
mine content, depending on sample position within the bale 
(Table V). This finding demonstrates the difficulty in obtaining a 
representative sample from a consignment. 
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Solubilization and Stabilization of the 
Cytotoxic Agent Coralyne 

M. J. CHO*S, A. J. REPTA*=, C. C. CHENGt, K. Y. ZEE-CHENGt, 
T. HIGUCHI*, and I. H. PITMAN* 

Abstract Kinetic studies were carried out on the ring opening of 
the quaternary nitrogen cation, coralynium ion (I), to yield 6‘- 
acetylpapaverine (III), on the cyclization of I11 to yield I, and on a 
photochemical reaction undergone by I in aqueous solutions ex- 
posed to visible light. From the results, it was concluded that: (a) I 
and I11 are in facile equilibrium in aqueous solution but apprecia- 
ble amounts of I11 do not exist in dilute solutions with pH values 
below 10; ( b )  the photochemical reaction of I in water (presumably 
a photohydration) can be reversed by lyophilization, by heating, 
and by increasing the pH of solutions to values greater than 12; (c) 
the photochemical reaction of I can be inhibited by protecting the 
aqueous solutions from visible light, and the rate in the presence of 
light can be reduced by increasing the concentration of I in the so- 
lution; and ( d )  although the chloride and sulfoacetate salts of I 
react identically and have similar solubilities in water, it is possible 
to prepare more concentrated and, hence, more stable solutions of 
the sulfoacetate salt by including sodium hydroxide in the solvent. 
The solubility of coralyne chloride remains about the same in di- 
lute sodium hydroxide as in water. 

Keyphrases Coralyne salts-photohydration, ring cleavage, pH 
dependence of solubility, stabilization, formation of 6’-acetylpa- 
paverine 0 Cytotoxic agents-coralyne salts, solubilization and 
stabilization, photohydration, pH dependence, formation of 6’- 
acetylpapaverine 0 6’-Acetylpapaverine-kinetics of formation 
from coralynium ion, cyclization 0 Solubility-coralyne chloride 
and sulfoacetate, pH dependence 

Coralyne chloride (Ia) is a berbinium salt possess- 
ing antileukemic activity against both the P-388 and 
L-1210 strains (1,2). However, the clinical evaluation 
of Ia has been hampered by the relatively high ex- 
pected dose of 1-2 g1 together with the rather low 

J. P. Davignon, National Cancer Institute, personal communication. 

aqueous solubility of about 5 mg/ml and a report2 
that solutions of the drug stored under differentcon- 
ditions or for varying times exhibited altered spectral 
characteristics relative to freshly prepared solutions. 

This study was undertaken to determine the sta- 
bility of coralynium ion (I) in aqueous solution with 
respect to chemical transformation. Previous reports 
led to the expectation that the most likely degrada- 
tion pathways would be a ring opening to yield 6’- 
acetylpapaverine (111) (3) and a covalent hydration 
reaction (4). Although these reactions were postu- 
lated, no quantitative information about reaction 
rates was reported. 

An investigation into the chemical stability and 
solubility of coralyne sulfoacetate (Ib), isolated as the 
initial product in a general synthesis of I (l), suggests 
that Ib may be a better coralynium salt to use in liq- 
uid dosage forms than Ia. 

EXPERIMENTAL 

Materials-Coralyne chloride3 and coralyne sulfoacetate4 were 
provided by the National Cancer Institute and used without fur- 
ther purification. The IR spectrum of coralyne chloride used was 
identical to the reported spectrum*. Coralyne sulfoacetate has an 
extra absorption band at  1720 cm-l due to the carbonyl group in 
the anionic part. 6’-Acetylpapaverine was prepared, following the 

* P. Lim and S. Stone, Stanford Research Institute Report 9180 to Na- 

NSC 96349. lot DH 9-29-1. mol. wt. 399.9. m D  246250” dec. Ilit. (1) 
tional Cancer Institute, June 28,1972. 

. -  . .  248-250’ dec.]. 
NSC 154890, lot pH 5-113-1, mol. wt. 503.5, mp 268-274O dec. [lit. (1 )  

278-280O dec.]. 
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OCH, 
I: coralynium ion 
la: x = c1 
Ib: X = HO,C---CH,--SO, 

procedure given by Schneider and Schroeter (3), from coralyne 
chloride. 

Water was double distilled, with the second distillation being 
from acid-permanganate solution in an all-glass still. Indoor light 
was from an ordinary fluorescent bulb5, and the photohydration 
was carried out about 1.5 m (5 ft) from such lights. Deoxygenated 
water was obtained by bubbling double-distilled water with nitro- 
gen gas passed through a pyrogallol solution in concentrated sodi- 
um hydroxide. Commercially available borosilicate glass contain- 
ers were used except where otherwise specified. 

Kinetic Experiments-Formation of 6'-acetylpapaverine from 
coralyne was followed by the absorbance change at  297 nm on a 
UV spectrophotometer6. The reaction was carried out in such a 
way that, after rapid mixing with sodium hydroxide solution in an 
optical cell, a coralyne chloride concentration of 1.64 X M 
and a coralyne sulfoacetate concentration of 1.82 X M were 
obtained. Whenever the half-life of the reaction was shorter than 
10 sec, a stopped-flow ~pectrophotometer~ was used. In this case, a 
1:l volume ratio of coralyne solution to sodium hydroxide solution 
was adopted. A temperature of 25.0 f 0.5' was maintained during 
the reaction. Ionic strength was not controlled, since no significant 
primary salt effect was observed when the final ionic strength of 
the solution, which was 0.5 M in sodium hydroxide, was adjusted 
to 1.0 M with sodium sulfate. 
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Figure I-Spectral changes observed at  various times for a solu- 
tion of la  (-2 X M) in aqueous 0.1 M NaOH a t  25O. (ldenti- 
cal spectral changes were observed for I b  under the same condi- 
tions.) The spectra were recorded at various times after prepara- 
tion of the solution. Key: I, 38 sec; 11, 218 sec; Ill, 218 sec; IV,  308 
sec; and V,  647 sec. 

FQOCW, Lifeline, Sylvania. 
Cary model 16, Varian Instruments. ' Durrum-Gibson. 

II 
Scheme I 

The aromatization reaction of 6'-acetylpapaverine was followed 
in a similar manner. A concentrated solution, freshly prepared in 
chloroform, was used as a stock solution (-6 mg/ml). After about 
3.5 pl of this stock solution was directly transferred into an optical 
cell through a microsyringe, the solvent was evaporated by nitro- 
gen gas, the residue was rapidly dissolved in the appropriate buffer 
solutions, and the absorbance change at  297 nm was followed on a 
spectrophotometer. Since the reaction was extremely slow in 0.1 N 
HCl (Table I), sometimes a concentrated stock solution (-6 mg/ 
ml) prepared in 0.1 N HCl was used in the kinetic experiments. 
Temperature and the final ionic strength were maintained at 25.0 
f 0.1O and 0.1 M, respectively. 

Solubility Studies-The solubility of Ia and Ib in aqueous 
media was determined as follows. About 100 mg of either Ia or Ib 
was placed into separate &dram screw-capped vials. To each vial 
was added about 5 ml of distilled water. The tightly closed vials 
were wrapped in aluminum foil and attached to a rotating shaft in 
a water bath thermostated at  25 f 0.1O. The samples were allowed 
to equilibrate for 7 days. 

The solubility of Ib in various concentrations of sodium hydrox- 
ide was determined similarly. To a series of vials were added suc- 
cessively increasing amounts of Ib and 5 ml of increasingly concen- 
trated aqueous sodium hydroxide solution. In a typical series of 
vials, the composition of the contents of each vial relative to the 
added amounts of I b  and the concentration of the sodium hydrox- 
ide solution, respectively, were as follows: vial I, -125 mg, 0.02 M ;  
vial 11, -200 mg, 0.04 M; vial 111, 275 mg, 0.06 M ;  and vial IV, 350 
mg, 0.08 M. 

The vials were tightly closed and equilibrated as already de- 
scribed. Equilibration was complete after about 30 hr. Following 
equilibration, samples of the various solutions were withdrawn 
using a filter8 and the filtrate was analyzed. 

Analysis of Coralyne Chloride and Coralyne Sulfoacetate 
in Solution-The determination of the concentration of the cora- 
lyne salts in solution was carried out spectrophotometrically. The 
UV spectra of both compounds were qualitatively identical in solu- 
tions of anhydrous methanol and in 1% water-methanol. Beer's 
law plots were constructed for each salt in anhydrous methanol at 
A,,, = 312 nm. The molar absorptivity of the two compounds dif- 
fered slightly. The experimental values determined from Beer's 
law plots were (312 = 5.3 X lo4 literdmole cm for 10 and (312 = 5.85 
X liter/mole cm for Ib. This difference in absorptivities may 
be due to the presence of greater amounts of water in Ia (up to 

Filtered aliquots of the aqueous coralyne solutions were suitably 
diluted (100-fold or more) with anhydrous methanol. The absorb- 
ance was then measured at 312 nm in a 1-cm cell, and the concen- 
tration was calculated utilizing the molar absorptivity value ob- 
tained for the particular salt being analyzed. 

Methanol was used as the solvent for the analysis to prevent 
photohydration, which would have occurred rapidly in dilute aque- 
ous solutions. 

as compared to Ib (0-2% water)lO. 

* Metricell, Scientific Products Co., Kansas City. 
P. Lim and S. Stone, Stanford Research Institute Report 1274 to Na- 

lo P. Lim, A. Cheung, and B. Kauanaugh, Stanford Research Institute Re- 
tional Cancer Institute, July 27,1972. 

port 1307 to National Cancer Institute, Jan. 25,1973. 
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RESULTS AND DISCUSSION 

Stability of la and Ib  in Solutions Protected from Light- 
The UV spectra of aqueous solutions of IQ and Ib that had pH 
values below 10 and were completely protected from light (e.g., 
stored in stoppered flasks wrapped in aluminum foil) did not 
change more than f 2 %  a t  any wavelength during 48 hr. The spec- 
tra of these two solutions were identical and were similar to the 
spectrum of 10 in methanol. 

When the pH values of solutions of Ia and Ib were above 12, 
spectral changes occurred in a manner suggesting that coralynium 
ion was being converted into one or more products. An isosbestic 
point was maintained a t  253 nm during these changes. Figure 1 
displays the spectra measured at  several times after the mixing of 
0.6 ml of a 1 X M solution of 10 in acetonitrile (a solvent in 
which Ia appeared to be stable for several days) with 3.0 ml of 1 X 
lo-' M NaOH. 

It was reported previously (3) that coralynium ion (I) is convert- 
ed into 6'-acetylpapaverine (111) in alkaline solutions. Hence, it is 
believed that the spectral changes observed in solutions of 10 and 
Ib at pH > 12 were caused by the conversion of I to 111. The results 
of studies (5) on the ring opening of &her ring systems containing 
a quaternary nitrogen atom led to the conclusion that the reactions 
shown in Scheme I are probably involved in the conversion of I to 
111. 

Compound 111, formed by the reactions of Ia and Ib in solutions 
at pH 2 12, reverted to coralynium ion when the pH value of the 
solutions was reduced to values below 11. The spectral changes ob- 
served during the reaction for the conversion of I11 to I were pre- 
cisely the reverse of those shown in Fig. 1, and the isosbestic point 
maintained during the closure reaction was at  the same wave- 
length (253 nm) as that observed during the conversion of I to I11 
in solutions with pH > 12. These spectral data represent evidence 
that the reactions observed at pH < 11 were the reverse of the re- 
actions of Ia in more alkaline solutions. 

Furthermore, a precipitate obtained 24 hr after I11 (5 mg/ml) 
was dissolved in 0.1 N HCI had an identical IR spectrum (mea- 
sured in a KBr disk) and NMR spectrum (when dissolved in triflu- 
oroethanol) to those of an authentic sample of Ia. It has recently 
been observed (2) that the pharmacological activities of IQ and 111 
are similar. This observation is consistent with the postulates that 
I and I11 are rapidly interconvertable in solution and that 111 
would be rapidly converted to I a t  physiological pH. 

When the initial concentration of sodium hydroxide, [NaOHjo, 
was at least five times greater than the initial concentration of IQ 
or Ib, the conversion of I to 111 was a first-order process. Pseudo- 
first-order rate constants, ktbs,  for this reaction sequence were cal- 
culated from the slopes of linear plots of log (A,  - A,) against 
time. Values of k:b are shown plotted against [NaOHIo in Fig. 2. 

The conversion of 111 to I in aqueous buffers was also a first- 
order process, and values of a pseudo-first-order rate constant, 
k&, were calculated from the slopes of linear plots of log (A,  - 
A,) against time. Values of k;bs at  several different pH values, to- 
gether with the buffer systems, are listed in Table I. No attempt 
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Figure 2-Plot of the observed pseudo-first-order rate constants 
for the conversion of I to III  QS Q function of the sodium hydrox- 
ide concentration in aqueous solution at  25'. 

Table I-Observed First-Order Rate Constant for the 
Conversion of 111 to I as a Function of pHa 

pH (Buffer System) k& x l o 4  sec-I 

1.20 
9.8 1 

27.7 
67.3 
19.4 
8.32 
3.54 

UIonic strength and temperature were kept at 0.1 A4 and 25', re- 
spectively. 

was made to evaluate buffer-independent rate constants or gen- 
eral-acid and general-base catalysis constants. 

The facts that pure first-order kinetics were observed during 
both the conversion of I to I11 and the reverse reactions and that 
the same isosbestic point was maintained during the forward and 
reverse reactions strongly suggest that no significant concentra- 
tions of an intermediate (i.e., the carbinolamine, 11) accumulated 
during either the forward or the reverse reactions. Therefore, an 
identity relating k:bs and k& values to the microscopic rate con- 
stants in Scheme I can be arrived a t  by using a steady-state treat- 
ment. An identity that should apply at  any pH value where species 
I11 exists primarily as a neutral molecule is: 

Values of the slope and intercept of the plot of k:h against 
[NaOH]o indicate that klk3/(kZ + k3) = 0.1 M-' sec-' and k2k4/ 

(k2 + k3) << sec-I. Values of k& calculated from experiments 
in which the pH values were varied between 6 and 11 (i.e., where 
(H+] and [OH-] varied by lo5) only differed from one another by a 
factor of about 20. Hence, it appears that under these conditions 
the term klk3[OH-]/(k2 + k3) << k2k4/(k2 + k3). 

The relatively small change observed in k& values was perhaps 
caused by the different general acids and general bases in each re- 
action system. If this conclusion is correct, the value of the buffer- 
independent term, k2k4/(k2 + k3). is likely to be no greater than 
-3.5 x unit, which is the smallest value of k;bs observed 
throughout this pH range (Table I). The decrease in the value of 
k;bs that occurred when the pH value was reduced from 6 to 3 was 
most likely caused by protonation of the nitrogen atom of 6'-ace- 
tylpapaverine. The conjugate acid of I11 would be expected to have 
a pKa value similar to that of isoquinoline, 5.4 (6). Protonation of 
111 would be expected to reduce its rate of cyclization to yield I1 
and would thus reduce the apparent-value of k4. 

It can be concluded that klk3/k2k4 = [III]/[I][OH-] = 10-'/3 X 
N 3 X lo2 M-l. Hence, at pH < 11, [III]/[I] < 0.3; at  pH - 6, 

[III]/[I] would be of the order of Thus, the interconversion of 
I and I11 occurs relatively rapidly in solution and only an insignifi- 
cant fraction of the total alkaloid Dersists as I11 in solutions with 
pH values 510. 

Photochemical Reactions of Ia and Ib-It has been suggested 
(4) that I becomes covalently hydrated in aqueous solution. This 
conclusion was based on similarities between the UV spectra of 
freshly prepared aqueous coralyne solutions and solutions of cora- 
lyne salts in anhydrous solvents, such as acetonitrile and metha- 
nol, and the differences between these spectra and that of an aged 
aqueous solution. The reversibility of the hydration reaction was 
established from the fact that lyophilization of aged solutions of Ia 
or Ib yielded residues which, on redissolution in methanol, pro- 
duced solutions with UV and NMR spectra identical to those ob- 
tained from freshly prepared solutions of the authentic salts. 

In the present study, the reactions that occur in aqueous solu- 
tions of IQ and Ib at pH values where no appreciable amounts of 
I11 are formed were investigated and the following additional in- 
formation is reported. 

1. The reaction of I that has been referred to as a covalent hy- 
dration reaction is a photochemical reaction and appeared to occur 
as a result of exposure of solutions of I to visible light. Hence, 
whereas the UV spectra of solutions of IQ and Ib in water do not 
change appreciably during 24 hr if the solutions are completely 
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Figure 3-Spectral changes for an aqueous solution of Za (-2 X 
M) exposed to fluorescent laboratory light for various peri- 

ods. Key: Z,  0 min (freshly prepared solution); II, 15 min; ZIZ, 60 
min; IV, 180 min; and V, 2 days (no further spectral changes oc- 
curred). 

protected from light, they do change rapidly upon exposure to sun- 
light or normal laboratory illumination in either open or closed 
glass vessels. 

Figure 3 displays the spectrum of a freshly prepared solution of 
Ia in water and the spectra measured after various periods of expo- 
sure of the solutions to normal laboratory illumination. If a solu- 
tion that had been exposed to illumination for any length of time 
was then protected from light (e.g., by storing it in an amber glass 
container or in a container painted black or wrapped with alumi- 
num foil), its spectrum underwent no further changes during the 
protection period. 

The rate and nature of spectral changes upon illumination were 
the same in solutions of Ia and Ib stored in either borosilicate glass 
or quartz containers. Because the materials of the former type of 
container absorb UV light whereas those of the latter type trans- 
mit UV light, it seems highly probable that the visible range of ra- 
diant energy is involved in the photochemical reaction. Thus, it is 
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Figure 4-Plots of the normalized absorbance (at 297 nm) of so- 
lutions of Zb versus the time of exposure to normal laboratory 
light. The studies were conducted at room temperature (about 
19-22O). The initial concentrations of Zb in the solutions were: 4,  

M; and 0, 7.10 X 10-6 M. Normalization was achieoed by 
multiplying measured absorbances at 297 nm by a factor that 
took into account differences in the initial concentration and the 
path length of the cell. The initial absorbance of a 2.15 X M 
solution of Zb in a 1-cm cell was 0.984. 
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Figure 5-Logarithmic plot of observed first-order rate constants 
for the conversion of the postulated photohydrate to Z as a func- 
tion of sodium hydroxide concentration. T = 25'. Identical re- 
sults were obtained with l a  (0) and Zb (0). 

necessary to exclude light to  prevent the reaction from occurring. 
2. The rate of spectral changes during illumination was not af- 

fected by the presence of dissolved oxygen in the solutions. This 
fact was established by comparing the rates of spectral changes in 
illuminated solutions of Ia in water that had been saturated with 
either oxygen or nitrogen. I t  can be concluded from this result that 
oxygen is not involved in the photochemical reaction. Further- 
more, oxygen is a quencher of many photochemical reactions in- 
volving triplet-state excited molecules (TI). Hence, the fact that 
the rate of the photochemical reaction of I is insensitive to oxygen 
concentrations suggests that it involves single-state (S') rather 
than triplet-state (TI) excited molecules. A similar conclusion was 
drawn (7) about the photohydration of uracil, because the rate of 
this reaction was also insensitive to oxygen concentrations. 

3. The rate of photohydration reaction was the same in 0.1 N 
HCl as i t  was in water. This result suggests that the rate-determin- 
ing step involves a reaction between an excited form of the cora- 
lynium ion (presumable S species) and undissociated water mole- 
cules rather than hydroxide ions or hydrogen ions. 

4. The apparent rate of the photohydration reaction decreased 
as the initial concentration of I in the solution was increased. This 
result can be seen in Fig. 4, where plots of the absorbance (at 297 
nm) of different solutions of Ib against time of exposure to labora- 
tory illumination are displayed. 

In a typical experiment, 10-12 identical volumetric flasks (25 
ml), wrapped with aluminum foil, were filled with a solution of l b  
in water. This operation was performed in a photographic dark- 
room where no appreciable photochemical reaction occurred. The 
flasks were then placed on an illuminated laboratory bench and 
the aluminum foil was removed. At various time intervals, a flask 
was selected at  random and the UV absorbance of its solution at  
297 nm was measured in a 0.2-, 1.0-, or 5.0-cm cell or an appropri- 
ate dilution was made in a darkroom and the absorbance then was 
measured. The absorbance data were normalized so that they 
could be conveniently presented on a single graph. 

No simple rate law could be derived to account for the absorb- 
ance changes as a function of time. This observation suggests that 
the distribution of light energy is not uniform throughout the reac- 
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Figure 6-Plot of aqueous solubility of I b  as a function of added 
sodium hydroxide, [NaOHIo. The points represent the experi- 
mental results. The dashed line represents the curue calculated 
using Eq. 6 and a ualue of KSplb = 1.72 X M2; T = 25'. 

tion solutions, a phenomenon that is commonly encountered in 
photochemical reactions where the excited-state molecules have 
only a very short lifetime (8). However, the results clearly indicate 
that the apparent rate of the photochemical reaction decreases as 
the concentration of I increases. Further confirmation of this fact 
comes from the observation that rapid dilution with water of a sat- 
urated solution of Ia, which had been stored in a flask on a labora- 
tory bench for 2 months, yielded a solution that had a UV spec- 
trum identical to that of a freshly prepared solution of Ia. 

It was reported (4) that the presumed hydration of I can be re- 
versed by lyophilization of solutions or by dilution of solutions of 
the hydrate with methanol. Two other methods of causing a rever- 
sal of the hydration reaction have become apparent as a result of 
this work. In the first case, when a M solution of Ia, which 
had been illuminated with laboratory light for several weeks, was 
refluxed for 1 hr and then cooled in the dark, its spectrum was al- 
most the same as that of a freshly prepared solution of Ia. 

In the second case, if a solution of Ia in water was exposed to 
light for several weeks and was then made alkaline to pH > 12, its 
spectrum rapidly changed from that of the hydrate to one that was 
very similar to the spectrum of Ia. This spectrum then changed in 
the manner that has been attributed to the conversion of I to 111. 
Since an isosbestic point is maintained a t  253 nm during the con- 
version of I to 111 and the absorbance of I and its hydrate a t  253 
nm differ significantly, the kinetics of conversion of the hydrate to 
I could be studied by measuring absorbance changes a t  this wave- 
length. The reaction appeared to be first order in the concentra- 
tion of the hydrate, and pseudo-first-order rate constants, k t b ,  
were calculated from the slopes of linear plots of log (At - A,) 
against time. 

As can be seen from the logarithmic plot of k& against [NaOHIo 
in Fig. 5, the rate of this reaction had a second-order dependence 
on hydroxide-ion concentrations. An explanation of this result 
cannot be offered at  this time. Dehydration reactions of photohy- 
drates of molecules such as uracil have been reported (9) to be first 
order with respect to hydroxide-ion concentration, but we are una- 
ware of any dehydration reactions that have been shown to be sec- 
ond order with respect to this reactant. This result may cast some 
doubt on whether the product of the photochemical reaction is in- 
deed a photohydrate. 

This study did not yield additional evidence as to the structure 
of the product; its characterization rests on the observations that it 
only forms in water and not in anhydrous methanol or acetonitrile 
and that it is readily converted into I by lyophilization, by heating, 
or by making the solution alkaline. 

Irrespective of the exact nature of the product of the photo- 
chemical reaction of I, the reaction can be prevented by completely 
protecting the aqueous solutions from visible light and the rate in 

the presence of light can be greatly reduced by increasing the con- 
centration of I in the solution. These facts, together with the abili- 
ty to reverse the photochemical reaction through lyophilization, 
are extremely important in the ultimate development of formula- 
tions for parented solutions of I. 

Solubility of Ia and Ib-It was desirable to identify a method 
for obtaining more concentrated solutions of I to facilitate the in- 
travenous admiqistration of the cytotoxic agent, especially in view 
of the data in Fig. 4 indicating the apparent increase in chemical 
stability achieved through increased concentration. 

The solubility of Ia and I b  in water a t  25O was determined to be 
about 4.5 and 6.5 mg/ml, respectively. It had been shown' that the 
solubility of Ia was no greater in weakly alkaline aqueous media 
than in distilled water, as expected for such a compound. The solu- 
bility of Ib as a function of added sodium hydroxide is shown in 
Fig. 6. It is obvious that the apparent solubility of Ib is greatly in- 
creased by the presence of added sodium hydroxide. Qualitatively, 
this solubility behavior of Ib was expected, since the sulfoacetate 
anion (in contrast to C1-) is an acid and would be ionized by the 
added hydroxide ion. This behavior can be expressed mathemati- 
cally as follows. 

The apparent solubility product (Ksp) for Ib is given by: 

KSplb = [I][(H02C--CH2-S03)-] (Eq. 2) 

Because (H02C-CH-SO3)- is a weak acid, it would react 
with each added hydroxide ion according to Scheme I 1  

(H02C-CHyS03)- + (OH)- - (O&--CH-S03)-' + H20 

Scheme II 

and: 

[NaOHIo = [(OZC--CH-SO~)-~] (Eq. 3) 

As long as the only solid phase in the system is Ib, the following 
identities must be obeyed: 

[I] = [ ( H ~ ~ - - C - - C H Z ~ ~ O ~ ) - ]  + [(02C--CHz--SOd-'] (Eq. 4) 

[I] = [(HOZC--CHFSO~)-] + [NaOHIo 

Substituting Eq. 5 into Eq. 2 and solving for [I] lead to: 

(Eq. 5) 

[I] = ([NaOHIo + ((NaOH]02 + 4Ks,'b)1'2)/2 (Eq. 6) 

The dashed line in Fig. 6 was calculated using Eq. 6 and a KBprb 

KspIb = [IIL (Eq. 7) 

value that was calculated from the identity 

where [I]Bat (= 1.31 X M) is the solubility of Ib in water at 
25O. 

There are at least two possible explanations for the fact that the 
actual solubility of Ib was higher in aqueous sodium hydroxide 
than was predicted using J3q. 6. First, no allowance was made for 
the fact that the KSpIb value would change as the ionic strength of 
the solution increased. The solubility of Ib  and the concentration 
of the dianionic species (02C-CH-S03)-2 obviously increased 
as the initial concentration of sodium hydroxide was increased. 
Therefore, the ioni'c strength of the solution increased, and such an 
increase probably would be expected to increase the value of Ksplb 
(10). 

Second, there is a strong possibility that I dimerizes or forms 
higher order complexes in solution. The occurrence of this phe- 
nomenon might also be expected to lead to an increase in the ap- 
parent solubility of the salt. Although this latter phenomenon was 
not investigated further, related quaternary nitrogen-containing 
ring systems such as acridines do form dimers ajnd higher order 
complexes in aqueous solution (11). 

The important result of this solubility study is that much more 
concentrated solutions of I can be formed by dissolving Ib (or, pre- 
sumably, other salts of I and the anions of polyprotic acids) in 
aqueous alkaline solutions than can be prepared using Ia. More- 
over, the salt Ib is the initial product obtained by a general synthe- 
sis of I (1). 

Application of Results-These results have been useful in the 
development of a formulation of I which obviates the problems 
that had previously limited the clinical evaluation of the cytotoxic 
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coralyne salts. This formulation is presently being utilized and is 
prepared by dissolving Ib in sufficient aqueous sodium hydroxide 
to yield a final concentration of 25 mg/ml (calculated on the basis 
of Ib) a t  pH - 6.5. The solution obtained is sterile filtered, frozen, 
and lyophilized. The lyophilized product is stable, and reconstitu- 
tion as a solution is easily accomplished upon the addition of 
water. Such a formulation affords good solubility and stability 
with respect to I and appears to be completely suitable for intrave- 
nous use. 
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Micelle Formation and Its Relationship to 
Solubility Behavior of 
2 -Butyl-3 - benzofuranyl-4-[ 2 - (diethylamino) ethoxyl- 
3,5 - diiodo pheny 1 Ketone Hydrochloride 

LOUIS J. RAVIN =, ELIE G. SHAM1 *, and ELISABETH S. RATTIE 

Abstract Micelle formation by 2-butyl-3-benzofuranyl-4-[2-(di- 
ethylamino)ethoxy]-3,5-diiodophenyl ketone hydrochloride was 
studied by conductance measurements. The CMC was approxi- 
mately 0.05% and was independent of temperature between 20 and 
50°. The heat of formation for the micelle was calculated to be 6.9 
kcal/mole. The unusual solubility behavior of the compound was 
attributed to its ability to form micelles. Ultracentrifuge studies 
indicate the molecular weight of the micelle to be approximately 
100,OOO. Anions such as chloride, sulfate, acetate, tartrate, and ci- 
trate significantly affect the equilibrium solubility of the com- 
pound. NMR spectroscopic data indicate that the solubility behav- 

~~ 

ior, in part, is related to an effect on the CMC of the compound by 
the anionic environment. 

K e y p h r a s e s  2-Butyl-3-benzofuranyl-4-[2-(diethylami- 
no)ethoxy]-3,5-diiodophenyl ketone hydrochloride-micelle for- 
mation, relationship to solubility 0 Solubility-2-butyl-3-benzofu- 
ranyl-4-[2-(diethylamino)ethoxy]-3,5-diiodophenyl ketone hydro- 
chloride, micelle formation Micelles-2-butyl-3-benzofuranyl- 
4-[2-(diethylamino)ethoxy]-3,5-diiodophenyI ketone hydrochlo- 
ride, relationship to solubility 

It was reported previously (1, 2) that 2-butyl-3- 
benzofuranyl-4- [ 2-(diethylamino)ethoxy]-3,5-diiodo- 
phenyl ketone hydrochloride1 (I) was capable of ex- 
isting in the micellar state and that surfactants such 
as polysorbate 80, sodium lauryl sulfate, and cetyldi- 
methylbenzylammonium chloride had a pronounced 
effect on its equilibrium solubility. This paper re- 
ports the results of studies on the micellar behavior 
of I, its relationship to the solubility characteristics, 
and the effect of various anions on its equilibrium 
solubility. 

’ SK&F 33134-A, marketed as Cordarone by Labaz Laboratories in sever- 
al European countries. 

EXPERIMENTAL 

Materials-Ultrapure water2 was used. All other chemicals 
were of analytical reagent grade quality. 

Equipment-A recording spectrophotometeP was used for UV 
absorption measurements. A conductivity bridge4 and a conductiv- 
ity cell5 were used in the conductance experiments. 

Equilibrium Solubility Studies-Effect of Temperature- 
Approximately 200 mg of I was added to screw-capped vials con- 
taining 15 ml of water. The vials were rotated for 24 hr a t  20, 25, 
30, 35, 40, 45, and 60°. The contents of the vials were filtered 
through syringes fitted with Swinney filter adapters containing a 

* Harleco, Philadelphia, Pa. 
Cary model 15. 
Surfass model RCM 15B1, Arthur Thomas. 
K-l.OO/CM, Beckman Instruments. 
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