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monitored by measurement of the UV absorption at 399 nm. The
technique was essentially that reported earlier,? except that each rate
was the result of only a single trial.

Adducts (17 and 18) of Acridizinium Tetrafluoroborate with
2-Stilbazole. The standard procedure was followed except that only
a 3:1 ratio of stilbazole to acridizinium salt was used (46-h reflux) and
most of the adduct crystallized from the reaction mixture (overall
yield 96%). The 'H NMR spectrum of the crude product showed that
the major regioisomer (17; ~66%) had the phenyl group at position
12 and indicated that the minor isomer (18) consisted of almost equal
parts of the two possible geometrical isomers.

Recrystallization from acetronitrile afforded a colorless powder
which was analyzed as an isomeric mixture: mp 247-255 °C; 'H NMR
((CD3)2S0) § 3.89-4.72 (m, 2, C-12, C-13), 5.43 (m, 0.6, C-11 of 17),
5.55(d, 0.2,J = 2Hz, C-11 of 18), 5.79 (d, 0.2, J = 2 Hz, C-11 of 18),
6.70-9.27 (m, 17), and 9.53 (m, 1, C-4); 'H NMR (CF3CO:sH) &
3.91-4.93 (m, 2, C-12, C-13), 5.36 (m, 0.7, C-11 of 17), 5.70 (m, 0.3, C-11
of 18), 6.52 (m, 0.3, C-6 of 18), 6.56-9.01 (m, 17), and 9.30 (m, 1,
C-4).

Anal. Caled for CogHBF4N2: C, 69.66; H, 4.72; N, 6.25. Found: C,
69.70; H, 4.95; N, 6.07.

Registry No.—1 BF,, 32865-43-3; 1 picrate, 66357-78-6; 1 Br,
7547-88-8; 3 (isomer 1), 66357-80-0; 3 (isomer 2), 66511-02-2; 4,
66357-82-2; 5, 66357-84-4; 6 Br (isomer 1), 66357-85-5; 6 Br (isomer
2), 66511-03-3; 6 ClO4 (isomer 1), 66511-05-5; 6 ClQ4 (isomer 2),
66537-15- 3 9, 80-62-6; 12 (isomer 1), 66357-87-7; 12 (isomer 2),
66511-07-7; 13 (isomer 1), 66357-89-9; 13 (isomer 2), 66511-09-9; 14
(isomer 1) 66357 91-3; 14 (isomer 2),66511-11-3; 15, 66357-93-5; 16,
66357-95-7; 17, 66357-97-9; 18, 66357-99-1; indene, 95-13-6; anethole,
104-46-1; cis-B3-methoxystyrene, 14371-19-8; 1-methoxy-1,3-buta-
diene, 3036-66-6; ethyl acrylate, 140-88-5; cis-crotononitrile, 1190-
76-7; 2-stilbazole, 714-08-9.

References and Notes

(1) This research was supported by Public Health Service Research Grant No.
HL 02170 of the National Heart and Lung Institute of the National Institutes
of Health.

(2) J. Feuer, W. C. Herndon, and L. C. Hall, Tetrahedron, 24, 2575 (1968).

(3) N.D. Epiotis, J. Am. Chem. Soc., 94, 1925 (1972).

(4) A.Devagquet and L. Salem, J. Am. Chem. Soc., 91, 3796 (1969).

(5) R. A, Firestone, J. Org. Chem., 37, 2181 (1972)

(6) W. C. Herndon, Chem. Rev., 72 157(1972)

(7) J. Sauer, Angew. Chem., Int. Ed. Engl., 8, 16 (1987).

(8) R. B. Woodward and R. Hoffmann, Agnew. Chem., Int. Ed. Engl., 8, 781

(196 9)

Caramella et al.

(9) K. Fukui and H. Kujimoto, Bull. Chem. Soc. Jpn., 42, 3399 (19689).

(10) K. N. Houck, J. Am. Chem. Soc., 95, 4092, 4094, 7287 (1973).

(11) K. N. Houck, Acc. Chem. Res., 8, 361 (1975).

(12) R. R. Schmidt, Angew. Chem., Int. Ed. Engl., 12, 212 (1973).

(13) C. K. Bradsher, Adv. Heterocycl. Chem., 18, 289 (1974).

(14) All of these reports of regiospecificity were based on 'H NMR data, buta
reviewer has questioned whether a regioisomer originally present might
have been lost in the mother liquor during crystallization. in a few instances
this suggestion can be refuted on the basis of the very high yield of pure
product. Of this original list of 20 adducts we have carefully reexamined
only those from acrylonitrile, styrene, and p-methyl- and p-methoxystyrene,
but none of these gives an indication of regioisomerism. Should some future
investigation of the remaining 16 adducts show an example of regioiso-
merism, we would be surprised but would not consider the electrophilic
addition model invalidated.

(15) C. K. Bradsher and F. H. Day, J. Heterocycl. Chem., 11, 23 (1974).

(16) F. H. Day, C. K. Bradsher, and T.-K. Chen, J. Org. Chem., 40, 1195
(1975).

(17} C. K. Bradsher, C. R. Miles, N. A. Porter, and |. J. Westerman, Tetrahedron
Lett., 4969 (1972).

(18) D. L. Fields, T. L. Regan, and J. C. Dignan, J. Org. Chem., 33, 380
(1968).

(19) C. K. Bradsher and J. A. Stone, J. Org. Chem., 33, 519 (1968).

(20) R. R. Schmidt, Chemn. Ber., 103, 3242 (1970).

(21) For example, C. F. Koelsch and V. Boekelheide, J. Am. Chemn. Soc., 66,
412 (1944); C. S. Rondestvedt, Org. React., 11, 193 (1960).

(22) For example, H. Schechter, F. Conrad, A. L. Daulton, and R. B. Kaplan, J.
Am. Chem. Soc., 74, 3052 (1952).

(23) 1. J. Westerman and C. K. Bradsher, J. Org. Chem., 36, 969 (1971).

{(24) |. Fleming, “‘Frontier Orbitals and Organic Chemical Reactions”, Wiley,
London, 19786, p 129. We are indebted to Professor K. N. Houk for bringing
this reference to our attention.

(25) Although the relative magnitudes of the atkene HOMO coefficients in ac-
rylonitrile vary according to the specific procedure used for the MO cal-
culation, photoelectron spectroscopic data indicate that the 3 coefficient
is larger. For a thorough discussion of this question, see K. N. Houk, J. Sims,
R. E. Duke, Jr., R. W. Strozier, and J. K. George, J. Am. Chem. Soc., 95,
7299 (1973). See also N. D. Epiotis, J. Am. Chem. Soc., 95, 5624 (1973),
and ref 23, pp 115 and 124,

(26) J. G. Traynham and O. S. Pascual, Tetrahedron, 7, 165 (1959).

(27) G. F. Bloomfield, E. H. Farme, and C. G. B. Hose, J. Chem. Soc., 800
(1933).

(28) K. A. Oglobolin and V. P. Semenov, Zh. Org. Khim., 1, 27 (1965); Chem.
Abstr., 62, 16035 (1965).

(29) S. S. Novikov, G. A. Shvekhgeimer, and N. V. Pyatakov, lzv. Akad. Nauk
SSSR, Ser. Khim., 914 (1961); Chem. Abstr., 55, 22121 (1961).

(30) R. R. Schmidt, Tetrahedron Lett., 5279 (1969), has reported the formation
of regioisomers when a protonated o-quinonemethide is added to cis-2-
pentene, an ethylene in which the substituents are both atkyl groups.

(31) C. K. Bradsher and J. A. Stone, J. Org. Chem., 34, 1700 (1968).

(32) C. K. Bradsher, G. L. B. Carlson, N. A. Porter, |. J. Westerman, and T. G.
Wallis, J. Org. Chem., 43, 822 (1978).

(33) W. S. Burnham and C. K. Bradsher, J. Org. Chem., 37, 355 (1972).

Selectivity in Cycloadditions. 6. Cycloadditions of Nitrile Oxides to

Benzofuran. Regiochemistry!

P. Caramella,*22b G, Cellerino,2 K. N. Houk,*22 F. Marinone Albini,2¢ and Cielo Santiago?2

Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803,
and Institute of Organic Chemistry, University of Pavia, 27100 Pavia, Italy

Received January 6, 1978

Cycloaddition of benzonitrile oxide and mesitonitrile oxide to benzofuran yields the two regioisomeric cycload-
ducts 1 and 2 in a 70:30 and 26:74 ratio, respectively. Frontier orbital considerations, using ab initio STO-3G calcu-
lations, and a comparison with the regioselectivities observed with indene and styrene allow elucidation of the in-
version of regiochemistry of the cycloadditions of the two nitrile oxides to benzofuran.

Although much is known about the physical properties
of heteroaromatic compounds and the reactivities of these
molecules in electrophilic substitution reactions,? the study
of the dipolarophilic reactivities of these molecules toward 1,3
dipoles is by far less developed. The reluctance of hetercaro-
matics to undergo addition reactions is well known and usually
rationalized in terms of loss of aromaticity in the addition
step.

The study of cycloaddition reactions of heteroaromatics is

0022-3263/78/1943-3006$01.00/0

of interest for mechanistic reasons, since the concerted cy-
cloaddition is expected to be slowed down, so that diradical
and zwitterionic pathways, which are normally of no impor-
tance in 1,3-dipolar cycloadditions,* may become competi-
tive.

The previous paper of this series dealt with the cycloaddi-
tions of nitrile oxides to cyclopentadiene,® indene,5 and fu-
ran.!b In the case of furan a competition between the con-
certed pathway and a minor two-step pathway was described.

© 1978 American Chemical Society
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Table I. Chemical Shifts® and Coupling Constants® of Cycloadducts®

Registry
Compd no. 4-H4 5-Hd Jus Other
la 66303-77-3 6.21d 6.30d 8.7
1b 66357-75-3 6.18d 6.30d 8.6 0-Me 2.14 s, p-Me 2.27 5
2a 66303-78-4 5.35d 7.03d 7.4
2b 66303-79-5 5.11d 68.91d 7.1 0-Me, p-Me 2.29 s
3a 61495-72-5 8.53s OHe/f
3b 66303-80-8 9.03s 0-Me 2.02s, p-Me 2.32 s, OH 6.79 s/

¢ Chemical shifts in parts per million (8) from internal Me,Si. Multiplicity: s, singlet; d, doublet; m, multiplet. Solvent: CDCls. ® In

Hz. ¢ Satisfactory combustion analytical data C, H, N (£0.4%) have been obtained for these compounds. ¢ Numbering refers to the
isoxazoline (isoxazole) ring. ¢ Occurs under pheny! multiplet. f Exchanges with D,0.

This paper reports a study of the cycloaddition of benzo- and
mesitonitrile oxide to benzofuran. The reactions of benzofu-
ran® in 1,3-dipolar cycloadditions with diphenylnitrilimine”
and with 3,5-dichloro-2,4,6-trimethylbenzonitrile oxide® have
been reported recently.

Results

Benzofuran reacts slowly with benzonitrile oxide (BNO).
Generation of BNO in situ in ether in the presence of 10 equiv
of benzofuran afforded a 14% yield of cycloadducts 1a and 2a
{Scheme I) in a ratio of 70:30, along with the dimerization
products of BNO. On performing the reaction in benzofuran
(100 equiv) as solvent, the dimerization of BNO decreases and
the yield of cycloadducts improves to 24%. The reactivity of
benzofuran is 180 times less than that of indene, as determined
by competition experiments.

No other products could be detected or isolated from: the
reaction mixtures. The known oximes 4° and 5,1° which are
the formal products of 1,3 addition, have been obtained by
oximation of the ketones. The oximes are stable under the
reaction and separation conditions and could not be detected
by TLC or GLC of the reaction mixtures.

The cycloadducts were separated by column chromatog-
raphy. The structure proofs are based on chemical and NMR
evidence (Table I). In adduct 2a the isoxazoline C-5 proton
is deshielded by two adjacent oxygens and occurs as a doublet
at low field, 6 7.03, whereas the doublet of the other isoxazoline
proton is well separated at 6 5.35, in the usual range reported
for isoxazoline C-4 protons.1! In adduct 1a both the isoxazo-
linic protons experience the deshielding effect of an oxygen
and have similar chemical shifts, appearing as an AB system.
The easy acidic hydrolytic cleavage of 5-alkoxyisoxazolines!21a
further supports this structural assignment. Adduct 2a has

Scheme

wemo + [IO)

TLO -
Ar
a |[pPh Ar 0
b | Mesity! N‘O OH

O

Table II. Regioisomer Distribution in the Cycloaddition
of Nitrile Oxides with Styrene, Indene, and Benzofuran

wano + (IO)

N\O N\O X
! ]
/11 AAGF®
X Phe Mes? Ph Mes Change®?
H,H 100:0 100:0
CH, 96:4 76:24 1.72 0.68 1.04
0 70:30 26:74 0.46 —-0.62 1.08
@ kcal/mol, £0.1 kcal/mol. ® AAGF111(Ph) — AAG*1(Mes).

¢ 0 °C, ether, GLC. The regioisomer distribution does not change
appreciably for reactions run at 25 °C. ¢ 25 °C, benzene, GLC.

an acetal moiety at the C-5 isoxazolinic carbon and is cleaved
by heating with methanol and HCI, affording isoxazole 3a.
This latter compound shows in the NMR spectrum, besides
the phenyl protons and the OH signal, a singlet at 6 8.53, in the
range reported for isoxazole C-5 protons.}3 Under similar
conditions la was recovered unchanged.

Mesitonitrile oxide, a stable nitrile oxide which does not
dimerize at room temperature, reacted with excess benzofuran
very slowly. After 4 months cycloadducts 1b and 2b were ob-
tained in a 26:74 ratio (89% yield). Structures rely upon the
close resemblance of the NMR spectra to those of the corre-
sponding BNO adducts and on the easy hydrolytic cleavage
of adduct 2b.

Discussion

The main products of the reactions are the pairs of re-
gioisomeric cycloadducts, BNO yielding mainly cycloadduct
I and mesitonitrile oxide cycloadduct I (Table IT). The change
of AAG# for formation of the two adducts on going from BNO
to mesitonitrile oxide amounts to 1.08 kcal/mol. With the
carbocyclic indene, the cycloadditions are more regioselective
in the direction of 1,54 but the change of AAG¥ on going from
BNO to mesitonitrile oxide is a similar value, 1.04 kcal/mol,
and the adduct of the type I is still favored slightly. With the
parent styrene, only adducts of type I could be isolated.!5

The observed regioselectivities are satisfactorily accounted
for by a frontier molecular orbital (FMQ) treatment.1® The
shapes of the FMO’s of the two dipolarophiles and those of
styrene are shown in Figure 1. The ab initio STO-3G eigen-
vectors and eigenvalues of the FMO’s are given in Table III
along with the ionization potentials (IP’s) and electron af-
finities (EA’s) for the molecules. We have also carried out
EHT and CNDO/2 calculations on all these systems, with
results similar to those given for STO-3G calculations. Also
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Table III. STO-3G Eigenvectors and Eigenvalues of the Frontier Orbitals®.¢

1

2
X

Registry HOMO LUMO
no. Cq C, X ¢, eV IP,eVa Ppb Cq C, X e,eV EA,eVe P?
Styrene 100-42-5  0.31 0.45 —6.61 8.55 0.11 0.36 —-0.53 6.17 -0.256 0.15
Indene 95-13-6 0.30 0.45 -0.006 —6.33 8.20 0.11 0.35 -0.54 0.025 6.32 -0.49 0.17
Benzofuran 271-89-6  0.37 047 =017 —-6.54 8.66 0.08 0.31 -0.54 0.26 6.31 -0.11  0.20

@ Geometries and IP’s have been taken from M. H. Palmer and S. M. F. Kennedy, J. Chem. Soc., Perkin Trans. 2, 1893 (1974).
b Polarization defined as Co2 — C,2. ¢ Styrene: P. D. Burrow, J. A. Michejda, and K. D. Jordan, J. Am. Chem. Soc., 98, 6392 (1976);
for indene and benzofuran, electron affinities were estimated from IP’s and ##* transition energies?? from the empirical relationship,
AE(rr*) = IP — EA — 3.67 eV, where the value of J;; — 2K;; is derived for styrene.2 ¢ W. J. Hehre, R. F. Stewart, and J. A. Pople,

J. Chem. Phys., 51,2657 (1973).
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Figure 1. Frontier molecular orbitals of styrene, indene, and benzo-

furan (STO-3G).

reported in the table is the polarization of the FMO’s, defined
as the difference between the squares of the coefficients.

The shapes of the FMO'’s of indene and benzofuran corre-
spond essentially to the familiar FMO’s of styrene, whose al-
kene double bond is polarized toward the terminal carbon as
a consequence of phenyl conjugation. All three methods of
calculation indicate, however, that the polarization of the
HOMO is reduced in benzofuran. On the contrary the polar-
ization of the LUMO increases in indene!” and to an even
larger extent in benzofuran.

The changes in the shapes of FMO’s can be qualitatively
understood on deriving the MO’s of the dipolarophiles from
those of styrene and of the ring element X by perturbation
theory.!® The interaction of the styrene orbitals with the
oxygen lone pair to form benzofuran and with the mcy, to form
indene is shown in Figure 2. For the sake of simplicity and
because the main changes arise from mixing of orbitals of
different phases on the double bond of interest, only the
FMO’s of styrene are displayed in the interaction diagram.

The mixing causes the familiar repulsion of levels as well
as a change of the shapes of orbitals. When the X perturber
is at lower energy than the orbitals of the other fragment, the
X donor causes some of the =* orbital to be mixed into the =
in a negative fashion at the site of substitution, whereas the
7 mixes into the =* in a positive fashion.1® As a result, the

Yyl Yy

0O
V=i OO

.H.
++/
¥ ma

Figure 2, Interactions of the lone pair or mch, orbital (shown on the
right) with styrene HOMO (4} and LUMO (y5) (shown on the left)
cause polarization of alkene orbitals (shown on the middle).

HOMO polarization decreases and the LUMO polarization
increases, as observed in the calculations. The mixing of = with
w* is proportional to the overlaps between X and the styrene
orbitals and inversely proportional to both the energy dif-
ference between the styrene orbitals and to the energy dif-
ference between the orbital of the X fragment and the styrene
orbital being polarized. Since the overlaps of the oxygen lone
pair and wcy, with the styrene MO’s are similar, the changes
of the MQ’s are greater in benzofuran than in indene because
of the higher orbital energy of the oxygen lone pair orbital than
the mcy, orbital.

The changes discussed above are however somewhat mod-
erated by minor effects. In benzofuran the oxygen increases
the electronegativity of the adjacent carbons, as shown in the
13C spectrum.2® This causes the familiar inductive stabiliza-
tion of the levels as well as an increase of the HOMO polar-
ization and a decrease of the LUMO polarization (static
mixing?!), which oppose the overriding dynamic mixing2! of
Figure 2. In the case of indene a perturbing =*cn, orbital is
available above the FMO’s of styrene. According to the mixing
rules,!?21 the 7*cp, induces a mixing of the styrene orbitals
opposite to that of Figure 2, i.e., 7* mixes into 7 in a positive
fashion. As discussed in the case of propene,!® the importance
of the 7*cy, in the polarization of the HOMO is, however,
small with respect to that of the wcy, whereas the effect of the
m*cH, on the polarization of the LUMO is noteworthy and
partly compensates the opposite overriding influence of
TCHa.

The orbital energies of the dipolarophiles are similar. In the
case of indene the FMO’s are slightly higher with respect to
those of styrene, a result of the mixing discussed above,
whereas the MO’s of benzofuran are inductively stabilized.
The STO-3G calculations reproduce this trend nicely.

BNO should behave mainly as an electrophile in the reac-
tion with these dipolarophiles since the LUMO (dipole)—
HOMO (dipolarophile) separation is smaller than the HOMO
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(dipole)-LUMO (dipolarophile) separation. That is, the EA
of BNO can be estimated as +0.05 eV,25.26 whereas the IP is
8.98 eV.22

The two interactions have opposite regioselectivity conse-
quences, since in nitrile oxides the electrophilic and nucleo-
philic center are on carbon and on oxygen, respectively,
whereas the styrene-like dipolarophiles both have the largest
HOMO and LUMO coefficients at the unsubstituted terminal
carbon.

The effects of the energies and coefficients on the regiose-
lectivity can be grasped in the framework of the FMO ap-
proximation. The stabilization energies AE; and AE, for the
formation of the two regioisomers 1 and 2 can be calculated
from standard perturbation theory.

The difference AAE between the stabilization energies of
the regioisomers gives a theoretical measure of the regiose-
lectivity and can be expressed as!6¢

(c%nos = ¢*Ho,8)
Erueno =~ Enos— Q

AAE=A

(c?Lus — c*Lug)
Erus— Enopno — €

where ¢’s are the coefficients of HOMO and LUMO on the
terminal (S) or internal (S’) carbon of the styrene-type mol-
ecules, E’s are the orbital energies, and @ is a correction factor
which takes into account the change of frontier orbital energies
during the approach of the molecules to one another. Its value
has been estimated at 4-6 eV.16¢

The regiochemistry is now expressed as a function of the
polarization of the orbitals of dipolarophiles and of the energy
separations. The first term of the equation takes into account
the regioselectivity effect of the stronger LU(dipole)-HO-
(dipolarophile) interaction favoring regioisomer I and the
second term represents the effect of the weaker interaction
favoring regioisomer II. Since the three dipolarophiles have
similar orbital energies, the changes in the denominators are
small for the three dipolarophiles with respect to the changes
in polarizations, even using the maximal values of the § cor-
rection. On going from styrene to indene the leading effects
on regioselectivity are the small change of the first term and
the increase of the second term of the equation, caused by the
increase of polarization of the LUMO. On going from indene
to benzofuran, the decrease of the first term and increase of
the second term of the equation causes a significant regiose-
lectivity change as a consequence of the strong increase of the
LUMO polarization.

With the more nucleophilic mesitonitrile oxide, which has
an IP of 10.26 eV22 and an estimated EA of —0.11 eV,25 the
HO-(dipole)-LU(dipolarophile) interaction increases at the
expense of the LU(dipole)-HO(dipolarophile) interaction.
As a consequence, the balance between regioisomers is shifted
toward regioisomer II. The effect of regioselectivity is note-
worthy, affecting the AAG* by about 1 kcal/mol. This causes,
in the case of indene, a diminution of regioselectivity and in
the case of benzofuran a change in the preferred regioisomer.
A similar situation should hold for 2,4,6-trimethyl-3,8-di-
chlorobenzonitrile oxide,® which gives with benzofuran a ratio
of regioisomers I/II of 2:3, close to that observed with mesi-
tonitrile oxide.

With diphenylnitrilimine only a cycloadduct of type I was
isolated in a 30% yield.” This is consistent with the known
greater LU(dipole) control in the cycloadditions of nitril-
imines,2? as a consequence of the easy bending of these di-
poles.28

The reactivity of benzofuran decreases by a factor of 180
with respect to indene, but the 1,3-addition reaction to yield
oximes is still noncompetitive. The cycloaddition is slowed
down because of the loss of aromaticity in the four-center
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transition state and in part because of the higher IP of ben-
zofuran. The drop of reactivity corresponds to an increase of
the barrier of 2.8 kcal/mol (for furan 4.0 kcal/mol'b). These
values are relatively small, when compared to the resonance
energies of heteroaromatics, and are compatible with an early
transition state for the cycloaddition of nitrile oxides, as
suggested by ab initio calculations.2®

No oximes could be isolated or detected in significant
amounts. 1,3-Additions are known to occur as side reactions
in the cycloaddition of BNO to furan!b and phenylacetylene.3°
In the case of furan the 1,3 addition is 100 times slower than
cycloaddition. The occurrence of the addition was attributed
to the reduced 1,3-dipolar reactivity of furan, due to the aro-
maticity of this molecule and to the stabilizing secondary or-
bital interactions accompanying the overriding LU-
MO(BNO)-HOMO(furan) interaction, which partially
compensates for the smaller overlap of the two-center tran-
sition state of the 1,3 addition. In the case of benzofuran, the
cycloaddition is slowed down less, since, with benzofuran, the
loss of aromaticity is smaller than that with furan. Moreover
the LUMO(BNO)-HOMO(dipolarophile) interaction, which
gives secondary orbital interactions that stabilize the addition
pathway,!? becomes less influential with benzofuran, as in-
ferred from the level orderings of Table III and by the easy
regioselectivity switch.

Conclusions

Benzofuran is known to react mainly at the « position in
electrophilic substitution reactions, a fact which is consistent
both with the polarization of the HOMO and with the stability
of the Wheland intermediate.?! The o position is also the site
of attack of nucleophiles.32

In concerted cycloadditions where the two frontier inter-
actions are similar in magnitude, the regiochemical outcome
depends subtly on the 1,3-dipole, i.e., on which interaction is
dominant. With the “electrophilic” BNO the major isomer
results from attack of the « carbon of benzofuran on the nitrile
oxide carbon. With the more nucleophile mesitonitrile oxide
the regiochemical control switches to HO(dipole)-LU(dipo-
larophile) control, and the major isomer arises from the attack
of the nitrile oxide oxygen on the « carbon of benzofuran.

Experimental Section

All melting points are uncorrected. NMR spectra: CDCl; solution,
Me4Si as internal standard, Perkin-Elmer R12 spectrometer, 60 MHz.
Gas-chromatographic analyses were carried out on a glass column,
5% SILAR and 3% OV 17 on Gaschrom P, with a column temperature
of 170-200 °C on a “Carlo Erba” Fractovap instrument. Microanalyses
were performed by Dr. L. Maggi Dacrema. Satisfactory analytical data
(£0.4% for C, N, H) were obtained for all the compounds listed in
Table I. Column chromatography and TLC: silica gel H and GFgs,
(Merck), respectively, eluant cyclohexane-EtOAc = 9:1 to 7:3 unless
otherwise specified.

Cycloaddition of BNO to Benzofuran. To a stirred ice-cooled
solution of benzhydroximic acid chloride (1.55 g, 10 mmol) and ben-
zofuran (11.8 g, 100 mmol) in anhydrous ether (50 mL), a stoichio-
metric amount (10 mmol) of triethylamine was added over a 2-h pe-
riod. After keeping overnight at 0 °C and 2 days at 25 °C, the trieth-
ylamine hydrochloride was filtered off and the filtrate was evaporated
under reduced pressure, leaving a residue. Column chromatography
gave 3,4-diphenylfuroxan (60%) and 3,5-diphenyl-1,2,4-oxadiazole
(13%) along with adduct 1a (7.3%), colorless crystals mp 123-4 °C
from EtOH, and adduct 2a (3.2%), colorless crystals mp 168-9 °C from
EtOH.

The total yield of adducts la + 2a (14% in a 70:30 + 2% ratio) was
determined by GLC by adding as an internal standard a known
amount of the major adduct of BNO to indene.® The area ratio was
corrected by using response factors, determined on known mixtures
of the adducts and the standard. On performing the reaction in ben-
zofuran (100 equiv) as solvent, the total yield of cycloadducts was
found to be 24%.

The relative rate constants for the cycloaddition of BNO to ben-
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zofuran and indene were evaluated by the competition method.34
Benzhydroximic acid chloride (1 mmol), indene (1.8-2.1 mmol}, and
benzofuran (20-30 mmol) in anhydrous ether (20 mL) were reacted
as above. A reactivity ratio of 180 + 10 was obtained as an average of
three different reaction mixtures.

Oximes 4 and 5. The syn and anti oximes 4 have been prepared by
oximation of 2-benzoylbenzofuran according to the literature.® Oximes
519 have been obtained with good yield on refluxing 3-benzoylben-
zofuran (100 mg) with an excess of NH,OH-HCI (5 equiv) in ethanol
for 24 h. The mixture was concentrated, diluted with water, and ex-
tracted with CHCIl3. The extracts were dried and the solvent was
evaporated, yielding a mixture of the two oximes in a ratio ca. 9:1
(TLC). The major oxime crystallized from hexane, colorless crystals
mp 152-3 °C in a 60% yield. Anal. Found: C, 75.70; H, 4.83; N, 6.23.
C15H11NOg requires: C, 75.93; H, 4.67; N, 5.90. The minor oxime has
a higher R; value. A sample of this oxime, colorless crystals mp 87-8
°C, from hexane, was obtained by preparative TLC, eluting with
benzene. Both the oximes 5 were hydrolyzed to 3-benzoylbenzofuran
on boiling with ethanol, water, and concentrated HCL10

The oximes are stable under the conditions of the cycloaddition
reactions, in ether in the presence of NEt3/NEt3-HCL. A comparison
of the oximes with the cycloaddition mixture by TLC (eluant benzene
or ethyl acetate-benzene 1:9) and by GLC allowed the exclusion of
the oximes in the cycloaddition mixtures in amounts larger than 1%
of the total yield of adducts 1a + 2a.

Cycloaddition of Mesitonitrile Oxide to Benzofuran. A solution
of 1.61 g (10 mmol) of mesitonitrile oxide and 5 g (42 mmol) of ben-
zofuran in anhydrous benzene (50 mL) was kept at room temperature
for 4 months and 1.20 g (43%) of adduct 2b was crystallized out. Re-
crystallization from benzene gave an analytical sample of 2b, mp 173
°C. The mother liquors were evaporated leaving a residue. Celumn
chromatography with CHCls-cyclohexane (6:4) as eluant afforded
0.59 g (21%) of adduct 1b, colorless crystals from hexane mp 140 °C,
and 0.70 g (25%) of adduct 2b,

The ratio of adducts 1b/2b was determined by GLC and was found
to be 26:74 £ 2.

Cleavage of Adducts 2a and 2b. A solution of 1 mmol of adduct
2a in MeOH (10 mL), concentrated HySO,4 (1 mL), and water (1 mL)
was refluxed for 6 h. After cooling, the mixture was poured in water
(20 mL) and extracted with CHCl3. The extracts, dried on NasSO4
and evaporated, afforded isoxazole 3a (60%) as colorless crystals, mp
124-5 °C, from EtOH.

Adduct 2b was similarly cleaved to the isoxazole 3b as colorless
crystals, mp 160-1 °C from benzene, with a 65% yield.

Under the same conditions cycloadducts la and 1b were reccvered
unchanged.
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