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A combined kinetic and theoretical study of the monocyclic rearrangements of heterocycles (MRH) has been
carried out. The interconversion of thé-hydrazone of 3-benzoyl-5-phenyl-1,2,4-oxadiazole into the
corresponding triazole has been experimentally investigated in dioxane/water iS'thange 5.5—13.9.

The uncatalyzed region has been examined at the DFT level using a model system formed-bydtezone

of 3-formyl-1,2,4-oxadiazole and one or two water molecules. The environmental effect of the solvent has
been emulated using a continuum model (COSMO) approach. The kinetic data suggest a concerted process
where the magnitude of the activation barrier is determined by the interplay of two opposite factors, that is,
the nucleophilicity of the nitrogen atom and the acidity of the nitrogen-bonded protons. The computations
indicate the existence of two multistep reaction pathways. When the solvent environment is taken into account,
the preferred path, which involves two water molecules acting as a base, becomes a concerted highly
asynchronous path, where the nucleophilic attack and the proton transfer occur not simultaneously but in the
same kinetic step.

Introduction SCHEME 1

azoles:

(MRH) and the “bicyclic rearrangements of heterocycles” (BRH) \D/ H H \Z/

In the framework of their fundamental work on the hetero- X B=
cycle reactivity, Katritzky and Boulton pointed out the occur- 4 f I X
rence of two different classes of ring-to-ring interconversion of \ 7 _ D / \\

the “monocyclic rearrangements of heterocycles” B N AN / N

(see Scheme 1.

The BRHs have been widely investigated both at the 1
experimentdt? and theoreticdllevel and a large number of B

papers are now available in the literature. Kinetic and thermo- D—E,

dynamic studies have enlightened the influence of the substit- / \
uents in the benzocondensed fifig while, more recently, ab N
initio calculations have been used to foresee new possible \
bicyclic rearrangementgs. /A

The MRH processes are of much more general synthetic B
interest, since they disclose the way to several five-membered

|

/

3

heteroaromatiddc4&d and dihydroheteroaromatiés. These 4

reactions, which do not requirg-reorganization and only
involve the formation and breaking ofbondslc4cdhave been

the subject of several synthetic and mechanistic studies. Our
grougc 95 as well as other research groups (Harsényi,
Katritzky 129 and Korbonité®") have been working for a long
time on this subject. Several new MRH examples have been
discovered and their mechanism has been deeply investigated.
In a series of papers; @54 we have quantitatively examined
the ring-to-ring interconversion of many derivatives of 1,2,4-

oxadiazole. We have compared the effects of different side
chains linked at €3 (X=Y—ZH = C=N—NH—Ar,52d NH—
CO—NH—Ar,8 N=CH—NH—Ar,° NH-CO—R) % and we
have carried out the reactions in various solvents (dioxane/water,
dioxane, ethyl acetate, methanol, benzene, and acetonitrile) in
the presence of different bases. The large sets of data collected
in dioxane/watefd5ab89in the presence of buffers have
provided kinetic evidence for the occurrence of two different
kinds of reaction channels: a proton-concentration-independent

T Dedicated to Professor Alan R. Katritzky on the occasion of his 75th

birthday.

pathway (incatalyzed pathwa¥* and a proton-concentration-
dependent onédése-catalyzed pathwagequiring either general

* Address correspondence to these authors. E-mail: andrea@ or specific base catalysis). Moreover, we have recently pointed

ciamserv.ciam.unibo.it.
*G. Ciamician.

out the occurrence of a specifacid-catalyzed pathwafor

SE. Paterio substrated (see Scheme 1) when a basic center is present in
Il A. Mangini. the A=B segment? Also, data on isoxazolé¥ " and 1,2,5-
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SCHEME 2

a:R!'=R*=CH,;R*=H

5a-d b: R =R?=RJ =C.H, 6a-d
¢: R = R? = C,H,; R = 2.4-(NO,),C,H,
d:R!'=R?*=R’=H

TABLE 1: Calculated Apparent Kinetic Constants (at 293
K) and Activation Parameters for the Rearrangement of 5a
into 6a at Various pS* in Dioxane/Water

oxadiazole®b4cd12cchave been collected to rationalize how
the nature of the starting ring affects the reaction. The whole
pf the results obtained_.has evjdgnced that MRHs occur as - s = 90 635 720 T 85 8.40
|ntramqlecular nucleophlhc substitutions{Band thus represent 10(ar) 494 502 500 408 514 502
a special case ofn2 displacement. o AH® 253 252 252 252 250 251
Notwithstanding its synthetic and mechanistic importance, Agwd -56 -6.0 -58 -59 6.6 —6.1
the MHR has attracted only limited attention from a computa- pS'e 9.42 9.72 9.89 10.22 1041 10.84
tional point of view. Semiempirical and ab initio calculations 10°(kar)®  0.540 0590 ~ 0.675 0.908 118  2.47

have provided information in the fully degenerate rearrangement ﬁgﬁc _Zgi _255-91 —%3560 _?‘;3 _722-2 _725'-0
of the anions of_ some acylamlno derivative of |soxa_lzole, 1.2,4- e 1100 1113 1137 1150 1161 1177
and 1,2,5-oxadiazole, which represents the most simple systemy gk, >  3.08 4.25 6.61 912 112 166
that can be studie¥f¢e9 Furthermore, the reactivity in the  AH#* 24.2 245 24.7 24.5 247  24.4
rearrangement of some 3-(2-aminoethyl)- and 3-(2-aminoaryl)- AS® -57 —-43 -24 -26 -14 -17
1,2,4-oxadiazoles has been correlated to CNDO/2 net chargesPS® 1200 = 1221 1244 = 12.85 1320 13.52
on the N(2) atonfP All these results are often characterized by icmé’m) 2%‘369 22.@15 22'275 5 2'57 23'561 237 '150
an unsatisfactory agreement with experimental data. ASH 23 401 404 +19 +11 +15

In this paper, we report the results of a combined experimental pste 13.90
and theoretical study of the MRH process. The kinetics of the 10°(kar)® 16.6
conversion of theZ-hydrazone of 3-benzoyl-5-phenyl-1,2,4- AH* 23.0
oxadiazole %a in Scheme 2) into the 1,2,3-triazoléd) in AS© 2.5
dioxane/water is investigated in a large range 8f.p2 The aCitrate buffer; total buffer concentration 0.0125 Mrhe unit is

results are compared to previous data obtained forzhe s Values calculated by activation parameters at 293 K; the experi-
phenylhydrazone5p)3® and thez-2,4-dinitrophenylhydrazone mental rate constants Wer((:e measured in the ranglem K and were
(5054 to rationalize the effect of structural modifications in the "€Producible within+3%.¢The unit is kcal mol’. At 313 K the

. . ] o . maximum error is 0.7 kcal mot. 4 The unit is cal K mol~1. At 313
X=Y—ZH side-chain. To obtain a better insight into the i {he maximum error is 2 cal K mol-2. ¢ Borate buffer; total buffer
mechanistic details of this reaction, the rearrangement of the concentration 0.0125 M.

Z-hydrazone %d) of 3-formyl-1,2,4-oxadiazole into the corre-

sponding triazole &d) is investigated at the DFT level. The log k 2 e T
model system used here emulates the reaction in the uncatalyzed Efa 1 1
region and includes one or two water molecules to describe the Us ]
direct involvement of the solvent as a base. X [ ]
Results and Discussion [ ]
A. Kinetic Study of the Rearrangement of 5a into 6a.The ) C ]
title rearrangement has been studied in dioxane/water (1:1, v:v) 6L ]
in the presence of buffers in the §513.9 5" range'* The [ saaaam ]
apparent first-order rate constants for the rearrangemesea of sk ) 3
[(kaRr)sq] are collected in Table 1 and are reported in Figure 1 i * ]
together with data concerning the ring-to-ring interconversion ol e
of 5b and5c. 2 4 6 8 10 12 14 16
The examination of Figure 1 shows the expected influence ' pS*

of the proton concentration on the reactivity®d In the [B" Figure 1. Plot of logke for the rearrangement & (O), 5b (4), and

range 5'5_9'(,) no change with§" is efv_ide.nced (uncatglyzed 5c (@) into 63, 6b, and6c, respectively, in dioxane/water at 293.15 K
pathway), while at 87 > 10 the reactivity increases wittsp versus ['.

(base-catalyzed pathway). Notwithstanding the highyalues

investigated (up to " 13.9), no limiting rate constant has been complex can be ruled out on the basis of the very low acidity
observed, suggesting for the base-catalyzed reaction the formaef the —NH, protons of the hydrazone moiety. However, the
tion of a van't Hoff complex>b The existence of an Arrhenius  Z-phenylhydrazonesp)13P and thez-2,4-dinitrophenylhydrazone
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TABLE 2: Calculated Apparent Kinetic Constants (at 298
K) and Activation Parameters for the Rearrangement of 5a
into 6a at Various pS™ and Borate Buffer Concentrations in
Dioxane/Water

pSfa 1084 1100 11.13  11.37 1150 11.61
10'kag)® 0501  0.708  0.873 1.37 1.88 2.32
pSfa 11.77  12.00 1221 12.44

10%kag)® 341 548 851 138

pSFe 1095 1105 11.18 11.44 11.64 11.85
10'kag)® 0706  0.860  1.14 189 288 441
AHHM 243 239 240 242 239 240
AS*® -53 -62 50 —37 -37 -26
pSFe 12.00 1217 1252

10'kag)® 5.90 848  17.1

AHHM 242 235 239

ASe -09 —29 -03

pSH 1085 11.05 1127  11.42 11.74 11.98
10(kag)® 0751  1.09 1.67 222 406  6.45
AHH 239 241 240 238 240 240
ASPe -65 —50 —47 —47 27 -17
pS'f 1210  12.48

10(kag)® 8.09  16.6

AH# 236 232

ASPe —26  —27

aTotal buffer concentration 0.0125 MThe unit is st. Values
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and ca. 1:230:47 000 fdron and for kg, respectively). This
reflects the very different acidic character of protons, which
strongly increases on going from theNH; group in5ato the
—NH—Ar and —NH—Ar(NO>), groups in5b and 5c, respec-
tively; thus, for example, at 293.15 K an®p12.0 kaRr)sa:
(Ka,R)sb:(Ka r)sc = 1:250:10 300. In contrast, in the uncatalyzed
region a small reactivity difference betweBaand5b has been
observed [at " 6.0: (KaRr)s/(Kar)sa Ca. 2.5]. A comparison
with 5c¢ is meaningless as this compound does not rearrange
via an uncatalyzed pathway because of the very low nucleo-
philicity of its 2,4-dinitrophenylhydrazone nitrogen atém.

The values of the reactivity ratios obtained in the uncatalyzed
and base-catalyzed regions can be explained by a complex
interplay of two main factors: the nucleophilicity of the nitrogen
atom and the acidity of the NH protons. These factors determine
the substrate reactivi$:1°Let us compare firsfaand5b along
the uncatalyzed pathway. The high nucleophilicity of the
nitrogen atom of5a would favor the new nitrogennitrogen
bond formation, while the low acidity of the Nhbrotons should
hamper the interaction with the solvent acting as a basgb,In
on the contrary, the lower nucleophilicity of nitrogen (compared
to that of5a) would disfavor the new nitrogefitrogen bond

calculated by activation parameters; the experimental rate constantsiqrmation. while the higher acidity of the NH proton should

were measured in the range 31333 K and were reproducible within
+3%. ¢ Total buffer concentration 0.0250 M The unit is kcal mot™.
At 313 K the maximum error is 0.7 kcal mdl € The unit is cal K
mol~1. At 313 K the maximum error is 2 cal ® mol~1. f Total buffer
concentration 0.0500 M.

(50),>2which both have a much more acidic (NH) proton, also
show a similar behavior. To confirm this outcome, we have
studied the rearrangementsd in the (5" range 10.8-12.5 at
different sodium borateboric acid buffer concentrations (data
in Table 2), observing & r)sa increase with buffer concentra-
tion.15¢ A fitting of kinetic data to eq 2>16 which represents

help the interaction with the solvent. This would explain the
small reactivity difference experimentally observed on going
from 5a to 5b. In contrast, in the base-catalyzed region, the
acidity of the protons of the hydrazone moieties should become
the dominant factor and overcome the importance of the nitrogen
atom nucleophilicity, thus favoring§b and 5c¢ with respect to

5a

This picture agrees very well with the effects of the
substituents that have been observed in the study of seweral
andp-substituted arylhydrazones in both the uncatal§?edd
base-catalyzed rangfeand is strengthened by the observation

the most general form for a base-catalyzed reaction, gives they,a¢ the kinetic isotopic effect is higher in the base-catalyzed

results collected in Table 3. The statistical data give uncertain
indication for the occurrence of the uncatalyzed pathway (
being the small intercept of a multiparameter equation, should
be more correctly obtained by direct measurement in the-5.5
9.0 5' range). Also, these data indicate the absence of a
significant contribution oka, ka g, Or kg on. These results point
out the occurrence of two simple (bimolecular) general base-
catalyzed pathways (at 298.15 kgr 1.7 x 1072 andkg 4.2 x

1075 | mol~t s71, respectively) and definitively support the
formation of a van't Hoff complex.

(Kar) = K, + koi[OH ] + kg[B] + Ka[A] + k, g[A][B] +
ks on[BI[OH ] (1)
A comparison of the present data with those obtained for the

rearrangement @b'317and5c>2is of interest. On going from
5ato 5b and5c, a very large increase in the rate constant for

(2.9) than in the uncatalyzed range (118).

Finally, the analysis of the activation parameters for the
rearrangement oba (see Table 1) an®b!3® has stressed an
interesting trend. In the§¥-independent range, the unfavorable
enthalpy factor oba is essentially balanced by the favorable
entropy factor (lower overcrowding at the reaction centésan
with respect tb and, consequently, a more efficient solvation
and charge dispersion in the transition state). In contrast, in the
pS-dependent range the entropy contribution is similar in the
two cases and, thereforé cannot balance the enthalpy
contribution. Thus5b becomes much more reactive thaa

B. Computational Details. All the computations have been
carried out with the Gaussian 98 series of progréfriEhe
structures of the various critical points have been fully optimized
with the gradient method and the nature of each critical point
has been characterized by computing the harmonic vibrational
frequencies. To choose a reliable computational approach, we

the two base-catalyzed pathways is observed (calculatedhave first investigated the structure of the 1,2,4-oxadiazole

5a:5b:5c¢ reactivity ratios at 298.15 K being ca. 1:220:23 000

molecule (see Scheme 3) using the B3EYRunctional and

TABLE 3: Multiple Linear Regression Analysis@ of Kinetic Data According to Eq 1 at 298 K

Kor % Scon 10°(ks + s&) 10°(ka £ Sia) 10°(ka s £ Sca ) (Ks,on % S&,0H)
1Pk, st Imol~ts? Imol~ts Imol~ts™? I mol—2s?t I mol—2s? R
0.004+ 0.004 0.01A 0.000 4.2+ 0.2 0 0 0 1.000
0.016+ 0.005 0.01A 0.000 4.5+ 0.2 —-0.9+0.2 0 0 1.000
0.002+ 0.005 0.017A 0.000 4.4+ 0.3 0 0 —0.006=+ 0.007 1.000
0.008+ 0.003 0.016f 0.000 5.1+ 0.3 0 —61+15 0 1.000

2 SoH, SBr Sy S, and ss.on are standard deviations kéy, ke, Ka, Kag, andks on, respectivelyR, multiple correlation coefficient. The number

of points is 27 throughout.
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SCHEME 3 *E (kcal mal)
Geometrical parameters (angstrom and degree):
N— DZVP 6-3114G*
d \\b a 1411 1.407 (1.418)
b 1.309 1.301 (1.303)
N c 1.380 1.376 (1.380)
e o/a d 1.300 1.294 -
e 1.341 1.334 -
<ab 102.9 102.8 -
<bc 1154 1154 -
<cd 101.3 101.3 -
<de 114.3 1143 -
<ea 106.1 106.2 (114.2)
SCHEME 4

Path A | @ \ Path B |

Nucleophilic ; o Proton
attack ; / M, \ transfer

Figure 2. Model I. Energy profiles for path A and path B.

/N\/—‘\\ occurring from N to N* (intermediate M) and the second from
/ L N“ to the negative oxygen and leading to the final produst M
o© N\EE/ NH ol G) Path B is characterized by an initial proton transfer frofrtdN

/9 N* (intermediate M*) followed by a nucleophilic attack which

M;
affords the intermediate M
\ / Three different model systems have been considered in our

F'roton Nucleophilic computations: Model | corresponding to the molecular system
Iransfer N~ attack represented in Scheme 4 and Model Il and Model Il where

one and two water molecules, respectively, have been explicitly
considered. Furthermore, the COSMO continuum solvation

N
60 @)\ - model approaclt has been used for Model Il to evaluate the
M, effects of the solvent environment. These effects can be
w particularly important in the present case where significant
transfer variations of the charge distribution are expected to occur along
ﬂ the reaction profile. Two different values for the dielectric
constante, have been used, that is, 78.30 (water) and 46.45
M. Z 7——\\ (dimethyl sulfoxide). The second value should emulate the effect
> / of the dioxane/water mixture used in kinetic measurements. In
OH N\N/N the present section, the singlet potential energy surfaces (PES)

associated with the ring-to-ring interconversion occurring in the

three above model systems are discussed.
either the extended 6-331G*22 or the cheaper DZV® basis Model I. A schematic representation of the two reaction
set. DZVP is a local spin density (LSD) optimized basis set of pathways (path A and path B) is given in Figure 2, while the
double£ quality in the valence shell, which includes polarization structures of the corresponding critical points are represented
functions. It is evident from the data reported in Scheme 3 that in Figure 3 (path A) and Figure 4 (path B). Despite extensive
the two basis sets provide very similar results. Also, in both search, no evidence for the existence of a concerted pathway
cases we have a quite satisfactory agreement with the experimenhas been found. A detailed description of the two paths is given

(see values in parentheses for the parametdrsc, and <ea). in the following.
This computational evidence has prompted us to use the less Path A.The nucleophilic attack of the nitrogen atom dh
expensive DZVP basis to investigate the — 6d rearrange- the nitrogen N (first step of the process) has a rather large
ment. activation barrier (34.2 kcal mol, transition state TS. The

The effect of the solvent environment has been evaluated attack leads to the intermediate;Mvhich is 24.7 kcal moit
using the continuum solvation model approach COSKM&s higher in energy than reactants. 11iS slightly reactant-like, as
implemented in Gaussian 98. expected on the basis of the endothermic character of the

C. Computational Results for the Rearrangement of 5d reaction (see Figure 3). The significant structural changes
into 6d. The theoretical investigation has been carried out on a involved in the nucleophilic attack (mainly a rotation around
model system that emulates the reaction in the uncatalyzedthe Ne—N?! bond to correctly orient the nitrogen lone pair,
region. In addition to a possible concerted path, we have accompanied by a variation of the hybridization state frof sp
considered two different, and equally plausible, multistep to spP) can explain the high activation energy. A rotation by
reaction pathways: path A and path B, schematically representedd0® of the terminal NH group in My provides a rotational barrier
in Scheme 4. Along path A, the initial nucleophilic attack of of 20.8 kcal mot?®, which represents about 60% of the total
nitrogen N-on nitrogen N (formation of the intermediate M barrier for the nucleophilic attack. On going fromgNb My,
is followed by two subsequent proton transfers: the first significant variations of the various bond lengths are observed.
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Figure 3. Schematic representation of the structures of the critical
points located along path A for Model | (bond lengths are in angstroms
and angles in degrees). The energy values (kcal thotlative to
reactants 1) and the activation barriefs, are reported.

E'S =16

Figure 4. Schematic representatlon of the structures of the critical
points located along path B for Model | (bond lengths are in angstroms
and angles in degrees). The energy values (kcalHhoeklative to
reactants o) and the activation barriels, are reported.

M; 280

In particular, the €O bond shows a significant increase of
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suggests that their contribution togNk less significant than
that of 110 and 1110 to M.

A proton transfer from Nto N* leads to a much more stable
intermediate M (40.3 kcal mot? lower than M) by overcoming
a barrier of 27.9 kcal mot. In the corresponding transition
state TS, the proton still significantly interacts with N(the
two N!—H and N—H distances are 1.199 and 1.317 A,
respectively). The significant stabilization of ;,Mcan be
explained by the strong aromatic character that characterizes a
triazole ring®1%in contrast with the nonaromatic nature of.M
This aromatic character makes Mhore stable than the starting
substrate. In this intermediate, the newly formet-N bond
(1.025 A) has the suitable orientation to form a hydrogen bond
with the oxygen atom (HO! distance= 1.945 A). As a
consequence, we have a significant shortening of the
distance (2.586 A). The second proton transfer (transformation
M, — TSz — Mg) requires a significantly lower activation
barrier (only 8.0 kcal moit). This low activation energy (when
compared to that of the previous proton-transfar™ TS, —
M) can be easily understood. In 4% re-hybridization of the
atom N is needed, while no re-hybridization process occurs in
TS;. Here, the proton easily migrates toward the properly
oriented negative oxygen. In the producg,Mhe C-O! bond
has lost its double bond character (it is now 1.343 A) in
agreement with the resonance representation of Scheme 5 where
the most important contributing structure tosN& 10", The
dominant contribution of ) also explains the shortening of
the Ns-C bond (from 1.370 A in M, where the dominant
structure is 11", to 1.285 A in My). The strong hydrogen bond

its double bond character (the length varies from 1.343 to 1.227 O'—H--N#4 (H--N* distance= 1.859 A) involving the transferred

A), while the two N—C bonds change from 1.295 and 1.392

hydrogen provides a further stabilization to the final product.

A'to 1.387 and 1.318 A, respectively. These structural changes Path B.The activation energy for the proton transfer occurring
are in agreement with the resonance picture reported in Schemen the first step is again rather large (33.5 kcal mil This

5. A positive charge on the oxygen in structures Il and Il

finding is in agreement with the formation of an unstable
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4

intermediate species (%) characterized by two separated
charges (the formal charges ot Ahd N in M* are —1 and

+1, respectively). The geometrical features agfldre consistent
with the resonance picture of Scheme 5, where the structures
which mostly contribute are!Y), 11V), and IMV), Thus, the
C—O! bond is mainly single in nature (1.354 A) and the two
N3—C bonds are mainly double (1.286 A) and single (1.398
A), respectively. In particular, the shortening of the-M* bond
(1.283 A) with respect to Mis due to the contributing structures
1™ and IMV), A significant hydrogen bond (NH—N,* H--N?

= 2.049 A) can be recognized in M The subsequent
nucleophilic attack requires a much lower activation barrier (17.0
kcal molY) than that found along path A. The lower energy
barrier can be easily explained. No rotation around the N
bond is now necessary since the nitrogen lone pair (after proton
transfer) has already the suitable orientation required for the
attack. Thus, a contribution of about 20 kcal mgfsee previous
section) can be subtracted from the barrier computed along path
A (34.2 kcal motY). This provides about 14 kcal md|, rather
close to that found here for the nucleophilic attack. Since this
second step leads to the intermediate, Mhe third step of
path B coincides with the corresponding step found along path
A.

' E (kcal mol)

T8,

K-
\
[

The previous discussion indicates the three-step reaction pat
B as the most convenient way to undergo the ring-to-ring
interconversion. Thus, the simplest gas-phase model considerec’
here does not support the experimentally based hypothesis tha
this rearrangement occurs in a concerted manner.

A further point should be stressed. It is well known that the
DFT approach tends to underestimate the activation barriers for
the S2 reaction®® and provides values which are significantly
lower than those obtained with the Hartrdeock or correlated
methods. To check this point, we have recomputed the two
barriers for path A (M — TS;) and path B (M — TS;") at the
HF level. The HF values are 42.3 and 41.6 kcal mol
respectively. Even if they are significantly larger than DFT
values, their difference remains constant (0.7 kcaljollhis
suggests that the possible underestimation of a few kcat'mol
in the barriers will not affect the relative importance of the two
paths.

Model Il (One Water Molecule Included). The energy
profiles for path A and path B are shown in Figure 5, while a
detailed representation of the various critical points is given in
Figures 6 and 7.

Path A.In the reactants, the water lies approximately in the
molecular plane and forms two hydrogen bond$-¢N-0? and
N1—H-0?) with the substrate. The first hydrogen bond causes

I’\:igure 5. Model Il. Energy profiles for path A and path B.

l.niﬂg
“ 1.3

i L1289

1.206

Ol
46

a slight weakening of the N-O! bond (its length varies from
1.409 in Model | to 1.413 A in Model II). At the same time,
the negative charge onlNbecomes more pronounced (from
—0.58 in Model | to—0.64 here) and so does its nucleophilic
character. As a consequence, the activation barrier for the
nucleophilic attack decreases, being now 30.4 kcal ol
Furthermore, the strength of the hydrogen bont-N-O?2
increases on passing fromef# to the transition state 18

(the Nt-H and H-0O2 distances change from 2.101 and 1.023 A
to 2.039 and 1.028 A, respectively). This factor certainly
stabilizes the transition state and concurs to lower the activation
barrier.

It is interesting to examine the structure of the resulting
intermediate M®. Here, as found in TS, the water molecule
lies above the molecular plane and simultaneously forms two
rather strong hydrogen bonds: thé&N--O? interaction (H-O?
= 1.824 A) and the ®H—0? interaction (O-H distance=

Figure 6. Schematic representation of the structures of the critical
points located along path A for Model Il (bond lengths are in angstroms
and angles in degrees). The energy values (kcalthoélative to
reactants {1o) and the activation barrierf&, are reported.

1.865 A). An additional, but less strong, interaction involves
the water hydrogen and the*Mtom (N*-H distance= 2.528

A). The most interesting aspect is that, to enhance th¢io

0?2 hydrogen bond, the molecule abandons the planar structure
by rotating around the €N2 bond. This rotation places the
C—0! bond in the right orientation to allow a simultaneous
double proton transfer: one from!No the water oxygen ©

and the other from &to the substrate oxygen'OThis double
proton transfer converts the three-step process of the gas-phase
model into a two-step process and leads directly to the final
product (MY) by overcoming a barrier of only 8.2 kcal mdél

Thus this transformation, assisted by a water molecule, is a way
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Figure 7. Schematic representation of the structures of the critical Figure 8. Model Ill. Energy profiles for path A and path B. Values in

points located along path B for Model Il (bond lengths are in angstroms parentheses have been obtained by means of single-point computations

and angles in degrees). The energy values (kcalthoeélative to with the COSMO method on the gas-phase optimized structures. Values

reactants o) and the activation barriers, are reported. in square brackets refer to dimethyl sulfoxide and values in round
brackets to water.

to avoid the formation of the ammonium species observed in profiles are reported in Figure 8 and the structures of the critical
Model | (Step 2), which required a large activation energy (27.9 points are represented in Figure 9 (path A) and 10 (path B).
kcal mol?). Path A.In the reactants, the two water molecules are one
Path B. The presence of the water molecule has a less above the molecular plane and the other on the opposite side
important effect on the energy profile of path B, which remains and form a complex net of hydrogen bonds. The nucleophilic
a three-step process. The first proton transfer (Step 1), which isattack requires now an energy barrier of 26.1 kcal ThoT his
assisted by a water molecule, has an activation baEjesf value, though still large, is lower than that found in Model II.
27.1 kcal mot®. The decrease @, (of about 19%) with respect ~ The decrease df, can be ascribed to the increase in strength
to Model | is probably due to the NH-O? hydrogen bond,  of the three hydrogen bonds"OH~N4, O?-H—03, and G-H—
which determines a slight weakening of th&"N bond in My® N on passing from M? to the transition state T8 (the N*-H,
(N1-H distance= 1.023 A). The barrier for the nucleophilic ~ 0?-H, and G-H distances change from 2.060, 1.871, and 2.553
attack (18.8 kcal mot) is again much lower than that found A in Mo® to 1.984, 1.786, and 1.842 A in T®, respectively).
along path A and is similar to the path B value in Model | (17.0 Also, an additional interaction ©-H-O! (H-O! = 2.543 A)
kcal mol1). This is not surprising since in Model Il, as found can be recognized in T®. In the resulting intermediate }#,
in Model | (path B), no rotation around theN\N?2 bond is the two water molecules are both above the molecular plane
needed. Finally, a barrier of 12.7 kcal mbmust be overcome  and form a chain of three hydrogen bonds connectibtpNhe
to reach the final product pP. substrate negative oxygen. These hydrogen bonds are rather
These results provide a mechanistic scenario that significantly strong (3-H, O?-H, and G-H are 1.760, 1.661, and 1.605 A,
differs from that found in Model I, where path B appears as respectively) and contribute to stabilize;®, 6.2 kcal mot?
the most likely reaction channel. In the presence of one solventlower than reactants. The position of the two water molecules
molecule acting as a base, even if the first step barrier is lowerin M;@ represents the best arrangement for a triple proton
for path B (27.1 kcal mott) than for path A (30.4 kcal mob), transfer from N to the terminal oxygen Hto afford the final
the overcoming of the second barrier becomes much more product My®. The activation energy required for this step (8.8
difficult in the former case (18.8 kcal nd)) than in the latter kcal moll) is close to that determined for Model Il (8.2 kcall
(8.2 kcal mot?). Also, the barrier along path B for the reverse mol™). In conclusion, the presence of two water molecules does
reaction M@* — MW is only 9.2 kcal mot?, which is very not modify substantially the main features of path A, which
similar to that of the final transformation along path A. These remains a two-step process with the rate-determining step
results indicate now that path A is the favored channel to afford represented by the nucleophilic attack.
the ring-to-ring interconversion. Path B.In the presence of two water molecules, this path
Model Il (Two Water Molecules Included). To elucidate becomes even more unlikely than in Model I, since a large
the effect of one additional solvent molecule on the reaction barrier (34.5 kcal molt) characterizes now the first step (proton
surface, path A and path B have been reinvestigated in thetransfer from N to N%). The magnitude of this barrier is
presence of two water molecules. The corresponding energyprobably caused by the loss of one hydrogen bond
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. . . - Figure 10. Schematic representation of the structures of the critical
Figure 9. Schematic representation of the structures of the critical ,gints jocated along path B for Model 1l (bond lengths are in angstroms
points located along path A for Model IIl (bond lengths are in angstroms ¢ angles in degrees). The energy values (kcal fhotlative to

and angles in degrees). The energy values (kcal faglative to reactants 1,®) and the activation barriel, are reported.
reactantsi1o?) and the activation barrie&, are reported. The values

in parentheses have been obtained after geometry optimization in thesecond step is still characterized by a small barrier (7.5 and 7.6
presence of solvent effects. Values in square brackets refer to dimethylkcal mol* in dimethyl sulfoxide and water, respectively). More
sulfoxide and values in round brackets to water. interesting are the results obtained for path A that suggest a

] ) ) novel mechanistic scenario. While the first barrier slightly
(N*-H—0?) in the transformation M? — TS,@*. The relative  gecreases becoming 22.0 (dimethyl sulfoxide) and 24.1 kcal
energy of the_ rgsulting intermediate, ¥ i_ncreases with respect o2 (water), the effect of the solvent environment on the
to Model Il (it is now 28.7 kcal mol* higher than reactants).  energy of TS is more dramatic. This transition state becomes
This can be again explained by the weakening of the hydrogen more stable than the starting intermediaté?M1.7 kcal mot*

bond network occurring in MP*. A low barrier (6.5 kcal mot?) in dimethyl sulfoxide and 4.7 kcal mot in water) suggesting
is needed by thze nucleophilic attack to afford tge highly stable the existence of a concerted pathway. Thus, these computational
intermediate M®*, 30.5 kcal mof* lower than M. The third evidences indicate that in the real experimental conditions the

step, which has a rather large activation energy (20.5 kcal preferred pathway A would correspond to a concerted asyn-
mol™), is again a triple proton transfer front o the substrate  chronous (or two-phase) process. In a process of this type, we
negative oxygen O The comparison between the two reaction have only one kinetic step (only one energy barrier can be
channels clearly points to the two-step path A as the most likely getected), but the nucleophilic attack and the proton transfer
way to carry out the ring-to-ring interconversion. Thus, even gceur in two subsequent phases of the process and not
in the presence of two solvent molecules, that we have gimyltaneously. The corresponding energy profile is character-
demonstrated to be directly involved in the reaction, there is jze(, in general, by a primary maximum, which determines the
no evidence for a concerted pathway in contrast to the activation energy. In some cases, it is possible to detect a
experimental indications. secondary (very small) maximum which tends to disappear, thus
D. The Effect of the Solvent Environment.The effect of originating an inflection point.
the solvent on the energy profiles has been evaluated for Model To validate the results obtained by means of single-point
[l for both path A and path B by means of single-point computations on the gas-phase structures and to discard the
computations on the previously described structures (gas-phaseypothesis of a computational shortcoming due to the lack of
structures). The relative energies and the energy barriersgeometry optimization, we have re-optimized the structure of
obtained in the presence of solvent effects are reported in Figuresome critical points along the preferred pathway A@IM®?),
8 in square (dimethyl sulfoxide) and round (water) brackets. TS,®, and My®) in the presence of the solvent effects. The
The solvent effects do not affect significantly path B, which new geometrical parameters are reported in Figure 9 in square
remains a three-step process where the two most important(dimethyl sulfoxide) and round (water) brackets. It is evident
barriers correspond to the first and third step (proton transfers). that the solvent effects do not substantially affect them. The
In the former case the barrier decreases from 34.5 to 30.5most interesting results concern the two critical poing&hand
(dimethyl sulfoxide) and 27.4 (water) kcal méland in the TS,@. Even if these two points can still be located on the
latter from 20.5 to 11.9 and 13.8 kcal mé| respectively. The potential surface, a considerable decrease of t{é M TS,
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activation barrier is observed. This barrier becomes 2.5 kcal shifts () are in ppm from tetramethylsilane. Mass spectra were
mol~1in dimethyl sulfoxide and further decreases in water (1.5 recorded at chemical ionization (Cl) on a VG70 70E apparatus.
kcal moiY). Thus, these results are consistent with the single-  Z-(5-Phenyl-1,2,4-oxadiazol-3-yl)(phenyl)methanoneN-

point computations previously discussed even if those computa-Hydrazone (5a) Hydrazine hydrate (85%, 0.3 g, 5.1 mmol)
tions clearly overestimate the energy lowering of ;%S dissolved in ethanol (3 mL) was dropwise added under stirring
Anyhow, both sets of data (single-point computations and to a solution of 3-benzoyl-5-phenyl-1,2,4-oxadiazole (1 g, 4
geometry re-optimization) definitely indicate that the solvent mmol) in ethanol (15 mL). The mixture was heété h in a
makes the M@ — TS,@ barrier negligible and the two-step  water bath and the resulting solution evaporated at reduced
reaction path A becomes more and more similar to a concertedpressure. The obtained residue by chromatography (ethyl acetate/

asynchronous pathway. petroleum ether 4660 °C = 1:5, v/v) gave, in order of elution,
the Z- and theE-isomers.Z-5a 0.45 g 43%. Mp 112C from
Conclusions ethanol. NMRdy: 7.24-7.43 (m, 3H, ArH); 7.58-7.80 (m,

d °H, ArH); 8.19 (m, 2H,ortho ArH); 8.49 (s, 2H, NH).
HRMS: 264.100784, ¢H;1oN4O requires 264.101111. UV
vis spectrum in dioxane/water 1:1 (V:¥hax 258 NmM, l0gemax
4.41.E-5a 0.30 g 28%. Mp 145C from ethanol. NMRdy:
7.41 (s, 2H, NH); 7.34-7.75 (m, 8H, ArH); 8.10 (m, 2Hortho,
ArH); 8.49 (s, 2H, NH). HRMS: 264.100981, H1,N,O
requires 264.101111.
The used synthetic procedure recalls that used by Ruccia and
pinelli, who reported physical data for the not-separated
mixture of the two geometric isomets.
4-Benzoylamino-5-phenyl-#-1,2,3-triazole (6a). Com-
pound6a was prepared and purified according to a reported

In this paper, we have carried out a combined kinetic an
theoretical study of the monocyclic rearrangements of hetero-
cycles (MRH), a ring-to-ring interconversion process of wide
synthetic interest. The experimental investigation has been
carried out on the rearrangement of tlehydrazone of
3-benzoyl-5-phenyl-1,2,4-oxadiazdba into the 1,2,3-triazole
6ain dioxane/water in the $ range 5.5—13.9. The possible
paths for this reaction in the uncatalyzed range have been studiedS
at the DFT level on a model system formed by #ibydrazone
of 3-formyl-1,2,4-oxadiazole 5d). Either one or two water
molecules have been explicitly considered to clarify the active
role of solvent molecules. The effect of the solvent environment .
has been estimated with the COSMO continuum model ap- methoc?” Mp 191 °C ("t'.27 190) from ethanpl. HRMS:
proach. Our results provide an exhaustive mechanistic picture.264:100529’ Q’HQN_“O r(.equwes 264.101111. UMs specirum
for these processes and definitely confirm the hypothesis n dloxane/water_l._l_ (V:-Vimax 2_42 nm, |0g€max 4.23.
proposed on the basis of previous kinetic stud#®g.he most pS+_ Scale Def|n|t|on_ _and Kmetlc_ Measgrements Water
important points can be summarized as follows. and glloxane were purified according to literature mettdds.

(i) The kinetic data of the present study and their comparison Details on the §" scale have already been reportétiThe

. : : kinetics were followed spectrophotometrically, as previously
to those obtained in previous work for tEephenylhydrazone i3 . .
and theZ-2,4-dinitrophenylhydrazone of 3-benzoyl-5-phenyl- described;* by measuring the disappearanceSafat 280 nm

1,2,4-oxadiazole suggest a concerted process where the substra@’ here the observeq optical-density'differenc.e between starting
and final products is largest) by using a YVis spectropho-

reactivity is the result of the interplay of two factors, that is, .
the nucleophilicity of the nitrogen atom and the acidity of the tometer Ze|_ss_ PMQIl (8 5'&_13.'9)' The rate constants are
accurate within£3%. Apparent first-order kinetic constants

nitrogen-bonded protons. These two factors act in opposite .
directions and determine the magnitude of the activation barrier. [(ka)sdl ca}lculated at 293.15 K are reported in Table 1. The
concentrations used were about &5L07° M.

i) Two different multistep pathways have been recognized . N
(i) bp y 9 The values Ka r)sa for general base catalysis determination

at the theoretical level. In one case (path A), the first event is at different buffer concentrations have been calculated at 298.15

the nucleophilic attack followed by a multiple proton transfer. . .
In the other case (path B), the nucleophilic attack occurs after K from thermodynamic parametqrs in th'range 10.9-12.5
(Table 2) and managed as previously descrifed.

an initial deprotonation of the nucleophile and a second proton
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