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Abstract: The hydrolysis of N-acetylbenzotriazole is pH independent in the pH range 2.5-6 and catalyzed by hydroxide ion
at higher pH. Based on the solvent deuterium isotope effect, the value of entropy of activation, and structure-reactivity consid-
erations, a mechanism involving at least two water molecules in the transition state is proposed for the pH-independent hydrol-
ysis. N-Acetylbenzotriazole exhibits little susceptibility to catalysis by proton and acids. Catalysis by weak acids is attributed
to general base catalysis of hydrolysis (Brgnsted 8 value = 0.38). Curved Brgnsted plots were obtained for both general acid
and general base catalysis of methoxyaminolysis with limiting slopes approaching O for strong catalysts and | or —1 for weak
ones. These observations suggest that general acid and general base catalysis involve a kinetically significant proton-transfer
step. Possible mechanisms involving intermediates that are not at equilibrium with respect to proton transfer and their relation-
ship to the lifetime of these intermediates and the position of the breaks in the Brgnsted plots are described. The rate constants
for the uncatalyzed aminolysis by a series of amines increase sharply with increasing amine basicity (Bnuc = 1.0); the rate-de-
termining step is attributed to the uncatalyzed breakdown of the addition intermediate T#. Catalysis of aminolysis by a second
molecule of amine is characterized by a Brgnsted plot of slope equal to 0.86. Surprisingly, all the absolute rate constants ob-
tained with N-acetylbenzotriazole are considerably slower than that expected from the pK, of benzotriazole if compared to
acetylimidazole and l-acetyl-1,2,4-triazole, especially for general-acid- and general-base-catalyzed pathways. The reasons
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and implications of this last result are discussed.

Introduction

Considerable interest has attached to the mechanism of
general acid and general base catalysis of complex reactions
in water, especially for general acid-base catalysis of carbonyl
and acyl group reactions.!2 The question of whether these
reactions are concerted or proceed through tetrahedral inter-
mediates is of continual concern. On the basis of nonlinear
Brgnsted plots, stepwise mechanisms have been suggested for
both general acid and general base catalysis of methoxyami-
nolysis of 1-acetyl-1,2,4-triazole® and for the general-base-
catalyzed hydrazinolysis of N-acetylimidazole,* with inter-
mediates that are not at equilibrium with respect to transport
processes. As a further illustration of such kinds of mechanisms
for reactions involving N-acetylazoles, we describe here the
characteristics of the uncatalyzed and catalyzed reactions of
N-acetylbenzotriazole with water and amines. Results have
shown appreciable differences from that obtained with 1-
acetyl-1,2 4-triazole and the purpose of this paper is to point
these out. A preliminary study of the hydrolysis of N-acetyl-
benzotriazole was reported® and this amide was previously
described as a protein reagent.®

Experimental Section

Materials, N-Acetylbenzotriazole was prepared by the method of
Staab.” The product had mp 49-50 °C (tit.7 51 °C); IR 1735 cm™!
(>C=0.in CHCI3: 1it.® 1735 cm™1); UV (phosphate 0.1 M, pH 7.0)
Amax 219 nm (e 14 400), 262.5 (7020), 297.5 (4620); '"H NMR (CCly)
3.0 ppm (s, 3, CH3), 7.5-8.4 ppm (m, 4, phenyl). Difluoroacetic acid,
dichloroacetic acid, methoxyacetic acid, n-propylamine, and 2-
methoxyethylamine were redistilled; disodium methylarsonate,
methoxyamine hydrochloride, hydrazine dihydrochloride, glycine
ethyl ester hydrochloride, 2,2,2-trifluoroethylamine hydrochloride,
benzotriazole, and 3-quinuclidinol were recrystallized before use.
Other reagents were commercial preparations. Acetonitrile was pu-
rilied by the method of Coetzee.® Buffers were prepared from reagent
grade materials. The heavy water containing at least 99.95% D>O was
purchased from CEA France. Glass-distilled water was used
throughout. The pK, value of benzotriazole was determined by pH
titration with standard sodium hydroxide.

Kinetic Measurements, Except for a few hydrolysis experiments
carried out in a pH-stat Radiometer, Type TTTlc, reaction rates were
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measured spectrophotometrically by following the disappearance of
the absorption of N-acetylbenzotriazole at 300 nm on a Cary Model
IS spectrophotometer equipped with a thermostated cell holder. All
runs were carried out at 25 °C, ionic strength maintained at 1.0 with
potassium chloride. The solvent used for all the kinetic studies was
2.5% (v/v) acetonitrile-water. The pH was measured before and after
each run using the pH-stat Radiometer equipped with a Type B glass
electrode. A typical run using the concentration 2 X 1074 M for N-
acetylbenzotriazole and a given concentration of buffer and amine
was performed as follows. Cells (1 cm) filled with | mL of a buffer
or amine solution containing the appropriate potassium chioride
concentration were equilibrated at 25.0 °C for 8-10 min. Dry aceto-
nitrile (25 uL) was previously added to the reference cell. After
temperature equilibrium, 25 uL of a N-acetylbenzotriazole stock
solution in acetonitrile was introduced into the sample cell; the re-
sulting solution was quickly mixed and the decreasing absorbance at
300 nm was followed. For experiments carried out in the presence of
methoxyamine, a solution of methoxyamine was added to the buffer
(final concentration 0.04 M) before the usual incubation, except for
chloroacetate. In this case.’ to avoid the side reaction of methoxyamine
with chloroacetate, no preincubation was performed. Faster reactions
with hydrazine and 3-quinuclidinol were followed at 25.0 °C using
a Durrum-Gibson Model 13001 stopped-flow spectrophotometer. The
disappearance of N-acetylbenzotriazole was followed at 300 nm after
mixing equal volumes of aqueous solutions of 2 X 1074 M N-acetyl-
benzotriazole and 0.1-0.4 M hydrazine (or 0.1-0.4 M 3-quinuclidinol
in the presence or absence of 0.08 M methoxyamine), both at ionic
strength 1.0 M (KCI) and 2.5% (v/v) acetonitrile in order to minimize
refractive index changes on mixing. Each rate measurement was re-
peated at least four times. Hydrolysis experiments carried out in the
absence of external buffers were followed in a pH-stat assembly in the
usual conditions using a | X 1072 M N-acetylbenzotriazole aqueous
solution. The pD values were taken as the pH meter readings plus the
proper correction (0.41).10

All reactions were followed to completion under pseudo-first-order
conditions. For spectrophotometric determinations, the corresponding
rate constants (Kobw) were obtained from least-squares analysis of
plots of In (OD, — OD.)/(ODg — OD.) vs. time. Usually, the plots
were linear to at least 4 half-lives; for stopped-flow experiments, de-
viations from linearity after 2-3 half-lives were observed. The re-
producibility was within £2-5%. All computations were carried out
using a Dichl-Algotronic calculator.

Treatment of Kinetic Data. Above pH 2.5, the rate constants for
the hydrolysis of N-acetylbenzotriazole in the absence of external

o
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buffers are described by?
ko = ky + kon-[OH™] (1

The rate constants for the base (kon-) and the pH-independent (k)
reactions were obtained from the slope and intercept of the plot of the
pscudo-first-order rate constants (k¢) against hydroxide ion concen-
tration, respectively. This concentration was calculated from the pH,
K, = 107" and an activity coefficient for hydroxide ion!! of 0.67.

For the disappearance of N-acetylbenzotriazole catalyzed by ac-
ctate, substituted acetate, phosphate, methylarsonate, carbonate, and
3-quinuclidinol buffers, linear plots of the pseudo-first-order rate
constants, k,bed, against total buffer concentration were found over
the range 0.05-0.6 M buffer. Values of kg (s™!) and kg’ (M~1s™1)
were obtained from the intercepts and the slopes of these plots, re-
spectively. Rate constants kg for reaction with the basic species of the
buffer and kgy+ for reaction with the acid one (eq 10) were deter-
mined from the intercepts at 1.0 and 0.0, respectively. of plots of kg’
against the fraction free base of the buffer. When the same experi-
ments were carried out in the presence of a constant concentration of
added methoxyamine, the slopes of the linear plots of k,psq against
total buffer concentration were corrected by the corresponding value
ol kg3 Plots of these corrected values divided by the concentration
of free methoxyamine, (k. ), against the fraction free base of the
buffer led to the determination of the rate constants k3 (M~2s™!) for
catalysis of methoxyaminolysis by the basic component of the buffer
and k4 (M™2s71) for catalysis by the acidic component? (eq 10).

For reactions with primary amines, except n-propylamine, plots
of (kobsa — ko)/[RNH2]T against [RNH,]t were found to be linear.
The plots of the intercepts k; (M™! s™!) against the fraction of the
amine in the basic form allow the determination of the &,” and the k5’
terms (M™!s™1) of eq 11.12.13 By plotting the slopes kg (M™2s™1)
divided by the fraction free base of the amine against this fraction,
the values of k3 and k3 (M—25™!) were obtained from the intercepts
at 1.0 and 0.0, respectively. For n-propylamine, the k,” and ko’ terms
were obtained from the intercepts at 1.0 and 0.0, respectively, of plots
of the slopes kg (determined from the linear plots of kupsa vs.
[RNH:]7) against the fraction free base of the amine.

When the observed catalytic constant represented less than a 10%
increase over the concentration range of buffer, it is reported as an
upper limit corresponding to a 10% increase in rate at the largest buffer
concentration. For catalysts in which the catalytic coefficient for one
ionic species is much larger than that for the other, an upper limit was
obtained by assuming a 10% error for the catalytic coefficient obtained
at the highest or lowest fraction of free base.

Calculation of Theoretical Brgnsted Plots. For the general base and
the general acid catalysis of the methoxyaminolysis of V-acetylben-
zotriazole, the Brgnsted plots describing ““Eigen curves” for simple
proton transfer were calculated from the steady-state rate laws!4

_ Kk skt k v’
knrky' + k-gkiv' + k-gk-1r’

\ = KagdkHakniky
kinkiv + k-pakiv + kogakin

based on the elementary rate constants shown in Scheme 111 with R
= CH30. K44k and K,ggkHa are the limiting rate constants for
diffusion-controlled encounter of T* with the basic and the acid cat-
alysts, respectively. The values of kg, k—ya, k1v, and kv’ for the
separation of the encounter complexes between the catalysts and the
tetrahedral intermediates were taken as 101 s= 113 kyy, k., At/
and k111" were calculated near the region of ApK = 0'3 from tog ki
(s7Y) =logkny (s7') = 10+ 0.5ApK and log k- (s7!) = log k 11’
(S-l) =10-— O‘SAPK with ApK = pKt+— pKH,\ for kyyyand k-1,
and ApK = pKBH‘*‘ - pKTt for k111/ and k——lll/‘

The steady-state rate expressions for type 1t mechanism (see Dis-
cussion) are given by the equations

ks (2)

k

(3)

Kaakpk
ky = SaddKBRe 4
YTkt ke )
KagdkHake
ky = ——7—— S
4 K onn + ke (5)
ko= Kdakik; 6)
ki + k;

based on Scheme 111.3 The calculation of the corresponding Brgnsted
plots was based on the Brgnsted equations

log k¢’ = 0.59pK, + 7.06 (7
tog ke = =0.75pK, + 14.8 (8)
log k; = =0.75pK, + 6.44 (9)

for the concerted decomposition steps k¢, k¢, and kj, respectively. The
value of K qakiis the catalytic constant in the region of @ = 0. Based
on the estimated values of pK; and pK’; (next paragraph), the equi-
librium constant k;/k —; was calculated as 1064 and k—; was taken as
10%/106-4 M1 571,

Estimation of pK Values. The pK, of the tetrahedral addition in-
termediate T* formed between N-acetylbenzotriazole and methox-
vamine, and other equilibrium constants for protonic equilibria in-
volving T#* (Scheme | with R = benzotriazole), may be derived from
the estimated pK, values given by Fox and Jencks? for the corre-
sponding tetrahedral intermediates involved in the l-acetyl-1,2,4-
triazole-methoxyamine reaction. Replacement of triazole (pK, =
10.1) by benzotriazole (pK, = 8.32) on the central carbon atom should
givea ApK, of ca. —1.8/(2.5)? = 0.3 for all the tetrahedral interme-
diates if the fall-off factor for transmission of substituent effects
through carbon is taken as 2.5.'® Hence, the ionization constants for
the tetrahedral intermediates involved in the N-acetylbenzotriaz-
ole-methoxyamine reaction are estimated to be pK; = 1.4, pK, = 7.7,
pK3 = 12.6,and pKy = 6.2. Log K for the conversion of TOto T* may
be estimated from the relationship log K. = pK, — pK, = —6.3.

Results

Uncatalyzed and Catalyzed Water Attack. In the present
study, the rate constants for hydrolysis were obtained in three
different ways (Table 1'7). In one set of experiments, the ob-
served rate constants for hydrolysis were extrapolated to zero
buffer concentration using acetate, substituted acetate,
phosphate, methylarsonate, carbonate, and 3-quinuclidinol
buffers. Alternatively, the rate constants were obtained directly
in a pH-stat assembly or using 10=3 M HCI (DCI) solutions.
Above pH 2.5, the pH-rate profile for hydrolysis of N-
acetylbenzotriazole (Figure 1) in 1.0 M KCl at 25 °C was
found to follow the rate law of eq | with ky, = 8.00 X 1035~}
and kop- =29 X 102 M~ s (ky = 1.23 X 10745~ and
kou-=5.6%X102M~'s71in 0.1 M KCI®). Staab has previ-
ously reported a rate constant of 1 X 10~*s~! for the neutral
hydrolysis of V-acetylbenzotriazole at 22 °C.7 The pH-inde-
pendent reaction observed from pH 2.5 to 6 occurs with a large
D,O solvent isotope effect (ky,0/kp,0 = 3.0, Table 1'7) and
a large negative entropy of activation (ca. —43 eu, Table I1'7).
The hydrolysis is also catalyzed by the acid and base species
of buffers (Table 111'7). The catalytic rate constants kg and
kgu+ (eq 10) are summarized in Table 1V,

Buffer-Catalyzed Methoxyaminolysis. The methoxyami-
nolysis of N-acetylbenzotriazole is subject to both general acid
and general base catalysis. The rate constants for these cata-
lyzed reactions were obtained from the observed rate constants,
k obsa, for the disappearance of the reagent in the presence of
methoxyamine and of a series of buffers. The experimental
conditions and results are given in Table 111.'7 kopsq was found
to be related to the concentration of the basic and acidic species
of the nucleophile (methoxyamine, methoxyammonium ion)
and catalyst (B, BH™") according to the equation

Kobsa = ko + kp[B] + kBH*[BH+] + k[CH;0ONH;]
+ k>2[CH;ONH;3*] + £;3[B][CH;ONH>]
+ k4[BHT][CH3;ONH;] (10)

where kg is the hydrolysis rate in the absence of buffer. The
derived rate constants are summarized in Table 1V. By com-
parison with the rate constants k3 and k4 for catalysts of
comparable pK, the catalytic rate constants for reactions with
bicarbonate and methylarsonate monoanions may be attrib-
uted to an acid catalysis; phosphate monoanion may act as
either a base or acid catalyst. Difluoroacetic and dichloroacetic
acid show an extra term in the rate law given by ks[BH™*]-
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Table IV, Summary of Derived Rate Constants for Reactions of N-Acetylbenzotriazole with Buffers in the Presence or Absence of

Methoxyamine at 25 °C, lonic Strength 1.0 M, 2.5% (v/v) Acetonitrile.

kg, kpu+? ks, ka,
buffer pK. \Y Rt M-1g! M-25-1 M~—2g1

difluoroacetate (DFAA)® 1.05¢ 1.6 X 1075 10X 1074 10X 10734 3.7
dichloroacetate (DCAA)? 1.12¢ 1.92 X 1073 1.02 X 104 1.0 X 10734 42
chloroacetate (CAA) 2.65¢ 8.70 X 1073 2.20 X 1075 1.0 X 1072 1.8
methoxyacetate (MAA) 3.33¢ 1.52 X 1074 1.50 X 103 3.7%x107? 2.75

acetate (AA) 4.60¢ 3.44 x 1074 0.44 X 1073 2.8 X 107! 1.54
phosphate (P) 6.49 (1.72)¢ 3.7 % 1073 3.2 0.34
methylarsonate (M) 8.50 (3.98)¢ 317 X 107! 3.25 3.0 X 10724
carbonate (C) 9.78¢ 1.96 X 10! 7.75 20X 10734
3-quinuclidinot (QDL) 10.20¢ 1.67 8.4 10X 10734

4 g+ was not detected for acids weaker than acetic acid. ? These species showed an extra term in the rate law given by ks[BH*]-
[CH3ONH;][H*]: see text. ¢ Fox, J. P.; Jencks, W. P. J. Am. Chem. Soc. 1974, 96, 1436-1449. 4 Upper limit only; see Experimental Section.

“ Page, M. L; Jencks, W. P. J. Am. Chem. Soc. 1972, 94, 8828-88338.
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[CH;0ONH;][H*] with k5 equal to 200 and 197 M~! 57!
respectively.

Variation of Attacking Amine. The reactions of N-acetyl-
benzotriazole with amines follow the rate law3.12.13

kobsa = kg + k)/[RN<] + ky[RNH*<] + k3’ [RNK]?
+ k4'[RN<][RNH*<] (1)

In contrast with the aminolyses of acetylimidazole'? and 1-
acetyl-1,2,4-triazole,* no catalysis by hydroxide ion was de-
tected. The experimental conditions for the rate measurements
and the derived rate constants-are given in Table V.!7 Sec-
ond-order (k,, k») and third-order (k3, k4) rate constants of
eq |1 are summarized in Table V1. The nucleophilic reactions
of amines with V-acetylbenzotriazole are moderately sensitive
to intermolecular general base catalysis (k3); this reaction path
is nonexistent for #-propylamine and 3-quinuclidinol. Specific
and general acid catalysis (k; and k4, respectively) are rare
and detectable only for hydrazine and weakly basic amines.

Discussion

Hydrolysis. As for l-acetyl-1,2 4-triazole? and esters of
I-hydroxybenzotriazole,'® the pH-rate profile for the hy-
drolysis of N-acetylbenzotriazole exhibits a substantial region
where water is the dominant catalyst (Figure 1) with rate
constants, ky and koy-, which are slower than that obtained
for l-acetyl-1,2,4-triazole reactions. The observed isotope
effect of ca. 3.0 for the pH-independent hydrolysis of M-
acetylbenzotriazole suggests that at least two water molecules

o (s~1)

log &

pH

Figure 1. pH-rate profile for the hydrolysis of N-acetylbenzotriazole at
25°Cin 2.5% (v/v) acetonitrile, ionic strength 1.0 M (KC1). Rate mea-
surements were extrapolated to zero buffer concentration (®): other
measurements were made in 1073 M HCI (@) and DCI (a) solutions or
using a pH-stat equipment (O). Above pH 2.5, the solid line was generated
fromeq | with kw = 8.00 X 107357 and kop- = 2.9 X 102 M~15~! The
dashed line follows experimental points.

are bound in the transition state.'® This hypothesis is also
supported by the large negative entropy of activation (ca, —43
eu). Furthermore, since water falls on the Brgnsted line for
general base catalysis (see below, Figure 2), it must act as a
general base toward water, thus requiring a minimum of two
water molecules in the activated complex. Likely depictions
of the transition state, 1-5, illustrating only the principal
reactant water molecules are shown in Scheme 11. Noncyclic
mechanism 1 is supported by the fact that water falls on the
Brgnsted line of Figure 2 (and not above that line as expected
for cyclic mechanisms 2, 3, and 4). Recent studies based es-
sentially on Brgnsted plots and proton inventories provide ev-
idence for the involvement of transition-state structures similar
to 1 (Scheme 11) in the water-catalyzed hydrolysis of esters,
amides, and carbonates.?0 Structures similar to § can be ruled
out by noting that the value for water is well removed from the
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Table VI. Summary of Rate Constants for Reactions of Amines with V-Acetylbenzotriazote at 25 °C, lonic Strength 1.0 M (KCl), 2.5%

(v/v) Acetonitrile

ky, ko, k', kd',

amine e M-!s! M-1g-! M-2s7! L\
methoxyamine (MA) 4724 1.48 X 1072 I X 1074 2.90 X 107! 1.275
2,2,2-trifluoroethylamine (TFE) 5.814 422%x 1074 2.62 X 1072 7.10 % 1073
ethyl glycinate (EG) 7.906 3.68 X 1072 1.38
hydrazine (H) 8.20¢ 317 1.2 % 107! 900 45
glycylglycine (GG) 8.25°% 1.36 X 10! 2.82
2-methoxyethylamine (MEA) 9.720 3.02 66
glycine (G) 9.765 3.33 62.6
allylamine (A) 10.024 5.24 155
3-quinuclidinol (QDL) 10.20¢ 1.67
n-propylamine (PA) 10.89% 8.5

a St Pierre, T.: Jencks, W. P. J. Am. Chem. Soc. 1968, 90, 3817-3827. ¢ Jencks, W. P.; Gilchrist, M. /bid. 1968, 90, 2622-2637. ¢ Bruice,
T. C.: Donzel, A.; Huffman, R. W.; Butler, A. R. /bid. 1967, 89, 2106-2121. 4 Page, M. |.; Jencks, W. P. Ibid. 1972, 94, 3263-3264. ¢ Ibid.

1972, 94, 8828-8838,
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Brgnsted line (slope = —0.4) for catalysis of hydrolysis by acids Lfasl =S
(see below). aros.
The statistically corrected rate constants for the reactions l'"‘
of the basic component of the buffers with V-acetylbenzotri- prod.

azole are displayed in Figure 2 on a Brgnsted plot (3 = 0.38)
which intercepts the steeper line obtained for the uncatalyzed
aminolysis near the phosphate point. The reactions of weak
bases with the reagent may be attributed to general base ca-
talysis of hydrolysis rather than to nucleophilic catalysis, based
on the following observations: (1) the reactions of acetate and
water exhibit solvent deuterium isotope effects equal to 2.2
(Table 111'7) and 3.0 (Table 1'7), respectively, as expected for
general base catalysis;'® (2) the Brgnsted value of 0.38 can be
related to the 8 values of 0.34, 0.36, and 0.55 for the general-
base-catalyzed hydrolysis of acetylimidazolium ion,'3 |-ace-
tyl-1,2,4-triazole,? and acetylimidazole,'? respectively. The
positive deviations of the points for methylarsonate, carbonate,
and hydroxide anions may represent nucleophilic reactions.

The rate constants corresponding to the rate accelerations
of the disappearance of N-acetylbenzotriazole due to acetic
acid and stronger carboxylic acids fall on a Brgnsted plot of
slope —0.4 (not shown). These reactions with acids may be
accounted for!? by general acid catalysis of hydrolysis or by
the kinetically equivalent reaction of N-acetylbenzotriazolium
ion with the conjugate base of the acid, acting either as a
nucleophilic reagent or a general base. The former pathway
may be favored because N-acetylbenzotriazole exhibits little
susceptibility to specific acid catalysis (pH-independent region
extending down to pH 2.5, Figure 1). This can be related to the
low pK, (0.422) of benzotriazolium ion.

Catalyzed Methoxyaminolysis. The Brgnsted plots for
general acid and general base catalysis of the methoxyami-
nolysis of V-acetylbenzotriazole are shown in Figures 3 and
4, respectively, The rate constants in these figures are not
statistically corrected in order to allow comparison with the
Brgnsted curves obtained in the l-acetyl-1,2,4-triazole-
methoxyamine reaction. The claim for nonlinearity of the
Brgnsted plot for base catalysis (Figure 4) is based on the small
slope (3 < 0.1) for catalysis by oxygen dianions and 3-quinu-
clidinol compared to the steeper slope (5 = 0.65) for catalysis
by weaker bases, carboxylate monoanions in particular. The
catalytic constants for methoxyamine and 3-quinuclidinol are
similar to those for oxygen anions of comparable basicity.
Methylarsonate and carbonate monoanions show negative
deviations from the line defined by carboxylate anions. A
positive deviation is observed for phosphate monoanion. For
general acid catalysis (Figure 3), the Brgnsted plot undergoes
a transition from a slope <0.1 for carboxylic acids to a slope
20.7 for weaker acids. The catalytic constants for methoxy-
ammonium ion is similar to that observed for carboxylic acids.
The limiting rate constants for catalysis by strong acids (3.55
M~251) and strong bases (6.3 M—2s~") are of the same order
of magnitude. In both pathways, it is noteworthy (Figures 3
and 4) that the Brgnsted plots are situated below the curved
plots reported by Fox and Jencks? for the general acid and the
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OH"y

pK,+ log

q

Figure 2. Rate constants for the reactions of buffer bases and nucleophiles with N-acetylbenzotriazole as a function of basicity at 25 °C, ionic strength
1.0 M (KCD), 2.5% (v/v) acetonitrile: (@) oxy anions, (M) primary amines, and (&) 3-quinuclidinol. Statistical corrections have been made according
to Bell and Evans.2! The abbreviations are identified in Tables 1V and V1. The dashed line and the dotted line correspond to the Brgnsted plots reported
by Fox and Jencks? for the general base catalysis of hydrolysis of I-acetyl-1.2,4-triazole and for its uncatalyzed aminolysis, respectively (25 °C. ionic

strength 1.0 M).

general base catalysis of the methoxyamine-acetyltriazole
reaction (with negative deviations ~20- and 100-fold for strong
and weak bases, respectively, and ~35- and 5-fold for strong
and weak acids, respectively).

Once again, the nonlinear Brgnsted plots support the oc-
currence of stepwise reaction mechanisms in both studied
catalyzed pathways. They offer convincing evidence for the
conclusion that an intermediate is not at equilibrium with re-
spect to proton transfer.?*2? Such nonlinear plots may be
characteristic of proton-transfer reactions, the rate of which
approach the diffusion-controlled limit (kg or kA for base or
acid catalysis, Scheme 111) when the proton donor is a stronger
acid than the conjugate acid of the proton acceptor and reach
a limiting slope of | in the thermodynamically unfavorable
direction (k-1v’ or k_1v, Scheme 111). For catalysts of inter-
mediate strength, the rate-determining step is &,1;" or ;). For
this mechanism, noted mechanism 1, the break in the curve is
expected to occur near the point at which the pK, values of the
proton donor and acceptor are equal.?* The estimated pK,
value of T* = 6.2 (see Experimental Section) is 1.3 unit above
the break point at 4.9 for general base catalysis. For acid ca-
talysis, protonation may occur either on the benzotriazole
moiety or on the oxvgen; the break point in the Brgnsted plot
at pK = 6.5 occurs at least 5 units above the expected pK, of
protonated benzotriazolium?? and 1.2 unit below the estimated
pK. of the hydroxyl group (pK; = 7.7). Mechanism | may

account for general acid and general base catalysis of the
studied reactions considering the following features: (a) the
experimental points fit the curvature actually observed for
simple proton transfer with limiting slopes approaching 0 and
1324 (b) the proton shows a positive deviation of 54-fold from
the Brgnsted plot of Figure 3 which is of the order of magnitude
(10-50-fold) that is required for diffusion-controlled proton
transfer?# (on the contrary, the third-order rate constant for
the “water” reaction of methoxyamine with N-acetylbenzo-
triazole shows a positive deviation of 160-fold from the
Brgnsted plot of Figure 4 as would be expected if it occurred
through a different mechanism); (¢) with respect to the charges
of the reacting species involved in the encounter processes
(symmetrical or unsymmetrical nature) the position of the
break may differ from ApK = 0 by over | pK unit in the un-
symmetrical cases,’* and the pK, values for T* and T~ are
estimated with uncertainty (see Experimental Section).
Nevertheless, general acid catalysis proceeding through
mechanism | with protonation of the benzotriazole moiety is
excluded by the large discrepancy (about 5 pK, units) observed
between the pK, of the break point and that expected for
protonated benzotriazole.

If the difference of 1.2 unit between the break point and the
pK, of the concerned tetrahedral intermediate is considered
significant, more complex proton-transfer mechanisms may
be envisaged.’ According to type 11 mechanisms (Scheme 111),
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Flgure 3. Brgnsted plot for the general acid catalysis of the methoxyami-
nolysis of V-acetylbenzotriazole at 25 °C, ionic strength 1.0 M (KCl),
2.5% (v/v) acetonitrile (®). Upper limits for the rate constants are indi-
cated by arrows. The broken line shows the limiting slopes of 1.0 and 0
obtained from the fit of the data to the Brgnsted curve for a simple diffu-
sion-controlled proton transfer (eq 3). The dotted line is the theoretical
curve for the mechanism proceeding through k. (Scheme 111, eq 5). The
Brgnsted plot for general acid catalysis of the reaction of methoxyamine
with l-acetyl-1,2,4-triazole at 25 °C3 is shown (0).

the reaction occurs with strong catalysts at a diffusion-con-
trolled rate but with weak catalysts at a slower rate assigned
to a concerted general base (k.’, mechanism 1) or a concerted
general acid (k., mechanism [1a) catalyzed decomposition of
the addition tetrahedral intermediate T# (if protonation by
the acid occurs on the benzotriazole moiety). An alternative
pathway for acid catalysis® (mechanism 11b) corresponds to
the general-acid-catalyzed breakdown of the uncharged tet-
rahedral intermediate TC rapidly formed from T# which
undergoes protonation on the oxygen and loss of a proton from
the methoxyammonium group (Scheme 111). The theoretical
curves for general base catalysis (mechanism 11) calculated
from eq 4 and for general acid catalysis (mechanism 11a or 11b)
calculated from eq 5 or 6, respectively, provide a satisfactory
fit to the data (Figures 3 and 4). Type Il mechanisms agree
with the observed discrepancies between the position of the
breaks in the Brgnsted curves and the estimated pK, of the
intermediates since mechanisms 11 and 11b lower the pK, at
which the break occurs below that of T* and of the hydroxyl
group, respectively, while mechanism 1la raises the pK; of the
break above the pK, of the protonated benzotriazole. A
preassociation mechanism?2b2% can be ruled out by noting that
it would lead to ApK, discrepancies in the opposite direction.
A preassociation mechanism has been described for the general
acid catalysis of the methoxyaminolysis of phenyl acetate,?®
demonstrating a very short lifetime for the zwitterionic addi-
tion tetrahedral intermediate. The equilibrium constant K44
for the formation of T* from methoxyamine and N-acetyl-
benzotriazole is approximately 3.5-6.3 X 107° ML if the
limiting values kpa or kg are taken as 10° M~! s~1.4 Hence
the formation of T# for this reaction is only slightly less fa-
vorable (~20-fold) than that of the analogous intermediate
involved in the methoxyamine-1-acetyl-1,2,4-triazole reaction
(K,ea = 1077 M~ 3). For this latter reaction, it is suggested?
that T have a longer lifetime than T~ and T™ since the results

log k3, (m=*s-")

pKa

Figure 4. Brgnsted plot for the general base catalysis of the methoxyam-
inolysis of N-acetylbenzotriazole at 25 °C. ionic strength 1.0 M (KCl),
2.5% (v/v) acetonitrile (@). Points for difluoroacetic (DFA) and chlora-
cetic (CA) acids are upper limits only. The broken line shows the limiting
slopes of 1.0 and 0 obtained from the It of the data to the Brgnsted curve
for a simple diffusion-controlled proton transfer (eq 2). The dotted line
1s the theoretical curve for the mechanism proceeding through k. (Scheme
111, eq 4). The Brgnsted plot for gencral base catalysis of the reaction of
methoxyamine with |-acetyl-1,2.4-triazole at 25 °C3 is shown (0).

obtained for the general acid and the general base catalyses
are consistent with a type 11 mechanism. If T~ and T have
too short a lifetime to exist when they involve l-acetyl-
1,2,4-triazole, it appears reasonable that such “intermediates”
T~ and Tt do not exist in the methoxyamine-/V-acetylben-
zotriazole reaction since benzotriazole (pK, = 8.32at 25 °C,
ionic strength 1.0 M KCl) and benzotriazolium ion (pK, =
0.422) are better leaving groups than 1,2,4-triazole (pK, =
10.1) and 1,2,4-triazolium ion (pK, = 2.6). Finally, this fast
argument strongly supports type 11 mechanisms rather than
type 1 mechanisms for reactions involving V-acetylbenzotri-
azole, if such concerted mechanisms are caused by the inter-
mediates being too unstable to exist. Certainly in the V-
acetylbenzotriazole case, the differences in the observed and
calculated pK, values are not large enough to prove type 11
mechanisms; nevertheless, the small discrepancies are in the
right direction to make them more likely.

Uncatalyzed and Catalyzed Aminolysis. The Brgnsted plot
for the uncatalyzed aminolysis of N-acetylbenzotriazole (k'
term, eq 11) is described by a slope ~1 (Figure 2). A small
negative deviation from this line is observed for n-propylamine
but it is less pronounced than that observed for the reactions
of basic amines with esters and cationic amides.!*27-2% In these
cases, the curvature of the Brgnsted plot is interpreted in terms
of a change in rate-determining step from rate-determining
leaving group expulsion to rate-determining attack with most
basic amines. The large positive deviations observed for
methoxyamine and hydrazine can be attributed to an c-ef-
fect.

In most respects, the water-catalyzed aminolysis of N-
acetylbenzotriazole conforms to the behavior of the previously
studied reactions of amines and acyl compounds with good
leaving groups: (a) the comparable reactivity of primary
amines and 3-quinuclidinol means that no significant loss of
a proton has occurred in the transition state;?” (b) the observed
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B value is similar to that reported for class 11 reactions of most
phenyl esters with amines (8 = 0.9 £ 0.12%); (¢) the point for
N-acetylbenzotriazole falls close to the class 11 line in the
sigmoid correlation of log k& (uncatalyzed reaction) with the
pK, of the leaving group obtained for the hydrazinolysis of
alkyl and phenyl acetates?” (not shown). Hence a similar
mechanism (Scheme 1V) is proposed to account for the un-
catalyzed aminolysis of V-acetylbenzotriazole. The reaction
pathway, involving a nonequilibrating zwitterionic tetrahedral
intermediate whose breakdown through & * is rate determining,
is in agreement with the results obtained for the general base
and the general acid catalysis of the methoxyaminolysis of the
reagent since the catalyzed and the uncatalyzed reactions are
observed simultaneously. A transition to rate-limiting attack
of amine for the more basic n-propylamine may be envisaged
by noting the absence of general base catalysis by a second
molecule of amine for this reaction. The proposed mechanism
of Scheme 1V agrees with a transition state for the studied
reactions at a similar or later point along the reaction coordi-
nate than T%.2° On the contrary, product-like transition states
have been suggested for acetylimidazole3® and 1-acetyl-
1,2,4-triazole? reactions with amines based on the (3 values of
1.6 and 1.3, respectively. The present work establishes that a
larger sensitivity to the basicity of the attacking amine is ob-
served in the uncatalyzed aminolysis of N-acylazoles as the
leaving group becomes poorer (pK,, = 8.32, 10.1, and 14.2 for
benzotriazole, 1,2,4-triazole, and imidazole, respectively).

The general base catalysis of aminolysis of NV-acetylben-
zotriazole is characterized by a linear Brgnsted plot which gives
a (8 value of 0.86 (Figure 5). This value, approaching the one
(approximately 1.0) observed for the corresponding reactions
with acetylimidazole,*! |-acetyl-1,2,4-triazole,’ methyl for-
mate,*> and phenyl acetate,’* means that the sensitivity of these
reactions to substituents on the amine is essentially the same
as for protonation of the amine. This is in agreement with a
rate-determining reaction of the intermediates T* with the
catalyzing amine in the transition state according to mecha-
nism 1 (Scheme 111, RNH; and RNH;* instead of Band HA,
respectively) or, if the tetrahedral intermediates T~ have a
borderline existence, according to mechanism 11 (Scheme
1.

Relative Leaving Group Abilities of Benzotriazole and Other
Azoles. The results obtained in this work are of interest in
relation to other studies involving N-acylazoles. Surprisingly,
the absolute rate constants for all the studied reactions with
N-acetylbenzotriazole are considerably slower than that ex-
pected from the pK, of benzotriazole. This phenomenon,
previously noticed for l-acetyl-1,2 4-triazole in comparison
with acetylimidazole,? is considerably emphasized by substi-
tuting the triazole moiety of l-acetyl-1,2,4-triazole by ben-
zotriazole. The Brgnsted plots for the general base catalysis
of the hydrolysis of N-acetylbenzotriazole (Figure 2), for its
aminolysis catalyzed by a second molecule of amine (Figure
5), and for the general acid and the general base catalysis of
its methoxyaminolysis (Figures 3 and 4) fall considerably
below the Brgnsted plots for the corresponding reactions with
l-acetyl-1,2,4-triazole. For the uncatalyzed aminolysis, the
rate constants observed with /V-acetylbenzotriazole are slightly
faster (~1.7-fold) for less basic amines and slightly slower
(~2.5-fold) for more basic ones than that obtained with 1-
acetyl-1,2,4-triazole (Figure 2). This indicates that less pro-
nounced discrepancies in the rates are observed for the un-
catalyzed pathways than for the general-base- and -acid-cat-
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Figure 5. Dependence on amine pK, of the rate constants k3’ for the
amine-catalyzed reactions of amines with &-acetylbenzotriazole at 25 °C,
ionic strength 1.0 M (KCY), 2.5% (v/v) acetonitrilc (- ®-), and with 1-
acetyl-1.2,4-triazole? at 25 °C, ionic strength 1.0 M (CH3)4NCl (---O---).
The lines have a slope of 0.86 and 1.0, respectively.

alyzed ones. For example, the points for 2,2,2-trifluoroeth-
ylamine and allylamine show negative deviations of 50-
and 320-fold, respectively, from the Brgnsted lines of slope
—0.5% describing log k3" vs. pK, leaving group for the amine-
catalyzed aminolysis of 1-acetyl-1,2,4-triazole and acetylim-
idazole.

Both mechanisms proposed to account for the results of the
general acid and general base catalysis of the methoxyami-
nolysis of N-acetylbenzotriazole require that the rate-deter-
mining step is a diffusion-controlled encounter of strong acids
and strong bases with T*. The catalytic constants represent
K.ddk 114 and K44k B, respectively (Scheme 111), so that they
are smaller than those obtained with l-acetyl-1,2,4-triazole
by the same factor as for the K44 values. If type 11 mechanisms
are assumed for weak catalysts, the calculation of k" (eq 7)
for a base catalyst of pK, = 6, for example, leads to a value for
this rate constant that is about three-fold smaller than for 1-
acetyl-1,2,4-triazole reaction. Such a result is not consistent
with the presumed better leaving ability of benzotriazole than
of triazole anion. For an acid catalyst of pK, = 6, the ratio
obtained for the concerted breakdown of the tetrahedral ad-
dition intermediate (k., eq 8) is only about 3, favoring the re-
action with N-acetylbenzotriazole. It appears that for weak
catalysts the catalytic rate constants can be mostly determined
by Kqa (and K4 is less favorable for N-acetylbenzotriazole).
This can hold also for mechanism 1 (eq 2 and 3) and for the
aminolysis catalyzed by a second molecule of amine. On the
contrary, the rates observed for the uncatalyzed aminolysis
may be the result of an easier breakdown of T#* through k%
(Scheme 1V) which can be helped by the lower pK, of benzo-
triazole. The general base catalysis of hydrolysis is charac-
terized by an early transition state (8 = 0.38) that must cer-
tainly involve no or little bond breaking of the leaving group.
If a steric effect is involved, it would be small and the rate
would not be decreased as observed in Figure 2. On the other
hand, solvent effects are not sufficiently large to account for
the values of the absolute rates obtained with N-acetylben-
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zotriazole. Reactions were carried out in 0.03 and 2.5% ace-
tonitrile for l-acetyl-1,2,4-triazole and N-acetylbenzotriazole,
respectively. A 5% decrease in rate constant k,, was observed
upon the addition of 2.5% acetonitrile to the reaction with
water in 1073 M HCl at 25 °C. In fact, it can be simply sug-
gested that the large differences in the behavior of NV-acetyl-
benzotriazole and -acetyl-1,2,4-triazole may be accounted
for by more stabilization of the ground state by resonance in
the N-acetylbenzotriazole molecule than in the l-acetyl-
1,2,4-triazole one. 1t is well known that N-acylazoles are
particularly reactive amides owing to the involvement of the
electron pair of the amide nitrogen in the quasi-aromatic
heterocyclic ring.® However, N-acetylbenzimidazole, with a
fused benzene ring, is notably less reactive than N-acetylim-
idazole.® In spite of structures that are quite different for
1,2,3-triazole and 1,2,4-triazole, it is perhaps not unreasonable
to underline the analogy of NV-acetylbenzotriazole and 1-ace-
tyl-1,2,4-triazole with these preceding compounds and to give
a similar explanation for their relative reactivities. If there is
less aromatic character or resonance in the heterocycle of the
benzotriazole ring compared to 1,2,4-triazole (in particular,
because it is conjugated with the fused benzene ring), this
would free the lone pair electrons of the amide nitrogen for
conjugation with the carbonyl group. There may also be effects
due to variation in bond angles resulting from the fused
rings.
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