affords excellent dispersion and control, wide particle size latitude, and
smooth, uniform spheres without the need for surfactants. More im-
portantly, because glutaraldehyde is presented to the aqueous albumin
microsphere dispersion from the organic phase, there must be a strong
preference for aldehyde-amino group reactions and cross-linking at or
near the albumin surface. This probably produces a case-hardening effect
with a higher cross-link density near the surface of the microspheres
accompanied also by a much higher concentration of mono-reacted di-
aldehyde at the surface (Scheme III). The result of monofunctional
glutaraldehyde capping of lysine amino groups at the albumin micro-
sphere surface would be to increase surface anionicity and hydrophilicity,
especially if a portion of the free aldehyde functions oxidize to carboxyl
groups.

The availability of a relatively high surface concentration of aldehyde
functionality also facilitates a variety of chemical modifications including:
aminoalcohol capping to enhance hydrophilicity; enzyme, antibody, or
other protein ligand binding; covalent attachment of amino-functional
drugs. As suggested in Scheme III, such changes in surface functionality
may be used to enhance tissue immobilization by covalent or physical
binding, for specific tissue targeting using biospecific affinity ligands (e.g.,
tumor-specific antibodies), or for improved diagnostic or immune assay
reagents and procedures.
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Abstract DO The equilibrium kinetics of triazolam in aqueous solution
was investigated in the pH range of 1-11 at body temperature. The
quantitative study indicated that it forms equilibrium mixtures consisting
of ring-opened and closed forms with the composition being dependent
on pH. The equilibrium constants of the two species in the pH range
studied were determined by GLC method. The apparent first-order rate
constants were estimated from the decreasing or increasing absorbance
of the mixture in solutions. The forward-reaction rate constant (k)
showed a bell-shaped k;—-pH profile with a rate maximum at pH 4.59,
which indicates not only that the carbinolamine intermediate forms
during the equilibrium reaction, but that the rate-determining step of

the reaction differs for the acidic and basic sides of the rate maximum.
The reverse-reaction rate constant decreased with increasing pH and
could not be estimated in the pH region >5.65. Theoretical curves for both
forward and reverse reactions satisfactorily fit the observed data. The
pKa values of triazolam and its opened-form amine were estimated to
be 1.52 and 6.50, respectively.

Keyphrases O Triazolam—kinetics, mechanism of equilibrium in
aqueous solution O Kinetics—triazolam, mechanism of equilibrium in
aqueous solutions 3 Equilibrium reaction—triazolam, kinetics, mech-
anism in aqueous solutions

1,4-Benzodiazepines, first synthesized in the early 1960s,
are important minor tranquilizers. These tranquilizers are
being extensively used as sedative, hypnotic, muscle re-
laxant, and anticonvulsant drugs. Their stability and re-
activity in aqueous solutions have been under study
extensively in the last 5 years. Reaction mechanisms for the
hydrolysis of 1,4-benzodiazepines have been reported for
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chlordiazepoxide (1, 2), oxazepam (3), diazepam (4), ni-
trazepam (4, 5), desmethyldiazepam (6), and clonazepam
(6). Furthermore, equilibrium reactions of these com-
pounds have been reported for pyrazolodiazepinone (7),
diazepam (8), nitrazepam (9), triazolobenzodiazepines
(10), flunitrazepam (11), and desmethyldiazepam (12). It
is now well known that hydrolysis of an azomethine bond
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in acidic solution gives the corresponding aminobenzophe-
none, which reversibly cyclizes into the original form in
alkaline medium. Namely, 1,4-benzodiazepines exist as
pH-dependent equilibrium mixtures of ring-opened and
closed forms. However, no extensive, detailed study on the
mechanism of the equilibrium reaction has been re-
ported.

This study describes the mechanism of the equilibrium
reaction between triazolam and its opened form in an
aqueous solution.

EXPERIMENTAL

Materials—2’,5-Dichloro-2-(3-aminomethyl-5-methyl-4H-s-triazol-
4-yl) benzophenone (I), 8-chloro-1-methyl-6-(o-chlorophenyl)-4H-s-
triazolo[4,3-a] 1,4-benzodiazepine (triazolam, II), 4-amino-7-chloro-5-
(2-chlorophenyl)-1-methyl-4H-s-triazolo[4,3-a] quinoline (I1I), and 3-
amino-6-chloro-4-(2-chlorophenyl)-1-n-propylquinolin-2-one (IV) were
synthesized. Dotetracontane was purchased from a commercial sourcel.
All other reagents and solvents were of reagent grade and were used
without further purification. Deionized water was further distilled before
use in the aqueous solutions.

Equipment—UV spectra were recorded using a spectrophotometer?
equipped with a thermostatically controlled cell holder. The pH was
measured with a pH meter? at the temperature of the study.

TLC was done with a precoated 0.25-mm silica gel TLC plate* using
a developing solvent system of chloroform-acetone-ethanol (3:1:1).

The gas chromatograph® was equipped with a 10-mCi ®3Ni-electron-
capture detector (ECD) or a flame ionization detector (FID). The column
was coiled glass (0.5 m X 3-mm i.d.), packed with 3% OV-17 on 100-120
mesh Gas Chrom Q8. The carrier gas was ultrapure nitrogen flowing at
a rate of 60 ml/min. Temperature settings during operation were 320°
for the injection port and detector and 290° for the column. Peak heights
of the compounds were determined using an integrator’. Under these GC
conditions, the retention times for the compounds under study were 2.25
min for I1, 3.35 min for 111, 0.9 min for IV, and 6.15 min for dotetracon-
tane.

Kinetic Studies—All rate studies were performed in aqueous buffer
solutions at 37.0 £ 0.1°. The buffer systems used were: pH 1.1-5.6, ace-
tate; pH 6-8, phosphate; pH 9-10, borate; and pH 11-12, phosphate. The
ionic strength of each was adjusted to 0.5 with potassium chloride.

The compound to be studied was dissolved in ethanol and diluted (1:20)
with preincubated buffer solution kept at 37° to make a 10~* M solution.
Next, an appropriate volume of the solution was pipeted into the UV cell,
and the reaction was followed spectrophotometrically by reading the
decrease or increase in absorbance at 264 nm.

Reactions starting from [ were studied in the pH range of 1.92-11.44.
The sum of the first-order rate constants for the forward and reverse
reactions (k; and k,) was determined from linear plots of In (4, — A.)
versus time by the least-squares method (Eq. 1), where 4;, A«, and Ag
are the absorbance at time ¢, infinity, and time 0, respectively:

In(A; — A=) =In(Ag — As) — (ks + R )t (Eq. 1)

Reactions initiating from II were studied in the pH region of 1.13-1.40.
The sum of the first-order rate constants for the forward and reverse
reactions was obtained from the linear plots of In (A. — A;) against time
by the least-squares method (Eq. 2), where A, A;, and Ao are the ab-
sorbance at infinity, time ¢, and time 0, respectively:

In(Ae — A;) = In{A. — Ap) — (hy + Rt (Eq. 2)

Product Identification—For the identification studies, 2 X 1073 M
solutions of I were prepared using 0.5 N NaOH solution, the pH 6.5 buffer
solution, and a 0.01 N HCl solution. These solutions were left standing
at room temperature for 15 hr, then a 5-ml sample was taken from each
solution and was subjected to extraction with dichloroethane for TLC
analysis. The chromatograms were visualized under UV light and iodine

L Miiton Roy, Fla.

2 Model 323, Hitachi, Japan.

3 Model F74, Hitachi-Horiba, Japan.
4 GGO, F254, E. Merck, G.F.R.

5 Model GC-7A, Shimadzu, Japan.

6 Milton Roy, Fla.

7 Model C-R14, Shimadzu, Japan.

vapour to identify the products. Dichloroethane solutions of reference
standards were spotted directly on the TLC plates.

Determination of I and II in Aqueous Solutions—ECD-GC
Method—In this method, caution was paid to determine the compounds
without disturbing the equilibrium. The triazoloaminoquinoline deriv-
ative (III) was derived by acetylation followed by cyclization to obtain
a suitable compound for GC as shown in Scheme L.

Ny ,N\ N
s T Hﬁ\‘/‘w

N-’{ _(
Acp0 KOH
Cl ot : BCI o CHRNHCOCH; acx Z
0 c! O Cl
1 ' m
Scheme I

The pH 11 phosphate buffer (containing 0.2 M Na;HPOQ,) was added to
1 ml of reaction solution (initially containing 2 X 104 M of I) to make
a 10-ml solution at pH 10, with the temperature kept at 0° with ice
(quenched solution). This quenching procedure was necessary to prevent
disturbance of the equilibrium mixture during assay. Triethylamine (0.2
ml), 2 N KOH (1 ml) quenched reaction solution (1 ml), and acetic an-
hydride (0.1) were added with ice cooling to a 12-ml centrifuge tube
containing 3 ml of dichloroethane. After this mixture was shaken for 15
min on a mechanical shaker (for acetylation of I), 1 ml of the dichloro-
ethane solution was transferred to another 12-ml centrifuge tube by
Eppendorf pipet and evaporated to dryness. To dissolve the residue, 0.2,
ml of ethanol was added followed by 2 ml of 2 N KOH and the solution
was heated for 3 hr at 91 & 1° (cyclization to ITI). After it had cooled, the
reaction solution was extracted with 5 ml of benzene containing 1 ug of
IV as an internal standard for 5 min, then 2 ul of the benzene layer was
subjected to ECD-GC. Calculation was done by the internal standard
method using the peak height ratios. Recoveries of I for the acetylation
and the cyclization were 80 and 83.9%, respectively, and the overall re-
covery was 60.0% (n = 36, CV = 3.30%). Recovery of II was 86.7% (n =
27, CV = 4.64%) in this procedure.

FID-GC Method—In the equilibrium solutions, if the weight ratios
of II to I were >5, separation of the peaks of Compounds II and III on
ECD-GC was difficult because of low resolution. This problem was
overcome by using the FID-GC, in which no peak broadening of Com-
pound II was observed. The quantities of T and II were determined by
separate procedures,

For Compound I, 5.7 ml of the pH 11 phosphate buffer and 0.3 ml of
1 N KOH were added to 4 ml of reaction solution (initial concentration
of I: 4 X 1074 M) to make a 10-ml solution of pH 10, keeping the tem-
perature at 0° with ice (quenched Solution I). Quenched Solution I (2.5
ml) and acetic anhydride (0.1 ml) were added with ice cooling to a 12-ml
centrifuge tube containing 3 ml of dichloroethane, 0.2 ml of triethylamine,
and 1 ml of 2 N KOH. The mixture was shaken for 15 min, then the di-
chloroethane layer was transferred to another 12-ml centrifuge tube and
evaporated to dryness. Next, 0.2 ml of ethanol was added to dissolve the
residue and 2 ml of 2 N KOH was added to this solution, which was then
heated for 3 hr at 91 £ 1°. After cooling, the reaction solution was
subjected to extraction for 5 min with a mixture of 4 ml of benzene and
1 m] of n-hexane containing 3.5 ug of dotetracontane as an internal
standard, then the resulting organic layer was transferred to a 30-ml
round-bottom flask and evaporated to dryness. The residue was dissolved
in 0.1 ml of solvent (acetone-n-hexane, 1:2) and 4 ul of the solution was
subjected to FID-GC. Recovery of I was 64.3% (n = 18, CV = 2.94%).

For Compound 1I, the pH 11 phosphate buffer was added to 1 ml of
reaction solution (the same solution as that for Compound I) to make a
10-ml solution of pH 10 with ice cooling (quenched Solution IT). Quenched
Solution II and acetic anhydride (1 ml) were added with ice cooling to
a 12-ml centrifuge tube containing 3 ml of dichloroethane, 0.2 ml of tri-
ethylamine, and 1 ml of 2 N KOH. The mixture was shaken for 15 min,
then the dichloroethane layer was removed by pipéting and evaporated
to dryness. The residue was dissolved in 0.2 ml of ethanol and 2 ml of 2
N KOH, and the solution was subjected to extraction with a mixture of
4 ml of benzene and 1 ml of n-hexane containing 35 ug of dotetracontane
for 5 min. The organic layer was transferred to a 30-ml round-bottom
flask and evaporated to dryness. The residue was dissolved in 0.5 ml of
solvent (acetone—n-hexane, 1:2) and 2 ul of this solution was subjected
to FID-GC. Recovery of Compound II was 81.1% (n = 10, CV =
2.34%).
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Figure 1—Typical spectral changes due to the ring-closure reaction

of Compound I (X 10-4M) into triazolam in 0.1 M acetate buffer, pH

5.65(um = 0.5)at 37°. Spectra were measured at 5, 13, 20, 35, 60, 85, and

150 (=) min after initiation of the reaction.

RESULTS AND DISCUSSION

Spectral Change and the Nature of the Reaction—After the pH
6.5 buffer solution and the 0.5-N NaOH solution of I had been left
standing for several hours, both showed only one spot with an R, value
(0.68) identical to that of IT on TLC (R; for I was 0.18 in this system). The
chromatogram for the standing solution of I in 0.01 N HCl gave two spots,
identical to I and II, of compounds present in approximately equivalent
amounts.

The UV spectral change of I in the pH 5.65 buffer at 37° is shown in
Fig. 1. Immediately after I had dissolved, the absorption spectrum showed
an absorption maximum (Apay) at 257 nm, which decreased concurrently
with time. At infinity, the shape of the redundant spectrum was identical
to that of IT in the same medium. An isosbestic point at 253 nm was ob-
served during the reaction. On the other hand, the spectral change of 11
in 0.1 N HCI showed a reverse change in which the absorption at Apax
increased with time when the isosbestic point was kept at 253 nm; the
final spectrum could be superimposed on that of I in the same solution.
Furthermore, the spectrum of II obtained by mixing the equilibrium pH
5.65 solution of I and 1 N HCl rapidly changed into a spectrum similar
to that of Il in 0.1 N HCl solution.

These observations indicate that I and II in these aqueous solutions
undergo reversible reactions involving cyclization and hydrolytic azo-
methine bond cleavage, respectively, to produce equilibrium mixtures
of Compounds I and II (Scheme 1), as in the case of estazolam (10).

N N
HaC ~ HiCvz
£ 4 b ke ¥ N
N —_— N

g £
C| o Crte NI c1 N
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Scheme I
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Figure 2—Time courses for Compound I (®) and triazolam (Q) ina
0.2 M acetate buffer, pH 2.30 (um = 0.5) at 37° initially containing 2
X 10~4 M of Compound I.

Cyclization of I to Il and Quantitative Aspects—The equilibrium
mixture of I and I was analyzed quantitatively by GC procedure. The
result obtained for the 0.2 M acetate buffer solution of pH 2.3 (initial
concentration of I: 2 X 10~* M) is shown in Fig. 2. The data plotted as the
percent of I and of II with time showed a continuous decrease and in-
crease, respectively. During the time course of the equilibrium reaction,
the total recoveries of I plus II were >98% based on the initial concen-
tration of 1. Moreover, the rate of decrease for I was equivalent to the rate
of increase for II. These results also support the fact that both I and II
exist as equilibrium mixtures in solution.

Effect of pH on the Equilibrium Constant—The apparent equi-
librium constant, K, is defined by Eq. 3, where [I]. and [II]. are the molar
concentrations of I and II at equilibrium, and k; and k, are first-order
rate constants of the forward and reverse reaction, respectively:

(Eq. 3)

The value for K was determined at various pH values over the range
of pH 1.13-11.44 at 37° by determining the components of the reaction
solutions after they had attained equilibrium state. The results are shown
in Table I. The K values increased with increasing pH and became >400
at pH >5.02.

When equilibrium is attained at any pH, the fractions of I{¥) and Il
(F11) in the reaction solutions are defined by Egs. 4 and 5. The plots of
the fractions of the individual species against pH are shown in Fig. 3. Fy

Table I—Equilibrium and Rate Constants of Ring-Closing and
Ring-Opening Reactions in Aqueous Buffer Solutions 2

Robs X1072/min

pH aH+ K kapp kf k,—
1.13 7.41 X 102 0.18 14.8 2.30 12,5
1.40 3.98 X 1072 0.26 11.2 2.31 8.89
1.92 1.20 X 1072 0.61 6.81 2.68 4.23
2.30 501 X 1073 1.2 4.99 2.72 2.27
2.68 2.09 X 103 2.4 4.20 2.96 1.24
3.13 7.41 X 104 5.4 3.99 3.37 0.623
3.39 4.07 X 10™4 15 391 3.67 0.244
3.90 1.26 X 10~ 48 4.04 3.96 0.082
4.59 2.57 X 1078 230 4.37 4.35 0.019
5.02 9.55 X 10-6 400 4.24 4.23 0.011
5.65 2.24 X 1078 >400 3.65 3.65 —
6.25 5.62 X 1077 >400 2.79 2.79 —
7.12 7.59 X 108 >400 1.11 1.11 —
7.74 1.82 % 10-8 >400 0.682 0.682 —
8.75 1.78 X 107° >400 0.461 0.461 -
9.76 1.74 X 10710 >400 0.412 0.412 —
10.47 3.39 x 10711 >400 0.401 0.401 —
11.44 3.63 X 10-12 >400 0.473 0.473 —

e = 0.5, at 37°.
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Figure 3—Plot of the composition of the equilibrium mixture consisting
of Compound I (®) and triazolam (O) versus pH at 37°. Solid lines are
values calculated using Egs. 4, 5, and 23.

decreases with increasing pH from 0.85 at pH 1.13 to <0.002 at pH >5.02
at which the equilibrium mixture contains >99.8% of ring-closed Com-
pound IL

M 1
g Eq.4
P L T TrR (Ba. 4

K
F11=1*F1—m (Eq. 5)

Rate Constant Determination and Rate—pH Profiles—Semiloga-
rithmic plots of (A; — A.) against time for the equilibrium reaction in
various pH solutions are shown in Fig. 4. In the pH region studied, all the
plots displayed strict first-order kinetics for >5 half-lives. The apparent
first-order rate constants (kqpp) are expressed as Eq. 6. Each rate constant
for the forward and reverse reactions can be derived from Eqs. 3 and
6.

Ropp = kf + ki, (Eq. 6)

In Fig. 5, the first-order rate constants for the formation and the hy-
drolysis of I at 37°, which were extrapolated to zero buffer concentration,
are plotted against pH.
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Figure 4—Typical apparent first-order plots for the equilibrium re-
action between Compound I and triazolam at 37°, um = 0.5. Key: (0O)
pH 1.92: (a) pH 5.02; (0) pH 3.39; (@) pH 7.74.
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Figure 5—Log k—pH profile for the equilibrium reaction consisting of
forward (O) and reverse reactions (®) at 37°, um = 0.5. Solid lines were
based on calculations using Eq. 18 or Eq. 22. All rates are extrapolated
to zero buffer concentration.

For the formation rate, a maximum occurs near pH 4.5. On the alkaline
side of the pH-rate maximum (pH 4.5-9), the rate increases with in-
creasing acidity, suggesting that an acid-catalyzed reaction is predomi-
nant. In the solution at pH >9, the rate becomes constant. On the acidic
side of the pH-rate maximum, the rate decreases with increasing acid
concentration and becomes independent of pH at pH <1.40, indicating
the existence of a specific acid-catalyzed reaction as well as an uncata-
lyzed one of the free form of 1.

The hydrolysis of I1I shows an acid-catalyzed reaction over the pH range
used in this study and its rate could not be determined 2pH 5.65 because
the equilibrium constants were too large to be determined.

General Reaction Mechanism—Reactions of carbonyl compounds
with amines have been reviewed previously (13-15). Moreover, a note-
worthy series of papers have reported on studies of the formation of
semicarbazones (16, 17), Schiff base (18, 19), and oxime (16) in aqueous
solutions. These studies have pointed out that the formation and hy-
drolysis of these compounds proceed by a two-step mechanism involving
a tetrahedral carbinolamine intermediate. The evidence for the two-step
mechanism is based on the results that the Schiff base formation
undergoes a transition in the rate-determining step from the dehydration
of the carbinolamine intermediate at neutral pH to the amine attack
under acidic conditions. Formation of II exhibits a pH-rate maximum
similar to that in the formation of oxime (16) and N-p-chlorobenzyli-
deneaniline (18). Therefore, the formation and the hydrolysis of IT are
considered to proceed by the two-step reaction mechanism, as shown:

\NH ————)kz " ) k3 ] \N +H
it o

k3 H*)
k-4

I \% I
Scheme I11
In the forward reaction, the acid-catalyzed dehydration of the carbi-

nolamine intermediate (V) at nearly neutral pH determines the rate
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which may account for a leveling off, but not a decrease in the rate with
increasing pH. At low pH values, the rate of dehydration becomes very
fast, and at the same time, the rate of the amine attack is retarded because
of the conversion of the free amine form of I into its conjugate acid.
Consequently, a change in the rate-determining step occurs and the at-
tack of the amine becomes rate-determining, accounting for the observed
decrease in the rate on the acid side of the pH-rate maximum.

In the reverse reaction, the hydrolysis rates are measurable only on the
acidic side of the pH-k; maximum. The rate-determining step of this
reaction in this pH region is the cleavage of the C—N bond from V to L.
Since the carbinolamine intermediate is formed by a water molecule at-
tack at the conjugate acid of II, the hydrolysis rate is directly proportional
to the concentration of the conjugate acid as an active acidic species of
IL.

In Scheme III, k7 and k_-; represent uncatalyzed reaction rate con-
stants; ko, ka, and k_; represent acid-catalyzed rate constants; and k4
and k _4 represent water-catalyzed rate constants. When a steady-state
approximation is applied to the carbinolamine intermediate, the rate
equations for the forward and the reverse reaction can be written as Eqs.
7 and 8, respectively; where ay+ is hydrogen ion activity; K and Kjj are
dissociation constants for the conjugate acid of I and 11:

Ki(ky + koay+) (ksapy+ + ky)
(K1 + an+) (k=1 + kaau+ + ky)
k_laH+ (k_3aH+ + k_4)
(K1 + ag+) (k- + kaan+ + ky)

Formation Mechanism—On the alkaline side of the rate maximum
(Fig. 5), the rate-determining step should be the dehydration from the

carbinolamine intermediate. This implies k—1 3> (ksany+ + k4); therefore,
Eq. 7 can be reduced to Eq. 9:

Ki(ky + koay+) (ksay+ + ky)
k(K1 +au+)

If k&, is assumed to be much larger than keay+, Eq. 10 will be ob-
tained:

kfobs) = (Eq.7)

kr(()bs) = (Eq 8)

kfiobs) = (Eq. 9)

k1Kilksau+ + ky)
k-1(Ky+ an+)

In Eq. 10, two pH regions, ksay+ » k4 and K| >> ay+ are considered.
In the former, Eq. 11 can be derived:

k1k3KlaH+
k—1(K1+ au+)

When both sides of Eq. 11 are divided by ay+ and the equation is
converted into its reciprocal form, Eq. 12 is obtained:

k_l k_l
——ag+ + — (Eq. 12)
RikaK1 " ks d

Consequently, k—_;/kik3 and K| can be obtained from the plot of
ay+/kf(obs) against apr+. The linear relationship between ay+/kfiobs) and
ay-+ is shown in Fig. 6. From the extraordinate intercept and the slope
of the linear plot, k1ka/k-; and K were 1.39 X 105/min and 3.13 X 10~7
(pK1 = 6.50), respectively. Furthermore, since ay+ was much larger than
K7 at the pH which gave the rate maximum, Eq. 11 could be reduced
to:

kf(obs) = (Eq. 10)

kf(obs) = (Eq. 11)

au+/kiobs) =

k
Bfmax) = k‘l kaK1 (Eq. 13)
-1
Putting the parameter obtained from Fig. 6 into Eq. 13, k¢(max) was
estimated to be 4.35 X 10~%/min, which agreed with the observed
data.
In the case of K1 > ay+, Eq. 10 can be reduced to Eq. 14.

k k
Rfobs) = k—ll kaay+ + k—ll— ky

Further, if k4 is >k3an+, the following equation can be derived:

(Eq. 14)

Rftobsy = —kll- ky (Eq. 15)

Equation 15 indicates that the formation rate becomes constant in a
high pH region when K1 > ay+ and k4 > kgapu+. From the observed data,
kiks/k.., was calculated to be 0.4 X 10~2/min. The value k4/k3 obtained
by dividing kiks/k—; by ki1ka/k—; was 2.88 X 1078. This inductively
proves that Eq. 15 can be used to explain the constant value of ks at the
pH region >9, because k4 >> kzap+ is valid in these pH solutions.

The assumption that the rate-determining step of the reaction of the
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Figure 6—Derivation of the constant k—,/k ks and K; by plotting rate
data according to Eq. 12.

acidic side of the rate maximum changes to attack of the free amine is
equivalent to the statement: (kzay+ + k4) > k_;. Therefore, Eq. 7 is re-
duced to:

Kiy(ky + kaan+)
K[ + ay+

In the pH region under discussion, ag+ » Kj, and Eq. 17 is ob-
tained:

kf(abs) = (Eq. 16)

Kk, + koay+)

k/ (obs) = anr

= k2K 1 +k 1K 1 i‘

ay+

Consequently, k1K and k2K can be obtained from the slope and the

ordinate intercept of a straight line when the observed formation rate

constants are plotted against 1/ay+. By dividing each value by K, the

parameters k; and k, were estimated to be 7.38 X 10/min and 7.32 X

104/min M, respectively (Fig. 7). The parameters obtained are summa-
rized in Table II.

A theoretical equation for the formation rate was obtained by putting

these parameters into an equation which was derived by dividing both

(Eq. 17)

3=
[ J
[ )
24
o~
[=]
x
3
o]
Q
b
x
1T
t -+
1 2
10'2/EH*

Figure 7—Derivation of the rate constants k, and ks by plotting rate
data according to Eq. 17.



Table II—Kinetic Constants for the Equilibrium Reaction of
Triazolam in Aqueous Buffer Solutions 2

Parameter Estimated Value Parameter Estimated Value
k1, min~! 7.38 X 10 ka/k-y, M1 1.88 X 103
ko, min~! M- 7.32 X 10* k4/k_1 5.42 X 10~5
K, M 313X 1077 k_jk_3ks, 1.58 X 101
min~!
kika/k_1, 1.39 X 10% k_3, min~! M~ 2.98 X 102
min~!M~1
k1k4/k_1, min~! 40 X103 k_y4, min~! 8.58 X 108
kylks, M 2.88%x 108 Ky, M 3.02 x 10~2

ay=0.5,at37°

denominator and numerator of Eq. 7 by k—; (Eq. 18). The theoretical:

curve for the formation rate is shown as a solid line in Fig. 5. It satisfac-
torily fits the observed data over the pH range studied:

Ki(ky + koan+) (Rzag+/k—1 + ki/k-1)
(K1 + au+) (1 + kalk_y + kaau+/k-1)
=3.13 X 1077 (7.38 X 10 + 7.32 X 10%ay+)

(1.88 X 103ay+ + 5.41 X 1075)
(3.13 X 1077 + ay+) (1 + 1.88 X 103ay+)

Efiobs) =

(Eq. 18)

Hydrolysis Mechanism—In the pH range studied, the term (kzay+
+ k4) > k_y, and Eq. 8 can be reduced to Eq. 19:

k_iag+ (k—zay+ + k—4)
(Kn + au+) (ksan+ + ky)

kriobs) = (Eq. 19)

In these pH solutions, the terms, (kgay+ + k4) and (k_zay+ + k—4) are
reduced to ksap+ and k —3apn+, respectively, because the ratio k4/k3 or
k_4/k—3is 2.88 X 1078 where the equilibrium constant of the second step
in Scheme I1 can be represented by k3/k_5 or k4/k—4. Therefore, Eq. 19
can be reduced to Eq. 20:

k_lk_3aH+

Eq. 20
k3(Kn + ap+) (Eq. 20

kr(ohs) =

Then Eq. 20 may be converted into the reciprocal form, Eq. 21:

1 _ k3 ksKn 1

= (Eq. 21)
krobsy k-1k-z k-tk-zap+ 4

As shown in Fig. 8, plots of 1/k,(obs) against 1/ay+ gave a straight line
with an intercept equal to k3/k_1k—3 = 6.32 min and a slope of k3K 1/
k—1k_3 = 0.191 min M. Accordingly, Ky; was estimated to be 3.02 X 102
(pK11 = 1.52). Furthermore, k3 was calculated to be 2.98 X 102/min M
from the ka/k_1k—3 and k3/k - values, which had already been known.

soT
401
— 301
"
o
o
x
X
~ 204
104
t —t
100 200
1/ap*

Figure 8—Derivation of the constants ka/k—1k—3 and Ky by plotting
rate data according to Eq. 21.

Also, k-4 = 8.58 X 10~%/min was obtained from the ratio of k_4/k _3 and
k_3.

On the basic side of the formation rate maximum, no measurable hy-
drolysis rate constant has been obtained because the equilibrium ex-
clusively favors the ring-closed form. Therefore, no information could
be gained concerning the alkali hydrolysis.

A theoretical equation for the hydrolysis rate can be expressed as Eq.
22 by putting the parameters into the equation obtained after dividing
both the denominator and the numerator of Eq. 8 by k_;:

ayg+(k-_say+ + k—y)
(Kip+ ag+)(1 + ksap+/h—1 + ka/k—1)

Er(obs) =

__ au+ (2.98 X 10%/ay+ + 8.58 X 1076)
(3.02X 10724+ ap+) (1 + 1.88 X 103 ap+)

(Eq. 22)

The theoretical curve of Eq. 22 is shown in Fig. 5 as a solid line. The
curve satisfactorily fits the observed reverse-reaction rate constants.

Equilibrium Constant—From the definition of the equilibrium, the
Constant K is expressed by Eq. 23:

- Efiobs)
_ KilKu + an+) (k1 + koan+) (Raan+ + kd)
k_jau+ (Ky+ ay+) (k—gag+ + k_y)
Ki(Ky1 + an+) (k1 + koan+) (ksap+/k-1 + katk-1)
ap+(K1+ ag+) (k—gap+ + k—y)
=3.13 X 1077 (3.02 X 1072 + ay+) (7.38 X 10 + 7.32 X 10%ay+)
(1.88 X 103ay+ + 5.42 X 10~5)
ag+ (3.13 X 1077 + ay+) (2.98 X 102 ay+ + 8.58 X 1076)
(Eq. 23)

The theoretical F| and Fyj curves obtained from Egs. 4, 5, and 23 are
given in Fig. 3 as solid lines. The theoretical curves showed good agree-
ment with the observed data, in which K and F were calculated to be 0.15
and 0.87 at pH 0, respectively.

Evaluation of the Reaction Rate—For an aromatic Schiff base, the
maximum formation rate of N-p-chlorobenzylideneaniline was calculated
to be 3.72 X 10~3/min, if the equimolar reaction of p-chlorobenzaldehyde
with aniline would occur in an aqueous solution of pH 4.0 at 25° (18). The
maximum reaction rate from I to II was 10 times larger than that of the
above intermolecular reaction. Generally, an intramolecular reaction
would occur much more rapidly than an intermolecular one because of
the more feasible approach between the active sites (20). However, this
result indicates that the difference between the formation rates of N-
p-chlorobenzylideneaniline and of Compound II would not be as large
as expected if the rate measurements were performed under the same
reaction conditions. To compare the formation rates of II for intra- and
intermolecular reactions, the reactions of substituted triazolobenzo-
phenone with aminoacetic acid needed to be investigated.

The rates of hydrolysis of several 1,4-benzodiazepines into the corre-
sponding amines have been obtained in 0.1 N HC] solution at 37°. The
values were 2.5 X 10~3/min for diazepam (8), 4.25 X 10~!/min for esta-
zolam (10), 1.5 X 10~2/min for fludiazepam (11), and 1.30 X 10~!/min for
flurazepam (11). The hydrolysis rate for triazolam in this study, as well
as the pKa value, were similar to that for flurazepam. Moreover, the water
catalyzed rate constant of hydrolysis for IT (k_4 = 8.58 X 10~%/min) was
similar to those for demoxepam (2) and oxazepam (3).

General Discussion—The pKa for the conjugate acid of Compounds
I and II was estimated to be 6.50 and 1.52, respectively. No information
has been reported about the pKa’s for these compounds because the re-
action in aqueous solution is too fast for measurement of the dissociation
constant spectrometrically. However, the pKa for 2-aminoacetamido-
5-chlorobenzophenone has been reported to be 6.3 (12), which is nearly
the same as that for I. These constants indicate that the basicities of the
ring-opened compounds are somewhat stronger than that of hydroxyl-
amine, pKa 6.0. On the other hand, the pKa for the conjugate acid of
1,4-benzodiazepines has been widely studied. As already known, the
1,4-benzodiazepines which possess a 2’-halogen substituent in the 5-
phenyl group exhibit a pKa value lower than that for corresponding
nonsubstituent compounds (21, 22). Namely, the pKa’s for fludiazepam,
flunitrazepam, and lorazepam were reported to be 2.29, 1.71, and 1.3,
respectively, which were significantly lower than those of the corre-
sponding compounds without halogen in the 2’-position, diazepam (pKa
= 3.3), nitrazepam (pKa = 3.2), and oxazepam (pKa = 1.7). The pKa
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value for 8-chloro-6-phenyl-4H-s-triazolo{4,3-a|{1,4] benzodiazepine
(estazolam) was reported to be 2.84 from the UV absorption spectral
change (23). Considering the structural difference mentioned, the esti-
mated pKa value for triazolam, 1.52, is reasonable.

The bioavailability or the pharmacological effect of a drug would
greatly depend on the formation rate in the cyclization reaction from the
opened form to the closed form because only the cyclized 1,4-benzodi-
azepines possess pharmacological CNS activity (24), which are discussed
in reports on diazepam (8) and desmethyldiazepam (12). The half-time
of the forward reaction of I at pH 7.4, which was calculated to be 80.6 min
(Fig. 5), indicates that much time is required to convert I into the closed
form II, only if the in vivo reaction proceeds chemically.
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Abstract O Solubilities of testosterone and testosterone propionate in
binary solvents composed of the inert solvent, cyclohexane, combined
with the active solvents, chloroform, octanol, ethyl oleate, and isopropyl
myristate, were investigated with the extended Hildebrand solubility
approach. Using multiple linear regression, it was possible to obtain fits
of the experimental curves for testosterone and testosterone propionate
in the various binary solvents and to express these in the form of re-
gression equations. Certain parameters, mainly K and log oz, were em-
ployed to define the regions of self-association, nonspecific solvation,
specific solvation, and strong solvation or complexation.

Keyphrases O Testosterone—extended Hildebrand solubility approach,
solubility in binary solvents 0 Solubility—extended Hildebrand solu-
bility approach, testosterone and testosterone propionate in binary sol-
vents O Binary solvents—solubility of testosterone and testosterone
propionate, extended Hildebrand solubility approach

Solute-solvent complexes of testosterone and testos-
terone propionate in binary solvents composed of cyclo-
hexane with ethyl oleate, isopropyl myristate, and octanol
have been reported previously (1). These solvents are
pharmaceutically important; the first two are useful as
solvents for steroid injectable preparations.

The calculated complexation constants (1) between the
steroids and solvents were based on a previous method (2).
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The solute-mixed solvent systems are analyzed here with
the extended Hildebrand solubility approach (3), an ex-
tension of the Hildebrand regular solution theory (4) which
was introduced to allow the calculation of solubility of
nonpolar and semipolar drugs in mixed solvents having a
wide range of solubility parameters.

THEORETICAL

Solubility on the mole fraction scale, X, may be represented by the
expression:

—log X¢ = —log X' + log g (Eq. 1)

where X3! is the ideal solubility of the crystalline solid, and a4 is the so-
lute activity coefficient in mole fraction terms. Scatchard (5) and Hil-
debrand and Scott (4) formulated the solubility equation for regular
solutions in the form:

as® 2012
1 — =] R - + -9 Eq.
og X, og o T 303RT (ayy + age — 2a19) (Eq. 2)
where
Vil—-X
p= AL Xs) (Eq. 3)

Vil = X2) + VX,

The activity of the crystalline solid (a2°), taken as a supercooled liquid,
is equal to X o* as defined in Eq. 1. Variable V3 is the molar volume of the
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