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Abstract Differential absorptiometric pH titrations of the antima- 
larials chloroquine and quinacrine, employing the respective uncharged 
species at  pH 12.5 in the reference cell, show that protolytic dissociation 
from the heterocyclic ring nitrogen atoms occurs over pH 6-12. This 
finding indicates that the singly charged cations of the drugs exist 
measurably in two tautomeric forms. The tautomeric equilibrium con- 
stants were calculated from the titration data. The existence of these 
tautomeric equilibria may have significance in the pharmacodynamics 
of chloroquine and quinacrine. 

Keyphrases Chloroquine-protolytic dissociation, spectrophoto- 
metric evaluation 0 Quinacrine-protolytic dissociation, spectropho- 
tometric evaluation Spectrophotometry-evaluation, protolytic dis- 
sociation of chloroquine and quinacrine 0 Dissociation, protolytic- 
chloroquine and quinacrine, spectrophotometric evaluation o Antima- 
larials-chloroquine and quinacrine, protolytic dissociation, spectro- 
photometric evaluation 

The well-known antimalarials chloroquine (1) and 
quinacrine (2,3) exist as singly and doubly charged cations 
at physiological pH. The doubly charged cations form 
strong complexes with native DNA (4, 5). It was implied 
(6-8) that their biological activities are derived from this 
interaction. Although no direct evidence has been pre- 
sented to demonstrate the binding of the singly charged 
cations to the nucleic acids, the possible biological signif- 
icance of the singly charged cations cannot be dismissed. 
Richard and Garrett (9), for example, showed that the 
efficacy of quinacrine against Escherichia coli increases 
with increasing pH and is minimal at low pH where the 
dication is predominant. This result could indicate either 
a transport problem involving the dication or the activity 
of the monocation. In either case, the importance of the 
monocation for biological effect is apparent. 

The dissociation constants related to the dication + 
monocation equilibria (pK1) and the monocation - neu- 
tral molecule equilibria (pK2) of chloroquine (1) and 
quinacrine (3) were reported, on the basis of spectroscopic 
evidence, to correspond to dissociation from the hetero- 
cyclic nitrogen atom and the aliphatic ammonium group 
of the side chain, respectively, as shown for chloroquine 
in Scheme I. However, the proximities of pK1 and pK2 for 
both drugs (for chloroquine, pK1 - pK2 = 2.0; for quina- 
crine, pK1- pK2 = 2.5) suggested that some dissociation 
from the alkylamino groups probably would occur in the 
doubly charged cations. This dissociation would give rise 
to tautomeric monocations. To examine this possibility 
more closely, the present spectrophotometric reinvesti- 
gation of the protolytic dissociations of chloroquine and 
quinacrine was undertaken. 

EXPERIMENTAL 

Chloroquine phosphate' and quinacrine hydrochloride' were used 

Gift of Dr. S. Archer, Winthrop Research Institute, Rensselaer, N.Y. 

without further purification. Buffer solutions were prepared by titrating 
0.005 M dibasic sodium phosphate or boric acid with 0.1 M NaOH. So- 
lutions of pH I 11 were prepared by dilution of l M NaOH with distilled 
deionized water. 

Absorption spectra were taken in 1-cm matched silica cells, thermo- 
stated a t  30°, on a spectrophotometer2. A series of 10-ml volumetric 
flasks, each containing a buffer solution of a different pH, was injected, 
each with 100 p1 of a stock solution of chloroquine or quinacrine. The final 
concentrations of chloroquine and quinacrine in each flask were 1.61 X 

The spectrum of each solution was scanned against the appropriate 
buffer blank for the direct titrations and against a blank containing 
chloroquine or quinacrine a t  pH 12.5 for the difference titrations. The 
difference titrations were carried out, with the scale expansion capability 
of the spectrophotometer's recorder, at 04.25 absorbance unit full-scale 
deflection. The direct titrations were carried out at &LO absorbance unit 
full-scale deflection. 

and 1.93 X M, respectively. 

RESULTS AND DISCUSSION 

The absorption spectrum of chloroquine [pKl = 8.1 and pK2 = 10.1 
(l)] shifted to shorter wavelengths and demonstrated hypochromism with 
increasing pH in the pH 6-9.5 region. A t  pH > 9.5, any further changes 
in the spectrum of chloroquine were essentially imperceptible, in 
agreement with previous observations (1,4). The absorption spectrum 
of quinacrine [pKl = 7.7 and pK2 = 10.2 (3)] demonstrated hypso- 
chromism and hypochromism with increasing pH from pH 6 to 12. 
However, changes in the spectrum of quinacrine were quite pronounced 
from pH 6 to 9 and considerably less so from pH 9 to 12. The pH depen- 
dence of the difference spectra, employing chloroquine and quinacrine 
a t  pH 12.5 (the neutral species) in the reference cell (Figs. 1 and 21, clearly 
shows that the absorption spectra moved to shorter wavelengths and 
lower intensities with increasing pH over pH 6-12. 

Since the alkylamino nitrogen atoms are well removed from the aro- 
matic portions of the drugs, the spectroscopic changes observed must be 
due to ionization of the heterocyclic nitrogen atoms over the pH 6-12 
range. This hypothesis indicates that in the region from pH 9 or 10 to 12, 
where the monocation is virtually the only acidic species present, some 
dissociation must occur from the heterocyclic nitrogen atoms. Hence, 
tautomers of the monocations protonated at the ring nitrogen atoms must 
exist, to a measurable extent, in equilibrium with the tautomers of the 
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monocations protonated a t  the alkylamino nitrogen atoms, as shown for 
chloroquine in Scheme I1 where D is dication, Mi and M:! are monocat- 
ions, and N is the neutral species. 

The tautomeric ratio K t  of the equilibrium concentration ([MI]) of 
cation M1 to that ([M1]) of M:! may be evaluated as follows. According 
to Robinson and Biggs (lo), for a doubly charged diprotic acid with 
overlapping protolytic equilibria: 

(a - CDCB~)[H+]' + (a - ~ M C B ~ ) K I [ H + ]  
+ (a - fNCBl)KIK2 = 0 (Eq. 1)  

where a is the absorbance a t  the analytical wavelength, Cg is the formal 
concentration of drug, 1 is the optical depth of the sample, K1 and K:! are 
the prototropic equilibrium constants of the drug, and CD, CM, and CN are 
the molar absorptivities of the dication, monocation, and neutral species, 
respectively. 

Prom absorbance measurements a t  (H+] >> K1 and [H+] << Kz. CD and 
CN can easily be evaluated. However, since the successive equilibria 
overlap, the monocation cannot be isolated, and CM may be evaluated 
along with K I  and Kz from the simultaneous solution of Eq. 1 for at  least 
three different values of [H+] and a. If the dissociating groups of the di- 
cation D are dissimilar, CM is not a true molar absorptivity, because [MI 
is not the concentration of a single species but rather a sum of the con- 
centrations ([MI] + [Mz]) of two tautomeric monocations. Since the ab- 
sorbance of all monocationic species is equal to the sum of the absorb- 
ances of the tautomers, i.e.: 

C M [ M ] ~  = CM[MII~ f ~ [ M z ] l  = c ~ ~ [ M i ] l  + e~~[M:! ] l  (Eq. 2) 

the tautomeric ratio Kt is given by: 

Because the monocation M:! differs from the dication D only in the ab- 
sence of a proton on the aliphatic amino group, M:! and D are essentially 
identical electronically in their aromatic (chromophoric) systems. Hence, 
it is reasonable to write CD = C M ~  Similarly, the monocation MI and the 
neutral molecule N have virtually identical chromophores and IN = t M 1 .  
Substituting CD for C M ~  and CN for CM, in Eq. 3 yields: 

(Eq. 4) 

The preceding approach may be applied directly to differential titra- 
tions, such as those carried out here, without evaluation of the molar 
absorptivities at  the analytical wavelength. In Eq. 1, let CDCB~ = aD,  CMCBl 
= aM, and fNCBI  = U N  so that: 

- ED- f M  
I - -  

CM - CN 

(a  - ~D)[H+] '  + (a  - ~ M ) K ~ [ H + ]  + (a  - ~ N ) K ~ K z  = 0 (Eq. 5 )  

If the reference cell in the spectrophotometer contains the analyte of 
concentration Cg a t  a pH high enough that it is all in the N form, each 
absorbance measurement will give the difference between the total ab- 

N 

sorbance of the solution in the sample cell and a N :  

( [ a  - a ~ ]  - [.D - ON])[H']~ + ( [ a  - UN] - I a M  - ~ N ] ) K I [ H + ]  
+ ( [ a  - QN] - [ON - U N ] ) K ~ K ~  = 0 (Eq. 6) 

If a - QN = ha,  aD - a N  = A ~ D ,  and aM - aN = AaM: 

(ha - h a ~ ) [ H + ] '  + (AQ - A ~ M ) K ~ [ H + ]  + baKlK2 = 0 (Eq. 7) 

Equation 7 can be solved simultaneously in the titration of the analyte 
for K1, KB, and a M .  Multiplying the numerator and denominator of Eq. 
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Figure 1-The pH dependence of the differential absorption spectrum 
of 1.61 X loT5 M chloroyuine at 30". The reference cell of the spectro- 
photometer contained 1.61 X M chloroquine at  a fixed pH of 12.5. 
Recorder scale expansion U J Q S  0-0.25 absorbance unit full-scale de- 
flection. 
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Figure 2-The p H  dependence ofthe differential absorption spectrum 
of 1.93 X M quinacrine a t  3U0. The reference cell of the spectro- 
photometer contained 1.93 X 10-s M quinacrine at a fixed pH of 12.5. 
Recorder scale expansion UIUS 0-0.25 absorbance unit full-scale de- 
flection. 
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4 by CBI yields: 

(Eq. 8) 

Moreover: 

or : 
baD - h M  

h M 
Kt = (Eq. 10) 

Consequently, the value of h M  determined by the solution of Eq. 7 and 
that of h D  taken from the low pH limit of the differential titration can 
he used to calculate Kt directly. 

Values of pK1, pK2, and h M  for chloroquine and quinacrine, calcu- 
lated from the differential titrations, are presented in Table I. The ana- 
lytical wavelengths of 330 nm for chloroquine and 445 nm for quinacrine 
were chosen for these calculations. The values of K t  resulting from these 
calculations are listed in Table 11. 

Table I-Spectroscopic and Thermodynamic Parameters  of t he  
Absorptiometric pH Titrations at 30" of Chloroquine and 
Quinacrine Calculated from Eq. 7 and  t h e  Data  Represented in 
Figs. 1 and  2 

Lhu AaM PK1 PK:! 

Chloroquine 0.128 0.013 8.35 f 0.05 10.40 f 0.05 

Quinacrine 0.146 0.0158 7.72 f Oi03 10.39 f 0.03 
( X  = 445 nm) (7.69) (10.18) 

" Referenre 1. Referenre 3 

( X  = 3.30 nm) (8.08)" (10.1)O 

Table 11-Tautomerization Constant Kt and Microequilibrium 
Constants for t he  Prototropic Equilibria of Chloroquine and 
Quinacrine (Scheme 11) Calculated from the Data  of Table I 

Kt P ~ M ,  P K D M ~  PKM,N P K M ~ N  

Chloroquine 8.9 f 1.0 8.40 9.32 10.35 9.43 
Quinacrine 8.2 f 0.5 7.77 8.69 10.34 9.42 

The tautomeric ratio K ,  and the macroequilibrium constants K1 and 
K 2  can he used to calculate the microequilibrium constants for the pro- 
totropic equilibria of chloroquine and quinacrine represented in Scheme 
I1 (11). The microequilibrium constants are presented in Table 11. 

The fact that two tautomers of chloroquine and quinacrine occur, each 
as substantial fractions of the population of singly charged molecules, 
may he of great significance in the pharmacodynamics of these drugs. For 
example, it is possible that one tautomer could be responsible for bio- 
logical response and the other for the transport or metabolic disposition 
of either drug. This area is worthy of further consideration. 
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