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Kinetics of Addition and Cycloaddition of Phenylacetylene to Benzo-
nitrile NV-Oxides. Competitive Concerted and Stepwise Mechanisms

By Alessandro Dondoni,* Istituto di Chimica Organica, Universitd, Viale Risorgimento 4, 40136 Bologna,
italy
Gaetano Barbaro, Laboratorio dei Composti del Carbonio contenenti Eteroatomi, C.N.R., Ozzano Emilia, italy

The kinetics of the concurrent processes leading to isoxazoles (1,3-cycloaddition) and acetylenic oximes (1.3-addi-
tion) in the reactions of substituted benzonitrile N-oxides with phenylacetylene have been examined under various
conditions. The results supplement previous findings and are in accord with the occurrence of two independent
pathways, a concerted 1,3-cycloaddition and a two-step 1,3-addition. For the latter reaction the rate-determining
step is formation of an intermediate derived from the electrophilic addition of the nitrile oxide to the p electrons of

the triple bond of phenylacetylene.

AFTER the first report * on the formation of acetylenic
oximes as well as isoxazoles in the reactions of nitrile
oxides with acetylenes, kinetic investigations 2 estab-
lished that these products are formed through con-
current processes. However, the details of the mechan-
ism are a matter of discussion. Firestone considered 3
that the formation of the acetylenic oximes, acyclic
isomers of isoxazoles, provided evidence for his mechan-
istic interpretation of 1,3-dipolar cycloadditions 4 and
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two-step diradical mechanisms were indicated for both
reactions. Moreover, kinetic data appeared ® to be
consistent with the rate-determining formation of a
diradical or dipolar intermediate common to both
processes. These conclusions have been criticized ®
in several instances by Huisgen who recently outlined %
a scheme with two independent pathways wherein
isoxazole formation occurs through a concerted mechan-
ism according to the general process for 1,3-dipolar
cycloadditions,* and the oxime through a two-step
mechanism.

We now report the results of a kinetic study of the
competitive 1,3-cycloaddition and 1,3-addition of
phenylacetylene to a series of benzonitrile N-oxides

+ Cox : C1s and koy : By are equivalent 2 and no distinction is
made in their usage in this paper.

1 G, Morrocchi, A. Ricca, A. Zanarotti, G. Bianchi, R. Gan-
dolfi, and P. Griinanger, Tetrahedron Letters, 1969, 3329.

2 (a) A. Battaglia and A. Dondoni, Tetrahedron Letters, 1970,
1221; A. Battaglia, A. Dondoni, and A. Mangini, J. Chem. Soc.
(B), 1971, 554; (b) P. Beltrame, P. Sartirana, and C. Vintani,
tbid., p. 814.

(la—g) which support this mechanistic interpretation
and allow new suggestions on the mechanism of form-
ation of the acyclic products. A re-evaluation of rate
constants previously reported 8 is also given.

RESULTS
The acetylenic oximes (2) and 3,5-diarylisoxazoles (3),
obtained in small-scale preparations under conditions
identical with those of the kinetic experiments, were
characterized by analytical data and spectroscopic pro-
perties. By comparison of some oximes (2) with samples
of known configuration? prepared by another route it
seems likely that the hydroxyimino-group is syn to the
phenylethynyl group in all cases. The product com-
position is kinetically controlled, since the molar ratio
oxime : isoxazole (Cox:Cpe) is constant throughout the
conversion range. Rate constants, determined in carbon
tetrachloride as previously described,?® are listed in Table 1.
The rates of monosubstituted benzonitrile N-oxides (1a-—e)
are correlated by linear Hammett plots and give pox +1:04
(» 0-986) for 1,3-addition and prs +-0-52 (» 0-969) for 1,3-
cycloaddition.
TaBLE 1
Rate constants (I mol™ s™) for the reactions of substituted
benzonitrile oxides (1) with phenylacetylene in CCl,

at 25-0°
Nitrile
oxide Substituent 10%%40t® 108k, 0 108kox © kox/kis
(1a) m-Cl 2-90 2-05 0-845 0-412
(1b) p-Cl 2-76 1-96 0-743 0-379
(1c) H 1-58 1-23 0-335 0-272
(1d) p-Me 1-30 1-05 0-229 0-218
(le) p-OMe 1-26 1-05 0-210 0-200
(1f) 2,6-Cl, 0-508 0-388 0120 0-300
(1g) 2,4,6-Me, 0-172 0-162 0-010 0-062
@ Over-all rate constant; taken in part from ref. 6. ® Rate

constant for the formation of isoxazole. ¢ Rate constant for

the formation of the oxime.

The different sensitivity of the two concurrent reactions
to substituent effects is reflected in the ratio Aoy : A1 (or
Cox: Cis 1) which is increased by para- or meta-electron-
withdrawing substituents. For ortho-disubstituted com-
pounds where steric and electronic effects operate, the

8 R. A. Firestone, J. Org. Chem., 1972, 87, 2181.

¢ R. Huisgen, Angew. Chem. Internat. Edn., 1963, 2, 565, 633;
Bull. Soc. chim. France, 1965, 3431.

3 (a) R. Huisgen, J. Org. Chem., 1968, 38, 2291; (b) K. Bast,
M. Christl, R. Huisgen, W. Mack, and R. Sustmann, Chem. Ber.,
1973, 106, 3258.

¢ A. Dondoni, Tetrahedvon Letters, 1967, 2397.

7 Z. Hamlet, M. Rampersad, and D. J. Shearing, Tetrakedron
Letters, 1970, 2101; Z. Hamlet and M. Rampersad, Chem. Comm.,
1970, 1230.
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Coyx: Crs ratio is much lower for mesitonitrile N-oxide
(1g) than for p-toluonitrile N-oxide (1d), but is almost
identical for 2,6-dichlorobenzonitrile N-oxide (1f) and
benzonitrile N-oxide (lc). Hence, in contrast to pre-
vious assumptions 3 the product distribution depends on

TABLE 2
Effect of the solvent on the kinetics (%/1 mol™? s7) of the
reaction of p-chlorobenzonitrile oxide (1b) with
phenylacetylene at 25-6°
Solvent g 103k, 103y, 10%k0x  kox/kis
CCl, 2-24 2-76 1-96 0-743 0-379
CHCl, 4-81 1-16 0-880 0-280 0-318
C,H,OH 25-7 1.79 1.45 0-341 0-235
Dioxan 2:21 1-20 1-01 0-190 0-186
DMF 37-6 1-00 0-91 0-09 0-099
THF 0-173

¢ Dielectric constants at 25° are from reference 8b.

the substituents in the benzonitrile oxide to an extent
comparable with that reported for substitution in phenyl-
acetylene.2?

Although some data on solvent effects have been re-
ported,? we have examined this point in greater detail
(Table 2). The observed variations of the product com-
position bear no relation to solvent polarity. The lowest
values of the Copg:Cpg ratio are observed in the basic
aprotic solvents ® dioxan, tetrahydrofuran (THF), and
dimethylformamide (DMF). The wvariations of these
ratios are mainly due to changes of %oy which in fact
decreases eight times in going from carbon tetrachloride
to DMF, whereas kg is reduced to one half only. The
greater sensitivity of £ox than %4 to solvent effects parallels
the influence of substituents.

Table 3 gives rate constants measured at different
temperatures and the activation parameters for two
specimen reactions. The results confirm 2 the close simil-
arity of the energies and entropies of activation for the two
processes in carbon tetrachloride and dioxan and conse-
quently the independence of the product composition
from temperature.

Table 4 presents results aimed at providing evidence for
an H/D primary isotope effect which is of major importance
since the formation of oximes (2) involves a hydrogen shift.
This point has been investigated ?* using carbon tetra-
chloride assolvent by Beltrame and his co-workers who found
no appreciable isotope effect. We have re-examined this
question for dioxan as solvent since it was conceivable

J.C.S. Perkin II

show that the rate constants and product distribution were
unchanged when phenylacetylene was replaced by phenyl-
[®H]acetylene in the reactions with two nitrile oxides, thus
proving the absence of an appreciable isotope effect for
1,3-addition in dioxan.

TABLE 3

Rate constants (1 mol™ s™) for reactions of nitrile oxides
(1d) and (1b) with phenylacetylene as a function of

temperature
p-Toluonitrile N-oxide (1d); solvent CCl,
Temp. E,lkcal  AS#/cal
(°C) 150 250 350 50-0 molte mol?! K-1?
103k 0-520 1-30 3-:01 9-97
103k, 0432 1-05  2-44 8:03 15-4 —23
103k oy 0-0883 0-229 0-572 1-95 16-3 —23
p-Chlorobenzonitrile N-oxide (1b); solvent dioxan
Temp.
(°C) 250 400  50-0
103k 1-20  3-84  8:35
103k, 1-01 324 704 14-8 —25
10%k0x 0190 0-600 1-31 14-7 —28

@ Accurate to +0-2 kcal mol-t.
cal mol-! K1,

b At 35°; accurate to 4-2

TABLE 4

Reactions (%/1 mol™ s™) of nitrile N-oxides (1b and d)
with phenylacetylene (PA) and phenyl[?H]acetylene
([*H]PA) in dioxan

p-Chlorobenzonitrile N-oxide (1b); temp. 25°

Acetylene PA PA [2H]PA
103444 1.22 1-22 1-26 5
103k, 1-03 1-01 1-04
10%k0x 0-19 0-21 0-22
Fkox/Rrs 0-186 ¢ 0-205 % 0-210°%

p-Toluonitrile N-oxide (1d); temp. 35°

Acetylene PA *H]PA
103R404 1-65¢ 1-65¢
103k, 1-47 1-44
10%%0x 0-18 0-21
kox/k1s 0-125% 0-143 %

e From ir. measurements. ® From n.m.r. measurements;
in triplicate experiments the standard deviation was +4-0-013.

DISCUSSION

The results are in accord with previous reports 2
and support the existence % of two independent pathways

(3) (1,3-cycloaddition; one step)

(1) + PhC=CH

(4) [Intermediate] — (2)

fast
(1,3-addition; two steps)

SCHEME

that in this basic medium proton transfer could be in-
volved in the rate-determining step. The results of Table 4
8 (a) E. M. Arnett, Progr. Phys. Org. Chem., 1963, 1, 223;

(0) R. Curci, R. A. Di Prete, J. O. Edwards, and G. Modena, J.
Org. Chem., 1970, 85, 740.

with different mechanisms (see Scheme). The sub-
stantial differences in the effects of substituents and
solvents on the kinetics of the two reactions, as well as
the absence of a primary isotope effect on the product
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composition make the existence of a common inter-
mediate unlikely.*

A concerted mechanism for 1,3-cycloaddition fits4
the results so far reported including the kinetic (small
substituent and solvent effects, low energy of activation,
large and negative entropy of activation) and stereo-
chemical data,t and meets the provisions based on
current theoretical treatments!® of cycloaddition re-
actions. As assumed for other cycloadditions of
nitrile oxides,* there may in this case be differing
extents of bond formation in the transition state which
accounts for the reactivity pattern of Table 1.

The occurrence of a two-step mechanism in 1,3-ad-
dition is required mainly by the absence of an isotope
effect which makes carbon-carbon bond formation
in concert with a hydrogen shift quite improbable.
On the other hand hydrogen migration should occur
rapidly after the rate-determining step since initial
proton transfer from the acetylene to the nitrile oxide
and a subsequent rate-determining reaction between
charged species, the acetylenic carbanion and the
protonated nitrile oxide, is less easily reconciled with
the direction of the substituent effect I and also re-
quires that the rate is highly dependent on solvent
polarity. Hence the intermediate is a species where the
hydrogen is still bonded to the sp carbon atom and
which is derived from electrophilic addition of the CNO
group (for substituted benzonitrile N-oxides pox =
-+1-04) to the p electrons of the triple bond of phenyl-
acetylene (for substituted phenylacetylene # ¢ = —1-42).
This intermediate may be anything from the n-complex
(4a) to a covalent species (4b), which can undergo
internal collapse to give the product. The small size of
the ¢ values is more compatible with the bridged struc-

PhC = C —H PhC=C—H H
\‘\-b ," \ / + / “r
/C C PhC=C\ /O
/N - /7 \ —
Ar N—O Ar’ N=0 C=N
Ar
(4a) t4h) {4c,d)

tures (4a) or (4b) than with the open zwitterion
(4c).2»% In this case one would predict larger sub-
stituent effects on the rate, especially for substitution

* In addition to the arguments of Huisgen % it may be also
noted that for the observed differences of substituent effects, the
partitioning of a postulated common intermediate should occur
in two separated steps having considerable energies of activation,
and hence through transition states advanced enough to show an
appreciable isotope effect.

t The cycloaddition is regioselective ®~!! with a few excep-
tions #1¢ which, however, can be rationalized by the postulate of
a concerted mechanism.1?

I The substituent effect alone cannot rule out this mechanism
because of the balance between the substituent effect on the
proton transfer and that on forming the carbon—carbon bond.

9 E. M. Kosower, ‘An Introduction to Physical Organic
Chemistry,” Wiley, New York, 1968, p. 201.

10 A. Battaglia, A. Dondoni, and F. Taddei, J. Heferocyclic
Chem., 1970, 7, 721.

11 C. Grundmann and P. Griinanger, ‘ The Nitrile Oxides,’
Springer-Verlag, Heidelberg—New York, 1971.
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in phenylacetylene, as normally found1® in electro-
philic additions to arylacetylenes wvia vinyl cations
where a large positive charge can develop on the carbon
adjacent to the phenyl ring. The solvent effects (Table
2) are also in accord with this conclusion. The lack of a
correlation between the observed rates and the solvent
polarity suggests that the polarity of the transition
state is not very different from those of the reactants.
This is compatible with a transition state such as
(4a) or (4b) where the charge separation is small and
similar to that of ground state whereas one would expect
the transition state leading to (4c) to be higly polar.
Hence, even though it may be conceived that the con-
tribution of a carbene-type resonance hybrid such as

PhC-CH=C(Ar)NO could mitigate the polar character
of the zwitterion (4c), its presence is unlikely. As
discussed recently % the diradical (4d) is also unlikely
to be the intermediate of this reaction.

In conclusion, two independent pathways for 1,3-ad-
dition and 1,3-cycloaddition appear quite probable.
A point which may still be questionable is the similarity
of the activation parameters (Table 3) although this
could be due merely to a coincidence; this is not so
improbable when it is considered that we are dealing
with parallel reactions. Finally it may be noted that
the formation of acetylenic oximes is not an isolated
case of 1,3-addition to the CNO group by a nucleo-
phile, other representative examples being the ad-
dition 1138 of amines, thiols, and phenols. From their
formal similarity it is possible that all these reactions
occur by mechanisms having common features. Also
in this respect it seems rather unwarranted to consider
the formation of the acetylenic oximes in the reactions
of nitrile oxides with acetylenes as evidence for a two-
step mechanism 3 for the competitive cycloaddition
leading to isoxazoles.

EXPERIMENTAL

Apparatus and Materials.—The apparatus, preparation,
and purification of nitrile oxides (1), phenylacetylene, and
solvents have been described.%141? Phenyl[2H]acetylene
was obtained with isotopic purity >99% (by n.m.r.) by
literature methods.28

12 7. Sims and K. N. Houk, J. Amer. Chem. Soc., 1973, 95, 5798.

13 R. B. Woodward and R. Hoffmann, ¢ The Conservation of
Orbital Symmetry,” Verlag Chemie, Weinheim, 1970, p. 87;
K. N. Houk, J. Amer. Chem. Soc., 1972, 94, 8953; R. Sustmann,
Angew. Chem. Internat. Edn., 1972, 11, 838; J. Bastide, N. El
Ghandour, and O. Henri-Rousseau, Bull. Soc. chim. France, 1973,
2290; J. Bastide and O. Henri-Rousseau, bid., p. 2294.

14 (g) G. Barbaro, A. Battaglia, and A. Dondoni, J. Chem. Soc.
(B), 1970, 588; (b) A. Battaglia, A. Dondoni, G. Maccagnani, and
G. Mazzanti, ibid., 1971, 2096; (¢) G. Barbaro and A. Dondoni,
J.C.S. Perkin II, 1973, 1769; (d) P. Beltrame and C. Vintani,
J. Chem. Soc. (B), 1970, 873.

15 G. Modena and U. Tonellato, Adv. Phys. Org. Chem., 1971, 9,
185; K. Yates, G. H. Schmid, T. W. Regulski, D. G. Garratt,
H. W. Leung, and R. McDonald, J. Amer. Chem. Soc., 1973, 95,
160.

16 G. Barbaro, A. Battaglia, and A. Dondoni, Boll. sci. Fac.
Chim. ind. Bologna, 1969, 27, 149.

17 C. Grundmann and J. M. Dean, J. Org. Chem., 1965, 30, 2809.

18 A. F. Thomas, ‘ Deuterium Labelling in Organic Chemistry,’
Meredith Corporation, New York, 1971, p. 57.
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Reactions between Benzonitrile N-Oxides (1) and Phenyl-
acetylene.—The nitrile oxide (0-05M) and a ten-fold molar
excess of phenylacetylene in carbon tetrachloride were
set aside overnight at 25°. The solvent was then removed
under reduced pressure at room temperature and the
residue was chromatographed on silica. Elution with
benzene-light petroleum (6:1) gave unchanged phenyl-
acetylene, traces of furazan N-oxide, and isoxazole (3);
subsequent elution with diethy!l ether afforded the oxime
(2). The total yield calculated on the amounts of isoxazole
and oxime was ca. 85—90%. The m.p.s and n.m.r.
spectra of 3-aryl-5-phenylisoxazoles (3a-—e) and (3g)
were as previously described.® 3-(2,6-Dicklorvophenyl)-
5-phenylisoxazole (3f) had m.p. 75—76° (from ethanol)
(Found: C, 61-9; H, 3-2; N, 5-0; Cl, 24-15. C,;H,CI,NO
requires C, 62-0; H, 3-13; N, 4-8; Cl, 24-49%), v (CDCly)
2:65—3-35 (m, ArH) and 3-90 (s, 4-H of isoxazole ring).
The «-acetylenic oximes (2) (Table 5) showed typical

TABLE 5
Physical and analytical data of 1-aryl-3-phenylprop-
2-ynone oximes (2) ¢
Found (%) Required (%)

Compound M.p. (°C) C H N C H N

(2a) 76—77 703 40 55 705 395 55
(2b)  106—1073

(2¢ ) 103—104 ¢

(2d) 9798  81.7 555 60 81.7 555 595
(2e) 99100 765 545 555 765 52 56
(2f) 95—96 621 32 475 620 315 48
(2g) d 820 65 535 821 65 53

@ All products were crystallized from benzene-light petrol-
eum. °®Ref. 24. °¢Ref. 7. ¢ The m.p. could not be deter-
mined since that observed (91—92°) corresponded to that of
the isomeric isoxazole (3g). A mixed m.p. of (2g) and (3g) was
70—82°.

spectral characteristics: v, (CCL-CS,) 3580, ca. 3300br
(OH), and 2220 (C=C) cm™; = (CDCl,) 0-6 (OH
shifted by dilution, disappeared on addition of D,0).
The oximes (2) isomerize to the corresponding isoxazoles
(3); in CCl, at 25°, ¢}, ranged between 20 and 60 days.
Rate Measurements.—For reactions in CCl, and CHCI,,
the apparatus and technique were those previously de-
scribed.?* In the case of the low melting ! (ca. 14°)
benzonitrile N-oxide (lc), the initial concentration was
established by volumetric analysis *4¢ of stock solutions
of the reactant; from the concentrations and the absorp-
tion at 2290 cm™, the apparent molar extinction coefficient
was evaluated. Reactions were carried out under pseudo-
first-order conditions with at least a ten-fold molar excess
of phenylacetylene over nitrile oxide. In the majority

J.C.S. Perkin II

of cases the reactions were followed spectrometrically
by monitoring the nitrile oxide (2290 cm™), the oxime
(3580 cm™), and the isoxazole (950 cm™). The Ay, Eox,
and k1¢ values were calculated as described.2®

For reactions of (1b) in ethanol, dioxan, and DMF the
ks values were obtained by volumetric analysis ¢ of
the nitrile oxide, whereas the ratios Coy : C1g were measured
at the end of each run as follows. After five or six half-
lives (only traces of nitrile oxide could be detected by
t.l.c.), two or three samples (10 ml) were removed from the
reaction solution and the solvent was evaporated under
reduced pressure (oil pump) at room temperature, the residue
was treated with a few ml of CCl,, and the above operation
was repeated, and finally the residue was dissolved in
CCl; (10 ml) and the concentrations of the oxime (Coy)
and isoxazole (Cr) were determined by ir. The errors
in the Cpz and Cyg values measured on different samples
were ¢a. +1-5%. The same procedure repeated after ten
half-lives gave identical values. The stability of the
oxime (2b) for the same period as in the above experiments
was checked on samples dissolved in dioxan and treated
as described; the concentration of (2b) was constant within
+1-59,.

Product Distvibutions in the Reactions of p-Chlorobenzo-
nitrile N-Oxide (1b) and p-Toluonitrile N-Oxide (1d) with
Phenylacetylene (PA) and Phenyl[*H]acetylene ([*H]PA)
in Dioxan.—A solution of the nitrile oxide (0-0010—
0-0012 mol) and PA or [*H]PA (0-018—0-023 mol) in
dioxan (100 ml) was allowed to stand at the selected tem-
perature (Table 4) for 3 h. For reactions with PA, the
solution was successively treated with D,0O (2 ml) and
5% NaOD (2 ml) in D,O and then stirred overnight. The
solvent was removed ¢n vacuo and the mixture of light
and heavy isoxazoles was recrystallized from ethanol.
The same procedure was employed for reactions with
[EH]PA, except that H,O and a solution of NaOH in H,O
were used. The relative amounts of light and heavy
isoxazoles corresponding to the original product composition
derived from the two concurrent reactions,!® were evalu-
ated by ir. (see above) or n.m.r. analysis. The latter
(CDCl,) was based on the ratios between the peaks areas
at v 3-40 (s, 4-H of isoxazole ring) and at 2-20—3-05 (m
ArH) for (1b) or at 7-66 (s, Me) for (1d).

We are indebted to Professors J. H. Ridd, University
College London, and R. More O’Ferrall, University College
Dublin, for discussions.
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19 S, Morrocchi, A. Ricca, A. Selva, and A. Zanarotti, Rend.
Accad. Naz. Lincei, 1970, 48, 231.





