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Kinetics and Mechanism of the Acid-Base Equilibrium and the Hydrolysis of Benzodiazepinooxazines®’
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Ring-opening and ring-closing (acid-base equilibrium) reactions of the six-membered oxazine of benzodiazepinoox-
azines (BZINs) and the subsequent hydrolyses of the diazepine ring have been investigated kinetically and compared
with the reactions of benzodiazepinooxazoles (BZOLs) which have the five-membered oxazolidine ring. The ring-closing
reaction for BZINSs is slower than that for BZOLs due to the increase in the degree of freedom for the moving moiety
of BZINs. The rates of the ring-opening reactions are almost independent of the substituents at 12b-position (H-(1),
CH,~(2), and C-H~(3)), indicating that an attacking proton may approach equally (non-sterically) to the lone pair of
N atoms. Possible conformational aspects of BZINSs in solution are proposed. Cleavages (hydrolyses) of the diazepine
ring occur at the C,,,-N (iminium) bond for 2 and 3 and are 10—100 times faster than those for the corresponding
BZOLs. For 1, in contrast to 2 and 3, hydrolysis of the amide bond (N;-C-) of the diazepine ring takes place instead
of the iminium bond, similar to the case of 11b-hydrogen BZOL.

Keywords benzodiazepinooxazine; benzodiazepinooxazole; acid-base equilibrium; kinetics; oxazine ring-opening, -closing;
diazepine ring; hydrolysis; reaction pathway; iminium bond; amide bond

Introduction

From the standpoint of drug behavior after oral ad-
ministration, the acid-base equilibrium (oxazolidine ring-
opening and ring-closing reactions) of benzodiazepinoox-
azoles (BZOLs) and the subsequent hydrolysis of the di-
azepine ring have been studied kinetically.?~® These re-
activities of BZOLs which contain a five-membered ox-
azolidine ring fused to a seven-membered diazepine ring
are found to be greatly influenced by the substituents at
11b-, 2-, 3-, and 7-positions.2~® It is thus of interest to
investigate the reactivities of benzodiazepinooxazines
(BZINSs, six-membered oxazine rather than the oxazolidine
of BZOLs) in order to compare the differences of kinetic
behavior in the various ring systems. In this paper we
described the reactivities of BZINs in comparison to those
of BZOLs (Chart 1).

Experimental

Materials and Instruments Compounds 1—5 were synthesized by
methods similar to those reported by Deriege et al.,”” Miyadera et al.,¥
and Lemke and Hanze.” The chemical structures of these compounds
were confirmed by elemental analyses as well as 'H- and '3C-nuclear
magnetic resonance (*H- and !3C-NMR) measurements. Melting points
and the results of the elemental analyses of the compounds studied are
listed in Table I. All other chemicals were purchased commercially and
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were of reagent grade, and used without further purification.

Ultraviolet (UV) spectra were measured by Shimadzu UV-260 and
UV-2200 spectrophotometers. A stopped-flow spectrophotometer (Otsuka
Denshi RA-401) was used for the measurement of the reaction rates.
'H- and '3C-NMR spectra were recorded on a JEOL JNM-FX 100
spectrometer at 100 and 25 MHz, respectively. An NEC microcomputer
(PC-9801E) was used for the analyses of pH-rate profiles.

Kinetic Runs The buffer systems were the same as those empolyed in
previous studies.? ~® The rates of the oxazine ring-opening and ring-closing
were measured by the pH-jump method using the stopped-flow instruments
as reported previously.? "+ The pseudo first-order rate constants (ko)
for the reactions were determined by the ordinary first-order analysis and
also by the Guggenheim method'® in the case where the reaction end
point is unknown. These analyses were performed directly using a Sord
microcomputer (M223 mark III) linked to the stopped-flow instruments.

The hydrolysis of 1 was carried out at 70°C. Aliquots of the sample
solution were withdrawn at appropriate intervals and cooled to room
temperature (25 °C). Their UV spectra were measured and compared with
spectra of the model compounds N-acetyl-2-aminobenzaldehyde (9) and
2-aminobenzaldehyde-ethylenediimine (10).51112) All other reactions were
carried out at 25°C.

Determination of Equilibrium Constant The apparent equilibrium con-
stants of BZINs were determined by a method similar to those reported
previously.2 =46

Results and Discussion

Oxazine Ring-Opening and -Closing Reactions Figure 1
shows the UV spectra of compound 1 in various pH buffer
solutions. These spectra are attributed to equilibrium

TaBLE 1. Physical and Analytical Data for Benzodiazepinooxazines
(BZINs)
Analysis (%)
mp (°C) Recrystn. Calcd (Found
Compd. (lit.) solvent Formula ¢ )
C H N
1 176—178  Ethanol C,;H,,N,0, 6603 646 1283
(175—176)® (66.24 635 12.82)
2 147—150  Ethanol C,3H,4N,0, 6722 694 1206
67.04 672 11.90)
3 220222 Ether-  C,gH,,N,0, 7345 616  9.52
ethanol (73.29 5.89 9.51)
4 150—152 Ethanol C,;¢H,,N,0, 73.99 6.55 9.09
(7428 6.64 9.11)
5 206208  Ethanol C,gH,,CIN,0, 6575 521  8.52
(220—222,® (6549 518  8.58)
213—216)%
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mixtures of the ring-opened iminium form (AF, acid free
Ny form) in acid solution and the ring-closed form (BF,
basic free Ny form) in weakly alkaline solution.2~% From
the spectral data, similar to the case of BZOLs studied pre-
viously,?~#® the apparent pklY value (—log([BF][H*]/
[AF])) was determined to be 5.95.

Figure 2 illustrates the pH-rate profile for the oxazine
ring-opening and ring-closing reactions of compounds 1
and 4. The shapes of the profiles are similar to those for
BZOLs reported previously,?”*® suggesting that the
reaction scheme shown in Chart 2 is applicable. In Chart
2, AC and AA represent acid cationic Ng form and acid
anionic N form, respectively, and basic cationic and anionic
forms are represented by BC and BA, respectively. The
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superscripts and subscripts of the rate constants have the
following meanings: The superscripts H*, 0, and OH~
represent the hydrogen ion-catalyzed, water-catalyzed or
unimolecular (intramolecular), and hydroxide ion-catalyzed
reactions, respectively. The first subscript indicates whether
ring-opening (Op) or ring-closing (Cl) occurs, and the
second one represents the cationic form (C), the free form
(F) or the anionic form (A) at the 8 nitrogen (Ng) atom of
the compound. X, ;, K ;, K, ,, and K|, , are the dissocia-
tion constants of the respective forms, and the dissociation
processes are, in general, much faster than the processes of
the ring-opening and the ring-closing.?#

The rate constants and dissociation constants in Chart 2
were determined by procedures similar to those empolyed
previously.2~*® The values obtained along with the p KUY

q
values are summarized in Table II. For the sake of com-
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v 0.20 10
g 0
< + 0 Cl,.C
-~ _ + 0
N”S k2 [OH-] iz
< 0.10
< N* +H*
-—
R ke [H] Ko )
' ' 320 1o e
260 280 300 (AC) (BC)
Wavelength (nm)
Fig. 1. UV Absorption Spectra of Compound 1 at Various pH Values Ki /’ L ] l/ Ka
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Fig. 2. The pH-Rate Profiles for Oxazine Ring-Opening and Ring- ++ *
Closing Reactions of Compounds 1 and 4 at 25°C 2H 2H*
@, compound 1; O, compound 4. Chart 2
TasLE II. Estimated Rate Constants and Equilibrium Constants®
Compound kg, os7iMTY kY L+ sTh kERTsTIMT! kQ s7? QL sTim! pK.., pk. , pKYY
1 2.23 x 10 1.87 3.72x 107 0 1.43 x 10° 8.79 13.33 5.95
2 c.nd? cnd? 2.04 x 10° 0 2.80 x 10! 9.58 cnd.? 8.37
3 2.10x 108 0 1.40 x 10* 0 1.20 x 10* 9.60 cnd? 8.59
4 2.14x 108 0 1.39 x 10* -~ — — — 8.51
5 7.33x 10° 0 1.85x 10* 0 2.93 x 10! 8.95 cnd? 8.00
6 1.45x 10° 7.16 5.87 x 10° cnm? c.n.m.? cnm.? cnm? 6.23
7 cnd? cndb 1.81 x 107 0 6.34 x 10° 9.76 cnd? 7.5
8 7.90 x 10* 5.83 x 10? 5.42x 107 0 1.20 x 108 9.38 >129 72

a) At 25°C; in the presence of 4% (v/v) ethanol.

has no proton to be deprotonated. d) c.n.m. means “could not measure” because of fast reaction.

atom was not observed.

b) c.n.d. meéans “could not determine” because of relatively fast subsequent hydrolysis.

¢) The 8-nitrogen atom
e) The absorbance change due to the deprotonation of the 7-nitrogen
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calculated by applying the values in Table II to equations
which were derived in a manner similar to that used for
BZOLs.2+® The following equations were used:

a) pH<ca. 4.0

[H'] ks c[H']

_ o kH" H+ = 1
obs K.'l + [H+] (kOp.C+ Op.C[ ]) K.‘l + [H+] ( )
b) ca. 4.0<pH<ca. 8.0
Kovs= k8o f[H* 1+ kG, 5+ k& p+k&' [OH] @
¢) pH>ca. 8.0

kops= (k& r+ k&g [OH™]) fap+ (k& A+ kAL [OH™]) fan
1

T[]+ KL,

+ kM (Kw/[H* DK, 2} 3)

where f,r and f,, are the molar fractions of AF and AA,
respectively. Ky, is the ionic product of water and is as-
sumed to be 1x 10~ *4M2. The observed data points fit
well to the calculated lines. The plateau portion found in
the acid region for compound 1 suggests the involvement
of 8 nitrogen atom protonation in the ring-opening rate.
From the analysis of this region (from Eq. 1) the values
of k3, c and pK, ; were estimated to be 1.50 x 10 (s~ 'M™%)
and 3.83, respectively. The following characteristics can be
read from the determined kinetic constants in Table II: (1)
The k3§, ¢ value (ring-opening reaction) for 1 is similar to
that for 6 and the K2y value (ring-closing reaction) for 1
is about 1/200 of that for 6. (2) Although the k§_ ¢ values
for 1—4 are almost the same, the values of k&% decrease
with the increase in the bulkiness of 12b-substituents. (3)
The substituens at 8- and 11-positions do not influence the
k&, ¢ and k2% values (compare the results among
compounds 3—S5).

These observations may be interpreted as follows. The
ring-closure to oxazine is considered to be more difficult
than that to oxazolidine because of the increased freedom
of the moiety (2 or 3 carbon chain containing terminal
oxygen atom). Also the bulkiness of 12b-groups may prevent
the ring-closure.

The ring-opening reaction (kg;,F) occurs through an
approach of a proton to the lone pair of N atoms at
S-position. The reaction is almost independent of the
substituents at 12b-positions, indicating that the proton may
approach equally to the lone pair of N5 atoms among
compounds 1—5. Under the conditions that the diazepine

(k& e[H*1+ ks Kw+ kA K, ,
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ring is in a fixed conformation, that is, that the C4 atom is
not inverted, the oxazine ring of BZINs adopts 4 possible
conformations (R, ;y) as shown in Chart 3. Since the carbon
atom at 12b-position is chiral, i.e., BZIN is asymmetric,
only R-enantiomer is considered here. Construction of the
Dreiden molecular model for BZINs lead the following
characteristics in each conformation: R; form, the
substituent at 12b-position and the lone pair of Nj are
gauche, and the oxazine ring and diazepine ring are skewed
with each other; Ry form, the substituent at 12b-position
and the lone pair of Ny are gauche, and the oxazine ring
and diazepine ring are skewed with each other; the confor-
mation Ry, cannot be formed for the diazepine ring,
so this conformation is ignored; R,y form, the substituent
at 12b-position and the lone pair of N is anti, and the
oxazine ring and diazepine ring are approximately coplanar
with each other. In the R,y conformation the lone pair of
N is most sterically unhindered by 12b-substituent. The
oxazine ring and diazepine ring in R,y are almost coplanar
and thus less crowded sterically in the vicinity of Ni.
Therefore, the majority of the conformations may be R,y
in solution or, at least, the ring-opening reaction may occur
through the conformation R,y.

Hydrolyses of BZINs Similar to compounds 7 and 8,51V
hydrolyses of compounds 2 and 3 proceed through cleav-
age of Ns—C,,, bond (cleavage of diazepine ring), and
subsequent hydrolyses through cleavage of amide bond
(C,—Ng bond of the original numbering). The cleavage of
diazepine ring for 2 is about 10 times faster than that for
7 at neutral to alkaline regions.” The cleavage for 3 is
also faster than that for 8 by a factor of 10—100.%

10¢
0.0F ..
o'...
= -10r ®
R [ ]
220 ,* oP®000
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Fig. 3. The pH-Rate Profiles for the Hydrolyses of Compounds 3 and
4 at 25°C

@, compound 3; O, compound 4.
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Fig. 4. Typical UV Spectral Changes for Hydrolysis of Compound 1 at
pH 3.9 and 70°C

Concentration of 1 was 1.00x1074M. 1,0; 2, 2; 3, 5; 4, 9; 5, 15; 6, 21; 7, 47d.
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Figure 3 shows the pH-rate profiles for the cleavage of
diazepine ring of compounds 3 and 4. The shapes of the
pH-profiles are very complicated. Although buffer con-
centration effects were not corrected, the shape of the pro-
file may be a result of a reaction mechanism involving
many molecular species, as shown in Chart 2, proton and
hydroxide ion catalyses for each step, transition of the
rate-determining step of the reaction,!3:!¥ and so on. The
difference between the shapes at alkaline for compounds 3
and 4 may reflect the involvement of Ng deprotonation of
3 in the cleavage of diazepine ring. Complete quantitative
analyses of these pH-profiles are difficult at present be-
cause of the complexity of the system.

Since hydrolysis of compound 1 at 25°C was very slow,
the reaction was followed at 70 °C. Figure 4 shows the time
course of the UV spectral changes for 1 in buffer solution.
The initial and final pH of the reaction solution after cool-
ing to 25°C was the same at 3.9, i.e., the pH of the solu-
tion seemed to be unchanged during the reaction. The
pseudo first-order rate constant (kg in s ') of 2.32x 107°

Vol. 39, No. 12

was obtained from this spectral change. The spectral change
shown in Fig. 4 is very similar to those for 6 in pH 2.0 at
70 °C, where the k,,, value for 6 was 4.97 x 10755~ 1,9 The
close values suggest that the reaction scheme for the
hydrolysis of 1 is considered to be the same as that for 6.
As shown in Chart 4, two branching routes of hydrolysis of
AF are now proposed.®?’ The hydrolysis of 1, therefore,
proceeds via the intermediate 12 rather than 11 which is
formed first in compounds 2—S5, and both result in the
ultimate formation of 13 and 14.
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