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We have recently evidenced an interesting differential behavior in the reactivity in dioxane/water between
the ©)-2,4-dinitrophenylhydrazonel§ and the Z)-phenylhydrazonel() of 5-amino-3-benzoyl-1,2,4-
oxadiazole. The former rearranges into the relevant tria2alenly at (8" > 4.5 while undergoing
hydrolysis at high proton concentrationS{p< 3.5); on the contrary, the latter rearranges iPlain the

whole 5 range examined (0. pS™ < 14.9). Thus, for a deeper understanding of these differences we
have now collected kinetic data on the rearrangement in dioxane/water of a series of 3- or 4-substituted
(2)-phenylhydrazonesl¢—I) of 5-amino-3-benzoyl-1,2,4-oxadiazole in a wide range of proton concentra-
tions (B 0.1—-12.3) with the aim of gaining information about the effect of the substituent on the course
of the reaction. All of theZ)-arylhydrazones studied rearrange via three different reaction routes (specific-
acid-catalyzed, uncatalyzed, and general-base-catalyzed), and the relevant results have been examined
by means of free energy relationships.

Introduction have investigated some particular cases of the more general
“monocyclic rearrangement of heterocycles” (MRH; also called
the Boultor-Katritzky reaction, BKR)c-9:60:8py examining the
rearrangement of severalhydrazones of 5-substituted 3-acyl-
1,2,4-oxadiazole¥47-8Thus, we have recently addressed our
attention to the behavior of somg){hydrazones of 3-benzoyl-
1,2,4-oxadiazole containing an electron-donating amino group
at C(5)8 which was expected to affect the course of the reaction
by enforcing the ring protonation at N(4) at high proton

Ring-to-ring interconversions continue to attract the attention
of organic chemists because of their utility in the synthesis of
heterocyclic compoundsto be used as such (in medicihahd
in veterinary chemisti/as well as in material sciertyeor as
synthone of several functional groups.

In the framework of our studies on the applicatitid¢and
on the mechanisthd.78of the azole-to-azole rearrangement, we

* To whom correspondence should be addressed. Pht86:051-2095689. concentrations.
Fa§1U+39-05t}a20F?5v|588- Actually, we have focused on the rearrangement of B)e (
niversitadl rPalermo. )
¢ Universitadi Bologna. 2,4-d|n|troph§nylhydrazoﬁé(la) and the ;)-phepylhydrazor?é
§ Universitadi Genova. (1b) of 5-amino-3-benzoyl-1,2,4-oxadiazole into the relevant

10.1021/jo0605849 CCC: $33.50 © 2006 American Chemical Society
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1,2: Y =NH,
3,4: Y=Ph

a: 2, -(NO,), e: X=4-Me i: X=4-Br

b = f: X=3-Cl j: X=4-CN

c:X= 4-0Me g X=4-Cl k:X=3-NO,

d =3-Me h: X=3-Br ©:X=4-NO,

1,2,3-triazolesZab) (Scheme 1) in dioxane/water (D/W; 1:1,
v:v) in a wide range of proton concentrationsS{p4.5—-14.1
and 0.1-14.9, respectively; for further details oi5f see the
Experimental Sectior)8
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In the case oflLa, the wide reactivity range explored (at 293.1
K, kar, the apparent first-orderate constant for the rear-
rangement, varies between£G* and 4 s;8 Figure 1a) as
a function of the proton concentration has evidenced a general-
base-catalyzed pathway and the occurrence of a fast acidic
hydrolysis to 5-amino-3-benzoyl-1,2,4-oxadiazole and 2,4-
dinitrophenylhydrazine at high proton concentratiors'(p<
3.5)82.9 strictly recalling the parallel behavior of th&2,4-
dinitrophenylhydrazone of 3-benzoyl-5-phenyl-1,2,4-oxadiazole
(3a) (Figure 1a).82

In contrast, in the case dfb (see Figure 1a) it has been
possible to study the rearrangement in a much wid8t p
range® this is because at high proton concentration (8.1
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FIGURE 1. (a) Plot of logkar at 313.1 K for the rearrangement d& and 1b into the relevant triazolea and 2b in D/W versus [8". Data
concerning the rearrangement3# and3b are reported for comparison. (b) Plot of lkggr at 313.1 K for the rearrangement b€, 1f, and1l into

the relevant triazole&c, 2f, and2l in D/W versus [$'.

pSt < ca. 3.0) the fast specific-acid-catalyzed pathway prevents

any hydrolysis from being observed. As foreseeaBlefailed
to give any acid-catalyzed rearrangement.

At higher 5" values bothlb and 3b displayed the usual
uncatalyzed (8" ca. 3.0-8.5)8>10and general-base-catalyzed
pathways (8" ca. 8.5-14.9)7.80

The differential behavior ota and1b fulfilled our expecta-
tions for a significant role of the amino group at C(5), clearly

indicating, at the same time, that the competition between

rearrangement and hydrolysis is substituent-deperfdent.

An examination of Figure 1b evidences the occurrence of
each of the three possible reaction pathways. In particular, in
the right side of the figure the reactivity increases linearly with
the base concentration, while in the left side the curves tend to
limiting values. These facts forecast the occurrence of general-
base- and of specific-acid-cataly$isiespectively, at high and
low pS™ values. At the same time, an uncatalyzed pathway
occurs at intermediateSj valuest©

Anyway, the dependence of the reactivity on the proton
concentration varies appreciably with the substituent, giving rise

Herein we report some kinetic results on the rearrangementto some crossover of the Idg g versus [$* plots as the nature

of a wide range of Z)-arylhydrazones of 5-amino-3-benzoyl-
1,2,4-oxadiazolelc—I: X = 4-MeO, 3-Me, 4-Me, 3-Cl, 4-Cl,
3-Br, 4-Br, 4-CN, 3-NQ, 4-NO,) into the relevant triazoles
(2c—1). The following aims will be pursued: (a) starting from
the above-mentioned different behaviorleéfandl1b, the effect

of the substituent makes each pathway effectively contribute
to the rearrangement in differenSpranges.

Quantitative Features: Structure—Reactivity Treatment
of Kinetic Data. Quantitative structurereactivity treatments
have been carried out following the criteria already used in the

of the aryl substituent on the different possible reaction pathways study of the Z)-arylhydrazones of 3-benzoyl-5-phenyl-1,2,4-
will be evaluated and the kinetic data for each pathway will be gxadiazole3b—].7b-¢

treated according to suitable free-energy relationships (FER),

and (b) the reactivity ofib—I will be compared to that of the
(2)-arylhydrazones3b—I) of 3-benzoyl-5-phenyl-1,2,4-oxadi-
azole in the uncatalyzédlas well as in the base-catalyZed
region to gain information on how the variation in the structure
of the 1,2,4-oxadiazole moiety affects the substituent effect.

Results and Discussion

Rearrangement of le-| in D/W (1:1, v/v). Qualitative
Features. The kar values for the rearrangement dat—I|
into the relevant (2-aryl-5-phenyl1,2,3-triazol-4-yl)ureas
(2c—1) have been measured in the range 2833 K in D/W
(1:1, viv) in a wide interval of B values (complete kinetic
data and thermodynamic parameters are reported in TabtEz 3

The (General) Base-Catalyzed PathwayAll of the (2)-
arylhydrazoneslc—| rearrange at high § values showing
a pSt-dependent reactivity, i.e., following a base-catalyzed
pathway. The logkar versus (3" plots display quasiunitary
sloped!ain a wide (5" range (average valuet0.9154 0.0009;
data in Table 1): similar slopes (average valug0.921 +
0.009) have been calculatéfor the ¢)-hydrazonegb—I (data
in Table 1).

In some representative casds,(1f, and1l), the rearrange-
ment has been studied at various buffer concentrations in the
range 283-323 K (kinetic data recalculated at 298 K from
thermodynamic parameters are reported in TableslB3n the

(11) (a) Laidler, K. JChemical KineticsMcGraw-Hill: London, 1965;

of the Supporting Information). Rate constants at 313.1 K have PP 450-463. (b) Hammett, L. PPhysical Organic Chemistry2nd ed.;

been recalculated from activation parametégsz(values and
thermodynamic data at$ 1.00, 3.80, and 11.50 are collected
in Table 1), and the logkar versus (3" plots for some
representative derivativesq, 1f, 11) are reported in Figure 1b.

McGraw-Hill: New York, 1970; Chapter 10. (c) Laidler, K. J.; Bunting,
P. S.The Chemical Kinetics of Enzyme Acti@larendon Press: Oxford,
1973: pp 606-62. (d) Ritchie, C. D.Physical Organic ChemistryThe
Fundamental ConceptM. Dekker: New York, 1975; Chapter 7. (e) Exner,
O. Correlation Analysis of Chemical Dat&@lenum Press: New York and
London, 1988; Chapter 7.4. (f) Williams, Zoncerted Organic and Bio-
organic MechanismCRC Press: Boca Baton, FL, 2000. (g) Carey, F. A;;

(10) The occurrence of an uncatalyzed pathway in the rearrangement of Sundberg, R. JAdvanced Organic ChemistrKluwer Academic/Plenum
(2)-arylhydrazones of 3-benzoyl-1,2,4-oxadiazole has been always observedPublishers: New York, 2000; Chapter 4.8. (h) Williams,&ee Energy
in the absence of strong electron-withdrawing groups (such as, for example, Relationships in Organic and Bio-organic ChemistBSC: Cambridge,

two nitro groups in conjugated positions) in the arylhydrazono mafety.
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TABLE 1. Kinetic and Thermodynamic? Data for the Rearrangement of 1b-I into 2b—I at Various pS* and at 313.1 K in D/W (1:1, V/v)

kar (s at slopegd kar (s at kar (s at slopes
pSt11.50 (base-catalyzed pSt3.80° pSt1.00° (acid-catalyzed kq (L mol~1s™h K (L mol™?)
substrate (AHF, ASY) range) (AHF, ASY) (AHF, ASY) range) (AH*, ASY) (AH°, AS)
1be 3.68x 1073 0.891 7.94x 1076 2.86x 1074 —0.900 1.58x 1073 1.23
(88,—-12) (0.905) (95-38) (85,—40) (85,—27) (10, 32)
1c 3.95x 1073 0.910 1.24x 1075 4.22x 104 —0.820 2.13x 1073 1.40
(86,—17) (0.923) (97-28) (85,—38) (77,-51) (1,6)
1d 6.41x 1073 0.912 9.18x 1076 3.16x 104 —0.869 1.77x 1073 1.23
(85,-17) (0.916) (97-31) (84,—46) (79,—46) (8,27)
le 4.67x 1073 0.920 1.19x 1075 3.71x 104 —0.831 1.88x 1073 1.34
(88,—7) (0.925) (100-22) (87,—35) (78,—47) ©,2)
1f 2.69x 1072 0.913 2.71x 1076 7.83x 104 —-0.931 5.33x 104 0.976
(87,—12) (0.919) (99-35) (81,—64) (79,—54) (2, 6)
1g 1.61x 1072 0.916 3.99x 1076 1.19x 104 —-0.911 7.26x 1074 1.08
(90,+7) (0.906) (99-31) (85,—50) (81,—49) (4, 13)
1h 3.12x 1072 0.923 2.64x 1076 7.46x 10°° —0.939 4.95x 104 0.983
(87,+5) (0.924) (100--33) (83,—54) (77,-63) (7,22)
1i 2.00x 1072 0.902 3.44x 1076 1.05x 104 —0.927 6.52x 104 1.06
(84,-10) (0.905) (99-36) (83,—54) (84,—40) (0, 0)
1j 3.21x 101 0.930 9.50x 1077 2.22x 10°° —0.968 1.55x 104 0.880
(87,+24) (0.942) (99:-45) (83,—70) (82,~57) 1,2)
1k 1.58x 1071 0.921 9.95x 1077 2.43x 10°° —0.966 1.80x 104 0.868
(86,+13) (0.926) (99-46) (84,—67) (77,-74) (8, 24)
1l 1.19 .932 6.10< 1077 1.24x 107 —0.970
(83,+21) (0.935) (99:-49) (82,~78)

a AH* kJ mol?, the maximum error is 3 kJ mot; AS": J K=1 mol~1, the maximum errors 8 J K'* mol~L.  Values calculated from activation
parameters. The experimental first-order rate constants were measured in the ran8832B3and were reproducible withit3% (see Tables-312 in the
Supporting Information)¢ Uncertainty4-0.5%. 9 The slopes for the rearrangements8bf-1 into 4b—I under comparable experimental conditions are reported

in parenthese$.Data from ref 8b.

TABLE 2. Multiple Linear Regression Analysist of Kinetic Data According to Eq 1 at 298.1 K

Kon = Son ks £ s3 Ka =+ Sa Kap & SaB Ks,0H = SB.0H
compd 16k, (s (L mol=ts™1) (Lmol~ts™Y (L mol~ts™ (L2mol—2s7Y) (L2mol—2s7Y) R

1c 0.9+ 0.7 10.4+ 0.0 0.034+ 0.001 0.9999
1+1 10.44+ 0.0 0.0344+ 0.001 0.00+ 0.00 0.9999
1+1 10.24+ 0.5 0.0344+ 0.001 16+ 37 0.9999
0.9+0.7 10.4+0.1 0.0364 0.003 —0.05+ 0.07 0.9999
1f —0.37+0.76 39.6+ 0.2 0.153+ 0.001 0.9999
0.41+1.39 39.5£0.2 0.153+ 0.002 0.00+ 0.00 0.9999
1.33+ 0.69 38.5+ 0.3 0.148+ 0.002 147+ 98 0.9999
—0.174+ 0.66 38.9+-0.3 0.163+ 0.003 —0.294+ 0.09 0.9999

1l 5+5 1694+ 30 7.94+ 0.08 1.000

22+9 1638+ 35 8.1+ 0.1 —6204 265 1.000

9+6 1658+ 48 7.8+0.1 (6£7) x 1P 1.000

5+5 1700+ 91 7.9+ 0.7 0.7+ 11 1.000

aSoH, SBy A, Sa8, andss on, Standard deviations dbn, ks, ka, ka g, andks on, respectivelyR, multiple correlation coefficient. The number of points
is 28 for 1c, 31 for 1f, and 19 forll, respectively (see Tables 435 in the Supporting Information).

Supporting Information) in order to determine the very nature CHART 1.

(specific or general) of the base catalySis.
As the logkar)ic—i versus B plots do not show any

curvature also at high base concentration, the fitting of
experimental data to the most general equation for catalyzed
reactions (eq 1, data in Table 2) enlightens the significant

catalytic contribution of hydroxide iorkéy) and of the basic
component (borate anion) of the buffdg). No contribution

of the buffer or by termolecular pathways has been evidenced.
This observation recalls the situation observed in the base-
catalyzed rearrangement dh,b® as well as of all the %)-
arylhydrazones of 3-benzoyl-1,2,4-oxadiazoles so far studied
by us'®8 and once more confirms the intermediacy of a van't
Hoff complexX! whose formation is always rate-determining (see

Chart 1).

Kag = K, + ky[H30'T + Zka[HA] + ko [OH] +

Ske[B] + ... (1)

Structure of the Transition State (TS) for the
MRH of 1b—I into 2b—I2

CeHs

{2 N--N-H-B
HNTOT

TS

o8 In the general-base-catalyzed pathway, B represents hydroxide or borate
by the bimolecular pathway involving the acidic components ion. In the uncatalyzed pathway (see below), B represents water or dioxane.

The calculatedoy values are much higher than tkg (B =

borate ion) values, as expected on the grounds of the different

basic strength of hydroxide and borate idh&1t Anyway, at
each buffer concentration thks term gives a significant
contribution, well fitting the Hammett's criterion for discrimi-
nating between specific and general base-catalyis.

Looking for FER, in the base-catalyzed range (for example
at pSt 11.50) the occurrence of two separate FER's (versus
classical Hammett substituent constants) is clearly defined (see
Figure 6 in Supporting Information), with the unsubstitut&y (
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S L L R L L L L 1.0) obtaining an excellent relationship (eq 8:= 4; r =
0.9991;i = 0.014 0.00; CL > 99.9%; Figure 2).
25 F ]
log(ka r)x/(Ka R) = (—0.30+ 0.01p" 3)
2+ -

. C ] The susceptibility constants calculated for electron-withdraw-
’E 15 F 3 ing (o = +2.30,r— = +0.64) and electron-releasing substituents
=~ - ] (o™ = —0.30) appear strictly comparable, both in sign and
d: 1 F 3 absolute value, to those calculated for the rearrangement of
& . ] Z-arylhydrazone&@i[p = 2.21 ¢~ = 0.60) ando™ = —0.33]

@ o5 f _' and mirror the same different weight of the general-base-
— - ] catalyzed breakage of the,NH bond and formation of the
ok ] N«—N(2) bond as a function of the substituéht.
C ] In agreement with the results aboven and kg show a
05 T R SR B B nonlinear, concave-upward trend versus the substituent constant;

thus, at 298.1 Kkon andkg decrease from 1700 and 8 (L mél
s71) for 11 (X = 4-NQ,) to 39.6 and 0.153 (L mot s™1) for 1f
o o, +0.64(c" - 0,) (X = 3-Cl) and to 5.7 and 0.021 (L mdl s°1) for 1b% (X =
H: lowest reactivity) and then increase to 10.4 and 0.034 (L
FIGURE 2. Plot of logkar)x/(kag)+ at 313.1 K and at $" 11.50 molt s-1) for 1c (X = 4-OCHy).
(gee egs 2 and 3) for the rearrangementlbf-| into the relevant Alth h th ber dko d | di it
triazoles2b—1 versuso™ or (o + r~ Ac™) (YT plots). ough the NUMDEr Gkox an ke values measured is quite
small, two nice FER'’s have been observed versus the substituent
phenylhydrazonelp) showing the lowest reactivity. Such a constant at 7 11.50: they can be confidently regarded as
result strictly recalls that observed for the base-catalyzed significant, because they strictly replicate those obtained by the
rearrangement d3b—1:7¢ the nonlinear concave-upward Ham- relevant treatment okar values, as a comparison between
mett curve indicating a substituent-dependent change of mech-Figures 7 (see the Supporting Information) and 2 clearly
anism?!2 due to different timings in the formation of the new indicates. Of course, an excellent correlation betwiegnand
No—N(2) bond and in the breaking of the,NH bond, as kg values §=0.944 0.01;n=5;i = 2.36+ 0.02;r = 0.9996;

0
-

-0.5 0 0.5 1

=
o

already deeply discusségl. CL > 99.9%) has been observed by considering data concerning
However, the two FER'’s of Figure ¢ & +2.87+ 0.31 and 1a821b8 1c, 1f, and1l.
p = —0.89+ 0.15,n = 8 and 4,r = 0.966 and 0.973, for In both the base- and the acid-catalyzed (see after) region a

electron-withdrawing and -repelling substituents, respectively) discussion on the absolute values of thermodynamic parameters
show statistical parameters which are not more than satisfactory.calculated from the apparent first-order rate constants is
For this reason we attempted a multiparameter approach formeaningless, considering that such rate constants are composite
the treatment of data. values!

Looking at the behavior ofZ)-phenylhydrazones containing Anyway, some comments are possible: as a matter of fact,
electron-withdrawing substituents, we have first considered the the reactivity variations observed with either the substituent or
3-substituted derivativesl{, 1h, and 1k) together with the the @5t value are essentially entropy-dependent. Thus, one can
unsubstituted onelp), finding an excellent correlatiorp = observe (see Table 1) that &'pl11.50 the activation enthalpies
2.30+ 0.03,n=4,r =0.9998, = 0.01+ 0.01, CL> 99.9%). (average valueAH* 86.5+ 1.5 kJ mot1) are not significantly
The positive deviation of all the 4-substituted Z-phenylhydra- affected by the variation of the substituent while the activa-
zones {g, 1i, 1j, and1l) indicates the occurrence of a significant  tion entropies range from20 to+19 J K™ mol™*. Likewise,
through-resonance interaction between the 4-substituent and thén the case, e.g., ofc, we observed that the activation en-
reaction center: this can be estimated by using the Yukawa thalpy remains practically unchanged with tt& [jdata in Table
Tsuno (YT) equatiof? (see Figure 2), which furnishes the 3 in Supporting Information; for example, in the&Sprange
excellent correlation of eq 2 at§) 11.50 o = 8; r = 0.9995; 9.15—12.3, average valueAH* 85.7+ 1.0 kJ mot?, see above)

i =0.02+ 0.02; CL> 99.9%). while the activation entropy changes fronbl to —5 J K1
mol~%. An analogous trend for the activation parameters has
log(Ka R)x/(Ka ) = (2.30+ 0.03)fo; + 0.640 — 0,))] been evidenced (data in Tables-# in the Supporting
2) Information) in the rearrangement of all the oth&j-arylhy-
drazones Xd—I) examined.
As far as the electron-releasing substitufearylhydrazones The Uncatalyzed PathwayAn analysis of the rearrangement

examined {b—e€) are concerned, because of their limited number rate at (8" 3.80 (as well as in the entire uncatalyzed range)
and in line with previous resufts! we directly correlated the  shows that the reactivity is only moderately affected by the

reactivity data by using the™ values* (i.e., assuming* = nature of the substituent. Moreover, in line with the mechanism
proposed (see Chart Bthe introduction of an electron-repell-

(12) (a) Schreck, OJ. Chem. Educ1971, 48, 103-107. (b) See ref  ing or -withdrawing substituent causes an increase or a decrease
“?i%?i‘ﬁtﬁé,zf.; I(l():?':lti??l'.Se\f(lj-lg-:\;vgh\%pl}ﬁ.rscﬁeamnFjS?c.)c. Ipri959 32, in the reactivity, reflecting the increase or the decrease of the
960-965. Yukawa, Y.; Tsuno, YBull. Chem. Soc. Jpri959 32, 965 nucleophilicity of N, and then of its ability to attack N(2).

971. Yukawa, Y.; Tsuno, Y.; Sawada, Bull. Chem. Soc. Jpri966 39, The simple Hammett treatment to the kinetic data furnishes

2274-2286. Yukawa, Y.; Tsuno, Y.; Sawada, Mull. Chem. Soc. Jpn. ; ; . ; il
1972 45, 1198-1205. interesting results: a negative susceptibility constart (-1.26

(14) Brown, H. C.; Okamoto, YJ. Am. Chem. Sod 958 80, 4979 + 0.05) with good statistical results & 11, = 0.993,i =
4987. —0.04 + 0.02, CL > 99.9%) has been calculated, but some
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FIGURE 3. Plot of logkar)x/(kar)n at 313.1 K and at$" 3.80 (see
eq 4) for the rearrangement @&b—I into the relevant triazole2b—lI
versus " + rfAct+ r-Ac”) (“overall” IYT plot).

random and unexpected (e.dk, om-no2 + 0.71, is more
reactive than thdj, op—cn + 0.66) dispersion of experimental

JOC Article

The relatively low susceptibility constant (unexpected if
considering the polar nature of the transition sté®and
the proximity of the substituent to the reaction ceffjewell
agrees with the hypothesis, already formulatethat, in the
absence of an effective catalysis, two “opposite” effects of a
substituent would be enforced to show up. For example, an
electron-donating group would increase the nucleophilicity of
N, [thus favoring the formation of the new NN(2) bond],
but at the same time it would disfavor the breaking of the-N
bond by the solvent, which acts as a feeble B&gen the
contrary, an electron-withdrawing substituent would favor the
No—H breaking (making the hydrogen more acidic), but would
disfavor the N—N(2) bond formatiorf® The balancing between
the two counteracting effects thus generates both a low
susceptibility constant and similarly low through-resonance
contributions, in line with results obtained on the rearrangement
of the @)-phenylhydrazone8 (p = —1.31,r" = 0.10,r~ =
0.25)7°

In the instance of the uncatalyzed pathway, variations of
thermodynamic parameters are significant and their discussion
is definitely appropriate. Interestingly, the reactivity variations
as a function of the substituent are again essentially entropy-

points with respect to the calculated FER can be evidenceddependent. As a matter of fact, aBp3.80 the activation

(Figure 8 in the Supporting Information). For this reason, we

enthalpy remains practically unaffected by the substituent (data

have performed a multiparameter treatment of data by meansin Table 1; average valueAH* = 98.5+ 1.1 kJ mot™) while

of an approach of the IngoteYukawa—Tsuno (IYT) type!315
Thus, we have observed that the reactivity of all of the
3-substituted 4)-phenylhydrazones, together with the unsub-
stituted one 1b, d, f, h, andk), falls on a straight line with
excellent statistical resultgpf = —1.24+ 0.02,n = 5,1 =
0.9995,i = —0.01+ 0.01, CL> 99.9%). On the other hand,
all of the 4-substitutedd)-phenylhydrazones disclose a reactivity
lower than that expected on the basis of thgjrvalues (see
Figure 9 in the Supporting Information). Considering the S
nature of the reaction studied (Chart 1), the effect of the para-
electron-withdrawing substituents is in line with the occurrence
of through-resonanc®.In contrast, only in a limited number

the activation entropy varies from49 to —22 J K1 mol~1.

As expected, for all the cases examined both enthalpy and
entropy of activation are not significantly affected bg"p(for
example, in the B range 3.56.4; Tables 3-12): in the
instance oflc, the average values areH* = 97.24+ 0.8 kJ
mol~t andAS" = —28.5+ 2.5 J K mol! (Table 3).

The (Specific) Acid-Catalyzed PathwayAt pSt < 2.3 all
of the @)-arylhydrazones studied show the occurrence of an
acid-catalyzed pathway, while at extreme proton concentrations
the reactivity tends to a limiting value, suggesting the formation
of an Arrhenius complex, as in the caselbfe® For this reason,
we have studied, in the case b€, the rearrangement in the

of instances a similar behavior has been observed with electron-1.0s—6.1 pS* range at different buffer concentrations (Table

repelling substituenty.

We have then applied the IYT approach following Wepster’s
suggestiord? obtaining a correlation with excellent statistical
parameters (eq 4n = 11,R=0.999,i = 0.01+ 0.01, CL>
99.9%; Figure 3) characterized by small positive through-
resonance contributiof® from both electron-repelling and
-withdrawing substituents.

10g(Kn R/ (Kn )yt = (—1.244 0.02)p" +
(0.10+ 0.04)Acg, + (0.24+ 0.09)Ace] (4)

(15) Ingold, C. K.Structure and Mechanism in Organic ChemisZnd
ed.; Cornell University Press: Ithaca, 1969; pp 121218.

(16) (a) Arcoria, A.; Fisichella, S.; Scarlata, G.; Sciotto JDOrg. Chem.
1973 38, 32—-36. (b) Ryan, J. J.; Humffray, R. Al. Chem. Soc. B967,
1300-1305. (c) Chapman, N. B.; Chandhury, D. K.; ShorterJ.JChem.
Soc.1962 1957-1986.

(17) Spinelli, D.; Consiglio, G.; Noto, R.; Frenna, ¥.0rg. Chem1976
41, 968-971.

(18) (a) Wepster, B. M.J. Am. Chem. Socl973 95 102-104.
Hoefnagel, A. J.; Monshouwer, J. C.; Snorn, E. C. G.; Wepster, BJ.M.
Am. Chem. Sod 973 95, 5350-5356. Hoefnagel, A. J.; Wepster, B. M.
J. Am. Chem. S0d973 95, 5357-5366. (b) Concerning the meaning, the
value, and the use dfor+ and Aor- see as primary references the papers
cited in refs 13-15 and 18a and as examples of applications also papers
cited in refs 7b, 16, and 17.

16 and Figure 10 in the Supporting Information) at various
temperatures (303323 K), observing no increase kf g with
increasing buffer concentration at consta® pAs only the
bimolecular proton-catalyzed pathway is effective, the occur-
rence of a specific-acid catalysis according to eqs 5 and 6 is
confirmed.

S+ H,0" <= SH' + H,0 )

SHY % products (6)

When applying the steady-state approximation to the” SH
intermediate, eq 7 can be obtained.

(19) Bottoni, A.; Frenna, V.; Lanza, C. Z.; Macaluso, G.; SpinelliJD.
Phys. Chem. 2004 108 1731-1740.

(20) A comparison with the susceptibility constant calculated for the
protonation of some substituted phenylhydrazines in waterX.21) [see,
Stroh, H.-H.; Westpal, GChem. Ber.1963 96, 184-187; Fischer, A.;
Happer, D. A. R.; Vaughan, J. Chem. Socl1964 4060-4063], which
concerns theg-nitrogen atom, could induce to expect a higheralue for
the rearrangement herein, as it concerns dheitrogen atom instead.
Usually, a shift along the chain of one atom causes a variation op the
value, at least, by a factor 22 Considering also the difference in the
solvent?! a p value significantly higher thar-2 would be envisaged.
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knr = K, + K [HO V(L +KIHOD)  (7) 02 oy T T T T

By means of eq 7, from the experimenkalr (Tables 3-12)
we calculated a series &f andky values. In agreement with
an Arrhenius complex formation, such values (data in Table 1;
see also Chart 2) indicate in every case the occurrence of a true
and fast acie-base equilibrium (eq 5; thi values at 313.1 K
range between 0.87 and 1.4 L mdl followed by a slow
rearrangement of the intermediate (eq 6;khealues at 313.1
K range between 1.55 10* and 21.3x 104 L mol~1s™1).

In agreement with an acid-catalyzed pathway in the-2.8
pS" range, quasiunitary slopgafor the logkar)1c-1 versus S qabe ottt B
plots have been calculated (data in Table 1; average value: 0.2 0 0.2 0.4 0.6 0.8
—0.912+ 0.042). This result parallels those obtained for both G" + 0.08AG.* + 0.29AGx
1b—I and 3b—I in the base-catalyzed region (see above and ’ R ) R

data in Table 1) matching the expectations for near-unity slopes g\cre 4. Plot of logKar)x/(Ka ) at 313.1 K and at$" 1.00 (see

in a mixed solvent containing large amounts of watér. eq 10) for the rearrangement bb—I into the relevant triazoleab—|
Because of the composite nature kfr (eq 7), any versus ¢" + rtAc™+ r-Ac™) (“overall” IYT plot).

consideration of the substituent effect on the global rearrange-

ment rate should be preceded by an examination of the effectCHART 2

lOg (kA,R)x/ (kA,R)H

-

on the single component steps (vky and K) of the acid- CeHs
catalyzed pathway. . fast H;N N
The foreseeable effect of substituents in the arylhydrazono To-l +Hs0 H0* 97 N N-H
moiety onky values should be strictly comparable and of the W0 y
same sign (negative susceptibility constant) of that observed in b H S \I
the uncatalyzed range (compare the structures of the involved ’ X
TSs in Charts 1 and 2). Moreover, electron-donating and ﬂ slow
-withdrawing substituents in the arylhydrazono moiety should CeHs

increase and decrease, respectively, the basicity of N(4) of the
1,2,4-oxadiazole ring (again determining a negative susceptibil-
ity constant).

The expected effect 0K?223 would be quite low because 18 7 |
the substituent is far from the basic N(4) atom of the 1,2,4- X \x
oxadiazole ring and would be confidently quantifiable by means
of the classical Hammett constants because of the absence otonstants, confirming the expected tight resemblance of the

@f'N \ \N -5 1
2b-l +Hy0* <— A5 N--N-H -0,
3 sz/ko |

through-conjugation. Of course, the substituent effeckop substituent effects in the two cases.
would be the largest one, being the sum of the two previous
effects, which operate in the same direction. s=1.00£0.03 = 10,r =0.997,i = 0.04+ 0.01,
In the computation of the substituent effectslenwe have CL > 99.9%) (8)
been limited by the impossibility to calculate tkg value for
the @)-4-nitrophenylhydrazongl, 2 that is the substrate showing ~ As far as the substituent effects ¢hare concerned, the

the largest through-resonance effect within the range of electron-classical Hammett treatment gave excellent results (e $:
withdrawing substituents. The use of the classical Hammett 10,r = 0.995,i = 0.01+ 0.00, CL> 99.9%, Figure 12 in the
constants gives only a good relationship= —1.21+ 0.08,n Supporting Information), confirming the above expectations of
= 10,r = 0.984,i = 0.09 + 0.03, CL > 99.9%), while by ~ a low susceptibility constant.

considering only the 3-substituted phenylhydrazones together _

with the unsubstituted onellf, d, f, h, andk), an excellent log Ky/K; = (—0.22+ 0.01p, 9)
FER could be observeg{ = —1.28+ 0.04,n=5,r = 0.999, . .

i = —0.014 0.0%5, CL > 99.9%). The cross-correlation of the /S concemns the composite substituent effectkap, we

ky at pS" 1.00 ver’sus théa g at pS™ 3.80 furnished statistical observed only a good FER with classical Hammett constants

: : : : : = —1.45+ 0.07,i = —0.09+ 0.03,n=11,r = 0.988, CL
results (eq 8; Figure 11 in the Supporting Information) which (o ; L S L ’
are much better than those calculated versus the Hammett™ 99-9%: Figure 13 in the Supporting Information), an excellent
correlation for 3-substitutedf-phenylhydrazonesf, = —1.45

(21) (a) Hine, J.Physical Organic Chemistry2nd ed.; McGraw-Hill: + 0'0,4'i = —0.03+0.02,n : 5',r = 0.999, CL> 99'9%)*
New York, 1962; Chapters-45. (b) Hine, JStructural Effects on Equilibria ~ and finally an excellent application of the IYT equation (eq
in Organic ChemistryWiley-Interscience: New York, 1975. 10: n=11,r = 0.999,i = 0.03+ 0.01, CL > 99.9%, see

(22) Because of some observed kinetic complications in the caske of ; ; ;
the acid-catalyzed pathway has been studied ustil(p58, that is at a " Figure 4), once more enlightening (cf. the results for the

at which a linear trend is still operating. For this reason, it has not been Uncatalyzed pathway) only a modest contribution of through-
possible to calculate the relevat andK values by applying eq 7. resonance® from electron-donating substituents.
(23) In the following discussion, take into account that these two constants
(K and ky) are not directly measured, but they have been calculated by _ n
using eq 7 and, therefore, must be considered secondary computed resultsI;Og(kA,R)X/(kA,R)H =(-1.43£0.02)b" +

for this reason they are affected by a larger uncertainty of direct data, for 0.08+ 0.03 +(0.29+ 0.10 1 (10
example such aka . ( Aog: + ( Aog-] (10)
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w

The excellent cross-correlation betweguk at pS* 1.00 and
atpSt3.80 6= 1.16+ 0.02,n=11,r = 0.999,i = —0.04 +
0.01, CL > 99.9%, Figure 14 in Supporting Information)
definitely confirms the comparability of the substituent effect

in the uncatalyzed and in the acid-catalyzed regions. The slope

of the cross-correlation, sizeably higher than unity, well reflects
the fact that in the acid-catalyzed pathway the substituent-
dependent reactivity is the sum of the effectskoandky (egs
5-9).

With regard to the thermodynamic parameters, we can only
consider the substituent-dependent variationkor and ky,
the variations orK being meaningless (random because too

small). Also, in these cases, the substituent-dependent variation

are entropy-dependent (data in TableAF values range from
—78 to —35 and from—74 to —27 J K molL, respectively),

while the activation enthalpies are essentially constant (data in

Table 1; average valuesAH* = 83.8+ 1.3 and 79.9 2.5 kJ
mol~1, respectively).

A Comparison between the Reactivity of the Z)-Arylhy-
drazones 1b-I and 3b—I. To compare the substituent effect
on the rearrangement rates in the two sefibs| and 3b—I,
we attempted cross-correlations between data concerning th
base-catalyz€d and the uncatalyz&d pathways.

e

JOC Article

Conclusion

The results of the kinetic study of the rearrangement of a
series ofZ-arylhydrazones of 5-amino-3-benzoyl-1,2,4-oxadia-
zole (Lb—1) into the relevant (2-aryl-5-phenyl-1,2,3-triazol-
4-yl)ureas Pb—I) has allowed us to draw the following
considerations:

(1) All of the (2)-arylhydrazones examined rearrange via three
different reaction routes, namely a specific-acid-catalyzed, an
uncatalyzed and a general-base-catalyzed one. Only in the
instance ofll (aryl = 4-nitrophenyl) did we observe some
competing hydrolysis at high proton concentratién.

(2) Different FER’s have been found to apply for the various
pathways, with different contributions of normal and through-
resonance electronic effects: (a) In the base-catalyzed region
two YT FERs (showing positive and negative susceptibility
constants with electron-withdrawing and -donating substituents,
respectively: eqgs 2 and 3 and Figure 2) are clearly defined with
a nonlinear concave-upward Hammett curvature (the unsubsti-
tutedZ-phenylhydrazoné&b showing the lowest reactivity). This
fact points out a changeover of the mechanism which recalls
the situation observed in the rearrangement ofztaeylhydra-
zones 5-phenyl substitutegb—1.7¢ Kinetic data for the rear-
rangement oflb—| and3b—I give excellent cross-correlations,
the 5-amino derivatived being slightly more reactive (by a
factor ca. 2). (b) In the uncatalyzed region a unique IYT FER
(eq 4 and Figure 3; with a modest negative susceptibility
constant) has been observed with scarce through-resonance
contributions'8® Also in this case, kinetic data for the rear-
rangement oflb—| and3b—I give excellent cross-correlations,
the first compounds being again more reactive (by a factor ca.
6). (c) In the acid-catalyzed regioky r, kq, andK values for
the rearrangement have been calculated. khandK values

ave a good and an excellent FER versus Hammett substituent
onstants, respectively. Moreover ther values furnished an
excellent IYT relationship (eq 10 and Figure 4) once more with
a modest through-resonance contribution. Mechanistic comments
have been attached to the calculated susceptibility constants.

(3) Interestingly, in all three regions, the reactivity variations
are largely entropy-dependent, the enthalpies remaining practi-
cally unchanged.

Experimental Section

Chemistry. 'H and 13C NMR spectra were recorded in the

As pointed out above, the substituent effects on the rear- Fourier transform mode at 2& 0.5°C in CDCk or in DMSO-ds

rangement of theZ)-phenylhydrazone$ and3 are very similar

to each other; accordingly, reactivity plots (Figure 5) give in
both regions (for example agh 11.50 and 3.80) excellent cross-
correlationsif = 11,r > 0.9995, CL> 99.9%) with quasiuni-
tary slopes¢= 1.05+ 0.01 and 0.952t 0.010;i = 0.00 &+
0.01 and 0.0H- 0.01, respectively).

The relationships observed well agree with thg ré&ature of
the rearrangement studied for which structural modifications
at C(5) (to which an amino and a phenyl group are linked in
1 and 3, respectively) substantially affect (a) the electro-
philic character of N(2), (b) the leaving group ability of the
N(4)—C(5)—0(1) system, and (c) the thermodynamic stability
of both starting and final products.

solutions. Chemical shift)f are in parts per million (ppm) from
TMS, and coupling constants are in Hz. HRMS and ESI-MS of all
the synthesized compounds were recorded reporting isof&pes
and”Br. Melting points are uncorrected; yields, mps and crystal-
lization solvents concerningZ)-1c—I, (E)-1c—| and 2c—I| are
collected in Table 17 together with HRMS. TH& NMR spectra
of (2)-1c—I were not recorded because of their fast rearrangement.
Silica and alumina neutral gel plates:{F, silica gel 60 (236
400 mesh), and standardized alumina neutral 96-g&8® mesh)
were used for analytical TLC and for column chromatography,
respectively.
pS* Scale Definition and Kinetic MeasurementsWater and
dioxane were purified according to literature meth&tdetails on
the 5" scale have already been reportéé The kinetics were
carried out in D/W (1:1, v/v) and followed as previously descriBed

These factors seem able to influence Only moderately the by measuring the disappearancelﬂf—| [using a U\Vvis spec-

absolute reactivity (compounds are on the average more
reactive thar3 by a factor ca. 2 and 6 in the base-catalyzed
and in the uncatalyzed range, respectively).

(24) Weissberger, ATechnique of Organic Chemistrgnd ed.; Inter-
science: New York, 1963; Vol. 7.
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trophotometer at the wavelength reported in footnote (a) of Tables (Tables 13-16 in Supporting Information) and managed as previ-

3—12 (Supporting Information), where the concentrations used are ously described in detaif:8®

also indicated]. The rate constants are accurate with8%.

Apparent first-order kinetic constant%(R)ﬂ, directly measured Acknowledgment. We thank MURST (Ministero dell’'Uni-

or calculated at 313.1 K, are reported in Tablesl3. The buffer  yersitae della Ricerca Scientifica e Tecnologica) for financial

concentration used was 0.0125 M. o _ support (PRIN 2004, “Synthesis and reactivity/activity of
The values ofK, ) for general-base and specific-acid catalysis nctionalized systems”). Investigations were supported by the

determination have been calculated from thermodynamic parameters jiyersities of Bologna, Genova, and Palermo (funds for
in a pS™ range depending on the nature of the present substituentselected research topics’) '

(25) An operational pH scale, 3 (see Bates, R. G. I18olute-Sobent ; ; ; . ;
Interactions Coetze, J. F., Ritchie, C. D., Eds.; Marcel Dekker: New York, Supporiing Information Available: FER plot conceming

1969; p 46), was established in aqueous dioxane by employingkae p kinetic and thermodynamic data, apparent kinetic constants, and

values of acids determined by interpolation from the data reported by H. S. COmpound characterization for all new compounds (mp,'HR,
Harned and B. B. OweriThe Physical Chemistry of Electrolytic Solution ~ *3C, ESI-MS, MS, HRMS). This material is available free of charge
3rd ed.; ACS Monograph No. 137; Reinhold: New York, 1970; pp 716, via the Internet at http://pubs.acs.org.

755). For dioxanewater (1:1, v/v) the meter reading after calibration against

buffers was not significantly different from3j, requiring a correction of

only +0.16. JO0605849
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