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Cyclization of 7-(2-hydroxyethoxy)-4-nitrobenzofurazan (3) and 7-(2-hydroxyethoxy)-4-nitrobenzofurazan (6)
occurs in aqueous solution containing base to give the spiro Meisenheimer-type complexes 5 and 8, which have a
high thermodynamic stability. A similar reaction occurs in MesSO where the structures of 5 and 8 could be fully
characterized by '"H NMR spectroscopy. The kinetics of formation and decomposition of 5 and 8 have been studied
by the stopped-flow method between pH 1 and 12 in aqueous solution. It is found that 5 is only 2.5-fold more sta-
ble than 8 (pK,® = 6.86; pK,® = 7.26), but it forms and decomposes much faster than its furoxanic analogue. These
differences in rates are attributed to the N-oxide group, which probably exerts a very unfavorable influence on the
C-0 bond-forming and bond-breaking processes associated with formation and decomposition of the furoxanic ad-
duct 8. The ring opening of 5 and 8 is subject to general acid catalysis in aqueous solution with a Brgnsted coeffi-
cient « of 0.44. The results are discussed by comparison with those obtained for benzenic analogues.

The proposal®* that the antileukemic activity of some
benzofurazan and benzofuroxan derivatives may be due to
their ability to easily form Meisenheimer-type complexes with
essential cellular SH and/or amino groups has increased in-
terest in the adducts obtained from covalent addition of
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nucleophiles to these compounds. There is now convincing
structural evidence, mainly from NMR studies, that such
adducts are formed in the reaction of a variety of mono- and
dinitrobenzofurazans and -benzofuroxans with hydroxide and
methoxide ions.5-10 The thermodynamic and kinetic data for
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the formation and decomposition of this class of adducts have
been reported mainly for the dinitro complexes 1 and 2.22.9.11
This is because formation of the mononitro adducts is fre-
quently complicated by the occurrence of a number of other
reactions, some of which are irreversible.8>10 In order to avoid
these complications and to carry out a comprehensive quan-
titative analysis of the formation and decomposition of mo-
nonitro adducts, we became interested in furazanic and
furoxanic substrates leading to the formation of spiro com-
plexes. Such systems have been successfully used in benzenic
series.12-14 In the present work, we report data obtained for
the formation and decomposition of spiro complexes 5 and 8
derived from the cyclization of 7-(2-hydroxethoxy)-4-nitro-
benzofurazan (3) and 7-(2-hydroxyethoxy)-4-nitrobenzofu-
roxan (6), respectively, in aqueous solution.

Resuits

When base is added to an aqueous solution of the yellow-
colored parent ethers 3 and 6, there is an immediate appear-
ance of colorless species with absorption spectra showing
maxima at 330 and 339 nm, respectively. Similar spectra are
obtained in MesSO solution, showing that the same species
form in both solvents. Since 1TH NMR measurements in water
were precluded by low solubility of the substrates, confirma-
tion that these species are the spiro complexes 5 and 8 was

NO,
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NO, /
CHO OCH
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NO NO
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OCH2CH20
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obtained from 'H NMR spectroscopy in MexSO solution.
Thus, addition of base to a solution of 3 or 6 in Me;SO-dgre-
sults in an immediate reduction in the intensity of the signals
characteristic of the ring and methylenic protons of 3 (5, in-
ternal reference Me,4Si, 8.48 (H-5, d, J = 10 Hz), 8.02 (H-6, d,
J = 10 Hz), 4.64 («-CHs, t), 3.84 (3-CHo, t)) and 6 (5 8.58 (H-5,
d, J = 9 Hz), 6.83 (H-6, d, J = 9 Hz), 4.33 («-CH,, t), 3.83
(8-CHa, t)) and the development of new sets of signals con-
sistent with the postulated structures of 5 and 8. In particular,
as expected on formation of anionic complexes, the ring pro-
tons H-5, H-6 now absorb at higher field and give two doublets
which are seen at § 6.84 and 6.25 (J = 10 Hz) in the case of §
and 6 7.12 and 4.95 (J = 9 Hz) in the case of 8. Also, in con-
formity with results reported for benzenic unsymmetrical
spiro adducts,!* the nonequivalent dioxolane methylene
protons of 5 and 8 give rise to a complex multiplet centered
at 4.16 ppm in both cases. The resolution of these multiplets
was not sufficient to allow an AA’ BB’ analysis. After the ad-
dition of 1 equiv of base was completed, the stable spectra
consisted only of the signals associated with 5 and 8. They
were also similar to the spectra of solutions in MesSO-dg of
the complexes 5 and 8 isolated as crystalline potassium salts
(see Experimental Section).

The formation of 5 and 8 is essentially complete at pH 10.
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Scheme I

3 (or 6) == 5 (or 8) + H* (1)

(GOH) k- spiro

complex

K ko

3(or6) + OH- =4 (or7) = 5 (or 8) 2)
(GOH) (GO-) *  spiro
complex

To carry out a comprehensive thermodynamic and kinetic
study of the formation and decomposition of these spiro ad-
ducts, we have investigated the reactions in the pH range of
1-12, using dilute hydrochloric acid solutions, various buffer
solutions, and dilute potassium hydroxide solutions. The ionic
strength was always kept constant at 0.2 M by adding KCl as
needed. All pH values have been measured relative to the
standard state in pure water, allowing the calculation of the
hydrogen ion concentration [H*| of the solutions from the
hydrogen ion activity ag+ by means of the relation [H*] =
au+/y+, where v is the trace activity coefficient in 0.2 M KCl
(y+ = 0.7515),

Equilibrium Measurements. In the large pH range
studied, the possible pathways for interconversion of the glycol
ethers 3 and 6 (GOH) and corresponding adducts 5 and 8 are
shown in Scheme I. Whereas the first pathway involves direct
internal cyclization of GOH, the second pathway, which is
evidently much more favored in alkaline media, involves a
rapid proton transfer from the glycol side chain to base fol-
lowed by a slower internal cyclization of the formed glycolate
anions (GO™) 4and 7.

As previously pointed out by different workers,126:d13 the
values of the equilibrium constant K governing the ionization
of the OH group of the parent glycols are unlikely to be much
higher than 0.1 M~1! in water. Hence, at the pH used in the
present work, the product K[OH~] will be «1, and the anion
concentration [GO™] can be neglected compared to the glycol
concentration [GOH]. Accordingly, the stoichiometric equi-
librium constant K (eq 3) usually associated to the conversion
of GOH to spiro adducts through eq 2 may be reduced to the
simplified eq 4 from which eq 5 can be deduced. Ineq 5 K is
the equilibrium constant governing the internal cyclization
of GO~. Furthermore, relation 7 holds between K and the
equilibrium constant K, (eq 6) associated with the formation
of adducts through eq 1 at u = 0.2 M (K is the autoprotolysis
constant of water; pK, = 14.17 at 20 °C).

[complex]
([GOH] + [GO~])[OH"]
[complex] @
[GOH][OH"]

KC = KK2 (5)
[complex][H*]
[GOH]
Kom kox Ko o

Y+

Measurements of the equilibrium optical densities at the
absorption maxima of the adducts were made at 20 °C in
buffered solutions in the pH ranges 6.5-8 and 6.8-8.5 for 5 and
8, respectively. As expected, a plot, not shown, of log (OD —
0D)/(0OD,. — OD) vs. pH according to the equation
0D - 0Dy
OD - 0D

where OD is the equilibrium optical density at a given pH, OD,

K.= (3)

K .=

K.= (6)

log =log Ka + pH + log v+ ®)

_the optical density in a basic solution where complex forma-

tion is quantitative and ODy the optical density of the parent
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Table I. Experimental and Calculated Pseudo-First-Order Rate Constants, koneq, kr, and kg, for the Formation and
Decomposition of the Furazanic Adduct 5 in Water?

pH Ropsd, 871 ke st kg, 571 pH R obsd, 871 ke sl kg, 871
1.30% 147 3.1 X104 147 5.29¢ 0.24 4.80 X 103 0.235
1.46° 118 3.56 X 10—4 118 5.989 0.23 2.08 X 10~2 0.208
1.72°8 63.4 3.49 X104 63.4 6.30¢ 0.275 4.7 X 1072 0.227
1.98% 36 3.6 X104 36 6.729 0.386 0.137 0.249
2.04% 30.5 3.5 %104 30.5 7.054 0.605 0.327 0.278
2.120 24.3 3.28 X 10—4 24.3 7.384 0.915 0.656° 0.26
2.20b 18.8 3.12 X10~4 18.8 7.52¢ 1.34 1.045 0.294
2.35% 14.23 3.33 X 104 14.23 7.89¢ 2.87 2.56 0.308
2.46% 11.36 3.43 X 104 11.36 7.94¢8 2.65 2.3 0.252
4.04¢ 0.54 6 X 10—4 0.54 8.30/ 6 5.72 0.274
4.34¢ 0.375 8.77 X 10—4 0.374 8.62¢ 11.28 11.03 0.253
4.64¢ 0.278 1.29 X 103 0.277 8.91¢ 22.4 22.14 0.254
4.96¢ 0.26 2.46 X 103 0.26 9.10¢ 32.4 32.2 0.244

@ At zero buffer concentration; u = 0.20 M; t = 20 °C. ® HCl solutions (4.5 X 1073-6.5 X 10~2 M). ¢ Acetate buffer. ¢ Phosphate
buffer. ¢ p-Cyanophenoxide buffer. / Bicarbonate buffer. éBorate buffer.

F+2

log k obsd
o

Figure 1. pH dependence of kbsq (571) for the formation and de-
composition of adducts 5 (plot a) and 8 (plot b) in water: 20 °C, u =
0.20 M.

glycol, gives a straight line of slope +1 in both cases and af-
fords

K. (5) =138 X 10-" M+, K, (8) =5.5X10"8 M*!

Using eq 7, we also obtain values of K
K (5)=117X10"M~L; K.(8) = 4.68 X 106 M—1

Kinetic Measurements. The kinetics of the interconver-
sion of 3, 6 and adducts 5, 8 were studied spectrophotomet-
rically at 330 and 339 nm, respectively, by using stopped-flow
as well as conventional methods. In all runs, the concentra-
tions of acid, base, or buffer components were in large excess
over substrate concentration, assuring pseudo-first-order
kinetics throughout. The logarithmic values of the observed
first-order rate constant kp,eq for the combined formation and
decomposition of 5 and 8 at 20 °C are plotted in Figure 1 as
a function of pH. Since buffer catalysis of the decomposition
of 5 and 8 has been observed in the more acidic buffers
(chloracetate, formate, and acetate buffers) the kpeq values
used at pH <5 in these pH profiles are those extrapolated to
zero buffer concentration. In contrast, no buffer catalysis has
been detected in the more basic buffers. As can be seen smooth
pH-rate profiles were obtained despite the fact that buffers
of varying chemical types were used.

The rate constant kgpsq reflects the rate of approach to
equilibrium between the parent ethers and the adducts and
can be expressed as the sum of the individual pseudo-first-
order rate constants k¢ and kg, respectively, for the formation
and decomposition of 5 and 8. Using a treatment similar to one
previously described®1¢ k¢ and k4 may be calculated from eq
9 and 10 where pH, s is the experimental pH value corre-

log k¢.log kg

2 § 6

8§ 10 12

pH
Figure 2. pH dependence of k¢ (s™1) and k4 (s~?) for the formation

and decomposition of adducts 5 (plots a) and 8 (plots b) in water: 20
°C,u=0.20M.

sponding to the half-formation of 5 (pHi /2 6.98) and 8 (pH; /2
7.38).

R obsd

k = 0DS
£7 1+ (10-PH/10-PHin) @
kd kobsd (10)

T 1+ (10-PHir/10-PH)

Tables I and II present the values of k¢ and k4 calculated in
this way at 20 °C together with the experimental values of
kobsd-

Complete data are graphically represented in Figure 2
which shows the pH dependence of ks and k4. These pH pro-
files are consistent with equations of the form

ke=ky + ko K[OH] =k1+% (11)
CH+Y %
k_laH+
kd = k_z + k_l[H+] = k_z +— (12)
T

Scheme I shows the reactions to which the various rate
constants refer, viz., kg and k1 refer to internal cyclization of
the anions and the parent glycols, respectively, while k., and
k_1 refer to the noncatalyzed and H*-catalyzed ring opening
of the adducts, respectively. The various rate coefficients
could easily be determined from the two linear portions of the
k¢ and k4 pH rate profiles (high and low pH regions of each)
respectively. We thus obtain; Kky = 3.1 X 106 M~1s—1 k_, =
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Table I1. Experimental and Calculated Pseudo-First-Order Rate Constants, ks, kf, and kg, for the Formation and
Decomposition of the Furoxanic Adduct 8 in Water®

pH R obsd, 871 kg 871 kg,871 pH Robsd, 871 ks sl kg, 87!
1.12% 0.568 3.12 X 10-7 0.567 8.728 1.59 X 10~3 2.85 X 10-4 1.3 X 1073
1.42% 0.305 3.34 X 10~7 0.304 7.058 2.64 X 10~3 8.41 X 104 1.79 X 10-38
1,726 0.155 3.39 X 107 0.154 7.52k 4.99 X 103 2.48 X 103 1.80 X 10-3
2.12b 6.62 X 10—2 3.64 X 10~7 6.61 X 10~2 7.891 6.34 X 1073 4.84 X 103 1.51 X 10-3
2.426 3.1 X 10-2 3.40 X 10-7 3.09 X 10-2 8.23h 1.59 X 10~2 1.39 X 10~2 1.96 X 10-3
2.72b 1.6 X 10~2 3.69 X 10~7 1.59 X 10—2 8.91¢ 4.38 X 10-2 4.25 X 10-2 1.25 X 10-3
3.126 7.8 X 10-3 4.29 X 107 7.79 X 10-3 9.11! 7.48 X 10~2 7.34 X 10-2 1.36 X 10-3
3.30; 5.65 X 103 4.70 X 107 5.64 X 10-2 9.47: 0.164 0.162 1.32 X 10-3
3.74 3.11 X 10-3 7.12 X 10-7 3.11 X 10— 10.16¢ 0.8 0.8 1.83 X 10-
4.34¢ 2.15 X 103 1.96 X 10-¢ 2.14 X 10-3 10.42¢ 1.45 1.45 1.32 X 10-3
4.64¢ 1.75 X 10-3 3.17 X 10-6 1.74 X 10-3 11.05/ 6.4 6.4 1.36 X10-3
4.94¢ 1.75 X 10-3 6.33 X 106 1.74 X 1073 11.35/ 10.68 10.67 1.14 X 10-3
5.36/ 1.48 X 10-3 1.40 X 10~5 1.46 X 10-3 11.53/ 19.5 19.5 1.38 X 10-3
5.68/ 1.42 X 10-3 2.77 X 10-5 1.39 X 10-3 11.657 26.81 26.80 1.44 X 1073
5.98¢ 1.36 X 10~3 5.20 X 105 1.30 X 10-3 11.89/ 35.33 35.32 1.09 X 10-3
6.30¢ 1.39 X 10-3 1.06 X 10~4 1.28 X 10-3

a At zero buffer concentration; u = 0.20 M; t = 20 °C. ® HCl solutions (10f3—0.1 M). ¢ Citrate buffer. d Formate buffer. ¢ Acetate
buffer. / Succinate buffer. & Phosphate buffer. # p-Cyanophenoxide buffer. { Borate buffer. / NaOH solutions'(1073-7 X 10~3 M).

Table II1. Kinetic and Equilibrium Data for Spiro Complex Formation in Water and Deuterium Oxide

5¢ 8¢ 10 12
H,0 KKo, M-1 1.17 X 1070 4,68 X 1085 1.8 X 107¢ 3 X 10404
1.24 X107¢ 4.10 X 106¢ 2.1 X 107¢f 3.9 X 104eh
1.6 X 107¢:¢
Kko, M~1g~1 3.1 X 108 5.5 X 103 6.3 X 105/ 9 X104k
k_g,s7! 0.25 1.34 X 103 0.03f 2.3
ki, e”! 3.4 X 104 3.3 X 1077
4,1 X 10744 2.95 X 10-7d
k_;,M1lg-1 2.7 X 108 5.9 2.2 X 108k 1.8 X 104"
D-0 KKy, M1 2.17 X 107¢ 6.8 X 108¢
Kky, M-1571 4.35 X 108 7.5 X 108
k_g,s™1 0.20 1.1 X 1073 1.7h
k571 1.43 X 1044 1.1 X 10-7¢
k-, M~lg-t 4.13 X 103 9.3 3.3 X 108k
K K, (H;0)/KK4 (D;0) 0.57 0.60
Kko (H20)/Kk 5 (D20) 0.71 0.73
k.o(H20)/k—3 (D20O) 1.25 1.22 1.35h
k; (Hy0)/k1 (D20O) 2.86¢ 2.70¢
k—1 (H,0)/k -1 (D20) 0.65 0.63 0.66"

a This work, ¢t = 20 °C, u = 0.2 M. ® KK, determined spectrophotometrically. ¢ KK calculated from the ratio Kko/k . 9 k| calculated
from k—y X KKs X K, (D20)/v+% with pK,, (D20} = 15.05 at 20 °C. ¢ Reference 18 at 25 °C. f Calculated at 20 °C from ref 17. £ Reference
17 at 25 °C. * Reference 13b at 25 °C. ¢ Calculated from the values of k; estimated according to footnote d.

025571, k; =34X10%s 1 and k_; = 2.7 X 103 M-I~ for
5and Kky =55 X 103 M~1s-1 k_5=1.34X 1073571 k;=3.3
X 10~7s~! and k; = 5.9 M~1s™1 for 8. In both cases, the KK »
values calculated from the ratio Kko/k - are in fairly good
agreement with the KK; values determined spectrophoto-
metrically (see Table III).

Inserting the values obtained for these parameters into the
expression given by eq 13 for kpsd, we see that at low pH (pH
<4), only the reverse reaction of 5 (or 8) + H* — 3 (or 6) is
important while, above pH 8, only the reaction of 3 (or 6) +
OH~- =4 (or 7) — 5 (or 8) is important. This is in agreement
with our experimental results.

k_laH+

byt by + 2By
Y+ QH+Y+

k obsd = ( 13)
In the intermediate pH range, values of k,psq are identical to
those of k5, showing that the plateaus observed in the ex-
perimental pH profiles of Figure 1 correspond to the uncata-
lyzed ring opening of 5 and 8 and that adduct formation from
internal cyclization of the glycols is negligible under our ex-
perimental conditions. Therefore, the intersections in Figure
1 between the k_; plateaus and the straight lines of slope +1

yield the pH; s values corresponding to the half-formation of
5 and 8. We thus obtain pH;/; 6.93 and 7.36 for 5 and 8, re-
spectively, in excellent agreement with values determined
thermodynamically.

As previously noted, buffer catalysis was observed in solu-
tions of the most acidic buffers and was investigated in some
detail with the chloracetate-chloracetic acid, formate-formic
acid, and acetate-acetic acid systems. As is apparent from
Figure 3 which presents the data for complex 8 in the ace-
tate—acetic acid buffer, plots of the observed rate constant
kobsa Vs. the undissociated acid concentration [AH] are linear
with pH dependent intercepts but pH independent slopes.
Thus, koheq can be expressed by eq 14 where k44 is the sec-
ond-order rate constant for catalysis of the ring opening of 5
and 8 by the buffer species AH:

Robsd = k-9 + k_l[H+] + kAH[AH] (14)

Table IV summarizes the kay values determined from the
slopes for the three buffer systems. Also, as expected and
shown in Figure 4, a plot of the intercepts vs. the hydrogen ion
concentration affords in both cases a straight line with an
intercept equal to k_; and a slope equal to &£—.;. We thus ob-
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Table IV. Rate Constants kg for Acid Catalysis of the Ring Opening of Spiro Complexes in Water

buffer kag, M~1s™1
acidic species pK.,¢ 5% 8% 10°¢ 12¢
H;0+ ~-1.74 2700 5.9 2200 18000
chloracetic acid 2.84 41 0.11 12 300
formic acid 3.74 11.7 0.024 2.3 60
acetic acid 4.64 4.75 0.011 0.9 25
water 15.66 7.2 X10~5 2.35 X 1077 2.14 X 106 2.5 X 1074
a pK, at u = 0.20 M. ® This work at ¢ = 20 °C, p = 0.20 M. ¢ Reference 13b at t = 25 °C, u = 0.30 M.
4
® 3
®
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109x[H*] M
1
2 3 6 8 10 12 14 16 18 20 Figure 4. Plots of the intercepts of lines in Figure 3 against the hy-

102x[Ac OH] M

Figure 3. Effect of acetic acid concentration and pH on kgpsq for the
decomposition of 8 in water: 20 °C, ¢ = 0.20 M; (a) pH 4.04; (b) pH
4.17; (c) pH 4.34; (d) pH 4.64.

tain: k_s = 1.838 X 1073571, k_; = 6.2 M~1s~ 1 for the benzo-
furoxan adduct 8 and k-9 = 02257, k_; =25 X 108 M~1s~1
for the benzofurazan adduct 5. Within experimental error,
these values agree well with the one previously determined
from the pH profiles of Figure 2.

The rates of formation and decomposition of 5 and 8 have
also been determined in deuterium oxide at 20 °C. The ob-
served solvent isotope effects on KKy, Kko, kg, and k_, are
given in Table III.

Discussion

Effect of the Annelated Furazan and Furoxan Rings
on Spiro Complex Formation. The values of equilibrium
and rate constants for the formation and decomposition in
water of spiro complexes 5 and 8 are collected in Table III
which also includes some literature data on previously studied
benzenic spirocomplexes 10 and 12 derived from 1-(2-hy-

0L 0 ch

NOZ\Q/NOZ N02

NO2 NO2

10 12

droxyethoxy)-2,4,6-trinitrobenzene (9)13>17.18 and 1-(2-
hydroxyethoxy)-2,4-dinitrophtalene (11).136 As can be seen
from a comparison of the KK values, the stability of the ad-
ducts 5 and 8 relative to the parent ethers is of the same order
of magnitude as that of the trinitro adduct 10 (the ratios
KK»(10)/KK,(5) and KK3(10)/KK(8) are equal to 1.7 and
4.6, respectively) but much greater than that of the naph-
talenic adduct 12 (the ratios KKo(5)/KK2(12) and KK(8)/
KK5(12) are equal to about 300 and 115, respectively). These

drogen ion concentration: 20 °C; p = 0.20 M.

results clearly demonstrate the very strong stabilizing influ-
ence exerted by the annelated furazan and furoxan rings on
Meisenheimer-type adducts. That KK, is about 2.7-fold
greater for 5 than for 8 indicates that the furazan moiety is
somewhat more efficient than the furoxan one in stabilizing
the adducts. Interestingly, this stability difference between
5 and 8 is similar to the one we have found between the ad-
ducts 13 and 14 formed from methanol and methoxide ion

N02 NO

2
N N
© »
NO. N NO N
2 2 é
CH3O H CH30 H
13 14

attack on 4,6-dinitrobenzofurazan and 4,6-dinitrobenzo-
furoxan in methanolic solution: pK,(13) = 6.15;19 pK,(14) =
6.46.20 These results are consistent with the notion that the
electron-donating effect of the oxygen atom of the N-oxide
group may partially reduce the overall electron-withdrawing
effect of the furoxan ring compared with that of the furazan
analogue.?!

Despite their similar stability, 5 and 8 have drastically
different rates of formation and decomposition. For the ad-
duct formation, Kk, is about 560-fold greater for 5 than for
8, whereas the ratio k;(5)/k(8) for direct internal cyclization
of the parent ethers is found to be equal to about 1600.
For adduct decomposition, the ratios k_»(5)/k_2(8) and
k_1(5)/k_1(8) of the rate constants for the noncatalyzed and
H+-catalyzed ring opening are equal to about 200 and 700,
respectively. One possible reason for differences in the rates
of formation might be a stronger stabilization of the parent
glycol 6 due to an intramolecular hydrogen bonding to the
N-oxide group. This would decrease the equilibrium constant
K governing the ionization of the side chain of 6, and hence
Kk, for the formation of 8, as well as the k; value for direct
internal cyclization of 6. However, this does not appear to be
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an attractive explanation since such hydrogen bonding would
require the formation of a nine-membered ring, a process
which is not expected to be very favorable. There is evidence
that it probably does not take place. If hydrogen bonding was
present in 6, one would expect different isotope effects on
KK, Kk, and k{ for 8 than on the similar terms for 5. As can
be seen in Table I1I, this is not borne out by the experimental
data; in fact, the ratios KK3(H20)/KKs(D20), Kky(Hs0)/
KE4(D30), and k1(H30)/k1(D20) are about the same in the
two systems. Also, we note that the values for the KK (H,0)/
KK(D;0) and Kky(Hy0)/Kks5(D20) ratios are identical to
those recently reported by Bernasconil? for the formation of
the spiro complex derived from 1-(3-hydroxypropoxy)-
2,4,6-trinitrobenzene (KK2(H20)/KKo(D3;0) = 0.585;
Kko(Ho0)/Kko(D20) = 0.74). Furthermore, there seems to
be no compelling reason why a stronger stabilization of 6
should also affect the rate of decomposition of the adduct 8
relative to that of its analogue 5. In fact, and in accord with
previous discussions of similar situations,?223 any reasonable
explanation of the slower rates of formation and decomposi-
tion of 8 must invoke an effect on the transition states which
is not present (or present to a smaller extent) in either the
reactants (6 or 7) or in the adduct 8. We believe that this effect
is connected with the presence of the N-oxide group and may
be explained in terms of electrostatic considerations. Thus,
we note that the negative glycolate oxygen can be removed
from the N-O oxyvgen in the glycolate anion 7, minimizing the
repulsion, whereas in the adduct 8, no negative charge is left
on the glycolate oxygen. In contrast, important electrostatic
repulsion between the two oxygens may be expected in the
transition state 15, which would result in an increase in its
energy and in a concomitant decrease in the Kks and k_,
values. When considering the k1, 2—; pathway, similar elec-
trostatic destabilization of the transition state 16 might arise

from repulsion between the partially positive glycolate oxygen
and the positive aza nitrogen, causing a decrease in the ky, £y
values. Since similar effects cannot operate in furazan series,
this would explain the higher rates of formation and decom-
position for 5 than for 8.

Buffer Catalysis. The present work shows the absence of
buffer catalysis of the formation of the adducts 5 and 8, indi-
cating that, in the corresponding experimental conditions (pH
>6), the parent ethers GOH and anions GO~ are in rapid
equilibrium and the internal cyclization of these latter is rate
determining. In contrast, under certain experimental condi-
tions (pH <5), general acid catalysis of the decomposition of
the adducts can be observed. As can be seen in Figure 5, plots
of log kapg values vs. the pK, values for the catalyzing acids
are linear with slopes giving values of 0.44 and 0.43, respec-
tively, for the Bronsted coefficient «. These results are, indeed,
quite similar to those reported by Crampton!® and Bernas-
coni?4 for the acid-catalyzed decomposition of benzenic spiro
adducts 10, 12, 17, and 18. Also, as proposed by these authors,

Cg NCH% o NIC O O-H---A

17 18 18
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Figure 5. Bronsted plots for the acid catalyzed decomposition of
adducts 5 (plot A) and 8 (plot B).

the most probable mechanism for the reaction is a concerted
process, with a transition state such as 19, The microscopic
reverse of this step, i.e., general base-catalyzed cyclization of
the ethers 3 and 6, cannot be observed under conditions where
buffer catalysis is effective because the equilibrium favors the
ether over the complex, in agreement with the low values
calculated for k;.

An estimation, using the Brénsted plots of Figure 5, of the
kan values for the less acidic general acids present in the
buffer solutions (HoPO4—, HCO3™, boric acid) confirms that
the catalytic effects of these species are undetectable in our
experimental conditions. Of special interest are the k’ap
values (kau X 55.55) of 4 X 10~3 and 1.30 X 10551 calculated
for catalysis of the decomposition of 5 and 8, respectively,
assuming that water is acting as a general acid. Comparing the
values with the experimental values of 0.25 and 1.21 X 103
s~! measured for k_, reveals, in agreement with the weak
isotope effect found for this step (ko (Ho0)/k 5 (D20) is of
about 0.65 in both cases), that the noncatalyzed decomposition
of the adducts does not occur via a biomolecular reaction in-
volving the transition state 19 (A = OH) but is certainly a
unimolecular reaction. Thus, the formation and decomposi-
tion of 5 and 8 are exclusively described by eq 2 at pH >5. At
pH 5, the acid catalyzed ring opening of the adducts begins
to compete with the noncatalyzed one and becomes the pre-
dominant pathway at pH <4.

Experimental Section

Materials. 7-(2-Hydroxyethoxy)-4-nitrobenzofurazan (3) and
-benzofuroxan (6) were prepared at room temperature by adding 5
mL (5 mM) of 1 M sodium glycolate in ethylene glycol dropwise to
a suspension of 1 g (=5 mM) of 7-chloro-4-nitrobenzofurazan or
-benzofuroxan in 40 mL of ethylene glycol. The solutions were allowed
to stand for 1 h and then acidified by concentrated hydrochloric acid,
diluted with water, and extracted with chloroform or ethyl acetate.
After repeated washing with dilute hydrochloric acid solutions, the
CHCl;3 or ethyl acetate solutions were dried over MgSQ4 and evapo-
rated to yield brown crystals of 3 or 6 which were recrystallized from
ethanol or a CHClz-acetone mixture: 3, mp 115 °C; 6, mp 124 °C.

The spiro adducts 5 and 8 were prepared as potassium salts by
addition of nearly 1 equiv of 1 M methanolic potassium methoxide
to a solution of the parent molecules 3 and 6 in acetonitrile. After the
reaction, the solvent was evaporated off and the solid residues were
washed repeatedly with anhydrous ether and then dried in vacuo. The
adducts so obtained showed UV-visible and 'H NMR spectra iden-
tical to those obtained when they were generated in situ from base
addition to aqueous or MesSO solutions of the parent ethers. Acidi-
fication resulted in quantitative regeneration of the starting materi-
als.
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HCl and KOH solutions were prepared from Titrisol. Buffer sol-
solutions® were made up from the best available commercial grades
of reagents.

Rate and pH Measurements. Stopped-flow determinations were
performed on a Durrum stopped-flow spectrophotometer, the cell
compartment of which was maintained at 20 + 0.5 °C. Other kinetic
measurements were made using a Beckman Acta-3 spectrophotom-
eter. All kinetics runs were carried out under pseudo-first-order
conditions with a substrate concentration of about 4 X 10~5 M. Rate
constants are accurate to +£3%.

The pH was measured on a Radiometer Model pH meter according
to standard methods. The pH values are relative to the standard state
in pure water. The pD values were obtained by adding 0.40 to the pH
meter reading.?5
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Reversed Micellar Catalysis. Catalysis of Dodecylammonium Propionate
Reversed Micelles in the Hydrolysis of Alkyl p-Nitrophenyl Carbonates
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The hydrolysis rates of methyl and dodecyl p-nitrophenyl carbonates in nonpolar organic solvents such as ben-
zene and hexane were greatly enhanced by dodecylammonium propionate, DAP. The rate of hydrolysis was propor-
tional to the square of the detergent concentration. At higher concentration of water than about 1 X 10~! M the rate
decreased with the increase in water concentration, while at lower concentration than 1 X 10~1 M the rate was al-
most irrespective of the water content. The rate varied greatly among five nonpolar solvents adopted, which was
interpreted in terms of the substrate partitioning into the micellar core. Thermodynamic parameters of activation
suggest that the mobility of the activation complex is highly restricted at the transition state (AS* = -30 to —53
eu), nevertheless the large rate enhancement is brought about by the term of enthalpy of activation (AH* = 2-11
keal mol~1), which overwhelms the unfavorable enthropy term. Hexadecyltrimethylammonium propionate was
about fourfold less effective to the reaction than DAP, while benzyldimethylhexadecylammonium chloride showed
no catalytic effect at all under the same reaction conditions.

Reversed micellar catalysis is roughly classified into two
categories: (1) the catalysis by detergent itself in the reversed
micelles provided with the functional detergents and (2) the
assistance of the restricted (rigid) field produced in the inte-
rior core of reversed micelles. The former is exemplified in
studies such as the mutarotation of glucose,? the decomposi-
tion of Meisenheimer complex,* and the hydrolyses of su-
crose,® ATP 8 and 2,4-dinitrophenyl sulfate,” where the gen-
eral acid-base catalysis with detergents is concerned. The
latter cases are seen in the ATP hydrolysis as catalyzed with
the Mg?* ion® and the aquation of tris(oxalato)chroma-
te(11I).8

In this work, through the kinetic investigation for the hy-
drolytic decomposition of alkyl p-nitrophenyl carbonates in
the DAP reversed micelles, which belongs to the category (1),

we would like to extend the scope of reversed micellar catal-
ysis.

Experimental Section

Materials. Dodecylammonium propionate (DAP) was prepared
according to the method described earlier.® Hexadecyltrimethylam-
monium propionate (CTAP) was prepared by the replacement of the
counteranion of hexadecyltrimethylammonium hydroxide with
propionic acid by the aid of the anion exchange column chromatog-
raphy (Amberlite IRA-400) technique. The surfactant, CTAP, was
very hygroscopic and difficult to submit to the elemental analysis.
CTAP was stored over phosphorus pentaoxide in a vacuum desiccator
and the purity was established by TLC, IR, and NMR spectra. Ben-
zyldimethylhexadecylammonium chloride (CBDACI) was commer-
cially obtained. Syntheses of methyl- (1a) and dodecyl-p-nitrophenyl
carbonates (1b) are described elsewhere.1? Distilled water using a glass
distillator was used throughout all the kinetic runs. All the organic
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