is the macroscopic constant obtained by titration28 of the compounds 1. R, = R ; 

Scheme I. Ionic Species Equilibria of Catecholamines 
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method to determine the dissociation of the phenolic OH, 
such assignments were shown by Lewis20 and others2b,:i'm 

to be in error and the assignment was reversed; i.e., the 
low pKa was attributed to OH ionization. None of these 
authors considered that the measured pXa's are composite 
values. As shown in Scheme I, proton dissociation of the 
cation (Z+) occurs from NH+ to give the uncharged species 
(Z°), or from OH to give the zwitterion (Z*), and disso­
ciation of a second proton in either case affords the anion 
(Z ) (further dissociation from Z gives the dianion Z2~ at 
high pH; e.g., norepinephrine has reported21 pXa3 = 11.1). 
The equilibria between these species are represented by 
the four microscopic ionization constants kh k2, k3, and 
k4. The stoichiometric ionization constants pKai and pK&2 
determined by titration are thus mixed constants and are 
given by the equations211 

K. &i + k2 

Ka=k3 

(1) 

(2) 

To assign pK^s to the specific sites of proton ionization, 
it is necessary to determine the respective microscopic 
constants. An analysis was published in 1962 by Sinistri 
and Villa2g (see also ref lb and 2k) using methyl-substi­
tuted analogues for a series of catecholamines. The di­
methyl ethers (1, Rx = R2 = OMe) provided the dissoci­
ation constant of the -NH2

+R group in the absence of 
phenolic dissociation, which corresponds to p^i in Scheme 
I; in conjunction with the measured values for pXai, pk2 
was calculated from eq 1. It is assumed that the O-methyl 

groups do not have a direct effect on ammonium pKa; since 
the methyl groups are some distance from the respective 
ionization sites this seems likely to be valid, and it is 
supported by the excellent agreement between pk2 and the 
value 8.90 determined for the quaternary ammonium 
analogue 2. The values of pk3 and pk4 follow from these 
results and the measured values of pKa2 in eq 2. The 
published28 microscopic ionization constants are very close 
together and it appears that altering the iV-alkyl sub-
stituent affects pftL and pk4 (i.e., NH+ acidities) but has 
little effect on pk2 and pk3 (OH acidities). 

From the published pKa data we have calculated the 
relative populations of the species at pH 7.4 and 8.4 (see 
Table I). At pH 7.4 and 25 °C, the cation is the main 
species to an extent greater than 95%. There is a small 
proportion present as zwitterion and lesser amounts 
present as uncharged molecule and anion. At a higher pH 
of 8.4, the amount of cation falls to around 70%, and the 
zwitterion rises to around 20%. Altering the iV-alkyl 
substituent has little effect on the populations of the two 
main species (cation and zwitterion) but it alters the 
populations of the minor forms. An interesting aspect is 
revealed by examining the relative concentrations of 
zwitterionic and uncharged forms. These two species are 
tautomerically related, differing only in the siting of a 
proton and the consequent charge distribution, and the 
ratio of concentrations is given by the tautomeric equi­
librium constant 

Kt= [Z^liZ0] = ft ./ft, = antilog (pfe, - pft2) 

We have derived Kt from the data in ref 2g (see also 
discussion in ref 2k) and discovered a trend in which the 
ratio of zwitterion to uncharged form increases, ascending 
the homologous series from norepinephrine, through 
epinephrine and isoproterenol, up to the value 7.1 for 
iert-butylnorepinephrine. Thus, altering drug structure 
alters the balance between the zwitterion and uncharged 
forms. From these findings it appears that any mechanism 
of drug action involving proton transfer, during which 
time the zwitterion is transformed into the uncharged 
form, would be most favorable for noradrenaline and least 
favorable for the tert-butyl derivative. A corollary, for 
structure-activity considerations of synthetic catechol­
amine analogues, is that introduction of strongly elec­
tron-withdrawing substituents into the catechol ring would 
lower pk2 and substantially increase Kt. 

The pKa values refer to an aqueous system but, for 
compounds that act at receptors or on membranes, the 
medium may not be pure water, but structured and partly 
lipoid, and this may change the pKa's;7 furthermore, one 
does not know the pH that obtains at the active site; such 
factors alter the species populations. It is also proble­
matical to know what importance to attach to minor 
species, although there is no reason a priori to exclude 
these from consideration, especially where transient 
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phenomena (e.g., intermediates or transition states) may 
be involved. An interesting question arises as to the 
structure of the zwitterion since there are two phenolic OH 
sites for proton dissociation and the possibility of internal 
hydrogen bonding.211 According to Sinistri and Villa211 there 
is little difference in the pXa between respective 0-
monomethyl analogues, which suggests that ionization 
probably occurs about equally from the two sites. 
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The product of oxidized 6-OHDA and GSH reacted in vitro has been identified by a variety of chemical and physical 
methods to be 2,4,5-trihydroxy-6-S-(glutathionyl)phenethylamine. Its chemical properties show it easily undergoes 
a variety of oxidative condensations and polymerization. Its oxidized form, the p-quinone, can be identified in small 
quantities in rat brain and mouse brain 1-3 h after 6-OHDA injection. This is believed to be the first report of 
a chemically identified species resulting from the in vivo interaction of 6-OHDA with CNS tissue. 

The molecular mechanism whereby 6-hydroxydopamine 
(6-OHDA) exerts its powerful neurotoxicity toward cat­
echolamine neurons is still in question. However, from the 
beginning it has been suggested that nucleophilic inter­
action (covalent bonding) of the 6-OHDA quinone with 
neuronal constituents might be crucial in this action.14 

This view has received recent support from several 
sources.56 Our studies have shown that oxidized 6-OHDA 
(the p-quinone, 6-Q) reacts extremely rapidly with thiols. 
Using glutathione (GSH) as an example of a thiol known 
to be present in high concentration in the CNS milieu,7,8 

we characterized the rate and nature of this reaction, but 
the identification of the product remained somewhat 
uncertain.9 We now have a complete chemical identifi­
cation of the product from the in vitro reaction of oxidized 
6-OHDA and GSH at pH 7.4. Further, we have been able 
to identify this same compound as resulting from the in 
vivo interaction when 6-OHDA is injected stereotaxically 
into rat brain. 

Results and Discussion 
A. Characterization of the in Vitro Reaction 

Product of 6-OHDA and GSH. The reaction product 
(see Experimental Section) was hydroscopic and melted 
in air with decomposition at 195-198 °C. It gave a single 
peak by liquid chromatography with the same retention 
time as the new peak obtained when GSH is added to 
air-oxidized 6-OHDA solution. The UV spectrum in 0.1 
M perchloric acid had a Xmai at 306 nm with e = 3.2 X 103 

M"1 cm"1. The NMR spectrum in D20 showed one aro­

matic proton at 6.6 ppm which we were able previously to 
show was the 5-position proton;9 thus the GSH substitution 
occurs on the 2 position. 

The mass spectrum of 6-OHDA showed m/e fragments 
at 152,151,150,149, and 139. The mass spectrum of the 
product gave major peaks at m/e of 184,183,182,181, and 
171, each of which are 6-OHDA fragments with an at­
tached sulfur (mass 32), consistent with the expected 
fragmentation pattern. 

In deaerated citric-phosphate buffer (pH 7.4) the 
product can be oxidized very easily at the dropping 
mercury electrode with an E°' = -0.20 V vs. SCE. This 
shows that the product is the reduced (hydroquinone) 
form. 

The elemental analysis provided the following data. 
Anal. (C18H26N409S) C, H, N, S. 

All of the above results confirm that 1 mol of oxidized 
6-OHDA reacts with 1 mol of GSH by nucleophilic ad­
dition to form the RS-substituted 6-OHDA having the 
structure 

HO0CCH2NHCCHNHCCH2CH2CHCOOH 

NH2 
0 ' 0 

CH2 

H0[<- )1CH 2 CH 2 NH 2 Holl^JoH 

mol wt 474.6 

HOk JOH 


