Issue in Honor of Prof Nicolo Vivona ARKIVOC 2009 (viii) 125-144

New examples of specific-base catalysis in mononuclear
rearrangements of heterocycles found via a designed modification of
the side-chain structure

Francesca D’Anna,? Vincenzo Frenna,? Susanna Guernelli,b Camilla Zaira Lanza,b
Gabriella Macaluso,? Salvatore Marullo,” and Domenico Spinellib

®Dipartimento di Chimica Organica ‘E. Paternd’, Universita di Palermo, Viale delle Scienze,
Parco d’ Orleans 2, 90128 Palermo, Italy, "Dipartimento di Chimica Organica ‘A. Mangini’,
Universita di Bologna, Via San Giacomo 11, 40126 Bologna, Italy
E mail: domenico.spinelli@unibo.it

Dedicated to Professor Nicolo Vivona on the occasion of his 70" birthday, remembering his
contributions to the study of the interconversion of azoles

Abstract

To select suitable candidates for the occurrence of specific-base-catalysis in MRH of
(2)-hydrazones of 3-benzoyl-5-phenyl-1,2,4-oxadiazole we have designed a modification of the
side-chain structure by linking a strong electron-withdrawing system to the hydrazono group.
Thus we have synthesized the (Z)-semicarbazone (3d), the (Z)-phenylsemicarbazone (3e), and
the (Z)-acetylhydrazone (3f) of the above oxadiazole and examined their kinetic behavior in
dioxane/water in a large range of proton concentrations (pS" 4.0—14.5). In all the pS’ range
examined only a base-catalyzed process has been evidenced (no uncatalysed path occurs). The
behavior at the largest pS™ values (the reactivity tends to a limiting rate constant) and that at
variable concentrations of buffer have furnished clear evidence for the occurrence of a specific-
base-catalysed process, thus reaching the target proposed and confirming the prevision.

Keywords: Monocyclic rearrangements of heterocycles, specific-base-catalysis  in
dioxane/water, general-base-catalysis in toluene, side chain structure effect

Introduction

The study of the synthesis and of the reactivity of heterocyclic compounds is actually one of the
main subjects of organic chemists, sometimes for pure scientific interest but also for the large use
of heterocyclic derivatives as synthones or as masked functionalities' as well as in practical
applications (from medicinal chemistry to materials industry).> Sometimes the synthetic aspects
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concerning the preparation of heterocyclic compounds can be difficult to solve, also if a lot of
different methods and of new synthetic strategies are continuously proposed.’

Together with already known classical transformation reactions of functional groups, that are
useful in the synthesis of heterocyclic compounds having one or more heteroatoms,” and together
with the cycloaddition,3 phototransformations,” and ANRORC’ reactions that often allow to
synthesize structurally very complex compounds, also mononuclear rearrangement of
heterocycles (MRH,® see Scheme 1) can be a valid synthetic approach to obtain heterocyclic
compounds containing at least one nitrogen atom in the ring.
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Scheme 1

MRH (as pointed out by us and by other Authors,**"® the rearrangement easily occurs only
when in 1 D = O), recognised in the sixties by Boulton and Katritzky® as a reaction of general
synthetic validity, has been widely studied both from a mechanistic’ (by collecting kinetic as
well as computational data) and a synthetic point of view,”" looking with special attention to the
stability of starting and final products as a function of their aromaticity and of their overall
structure.”

As a matter of fact this approach appears able to identify the whole of the factors affecting
the course of MRH, and then can furnish the logical instruments to achieve the appropriate
methodologies useful to obtain the target molecules, thus reaching the synthetic goal.

In this line, we have recently carried out a combined kinetic and computational study of the
rearrangement of the (Z)-hydrazones of 3-benzoyl-5-phenyl-1,2,4-oxadiazole (3a) and of 3-
formyl-1,2,4-oxadiazole (5),” respectively.

Moreover the kinetic data collected by examining the reactivity of 3a” and 3b™ have pointed
out that, as several other (Z)-arylhydrazones previously inve:stigated,n”d they rearrange in
dioxane/water (D/W; 1:1, v/v) in the pS" (pS  represents an operational proton concentration
scale characteristic of the mixed solvent used, see in Experimental under pS’ scale definition and
kinetic measurements) range 5.55—13.9 into the relevant triazoles (4a) and (4b) following two
different kinds of reaction channels (see Figure 1 and Scheme 2): a proton-concentration-
independent pathway (uncatalyzed pathway) and a proton-concentration-dependent one (base-
catalyzed pathway).”

ISSN 1551-7012 Page 126 ©ARKAT USA, Inc.



Issue in Honor of Prof Nicolo Vivona ARKIVOC 2009 (viii) 125-144

Ph o Ph
A Ph /R
N
Ph o HN\J \|]
3 4
a:J=H;
b:J= C6H5
c:J= C6H3(O,p-N02)2
d: J = CONH,
e:J= CONHC6H5
f: J = COCH,
Scheme 2
-2
o 3a
e 3p o
3 . 3c . ... ]
i ¢ ° o
.; -4 [ “ ° OO ]
A oo o ]
E .o
-6 . e & ]
.o 8
gL ® e o0 000 e b
0coo o oo of
3
-8 * 3 -
r -
_9’\\\\\\\\\\\\\\\\\\\\\\\\\\\
2 4 6 8 10 12 14 16

Figure 1. Plot of log(Ka r)3a—c for the rearrangement of 3a—c into the relevant triazoles 4a—c at
293.1 K in D/W (1:1, viv) versus pS'.

The very nature of the second pathway (via a general- or a specific-base-catalysis)’ has been
deeply investigated by studying the rearrangement in the pS” range 10.8—12.5 at different buffer
concentration observing an increase of the rate constants with the buffer concentration.” This
result suggests for the base-catalyzed pathway the formation of a van’t Hoff complex (its
formation depends on the concentration of every present base) and then the occurrence of a
general-base-catalysis, ®” thus replicating the situation “usually” observed in several (2)-
arylhydrazones (in 1, side chain —-X=Y—ZH = >C=N-NH-Ar) whatever was the substituent
present in the aryl.”>¢
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Moreover also in the case of the rearrangement of the (Z)-2,4-dinitrophenylhydrazone of 3-
benzoyl-5-phenyl-1,2,4-oxadiazole (3¢)’® into 4¢ (see Figure 1) a general-base-catalysis was
observed. That is, the presence of two strong electron-withdrawing nitro groups in conjugated
positions with respect to the hydrazono moiety, and then able to increase the acidity of the No—H
proton, anyway appeared unable to achieve the conditions for the occurrence of a specific-base-
catalysis.'” On the other hand the present nitrogroups strongly lowered the nucleophilic character
of N, and then suppressed the uncatalyzed pathway.

Interestingly a study of the substituent effect on the rearrangement of the substituted
(2)-phenylhydrazones of 3-benzoyl-5-phenyl-1,2,4-oxadiazole into the relevant triazoles, in the
general-base-catalyzed range in D/W by using the free energy relationship approach, evidenced’
that the very nature of the transition state pertinent to the rate-determining step can vary with the
nature of the present substituent. As a matter of fact it appeared clear that, depending on the
electronic effects of the present substituent two different situations can be achieved: a) the
nucleophilicity of N, atom or b) the acidity of Ny-H proton could represent alternatively the
main factor in determining the structure of the rate-determining transition state (r.d.t.s.) and then
the rate of reaction.

Also the theoretical study of the uncatalyzed pathway of the rearrangement of the (2)-
hydrazone of 3-formyl-1,2,4-oxadiazole (5) into the relevant 4-formylamino-2H-1,2,3-triazole
(6) (Scheme 3) has been examined” at the DFT level'' in gas phase as well as in the presence of
water molecules and also considering the environmental effect of the solvent (by using a
COSMO approach).'> We observed that by involving two water molecules (able to behave as
general bases and as proton shuttles) and considering the polar solvent effect the results of
computations suggest that the preferred path is concerted and asynchronous, that is the
nucleophilic attack of the hydrazonic nitrogen (N,) onto oxadiazolic N-2 and the proton transfer
from the hydrazonic nitrogen occur in the same kinetic step, but not simultaneously.”
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Scheme 3

Interestingly enough the kinetic study of the rearrangement in D/W at different proton
concentrations of the 3-phenylureine of the 5-phenyl-1,2.4-oxadiazole™ (7) and of the N-(5-
phenyl-1,2,4-oxadiazol-3-y1)-N’-phenylformammidine’ (8) into the relevant 1H-1,2,4-triazolin-
5-ones (9) and 1H-1,2,4-triazoles (10) has shown that the base-catalyzed pathway occurs via a
specific-base-catalysis according with the “high” acidity of the underlined proton of the side
chain®'® (in Scheme 1: —X=Y—ZH = -NH-CO-NH-Ph or -N=CH-NH-Ph, respectively).
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Selection of Suitable Candidates for the Occurrence of Specific-base-catalysis in the MRH
Process.

The above considerations have induced us to address our attention to attempts of modification of
the >C=N-NyH-J side chain with the aim of obtaining substrates in which the underlined
hydrogen becomes so acid to give rise with hydroxide ions to an acid-base interaction largely
shifted on the right (see Scheme 4).

>C=N-N,H—J + OH >C=N-N,—J + H,0

Scheme 4

In this framework we have addressed our attention to (Z)-hydrazones in which the J group
represents a substituent able to conjugate with the N, nitrogen atom (see Scheme 5).

/—\ + B
>C=N-N,H—J <<—> >C=N-N,H=J
Scheme 5

The simplest J group able to shift the above equilibrium towards right seems to us a carbonyl
group, thus we have synthesized the (Z)-semicarbazone (3d), the (Z)-phenylsemicarbazone (3e),
and the (Z)-acetylhydrazone (3f) of 3-benzoyl-5-phenyl-1,2,4-oxadiazole and investigated the
kinetic course of their rearrangement into the relevant triazoles (4d—f) in D/W at different proton
concentrations.

In all of the considered compounds a “strong” increase of the acidity of the No—H hydrazonic
hydrogen would be expected considering the presence of a >C=0 group conjugated with the N,
of the No—H system (see Scheme 5). This fact could be able to shift the mechanism of the proton-
concentration-dependent pathway from a general-base-catalysis towards a specific-base-catalysis
also in the instance of a >C=N-NH-J side chain (see above). At the same time, this factor would
also be able to strongly decrease the nucleophilicity of the N, of the No—H system, thus lowering
the reactivity in the uncatalyzed pathway or completely preventing its occurrence.

Moreover we have studied these rearrangements in toluene, at 313.15 K, in the presence of
some amines with different steric requirements and basicities, that as we have already pointed
out could differently affect the course of the reaction.
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Results and Discussion

Kinetic Study of the Rearrangement of 3d—f in D/W (1:1, v:v).

The title rearrangement has been studied in the temperature range 288.1-313.1 K in the pS’
range 3.9-14.8 (at lower pS values the rate constants become lower and lower; moreover the
acidic hydrolysis of 3d—f significantly competes with their rearrangement, as already observed
studying the behavior of several hydrazones).”*® The apparent-rate-constants [(Ka r)3a f] at some
pS’ values (5.0, 7.0, 9.0, 11.0, and 13.0) and at 293.1 K together with the thermodynamic
parameters calculated at 293.1 K are collected in Table 1 (detailed data are in Tables 5-7 of SI).

Table 1. Apparent rate constants, Ka z,* at 293.1 K and activation parameters” measured at pS’
5.0,7.0,9.0, 11.0, and 13.0 for the rearrangement of 3d—f into 4d—f in D/W (1:1, v:v).

Substrate (Ka.r)s.0 (Ka.r)7.0 (Ka.r)9.0 (Ka.r)11.0 (Ka.r)13.0
AH", AS" AH", AS" AH", AS" AH", AS"
3d 348-10°  249-107  1.77-10°  1.27-10° 0.0876
99, -53 100, -2 81,-57 81, -23
3e 3.05-10%  2.24.10° 1.65-10* 1.21-107 0.657
99, -53 100, -24 85, -28 83, +2
3f 1.96 - 10° 1.49 - 10° 1.13-10*  8.63-107 0.595
99, -54 100, -14 83, -35 82, -3

(s™). °(kJ mol™, J mol K.

In Figure 2 the relevant log (Kar)sa f at 293.1 K are reported versus the pS’ values together
with kinetic data concerning the ring-to-ring interconversion of 3a into 4a.

©ARKAT USA, Inc.
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Figure 2. Plot of log(Ka r)3a,a—r for the rearrangement of 3a,d—f into the relevant triazoles 4a,d—f
at 293.1 K in D/W (1:1, viv) versus pS'.

An examination of Figure 2 evidences for the rearrangement of 3d—f a linear increase' of the
reaction rates with increasing pS’ values up to reach a limiting-rate-constant, at pS™ ca. 14.6 and
14.3 for 3e and 3f, respectively. In the instance of 3d only an inflection at the highest pS’s (> 14.6)
could be envisaged. At first sight two other comments can be made:

a) the occurrence of the uncatalyzed pathway could not be evidenced for 3d—f according
with the very low nucleophilic character for the semicarbazonic or the acetylhydrazonic N
nitrogen (for a comparison, look at the different behavior observed in the instances of 3a—c: see
Figure 1);%#)

b) the trend observed for the apparent-rate-constants at high pS™ values suggests the
formation of an Arrhenius complex (its formation depends only on the concentration of the lyate
base) for the base-catalyzed pathway and then the occurrence of a specific-base-catalysis.” This
behavior appears in line with the high foreseen acidity of the semicarbazonic or the
acetylhydrazonic hydrogens (No—H) of 3d—e and 3f, respectively.'” To confirm this outcome we
have studied the rearrangement of 3d—f in the pS" range 9.8-12.4, 9.7-11.6 and 9.0-11.6,
respectively, at different borate buffer concentrations (0.0125-0.0500 M), observing that there is
no increase of the (Ka r)3ar values with buffer concentration at constant p§ (see data in Tables
8-10 of SI). This result indicates that only the bimolecular hydroxide-catalyzed pathway is
effective, without any significant contribution by other pathways (bi- or ter-molecular) involving
other basic or acidic catalysts.

The above evidence agrees with a reaction mechanism (see Scheme 6) occurring via eq.s 1
and 2, where SH and S represent the rearranging substrates and their conjugated bases,
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respectively, and P~ the conjugated base of the reaction products. By applying the steady state
approximation to the S intermediate eq. 3 can be obtained.
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SH+OH SS +H0 eql
S —-P eq2
Kar = (Kike[OH ])/(1+K,[OH ]) eq 3

Of course at different proton concentrations the two following situations can be envisaged:
1 >> K [OH ] or 1 << K;[OH ]. Consequently at different pS" values the relevant kinetic
expressions deriving from eq. 3 could evolve to eq.s 4 and 5, which describe the kinetic behavior
at low and high hydroxide ion concentrations, respectively. As a matter of fact in these two
situations the apparent-rate-constants may or may not depend on the hydroxide ion
concentrations, as well evidenced in Figure 2 in the instances of 3e—f.

kA,R = K]kz[OH_] €q. 4
Kar = ko eq. 5

By fitting the ka r values calculated at 293.1 K from activation parameters to eq. 3 and by using a
non-linear least-square-treatment we obtained K; and k; for the three considered substrates with
excellent correlation coefficients (n= 32, 20, and 26, respectively; R> 0.9997, see data in Tables
8—10 of SI). The calculated K; and k, values (data in Table 2) agree with the proposed
mechanism: in all the cases we obtained indication in favour of a fast and largely shifted towards
right equilibrium (eq. 1; K; 7.7-99 mol ' L) and of a relatively slow rearrangement process (eq.
2; ko 2.7-4.0s7).

Looking at the calculated K; and k; values [(K)sa:(Ki)ze:(Ki)sr = 1:10.4:12.8;
(K2)3a:(Ko)ze:(K2)3¢ = 1:0.87:0.67] it appears evident that the significantly higher reactivity of 3e
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and 3f with respect to 3d in the pS'-dependent range (where the eq. 4 is operating) is essentially
linked to the higher acidity of the No—H proton of the >C=N-NH-J systems now examined,
however expected considering the acidifying electronic effect of the present groups: a phenyl
instead of an hydrogen in the former case (3e) and an acetyl instead of CO—NHj in the latter (3f).

The comparably small differences between the k, values clearly indicate that the most
important factor determining the entity of the k; values is its anionic character (which in turn
affects its nucleophilicity), that, as expected, exerts a levelling kinetic effect. On the other hand
higher acidity means higher stability of the anions, and this, in turn, causes lower nucleophilic
character. Perhaps also some effect can be attributed to the different stability of the formed
triazoles (4d—f) or their anions (4d —f") which could in some way affect the position of the r.d.t.s.
along the reaction coordinate.

On the whole we can say that the more important factor in determining the global reactivity
is the trend of K; values rather than that of k, values.

In the instance of 3f examining the reactivity at the highest pS” values, where the relevant
plot reaches a plateau, accordingly with eq. 5 a comparison between k, values calculated by
fitting and experimentally observed is meaningful.

An excellent agreement (Table 2) between the two values can be evidenced: (Ko)calc 2.66 s
and (Ky)exp 2.50 s'. Considering that the experimental rate constants are reproducible within
+ 3% and that the (Ky)cac value is a secondary (that is, re-calculated) value, the difference
observed can be well considered in the frame of uncertainty.

In the case of 3e the plateau is not so sharp, consequently the difference between the
calculated and experimental k, values is a little higher, but always in the limits of expectations
[(K)eate 3.48 s and (K )exp 3.00 8]

Finally in the instance of 3d, as suggested by an examination of Figure 2, such a comparison
is meaningless.

Of course the equilibrium constant (K;) can be directly obtained from eq. 4 by using (Ka)exps
all the other terms (kar and [OH ]) being known and once more an excellent correspondence
between the obtained values has been observed (see data in Table 2).

At last the calculated K, values can be used to obtain the K, in dioxane/water for 3d—f (that is
the acid dissociation constants relative to the semicarbazonic or acetylhydrazonic >N,—H protons
of the studied substrates) through eq. 6.

K; = KKy eq. 6

where K, (10'>%) is the water ionic product in the mixed solvent used. The pK, values are
reported in Table 2: in agreement with the observed specific-base-catalysis 3c—e are acids
stronger than water (K, = 5.71-10"® mol L in D/W) and, as observed, can easily give the
conjugated bases by the action of hydroxide ions.

The whole of the kinetic results suggests for the studied reaction a one-step concerted
mechanism with synchronous N-N bond-forming and N—O bond-breaking as also supported by

ISSN 1551-7012 Page 133 ©ARKAT USA, Inc.



Issue in Honor of Prof Nicolo Vivona ARKIVOC 2009 (viii) 125-144

some preliminary calculations at DFT level in gas phase (work in progress). Calculated
structures and energy contents for reagents, transition state, and final products are well in line
with expectations.

Such an observed result appears of interest especially in comparison with that previously
obtained in the study of MRH of 5 into 6 in the uncatalyzed pathway” (see above). At the same
time, this result enforces the observations concerning the different course of SN2 reactions, the
substrate being the same, as a function of the nature of the used nucleophile, neutral or anionic,
respectively.

Table 2. Equilibrium constants, K;, catalyzed rearrangement rate constants, K, calculated
according to eq. 3 [D/W (1:1, v:v) at 293.1 K], and pK, of acidic N,—H proton for 3d—f, 7 and 8.

Substrate (K1)eale (mol™! L) (K2)eale (s7)° K,
3d 774022 4.00 £ 0.08 14.9
3e 80 + 1 (86) 3.48 £0.02 (3.00) 13.9
3f 99 +2 (94) 2.66 +0.03 (2.50) 13.8
7° 2699 + 63 (6.94 £0.03)-107 12.4
8 524+0.7 (2.69 £0.01)-107 14.1

*In parentheses the experimental (Ki)exp and (Ko)exp are reported. *Data from reference 7e. ‘Data
from reference 7f.

A Comparison between the Reactivity of 3d-3f and 3a—3c.
The deep investigation carried out on the reactivity in MRH of 3d—f furnishes the instrument for
a comparison with the reactivity of the (Z)-hydrazone (3a),” the (Z)-phenylhydrazone (3b)’* and
the (Z)-2,4-dinitrophenylhydrazone (3¢)” of the 3-benzoyl-5-phenyl-1,2,4-oxadiazole: this
comparison could allow to evaluate the effects of CO-NH, and of acetyl groups on both the
nucleophilicity of the N, nitrogen and/or the acidity of the No—H proton.

As a matter of fact also 3a—3c¢ rearrange, in dioxane/water, by a general-base-catalyzed
mechanism.

As an examination of the Figures 1 and 2 clearly shows, in this case, at pS™ > 6.0 the acidity
of the No—H proton seems to be the most important factor in determining the reactivity trend, as
indicated by the reactivity ratios under reported and calculated at pS'=11.0:

Ksa: Ksb: Kac: Ksa: Kse: Kzg = 1: 256: 10820: 4160: 39670: 28300

this trend well reflecting the above acidity.

A Comparison between the Reactivity of 3d—f and of 7-8.7¢F
Another factor that could be important to consider, in order to rationalize the data obtained, is the

side chain structure which in turn affects also the thermodynamic stability of the final products.
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On this point, data now obtained could be compared with those deriving from the reactivity
of the 3-phenylureine of the 5-phenyl-1,2,4-oxadiazole (7)’® and N-(5-phenyl-1,2,4-oxadiazol-3-
yl)-N’-phenylformammidine (8).7f These compounds have a side chain (see Scheme 7) of the
—NH-CO-NH-Ph or -N=CH-NH-Ph types, respectively.

N—( \
Ph/< \ \,\]l//HPh Ph/(O/N NHPh
7 8
H H
Ph\\<N7/—N’H Ph\\<N7/—\\
O NN o N. .N
N N
Ph Ph
9 10

Scheme 7

Similarly to 3e—f, also 77 and 8’ react via a specific-base-catalyzed mechanism and in Table
2 the relevant K, k; and pK; values are collected, while in Table 3 ka r at p§ 13.0, 13.5 and 14.0
are reported.

Table 3. Apparent rate constants, Ky g, measured at pS’ 13.0, 13.5 and 14.0 for the rearrangement
of 3e—f, 7 and 8 in D/W (1:1, v:v).

Substrate Kagr (s) Kag (s7) Kagr (s)
pS =13.0 pS =13.5 pS =14.0
3e 0.657 1.48 2.44
3f 0.593 1.27 1.97
7 6.15-107 6.66 - 107 6.84 - 107
8° 3.54.10™ 8.71-10™ 1.62-10°

*Data from reference 7e. "Data from reference 7.

As can be seen from data in Table 3, at high pS" values (e.g., at pS’ 13.0), the reactivity
order is:

f=3e>8>7
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This is different from those expected considering the pKj, values and it keeps constant also at
pS’ = 14.5, when all substrates considered are in their anionic form:

atpS =14.5 kst Kse: Kg: k7 = 34780: 44350: 32: 1

However these results cannot be explained only considering the nucleophilicity or the acidity of
the proton of the No,-H group. As above indicated the stability of the final product has been
found able to affect the reactivity. Probably, the very higher reactivity of 3e, notwithstanding its
pKa value is not much higher than that of 8, is due to the different stability of the triazoles
formed and this factor can affect the position of the transition state along the reaction
coordinates. The kinetic result appears in line with the higher stability (aromaticity) of 2H-1,2,3-
triazoles in comparison to 1H-1,2,4-triazoles (e.g., compare the relevant I, values 109 and 100,
respectively).®

Rearrangement of 3d—f in Toluene in the Presence of Some Amines.

To gain information concerning the course of the rearrangement in an apolar solvent we have
carried out some kinetic measurements in toluene (in the past we have collected parallel data in
benzene, but by some time the laboratory use of this solvent has been strongly discouraged) in
the presence of three amines: n-butylamine (BuA), piperidine (PIP), and triethylamine (TEA).
These are a primary, a secondary, and a tertiary amine, respectively, and show different steric
requirements, different basicity, as well as different aptitude to behave as donor or acceptor
counterpart in the hydrogen-bond formation.'*

To allow a comparison between substrates with similar structures, but containing N,—H with
different acidity we have examined the reactivity of the (Z)-semicarbazone 3d, of the (2)-
phenylsemicarbazone 3e, and of the (Z)-N-acetylhydrazone 3f of 3-benzoyl-5-phenyl-1,2,4-
oxadiazole.

The kinetic measurements have been carried out at 313.1 K in a large range of amine
concentrations ([BuA]: 0.04—0.50 M; [PIP]: 0.01-0.30 M; [TEA]: 0.10-1.00 M). The apparent
first-order rate constants (Ka r) are collected in Table 11 of SI.

All of 3d—f react with the three amines showing ks g values amine concentration depending,
which interestingly well fit different equations as a function of the structure the used amines.

On the Behavior of 3d—f in Toluene with Amines.

In the instance of the reaction in the presence of butylamine and in contrast in the presence of
piperidine and triethylamine the kinetic data at different amine concentrations well fit equations
7 and 8, respectively

Kar = ki[B] + ki[B]* eq7
Ka.r = Ku[B] eq 8
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as indicated by the results of statistical analysis reported in Table 4.

Table 4. Second and third order rate constants (k; and kyp) for the rearrangement of 3d—f in
toluene and in the presence of amines at 313.1 K.

Substrate BuA® PIP® TEA®
10%k; (mol' L's™)  10%ky (mol* L%™)  10%ky (mol' Ls™)  10*ky (mol” L's™)
3d 0.121 £0.001 1.32+0.01 2.78 +£0.01 0.0192 £ 0.0001
3e 0.227 £ 0.005 5.57%0.01 7.48 +0.03 0.0736 % 0.0004
3f 0.149 +0.001 2.02£0.00 3.53+0.01 0.0329 +0.0002

3d—f: n=10, r =0.9999. "3d: n= 11, r = 0.9999; 3e: n= 10, r = 0.9999; 3f: n=9, r = 0.9999.
3d—f: n=10; r =0.9999.

Comments on the Behavior of 3d—f in Toluene with Amines.

With all of the three substrates and in the presence of all the tested amines no uncatalyzed
pathway has been evidenced. This result agrees with some previous observations: also in D/W
(that is, in a solvent system much more polar and then eventually more prone to favour the
occurrence of a uncatalyzed pathway) the same substrates rearrange only via the base-catalyzed
pathway. This is in line with the very low nucleophilicity of the Ny, nitrogen atom depending on
its conjugation with the adjacent carbon-oxygen double bond: as a consequence once more the
examined substrates appear stable in apolar solvents (such as benzene or toluene, see above) as
well as in solid state (for years), thus replicating the situation observed with several
(Z)-hydrazones7j and (2)-arylhydrazones of 3-benzoy1—1,2,4-oxadiazoles.7d

Interestingly enough different contributions to base-catalyzed pathways have been observed
as a function of the present amine (and its structure).

In the instance of TEA (a tertiary amine) and PIP (a secondary amine) with all the examined
substrates (3d—f) only a second-order pathway (i.e., depending on first-order amine
concentration) has been observed and this behavior strictly resembles that one evidenced in other
MRH [e.g., of the (Z)-4-nitrophenylhydrazone of 3-benzoyl-5-phenyl-1,2,4-oxadiazole"” and of
the 3-(4-nitrophenyl)ureine of 5-phenyl-1,2,4-oxadiazole’].

In contrast in the presence of BuA a more complex kinetic expression has been observed:
two reaction paths have been observed, the former occurring via a second-order and the latter via
a third-order pathway (the first largely prevailing on the other at low amine concentration).

These two results with different amines (TEA and PIP, or BuA) appear of some interest in
the light of some our previous kinetic data. The possible interpretations could be related: a) to the
ability of aliphatic amines containing hydrogens at nitrogen atom to live as dimers in apolar
solvents or b) to an addition of a molecule of amine to the N4-C5 double bond according to a
hypothesis of Harsani and coworkers.'°
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The present result, also in the light of the results of a DFT study of the course of the reaction
in the uncatalyzed pathway,” allows to definitively exclude these two hypotheses and clearly
support our previous idea of a catalysis-of-catalysis."’

As a matter of fact in the presence of BuA 3d—f does react via both a second- and a third-
order pathway (both paths really contributing to the rearrangement).

In the light of some our previous results on the MRH in benzene in the presence of amines'’
we can suppose that higher orders pathways depend on a catalysis-of-catalysis mechanism. That
is, because of the interaction between the No—H hydrogen of the side chain with the amine a
partial positive charge is created on the nitrogen of amine. If at this nitrogen atom are linked
hydrogen atoms, this fact can cause the interaction with a second molecule of amine determining
the occurrence of a catalysis-of-catalysis.

In a previous study on MRH'” to confirm the occurrence of general-base-catalysis in apolar
solvents and of a catalysis-of-catalysis pathway we carried out a series of kinetics in the presence
of mixtures of amines, eg. of BuA and TEA. The apparent first-order rate constants (Ka r) are
collected in Table 12 of SI.

In the instance of 3d—f the kinetic data at different amine concentrations well fit,
respectively, eqs 9-11, as indicated by the results of statistical analysis (n 39, 37 or 40, r 0.9999).

10° (Kap)3a = (0.00 £ 0.01) + (0.19 + 0.01) [TEA] + (1.15 £ 0.06) [BuA] + (13.4 + 0.1) [BuAJ* +
(3.57 £ 0.06) [BuA][TEA] eq 9

10> (Kar)se = (0.005 £ 0.005) + (0.731 + 0.009) [TEA] + (2.24 £ 0.05) [BuA] + (55.7 £ 0.1)
[BuAJ? + (11.8 £0.1) [BuA][TEA] eq 10

10° (Kap)3e = (0.00 £ 0.01) + (0.328 + 0.002) [TEA] + (1.46 £ 0.08) [BuA] + (20.3 % 0.1) [BuAT®
+(5.69 +0.1) [BuA][TEA] eqll

Thus, once more the occurrence of both general-base-catalysis and of catalysis-of-catalysis
appears confirmed. As a matter of fact in eqs 9-11 concerning 3d—3f the second-order pathways
catalyzed by BuA or by TEA as well as the third-order one catalyzed by BuA are observed: the
“now” calculated rate constants very well compare with the values previously calculated (Table
4) in the presence of only BuA or TEA amines (AK < 2%). It must be remarked that all of the
present bases contribute to the rearrangement process, as expected for a general-base-catalyzed
process. Moreover a third-order pathway, depending on both the two present bases (BuA and
TEA), has been observed.” Two comments on this last path can be attached: a) its presence
confirms the catalysis-of-catalysis (in such a kind of experimental conditions the TEA molecule
assists the hydrogen atom abstraction.; see Scheme 8 for the relevant TS), b) the third-order rate
constant calculated is always significantly lower (75 £ 4)% than that for the third-order process
depending on two molecules of BuA.
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Scheme 8

As a matter of fact notwithstanding the higher basicity of TEA with respect to BuA'* (which
would significantly increase the assistance in the proton abstraction in TS) this factor is
overwhelmed by the higher steric hindrance of TEA (a tertiary amine) with respect to BuA (a
primary amine). This strongly decreases the possibility of approach to the positively charged
hydrogen atom in such a way decreasing the effect on the reactivity.

Conclusions

The whole of the kinetic results collected on the MRH of 3d—f in D/W and in toluene has pointed
out the following points:
a) by studying the MRH of 3d—f in D/W evidence has been collected in favour of a specific-
base-catalyzed pathway, the different reactivity of the three substrates examined being
essentially related to the different acidity of the hydrogen of the No—H system. In contrast no
evidence in favour of a uncatalyzed pathway has been collected;
b) by studying the MRH of 3d—e in toluene evidence has been collected in favour of a general-
base-catalyzed pathway with different contribution of second- and third-order pathways
depending on structure of both substrate and amine; again no evidence in favour of a uncatalyzed
pathway has been collected;
c) in toluene the third-order-pathway observed has been related to a catalysis-of-catalysis
process; as indicated also by results with a couple of amines. The results obtained on this point
definitively confirm this hypothesis and show that higher is the acidity of the hydrogen of the
o—H system, higher is in the TS its interaction with a first molecule of the basic amine and then
the breaking of the No—H bond can go on. The related higher partial positive charge on the
nitrogen of amine increases the “necessity” of assistance from a second molecules of amine: that
is, of catalysis-of-catalysis.
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Experimental Section

Synthesis and Purification of Compounds

Compounds 3d'® and 4d,'® water,” dioxane' and toluene' were prepared and/or purified
according to the methods reported. Piperidine, butylamine, and triethylamine were purified by
standing over potassium hydroxide (24 h) and fractionally distilled twice before use.

Compounds 3e and 3f were prepared from 3-benzoyl-5-phenyl-1,2,4-oxadiazole and
phenylsemicarbazide hydrochloride or acetylhydrazine hydrochloride, respectively, in ethanol
following a previous procedure.'® Purification was achieved by chromatography [silica gel:
cycloexane/ethylacetate (20/1)] and crystallization from ethanol.

Compound 3e was rearranged into the relevant triazole 4e by standing in ethanol in the presence
of aqueous KOH (10%) at room temperature until disappearance of the starting product (tlc
analysis). It was purified by crystallization from ethanol.

The treatment of compound 3f with aqueous KOH (10%) in ethanol, gives as final product the 4-
benzoylamino-5-phenyl-2H-1,2,3-triazole (4a)” by fast hydrolysis of the firstly formed 2-acetyl-
4-benzoylamino-5-phenyl-2H-1,2,3-triazole (4f).

Physical data of 3e. Colourless solid, mp 172°C; v (nujol) 1705, 1732, 3246, 3371 em™; 'H
NMR (250 MHz, CDCls) § 11.34 (1H, s, NH), 8.38 (1H, s, NH), 8.27-8.23 (2H, dd, Ar, J = 1.3
and 4.7 Hz), 7.87-7.83 (2H, m, Ar), 7.72-7.50 (7H, m, Ar), 7.40-7.37 (2H, m, Ar), 7.15-7.09
(2H, m,Ar); °C NMR (250 MHz, CDCl;) & 175.67, 163.40, 152.15, 137.65, 135.21, 133.77,
131.58, 129.61, 129.35, 129.00, 128.70, 128.56, 128.37, 123.65, 122.86, 119.58. MS m/z 383
(M*, 3); 264 (78); 236 (71); 133 (43); 119 (93); 105 (100); 91 (92); 77 (96); 64 (87); 51 (75).
HRMS caled for C,H17N50,: 383.1382, found: 383.1384.

Physical data of 3f. Colourless solid, mp 135°C, v (nujol) 1678, 1701, 3240 cm™; "H NMR (300
MHz, CDCls) § 11.69 (1H, s, NH), 8.26-8.23 (2H, dd, Ar, J = 1.5 and 4.8 Hz), 7.90-7.86 (2H,
m, Ar), 7.70-7.59 (3H, m, Ar), 7.50-7.47 (m; 3H, Ar, 1H, NH), 2.48 (3H, s, Me); °C NMR (300
MHz, CDCl;) & 176.88, 175.04; 163.99; 136.32; 134.88; 134.27; 130.75; 130.45; 129.66;
129.38; 123.96; 21.38. MS m/z306(M", 12); 236 (14); 105 (100); 77 (28); 43 (10). HRMS calcd
for C17H14N40,: 306.1114, found: 306.1117.

Physical data of 4e. Colourless solid, mp 205°C; v (nujol) 1686, 1716.5, 3192, 3140 cm™; 'H
NMR (250 MHz, CDCls) & 10.65 (1H, s, NH), 9.32 (1H, s, NH), 8.30-8.26 (2H, m, Ar), 7.92—
7.74 (6H, m, Ar), 7.49-7.45 (4H, m, Ar), 7.41-7.34 (2H, m, Ar), 7.14-7.09 (1H, m, Ar); °C
NMR (250 MHz, CDCls) & 176.08, 167.89, 151.83, 137.50, 136.86, 133.20, 130.84, 129.87,
129.19, 129.00, 128.82, 128.39, 128.32, 123.92, 123.73, 120.12. MS mVz 383 (M", 3); 264 (10);
137 (12); 119 (12); 105 (100); 93 (92); 77 (54); 69 (93); 57 (20); 41 (25). HRMS calcd for
C2oH,7N50,: 383.1382, found: 383.1385.
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pS’ Scale Definition and Kinetic Measurements.

The operational proton-concentration scale used (pS")™**™ was established in aqueous dioxane
by employing the pK, values of acids determined by interpolation from reported data.”” The
meter reading after calibration against buffers required a correction of only +0.16.

The kinetics were followed spectrophotometrically as previous described’ by measuring the
disappearance of 3e—f at the wavelengths of their absorption maxima, where the absorptions of
the rearranged triazoles were minimal. The solutions at infinity time were checked and they well
fitted the complete formation of the expected triazoles.

A Varian Cary 1E spectrophotometer equipped with the rapid kinetic accessory SFA-11 was

used at high pS' values for the rearrangement of 3d—f in dioxane/water.
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