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Protolytic equilibria of bromazepam
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The protolytic equilibria of bromazepam, an ampholyte sparingly soluble in wa-
ter, in homogeneous and heterogeneous systems were studied in the pH range 0—14 at 25
°C and at ionic strength of 0.1 mol/dm> (NaCl). On the basis of '>C-NMR spectra, the
protonation site was predicted — in acidic media the pyridine nitrogen of bormazepam is
protonated. The acidity constants of bromazepam were determined spectrophotometri-
cally (pK,; 2.83 and pK,, 11.60) and potentiometrically (pK,; 2.99). In the heteroge-
neous system the following equilibrium constants were determined: Ky, = [HA] (pK
3.44), Ky = [HATJ/[H30%] (pKy; 0.61), and K, = [AT][H30™] (pKy; 15.04).
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INTRODUCTION

Bromazepam (7-bromo-1,3-dihydro-5-(2’-pyridyl-2H-1,4-benzodiazepin-2-one)
belongs to the group of 1,4-benzodiazepines, compounds which are widely used as
psychotropic drugs. Bromazepam has unique physico-chemical properties as the conse-
quence of the pyridine moiety.

1,4-Benzodiazepines in aqueous solution may undergo simple acid-base reac-
tions and hydrolytic degradation with changes in molecular structure.!=9 The study of
these reactions, within the physiological pH range, is of great importance because the
absorption of these drugs in the gastrointestinal tract and transport through cell mem-
branes is affected by the nature of the chemical species involved. Besides, identification
of acidic and basic centers in molecules of pharmacologically active substances is sig-
nificant in view of the structure — activity relationship.

Bromazepam has one deprotonation site (amide group) and two possible pro-
tonation sites (imine and pyridine nitrogens). There are some contradictions in previous
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papers!0.11 concerning the number of steps of the acid-base equilibrium reactions in the
pH range 0-14 ( a two step reaction! with pK, 3.5, pKy» 11.6, or a three step reac-
tion!! with pKj1 2.5, pKao 5.2, pKa3 11.8) and about the exact protonation site. There-
fore, the aims of this work were to locate the protonation site of bromazepam, to deter-
mine its acidity constants, and, as bromazepam is sparingly soluble in water, to study its
solubility equilibria in a heterogeneous system and determine the appropriate equilib-
rium constants.

EXPERIMENTAL

Apparatus

A GBC 911A Spectrophotometer (GBC Scientific Equipment Pty Ltd, Dandenong, Australia)
with 1 cm silica cells was used for the spectrophotometric measurements. A PHM240 pH-meter (Ra-
diometer) with a combined GK2401 B electrode (Radiometer) served for the determination of the pH
values. Titrations were performed with a TTT-60 titrator with an ABU-12 autoburette (Radiometer).

I3C-NMR spectra were recorded on a Varian/Gemini 200 instrument (at 50 MHz); chemical
shifts (8) are in ppm.

Reagents

Bromazepam (Hofmann La Roche) of pharmaceutical purity grade was kindly provided by
Krka (Novo Mesto, Slovenia). Stock solutions of bromazepam were prepared in ethanol (for spectro-
photometric determinations) or in NaCl solution (for potentiometric determinations) by weighing ac-
curately the dry substance. The solutions were stored at room temperture protected from light.
Working solutions were prepared by dilution of the appropriate stock solution (the ethanol concentra-
tion was not higher than 1 %).

Other reagents: hydrochloric acid, sodium hydroxide, sodium chloride, sodium acetate, ethanol,
dimethylsulphoxide-d®, and deuterotrifluoroacetic acid were of analytical reagent grade (Merck). All so-
lutions were prepared with double distilled water.

The HCI and NaOH solutions were standardized potentiometrically. Acetate buffer pH 5.5 (¢
=0.05 mol/dm?3) was prepared by mixing sodium acetate and HCl solutions in appropriate quantities.
Procedures

Determination of the protonation site. '3C-NMR spectra of bromazepam were recorded in
d®-DMSO with and without an excess of CF;COOD. For comparison, 13C-NMR spectra of
nitrazepam were recorded under the same conditions. TMS was used as an internal standard.

Determination of the acidity constants. The acidity constants were determined spectrophoto-
metrically (K,; and K,») and potentiometrically (K,;), at 25.0 £ 0.1 °C at an ionic strength of 0.1
mol/dm3, with a fast working procedure, in order to minimize errors due to hydrolytical changes in
the molecular structure.

The UV spectra of bromazepam were recorded in 1 mol/dm3 HCI, 0.1 mol/dm? NaCl (pH 6.8), and
1 mol/dm? NaOH. For the determination of K, solutions of bromazepam (cg, = 4.950x10"> mol/dm?)
were prepared in pey; range 2.05-3.68 with HCl solution and NaCl to reach /=0.1 mol/dm?. For the deter-
mination of K, (cg, = 1.039x10"* mol/dm?), pcy; range 10.88—11.78 was used and the pey; adjusted with
NaOH solution and NaCl to reach 7 = 0.1 mol/dm?. Two sets of experiments were performed.

The spectra were recorded over the range 220—400 nm at a scanning speed of 1000 nm/min
against the corresponding blank. The absorbances were measured at 287 nm (K1) and 350 nm (K5).

For the potentiometric determination of K1, 20 cm? aliquots of stock solution of bromazepam
(cg, =3.327x10* mol/dm?) in 0.1 mol/dm> NaCl were rapidly titrated with 0.05 cm? increments of
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standard HCl solution (c =4.374x10"* mol/dm?) till a pH of about 2.5 was reached. The total duration
of the titraions was 3—4 min. The value of K,; was found according to the formation function, 7,
namely the mean number of protons bound to the base (bromazepam), with data from three times
repated experiments. The value of n was calculated according to the equation:
+
__%na — [H;0 ] )
n= tot
CBz
where ¢y and ¢, are the concentrations of HCI and bromazepam in the titrated solution; [H30™]

was calculated from the measured pH values.

The measured pH values were converted into pcyy values according to relation:!2 peyy =—log [H30']
=pH-A. Aisacorrection factor the value of which (0.12) was obtained by titrations of the standard HCl solu-
tion with the standard NaOH solution at 25.0 % 0.1 °C and ionic strength 0.1 mol/dm? (NaCl).

Determination of the intrinsic solubility of bromazepam. For the determination of the solubility of
the molecular form of bromazepam (Ky), saturated solutions were prepared with an excess of bromaze-
pam treated with 0.1 mol/dm? NaCl. All the samples were thermostated at 25.0 % 0.1 °C with occasional
stirring until complete equilibration (4.5 h). The pH values of these heterogeneous systems were approxi-
mately 6.8. After equilibration, the mixtures were filtered, aliquots of 1.5 cm3 were transferred into 25
cm? volumetric flasks and diluted to volume with 0.1 mol/dm3 NaCl. The actual concentration of the mo-
lecular form of bromazepam (HA) was determined spectrophotometrically at the wavelength of the ab-
sorption maximum (A, = 234 nm). Conformity with Beer’s law had been previously verified.

RESULTS AND DISCUSSION

The 13C-NMR spectral data (Table I) indicate that the pyridine nitrogen atom is
the protonation site in the molecule of bromazepam. Significant changes of the chemi-
cal shifts of the pyridine carbons occurs upon protonation with CF;COOD in
d®-DMSO. These changes are characteristic for protonation of the pyridine ring,!3
namely the signals corresponding to C-1" and C-3’, vicinal to the nitrogen atom, are
shifted upfield, while the signals corresponding to the more distant C-4’, C-6’, and es-
pecially C-5’, are shifted downfield.

Bromazepam Nitrazepam

Scheme 1.
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Additionally, the increase in chemical shift at C-5 upon protonation, 2 observed in
the spectra of nitrazepam (Table I) and other 1,4-benzodiazepines with a benzene ring in-
stead of a pyridine ring, due to deshielding of this carbon because of imine nitrogen
protonation, is absent in the 13C-NMR spectrum of protonated bromazepam. The upfield
shift of the C-3 signal upon protonation of bromazepam is also much less pronounced
than the corresponding shift in the spectra of nitrazepam (Tale I) and other 1,4-benzo-
diazepines.!2 Based on the presented evidence, it can be concluded that the pyridine nitro-
gen is protonated. The fact that protonation of both basic nitrogen atoms in bromazepam
does not occur, even in the presence of excess CF3COOD, can be explained by electron
withdrawing effects of the protonated nitrogen atom and by stabilization of the mono-
protonated form by some degree of intramolecular hydrogen bonding,
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Most 1,4-benzodiazepines undergo hydrolytic degradation in aqueous medium.
Therefore, the stability of bromazepam at 25 °C in solutions of different pH values in the
range 0—14 was investigated spectrophotometrically in order to determine the optimal

conditions for the determination of the acidity constants. In a solution with pH 12,
0.5
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(A-A,) 1TH,0] = 4.950x10"5 mol/dm3, A = 287 nm.
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changes in the spectra were observed after 1 h and in HCl solutions with pH 2 even after
10 minutes. No spectral changes were observed in 0.1 mol/dm3 NaCl and in the pH re-
gion 610 even after 24 h. Therefore, a fast working procedure was used for the spectro-
photometric and also for the potentiometric determination of the acidity constnts, espe-
cially in acidic solutions. The absorption spectra of the different forms of bromazepam,
which served for the determination of the optimal wavelengths for the acidity constant
determinations are shown in Fig. 1. Both constants were determined according to the
classical spectrophotometric equation!4 at 287 nm for K,; and 350 nm for K. The
used wavelengths were chosen as the wavelengths where the relative ratio, not the dif-
ference, of the absorbances of the species is highest.

TABLE 1. Chemical shifts (ppm) in the Bc-NMR spectra of bromazepam and nitrazepam in
d®-DMSO in the absence and in the presence of deuterotrifluoroacetic acid.

Bromazepam Nitrazepam
Bz Bz + acid Nz Nz + acid

Cc-2 170.2 169.6 170.2 168.7
C-3 57.3 56.5 57.3 53.6

C-5 167.9 167.2 168.7 175.0
C-5a 127.7 125.5 126.6 124.0
C-6 134.0 136.82 126.3 130.2
Cc-7 114.3 115.8 141.7 142.9
C-8 134.2 134.52 126.9 130.1

Cc-9 123.4 124.4 122.5 122.9
C-9a 139.1 140.6 145.3 146.8
Cc-1 156.1 151.1 138.6 134.3
c-2 - - 129.7 132.5¢
c-3 148.7 142.0 128.7 129.7
Cc-4 125.2 128.1° 131.0 134.8¢
c-5 137.4 147.7 128.7 129.7
C-6 123.7 127.7° 129.7 132.5¢

b, . .
e Assignments can be interchanged

As the molecule of bromazepam is rapidly degraded in acidic media, K,1 was also
determined according to a transformed classical spectrophotometric equation and potenti-
ometrically. The transformed spectrophotometric equation gives linear dependence:

A= K, 2w 2)
H,A [H3O+]

where App,A+ AfA, and A represent the absorbances of the protonated (HyA™) and mo-
lecular (HA) form of bromazepam and their mixture at the specified wavelength, re-
spectively. K,1 was calculated by linear regression analysis from the slope of
corresponding line (pK, 2.83) (Fig. 2), which is in good accordance with the value ob-
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. . ; . . ) ) Fig. 3. Potentiometric determina-
0 200 400 600 800 1000 1200 1400 tion of K, according to Eq. (3), cp,
=3.327x104 mol/dm3.

1/[H,0"]

tained according to the classical spectrophotometric equation (pKy1 2.89). Values for
Ap, A+ found by linear regression analysis (as the intercept with the ordinate, Ag,a+ =
0.443) and the measured value (4p,A+ = 0.434) are also in good accordance.

The value of K, | was determined potentiometrically from the slope of the corre-
sponding line from three times repeated experiments according to the formation func-
tion!5 (Fig. 3):
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pen 2.86; 5) pey 3.05; 6) pey 3.31;
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4.950x107> mol/dm?.
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The potentiometric titration was not as precise as spectrophotometry, due to the
longer time needed for the titration than for obtaining the spectra and to the low solubil-
ity of bromazepam in water (pK, < —log cg,). The appearance of clearly expressed
isosbestic points in the spectra used for the determination of the acidity constants (Fig. 4
and Fig. 5), demonstrates that a single acid-base pair occurs in both the studied equilib-
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ria, i.e., that the acid-base equilibria were not accompanied by any kind of secondary
processes.

TABLE II. The concentration equilibrium constants (p[_(i s) in homogeneous and heterogeneous sys-
tems of bromazepam (/= 0.1 mol/dm3; t=25.0£0.1°C)

Constant Value n Equation

pKat 2.89£0.03 16 Clssical spectrophotometric
2.83+0.01 17 (2)
2.99£0.05 28 (3)

PKa2 11.60 £ 0.03 12 Classical spectrophotometric

pKso 3.44£0.02 4 (9a)

pKsi 0.61 £0.04 - (7

PKs2 15.04 +0.04 — (8)

The values of the determined acidity constants are listed in Table II. The pK, value
which corresponds to deprotonation of the amide group is in accordance with previous re-
sults.10.11 However, the pK, value of the protonated pyridine moiety differs greatly from the
published results.10:11 The procedure described in the literature!0 is not given with suffi-
cient experimental details which are necessary for the study of a molecule like bromazepam
that can undergo hydrolysis. Regarding the results given in Ref. 11, the pK, value of 5.0 for
the pyridine nitrogen in bromazepam, determined polarographically, seems unlikely, as
there is an electron-withdrawing substituent in bromazepam, which should increase the
acidity of the pyridine nitrogen. For instance, the pK,, of pyridine is 5.216 and pK,, values of
2,2’-bipyridine are pKj1 4.40!7 and pK,, —0.52.18

As other 1,4-benzodiazepines, bromazepam in its molecular form is sparingly
soluble in water. Thus, the following equilibria between the solid phase (HAg) and solu-
tion in the heterogeneous system are possible:

HAy —— HA Kso = [HA] “)
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HAg + H30" 7= H A" +H0 K= [H2A+] )
[H,07]
HAs+H,O — A~ +H30" Ko =[A"][H30"] (6)
From Egs. (4)~(6) using terms for acidity constants it follows that:
K

Kg =—2 (7
Kal

K2 = Ka2Ks0 (3

The equilibrium constants of bromazepam in heterogeneous system were deter-
mined by the solubility method. The concentration of bromazepam (cg,) in a saturated
unhydrolysed aqueous solution, i.e., the solubility (), is given by the following expression:

gz = [HAT] + [HA] +[AT] = § )

Whitin the range pK,; + 2 < pH < pKa; — 2, the concentrations of HyA* and A~
could be neglected and Eq. (9) can be transformed into the following dependence:

Bz = [HA] =Ky =S (9a)

which represent the solubility of the molecular form of bromazepam. The solubility
constant Ky, i.e., [HA], was spectrophotometrically determined in 0.1 mol/dm3
NaCl solution (pH 6.8). An experimental study of the heterogeneous equilibria in
acidic and alkaline media was not possible because of the slow equilibration in the
heterogeneous system and the fact that bromazepam undergoes relatively rapid hy-
drolysis. Therefore, Kg1 and K> were calculated according to the determined con-
stants Kq9, K,1, and K> and Egs. (7) and (8). The equilibrium constants in
heterogeneous system are listed in Table II.

From these data, the concentration of the unhydrolysed forms of bromazepam
can be calculated as a function of pc according to following expression which was de-
rived from Egs. (4) — (9):

K _ . _
Bz = K1 [H3O+]+Ks0+[ (S)2+]:10 PKg+per) 1 197P Ko yPn P K2 ()
H
3

The minimal concentration of bromazepam in a saturated solution (dcg, / dpciy=
0) is achieved when:
szZ _szl — pKal +pKa2
2 2

and is 3.64x10~4 mol/dm3 at pcy 7.22.

In solutions with pH < 5 and pH > 10, bromazepam is not the only species present;
there are also hydrolysis products, which is the subject of an on-going study.

(11)

pcH =
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n 3 B O O
IMTPOTOJIMTUYKE PABHOTEXE EPOMA3EIIAMA

JIMOUIA B. IOEHAT', TOPIAHA B. [IOIIOBUR?, TATJAHA XK. JAMJAHOBUR' u IYIIAH M.
CIIAIUR!

IXEMujcrcu akyaitiein, Ynusepsuitieii y beozpady, Citiyoeniticku wipz 16, . tp. 158, 11000 Beozpao u
ZQapMaueymcxu cpakyattieiti, Ynusepauitieiti y Feozpaoy, . iip. 146, 11000 beozpao

IIpoyudaBaHe cy mpoTONUTHYKE paBHOTEeXe Opomaszenama, amgonura u3 kiaace 1,4-6en-
30/[1a3elnHa, c1abo pacTBOPHOT y BOAU. McnuTuBama cy BpLIEHa Y XOMOI'€HOM M XETEPOr€HOM
cucremy y pH unrepsaiy 0-14, Ha remnepartypu 25 °C u ipu joHckoj cunu 0,1 mol/dm’ (NaCl). Ha
ocroBy '*C-NMR clieKTapa IpeTIoCTaBIbeHo je a 10 IPOTOHOBAH:A Y MOJIEKYITy GpoMasenama
Jlolla3u Ha MUPUAMHCKOM aToMy azoTa. Kucenuncke KoHcraHTe ofjpebene cy cnekrpogorome-
Tpujcku (pKal 2,83 u pKap 11,60) n noreHpomerpujcku (pKar 2,99). Y xeTeporeHoM cucremy
onpebene cy cnenehe paBHOTeKHE KOHCTaHTe: K50 = [HA] (pKs0 3,44), Ks1 = [H2A]/ [H307] (pKs1
0,61) 1 Ko = [A ][H30"] (pKs2 15.04).

(ITpumibeHo 1. aBrycra, pesuanpano 30. okroopa 2001)
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