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Abstract— Cycloadditions of nitrile oxides to 2,3-dihydrofuran are highly regioselective whereas the
regioselectivity of the cycloadditions to 2,3-dihydrothiophen is only moderate. The directing effect of
oxygen and sulfur in these cycloadditions could be evaluated at 2.8 and 1.1 Kcal mol - ' respectively. The
related acyclic sulfur dipolarophiles, (E)-propenyl methyl and phenyl sulfides, similarly undergo cy-

cloadditions with moderate regiochemistry.

The different regioselectivities and reactivities of the dipolarophiles can be related to differences in
cnergics and shapes of their highest occupied orbitals, which are also responsible for the diverging
behaviour observed in the electrophilic reactions and 2 + 2 cycloadditions of enol and thioenol ethers.

In previous papers of this series we have investigated
the cycloaddition of nitrile oxides to furan’ and
thiophen.! The dipolarophilic activity of these hetero-
aromatic compounds is strongly diminished relatively
to the isocyclic system of cyclopentadiene, by two and
three powers of ten, respectively, because of the loss
of aromaticity in the cycloaddition transition state.
The regioselectivity of these cycloadditions remains
however almost unchanged, since no sizeable changes
in the shapes of the frontier orbitals (FO) occur. The
a-carbon of the heteroaromatic compounds, which is
the site with the highest HOMO coefficient, binds to
the carbon terminus of the moderately electrophilic
nitnile oxides, which is the site with the highest
LUMO coefficient and cycloadducts 1 are formed
with high regiosclectivity.
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Because of the presence of the rather reactive enol
cther and thioenol ether moieties in the cycloadducts
1, further addition occurs readily and the asymmetric
bisadducts 2 are the predominant products if the
cycloadditions are performed with only a moderate
cxcess of furan and thiophene. In the case of the
furan only bisadducts 2 are formed from mono-
adducts 1. Somewhat surprisingly, a decreased regio-
sclectivity was observed in cycloadditions to the
thiophene monoadducts and minor amounts of the
symmetrical bisadducts 3 were isolated along with the
prevailing bisadducts 2.

The reduced regioselectivity of the thioenol ether
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moiety was unexpected in view of the high directive
effect of S and O substituents in clectrophilic reac-
tions. Enol cthers and thioenol cthers undergo
regiospecific attack of electrophiles at the S-carbon
and the same f-carbon undergoes attack of electro-
philic olefins in 2+ 2 cycloadditions also.** The
behaviour in electrophilic reactions is consistent with
the highly polarized HOMOs of these compounds
toward the f-carbon.” Why should the cycloadditions
of the moderately electrophilic nitrile oxides to thio-
enol ethers be an exception? The behaviour of the
thioenol ether moiety in the cycloadditions could be
induced by some intrinsic features of the bicyclic
system of the dipolarophiles 1. We investigated there-
fore more simple systems.

The following is a careful assessment of the regio-
selectivity of the cycloadditions of benzo- and mesito-
nitrile oxides to the parent 2,3-dihydrofuran and
2,3-dihydrothiophen. A study of the cycloadditions
of nitrilke oxides to the related acyclic (E)-propenyl
methyl and phenyl sulfides is also included.

The high directing effect of the enol ether moiety
in cycloaddition reaction is well documented. Cy-
cloadditions of enol ethers with moderately electro-
philic 1,3-dipoles, like nitrile oxides,® azides,’ nitrile
imines'® and nitrones'' occur with high regio-
selectivity, which can be attributed to the high
HOMO polarization of the dipolarophiles. Thioenol
cthers did not arise interest as cycloaddition partners,
in spite of the synthetic potential of a sulfide sbstit-
uent.'’ Only some phenylthioalkenes® and styryl
methyl sulphides' have been tested for their di-
polarophilic activity in 1,3-dipolar cycloadditions
with aromatic nitrile oxides.

RESULTS
The dipolarophilic activity of the unsubstituted
2,3-dihydrofuran and 2,3dihydrothiophen in cy-
cloadditions with benzonitrile oxide are comparable
to that of the isocyclic cyclopentene. As shown by
competition experiments, dihydrofuran is 1.8 times
more reactive than cyclopentene, whereas the di-
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Scheme 1.

polarophilic activity of dihydrothiophen drops to 0.6,
relatively to cyclopentene.

The effects of the heteroatoms upon the regio-
selectivity are more striking. Cycloaddition of benzo-
and mesito-nitrile oxides to excess 2,3-dihydrofuran
takes place with high regioselectivity and the predom-
inant adducts 4a and 4b could be isolated in high
yields (Scheme 1).

The regioisomeric adducts Sa,b have been syn-
thetized by catalytic hydrogenation of the furan
adducts 1a, b’ and the presence of the regioisomers §
in the mother liquors of adducts 4a,b have been
secured by NMR and TLC. The ratios of the adducts
4/5 in the cycloadditions of benzo and mesito nitrile
oxides were determined by gas chromatography and
are high and similar, 99.4:0.6 and 99.5:0.5 re-
spectively.

Cycloadditions to 2,3-dihydrothiophen similarly
afford cycloadducts 4c,d as the predominant cy-
cloaddition products as well as regioisomers Sc, d,
which are present in sizeable amounts in the reaction
mixtures. The ratios of the adducts 4/5 in the cy-
cloadditions of benzo and mesito nitrile oxides are
88:12 and 89:11, respectively, as determined by the
integration of their NMR signals in the cycloaddition
mixtures. The structures of adducts 4c,d and 5S¢, d
have been confirmed by oxidation with m-
chloroperbenzoic acid to the know sulfones 6e, f and
7e,f. Adducts Sc,d have been also obtained by
catalytic hydrogenation of the thiophen adducts
le,d.*

The structures of the adducts 4 and § are consistent
with their NMR spectra (Table 1). As already ob-
served,’* the signals of the isoxazolinic protons are
rather close in the spectra of adducts 5 because of
some compensation of the deshielding effect of the O
and X heteroatoms.

The cycloadditions to the related propenyl methyl
and phenyl sulfides similarly occur with reduced
regiochemistry. The dipolarophiles were obtained as

1:1 mixtures of the (E)- and (Z)-stereoisomers from
the isomenzation of allyl methyl and phenyl sulfides
and cycloadditions were run with excess di-
polarophile (3 equivalents). Column chromatography
afforded fair yields of the predominant trans-adducts
8a-d along with the regioisomers 9a~d as well as the
stereoisomeric cis- adducts 108—d (Scheme 2). The
regioisomers 9a—d were isolated in small amounts. In
the cycloadditions to propenyl methyl sulfide the
ratios 8/9 are the same for both nitrile oxides, 96:4,
while lower ratios 8/9 were determined in the cy-
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Table 1. Chemical shifts® and coupling constants® of cycloadducts

<

Compound H‘ Hs %,S Others

da ‘.1 . 6.32d 6.7 (CH,), 2.2m. 3.3-¢.2m
@ 3.6-4.4° 6.31d 6.7 (CH,l, 3.6-4.4m

ac €.57m 6.45d 8.2 (cH,), 2.4-3 =

ad IR 6.44d 8.4 few,), 2.1-3.1m

Sa s.784 s.18dd 6.3 (CHy), 2.2m, 3.4-4m

sb 5.53d 5.20dd 6.0 (CH,), 2.4m, 3. 4-4.4m
sc s.old S.49m 8.2 (CH,), 2.6-).1im

sd €.91d S.45m 8.) (CH,), 2.1-3.3m

8a ).59a 5.51d 3.2 4-cH, 1.33d scH, 2.51s
ab 3.35m $.524 ' 4-cH, 1.12d scH 2.n*
ac 3.67m s.75d 3.3 a-cHy 1.274

8d 3.31e 5.67d s.3 4-cH, 1.12d

9a 4.164 €.93m 3.3 S-CH, 1.42d scH, 2.03s
9> 3.974 €.69m 5.9 S-CH, 1.49d SCH, 1.93s
9c ¢.45d €.95m 3.3 s-cH, 1.274

94 4.39d 75w 6.6 s-CH, 1.45d
10a 1.89m 5.824 9.2 4-cH, 1.26d SCH,  2.31s
10b 3.952 6.024 8.7 ¢-cH, 1.04d scH 2.32°
10c 3.91m 6.04d 9.2 4-cH, 1.35d

lod 3.92a 6.164 9.2 4-cH, 1.09d

‘Chonlcll shifts 1n part per million (8) from internal Me S:.

Nultiplicity d, doudblet; dd,
myltiplet. Solvent: CDCIJ
bln Ne

doudlet of doudlet; s,

4
singlet;

cNu-borjnq refers to the i1soxatoline ring

dfoqether with methylenic protons of the ring

'thh mesityl CH’

cloadditions of henzo and mesito nitrile oxide to
propenyl phenyl sulfides, 84:16 and 83:17, re-
spectively., The cis adducts 10a—4 were isolated in
rather consistent amount, and correspond to ca 1/3
of the amounts of the predominant trans adducts 8.
Because of the lower reactivity of the
(Z)-dipolarophiles, as usual in 13-dipolar cy-
cloadditions,” no attempt was made to isolate the
cis-regioisomers 11 from the cycloaddition mixtures.

The structures of the adducts 8, 9 and 10 rely upon
their NMR spectra (Table 1) as well as on the
behaviour under hydrolitic conditions. Adducts 8 and
10 undergo ready elimination to isoxazoles 12e,f
upon boiling with acids, because of the presence of a
S, O acetalic carbon. Under the same conditions
adducts 9 were recovered unchanged.

DISCUSSION

General aspects

The cycloaddiion of  nitrile oxides to
2,3-dihydrofuran fuily conforms to the expectations.
The resonance interaction between the double bond
and the oxygen lone pair places a negative charge at
the f-carbon of the enol-ether, thereby increasing the
nucleophilic potential of the double bond and

differentiating the vinylic carbons. The moderately
electrophilic benzonitrile oxide does indeed react 1.8
times faster with 2,3-dihydrofuran than with the
isocyclic reference cyclopentene and a highly regio-
selective cycloaddition takes place. The regioisomers
are formed in a 99.4:0.6 ratio, which corresponds to
the quite high value of 2.8 Kcal mol ' for the AAG*
between the paths leading to regioisomers I and Il
(Table 2).

On going to 2,3-dihydrothiophen the reactivity and
the regioselectivity of the cycloaddition drop. Dihy-
drothiophen is less reactive than cyclopentene (K.,
0.6) and both the regioisomers could be readily
isolated in a 9:1 ratio. The AAG” between the
regioisomeric paths falls to 1.1 Kcalmol~'. Similar
attenuated regioselectivities are observed in the cy-
cloadditions to the acyclic analogs, (E)-propenyl
methyl and phenyl sulfides. The acyclic (E) propenyl
methyl sulfide undergoes more regioselective cy-
cloadditions than dihydrothiophen, while the regio-
selectivity is lesser with (E) propenyl phenyl sulfide,
because of the lesser donating ability of the SC,H;,
substituent caused by the inductive and competing
conjugative effects of Ph.

The partial rates of formation of the regioisomers
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Table 2. Regioisomer distribution in the cycloadditions of nitrilke oxides to 2,3-dihydrofuran,
2.3-dihydrothiophen and propenyl methyl and pheny! sulfides

ArCNO , RCH=CHXR'

.
Ar R Ar. XR
N ' N
~ XR o) R
1 1]
¢

1/1r 446" /112
Dipolarophile Ph Nes Phb Nesc
2,3-Dihydrofuran 99 .4 0.6 99.5:0.5 2.8 3.1
2,3-Dihydrothiophene 8812 89:11 1.1 1.2
(E) Propenyl methyl sulfide 96 .4 96:4¢ 1.7 1.9
(E) Propenyl phenyl sulfide 84:16 83:17 0.9 0.9

‘Kcal/nolo
[
0°, ether

c
25°, dbenzene

which can be obtained from the relative rates of
cycloadditions to dihydrofuran, dihydrothiophen
and cyclopentenc and from the regioisomer ratios,
allow for a more detailed analysis of the effect of the
heteroatoms upon the reactivity and regiochemistry.
The partial rate factors are given in Fig. 1, which
displays the changes of the reaction barriers leading
to the regioisomers relatively to the two equivalent
directions of addition of cyclopentene.

oot}

(Kcal/mole)

0.0 (0.5

cyclopentene

2.,)-d1hydrothiophene

As shown in Fig. 1, the rate of formation of
regioisomer I is moderately increased by substitution
of CH, with oxygen (the barrier lowers) while S
substitution has an almost negligeable effect. On the
other hand the heteroatoms strongly affect the rate of
formation of regioisomers I, which decreases sharply
in the order CH, > S > O (the barrier rises). Since
regioselectivity is the difference between the rates of
formation of the regioisomers, the large effect of the

Sa
1.7 (0.01)
sc
0.8 (0.07)
ac
-0.02 (0.513)
de
-0.6 1.79)

2,3-di1hydrofuran

Fig. 1. The barriers of the predominant regioisomers 4a, ¢ are lowered while those leading to the minor

regioisomers Sa, ¢ are sharply raised, relatively to the two equivalent directions of addition of cy-

clopentene. Numbers above levels are the changes in activation energics, as obtained from the relative
rates of formation of regioisomer given in parentheses
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heteroatoms on the regioselectivity depends only
marginally upon the increase of the rate of formation
of regioisomers I and is mainly determined by the
sharp decrease of the rate of formation of regioisomer
1L

The only moderate changes in the reactivity of the
dipolarophiles follow simply because the total reac-
tivity refers to the sum of the rates of formation of
both regioisomers. In the case of dihydrothiophen the
increase of the rate of formation of regioisomer [ is
almost negligeable and the sharp decrease of 11
determines its lower dipolarophilic activity relative to
cyclopentene. In the case of dihydrofuran the rate of
formation of regioisomer I more than doubles and a
dipolarophilic activity higher than cyclopentene
results.

The trends shown by the partial rate factors and by
the regioselectivities point out that the mechanism of
action of the two heteroatoms is at least qualitatively
similar as far as the assistance to regioisomer 1 and
opposition to regioisomer Il are concerned, and that
an alkoxy substituent is much more effective than a
thioalkoxy substituent in affecting the dipolarophilic
activity of a double bond. In VB terms, this behav-
iour corresponds to a less effective resonance of sulfur
with the double bond. This view agrees indeed with
the pi delocalization parameters derived from the
Hammett cquation. These indicators of conjugation
ability, i.e. a,.'* places a thiomethoxy substituent
(0g = — 0.20) between methyl (— 0.11) and methoxy
(— 0.45). Thus, the different behaviour of enol and
thioenol cthers can be ascribed to a reduced im-
portance of the resonance formula 13 when X =S, or
it may be the consequence of second pi interaction
mechanism indicated in 14, where the pseudo un-
saturated SCH, substituent accepts charge by using
its d orbitals.

—=C—XReo— & =R — B =R
= xR B

The latter mechanism is invoked to account for the
wild changes of o,. observed for alkyl thio
substituents' and could account also for the addition
of nucleophiles to thioenol ethers.®

The effect of the heteroatoms in the cycloadditions
appears therefore small and well behaved and prece-
dented: In reactions where charged intermediates are
formed the influence of the heteroatom increases
enormously, since the charge stabilization potential
of the heteroatom is fully exploited. The replacement
of an alkyl with alkoxy or thioalkoxy substituent
causes enormous rate enhancement in electrophilic
additions to olefins as well as the exclusive attack of
the electrophile at the § position. In hydrations, for
instance, the rate of enol ethers and thioenol ethers
are enhanced by 10 to 8 powers of ten, respectively,
relative to the corresponding alkyl substituted al-
kenes.'*'®. Alkoxy and thioalkoxy substituents simi-
larly activate olefins toward 2 + 2 cycloadditions with
TCNE. At vanance with hydrations, however, thio-
alkoxy substituents are more effective than alkoxy in
promoting the 2 + 2 cycloadditions of TCNE.'"'* The
ongin of this different behaviour has hitherto re-
mained unexplained, in spite of the importance of
these reactions as models for late transition state
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reactions.”® In principle differences in solvations of
the intermediates or in their transition structures
could be devised to account for the diverging behav-
iours.

A crude understanding of the main features in-
volved in selectivity and reactivity of enol ethers and
thioenol ethers can then be based on the lower
resonance of thioenol ethers according the VB for-
malism. An alternate description of the chemistry of
these compounds can be provided in the framework
of the frontier orbitals (FO) theory. ™2 The FO
descniption 1s much more rich in details and affords
a more flexible model to account for the subtleties in
their chemistry.

The orbitals

The ab initio STO-3G* eigenvectors and eigen-
values of the two highest occupied and the lowest
unoccupied orbitals of the cyclic dipolarophiles and
those of the propenyl and vinyl methy! ethers and
sulfides are given in Table 3 along with the polar-
ization of the orbitals defined as the difference be-
tween the squares of the coefficients at the § and «
carbons of the double bonds. Also given in Table 3
are the corresponding MINDOQ/3% cigenvalues. The
two methods of calculations give similar trends as far
as the shapes of the orbitals and the changes in the
orbital cnergies along the series are concerned. The
MINDO/3 energies compare however more favour-
ably with available PES data. Thus, the two lowest
vertical IPs of vinyl methyl ether (9.05, 12.0eV)* and
vinyl methyl sulfide (8.45, 11eV)® are fairly well
reproduced by MINDO/3. Similarly the IPs of
3,4-dihydro-2H-pyran (8.56, 12.06¢V)*® and 4.4 -
dimethyl- 3,4 - dihydro - 2H - thiopyran (8.06,
10.85 eV)?’ compare favourably with the orbital ener-
gies of dihydrofuran and dihydrothiophene. Esti-
mates of the LUMO energies of vinyl methyl ether
and sulfide, based upon the empirical relation® (1)

E(LUMO) = E(HOMO) + AE(n »n*) + (J, — 2K )
4y

and using the transition energies of the unsatured
cther (6.60 ¢V)?’ and sulfide (5.50 V)" and a J, — 2K,
values of 5eV®, also compare favourably with their
MINDO/3 LUMO cnergies.

The shapes of the FMOs of the cyclic di-
polarophiles are displayed in Fig. 2. Also given in
Fig. 2, near the drawings of the orbitals, are the
polarization as well as, in parentheses, the difference
and the sum of the absolute value of the coefficients
on the 8 and a carbons of the double bonds. These
latter indexes will be referred to hereafter as asym-
metry (difference) and = -density (sum) of an orbital.

The general changes of the cyclopentene MOs
upon substitution with the heteroatoms are as pre-
dicted for the formation of an heteroallyl anion.
Thus, the HOMO becomes somewhat non bonding
and raises in energy, being polarized toward the §
carbon. The LUMOs and SHOMOs become more
antibonding and bonding, respectively and polanze
toward the x carbon. Aside from these general char-
actenistics, however, the HOMOs of the two hetero-
dipolarophiles are significantly different in energies,
polarizations and compositions. When compared to
dihydrofuran HOMO, the HOMO of dihydrothiophen
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Fig. 2. STO-3G frontier molecular orbitals of cyclopentene, dihydrofuran and dihydrothiophen. Numbers
above the levels and near the lobes represent STO-3G energies and coefficients. The polanzation and, in
parentheses, asymmetry and x-density of the orbitals are given below the drawings

clearly shows up higher in energy, heavily localized at
the heteroatom and less polarized. Only the asym-
metry, as defined above, is similar in the two di-
polarophiles. The difference arises because of the
different sets of component orbitals as summarized in
the interaction diagrams of Fig. 3.

As shown in Fig. 3(a) the enol ether system of
dihydrofuran derives by interaction of the n and
1 *MOs of cyclopentene with a lower lying lone pair
orbital. According to the mixing rules, orbitals split
apart. The = MO mixes in the lone pair in an
antibonding fashion, raises in energy, polarizes in
second order and becomes the HOMO of the enol
cther. The thiocnol cther system of dihydrothiophen
denives instead by interaction of the z and x*MOs of
cyclopentene with a sulfur lone pair, which is higher
in energy than the n orbital (Fig. 3b). The sulfur lone
pair mixes in the n® and = orbitals in a bonding and
antibonding fashion, respectively, raises in energy
and becomes the HOMO of dihydrothiophen. Since
the HOMO retains a more strict parentage with the
highest of the occupied orbitals.of the fragments, as
shown in Fig. 3, the HOMOs of dihydrofuran and

dihydrothiophen result mainly localized on the C=C
and X portions of the heteroallylic system, re-
spectively, as displayed in drawings of Fig. 2. As a
consequence the sum of the absolute values of the
coefficients of the HOMO, i.c. the HOMO = density,
is lower in dihydrothiophen than in dihydrofuran,
whereas the reverse is true for the SHOMO = density
(Fig. 2, second number in parentheses).

The asymmetry of the orbitals on the C=C portion
of the system arises as a second order correction to the
alkene orbitals, as described for n in Fig. 3(a), or as
a first order correction to the heteroatom lone pair
orbital, as described for X in Fig. 3(b), and could be
evaluated with the aid of the appropriate formulas.®
In general, asymmetry increases in both cases, albeit
differently, with the increase of some intrinsic conju-
gating ability of the fragments, namely the resonance
integral H,, and with the decrease of the energy gaps
between the fragments. The resonance integrals de-
pend upon the type of the atoms connected and on
their overlap.” Since the overlaps of the pi orbitals of
carbon with those of oxygen and sulfur are similar at
the C-O and C S bond lengths, the resonance inte-
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Fig. 3. Derivation of enol ether and thioenol ether orbitals by interactions of oxygen and sulfur lone pairs
with alkenc x and x*® orbitals. First and second order mixing coefficients are represented by ¢ and 4,
respectively.

gral is mainly determined from the type of the atoms.
Thus, resonance integrals are larger for C-O con-
nections that for C-S connections,” in keeping with
the strong and weak character of the C-O and C-S
bonds, respectively. The asymmetries of the C-C
portion of the dihydrothiophene MOs are therefore
usually smaller than the corresponding ones of dihy-
drofuran. Only in the case of the HOMOs the more
favourable energy gaps of sulfur almost compensate
for its smaller resonance integral and a similar asym-
metry results in dihydrofuran and dihydrothiophen
HOMOs (Fig. 2, first number in parentheses).

The reasons of the reduced polarization in dihy-
drothiophen HOMO can then be grasped. Polar-
ization is the difference of the squares of the
coeflicients and can be expressed as a product of the
= density and the asymmetry of the orbitals. Since the

HOMO asvmmetries are similar. reduced nolar-
HOMO asymmetr simuar, r 1ar

S &iS VeRAe PO

ization follows from the reduced n density

Reactivity and regioselectivity

The shapes and the energies of the orbitals we have
described above are the basis for the understanding
of the reactivity and regioselectivity in the framework
of the FO theory. In the cycloadditions of the mod-
crately electrophilic nitrile oxides’ with the electron
rich enol cthers and thioenol ethers the predominant
interaction is that between the LUMO of the dipole
and the HOMO of the dipolarophile. The remaining
FO and the other occupied vacant MO interactions

do not chaneoe the averall concenuence. of the domi-
GO not Cnange (n¢ overai consequence- of in¢ gomi

nating one and will be considered only when
specifically required.

The energy gain of an interaction (AE) is given by
expression™ #
M e S
Ewo - E{T* - Q Ewo—Eic—-Q
where the initial energy gap between the FO orbitals
has been reduced by factor Q to account for the

AE=2 2K (2)

narrowing of the gap during the reaction. Within the
Mulliken approximation (H, = KS,), reactivity
(log K) is then proportional to the square of the
overlap between the interacting orbitals and inversely
proportional to their energy gap.

As far as the formation of the regioisomer I is
concerned, on going from cyclopentene to dihydro-
furan an increase of reactivity is observed, since the
dihydrofuran HOMO increases in energy (lower gap)
while overlap decreases only slightly. This follows
because of the negligible change of the 8 coefficient,
which leaves the large C. .. C bond formaton almost
unaffected, while the sharp decrease of the x
cocflicient affects the smaller C . .. O bond formation
of the concerted and slightly asynchronous transition
state of nitrile oxide cycloadditions,”’" sketched in
15.

R\C'(‘N\Q
_7;..| N

15

In the case of dihydrothiophen, however, the
definite drop of the HOMO 8 and x coefficients—-due
to the composition of this orbital —completely offsets
the benefits of its higher energy and some inter-
vention of SHOMO, which is highly n populated,
could be necessary to account for the almost un-
changed rate of formation of |

The faster drop in reactivity for the onentation
leading to regioisomers Il can be similarly accounted
for, since the larger drops of the HOMO x coefficients
significantly reduce the C . . . C bond formation in TS
15. In the case of dihydrofuran the large decrease of
the HOMO 2 coefficient (0.43) and the negligeable
change of the HOMO £ coefficient (0.59) with respect
to cyclopentene HOMO coefficients (0.60) follow
from the renormalization of the orbitals.?®

The comparison of the regioselectivities can be
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made more thoroughly with the aid of the analytical
expression of the regioselectivity effect (AAE) of the
orbital interaction shown in eqn. (3)%

AAE Puo 3)

=A_—— "
Ewo - ET*-Q

The regioselectivity effect is proportional to the
polarization of the orbital of the dipolarophile (Pyo)
and inversely proportional to the energy gap between
the interacting orbitals after correction with Q. The
quantity A, E, (dipole) and Q, which depends upon
the dipole and the transition state structure, can be
taken as constant when comparing the selectivities of
the same dipole

Thus, the lower regioselectivity observed with dihy-
drothiophen follows immediately from the low polar-
1zation of its HOMO, which more than compensates
the opposing effect of its higher energy. Numerical
proof can be obtained from eqn (3) usin§ the esti-
mated EA of benzonitrile oxide (0.5¢V)’ and the
MINDO/3 HOMO energies of the dipolarophiles.
Even using the largest recommended values of Q
(3-5eV),2 the decrease of Py, remains by far ahead
the increase caused by the gap factor.

The regioselectivity effect of the HOMO
(dipolarophile)- LUMO(dipole) interaction is some-
what  decreased by the SHOMO(dipolaro-
phile} LUMO(dipole). The influence of the latter
interaction upon the regioselectivity is however small
because of the smaller SHOMO polanization and its
lower energy. On the other hand the other FO
interaction, ic. HOMO{(dipole)}-LUMO(dipolaro-
phile), still favours slightly regioisomer I, as a result
of the union of the nucleophilic nitrile oxide oxygen
to the x carbon, which is the site of the highest
LUMO coefficient.

On going from benzonitrile oxide to the more
nuclcophilic mesitonitrile oxide no changes in regio-
selectivity are observed (Table 2). This follows
because the FO interactions favour the same regio-
isomer. Sizeable changes in regioselectivity show up
instead in those cycloadditions where FO interactions
privilegiate different regioisomers.'*

In summary the cycloadditions of enol ethers and
thioenol ethers with nitrile oxides nicely obey to FO
prescriptions. The regioselectivity parallels the polar-
izations of the dipolarophile HOMO:s, while the rates
of formation of the regioisomers depend more subtly
upon the magnitude of the HOMO coefficients as well
as on the HOMO energies.

Further subtleties clarified

The simple picture of the opposing influence of
HOMO coefficients and energy in determining the
reactivity of dihydrothiophen lends itself to further
applications to the chemistry of enol and thioenol
cthers. The two classes of compounds offer different
opportunities to attacking species. Enol ethers pos-
sess a high negative charge at the § carbon (¢f '’C
spectra)”’* and their HOMOs have the highest lobe
at the f carbon. These compounds are therefore
biased toward electrostatic as well as orbital mixing
interactions. Thioenol ethers possess a less charge-
polarized C. C double bond (cf '’C spectra),'™ and
their HOMO:s are higher but less n-populated. These

compounds are therefore inclined to offer mainly
cnergy gap advantage to attacking species.

Thus, charged and relatively high lying LUMO
reactants, like proton or nitrile oxides, prefer attack
at the B carbon of enol ethers, while uncharged and
low lying LUMO reactants, like TCNE, attack faster
the thioenol ether double bond. TCNE seems indeed
ideally suited as a partner of a thioenol ether. The
TCNE LUMO has a very low ecnergy
(EA = 2.88 eV)* and relatively low coefficients on the
double bond,* a fact which further disadvantages its
union with enol ethers. The low separation of the FOs
of TCNE and thioenol ethers and their low overlap,
because of the low coefficients on their double bonds,
could even induce a change in the mechanism. The
reaction could take place through radical ion pairs
intermediates, formed by single electron transfer
(SET) between the reactants. A change of mechanism
in 2+ 2 reactions has been envisaged for reactants
with small FO gaps™ and some evidence has been
gained from seclectivity studies of TCNE cy-
cloadditions to complex trienes.”

Aside from the question of mechanism, the
different opportunities model correctly accomodates
the higher reactivity of enol ethers in hydration and
the higher reactivity of thioenol ethersin TCNE 2 + 2
cycloadditions. Both of these reactions are believed to
involve the rate determining formation of the charged
intermediates depicted in 16° and 17."

©
@/ lNClp\/C(gNl?
“XR —C—c”
! /7 C\XR
16 7

The donor ability of the heteroatoms accounts for
the exclusive § attack observed. The stability of the
intermediates alone cannot however accounts for the
diverging reactivities, since hydration requires oxygen
as a better donor than sulfur, whereas the reverse, i.c.
sulfur better than oxygen, is implied in TCNE cy-
cloadditions. In spite of wide discussion and contro-
versy, consensus has been reached that oxygen is, in
solution, a better donor than sulfur in stabilizing an
adjacent carbenium ion.* Thus the reactivity trend
observed in hydration can be ascribed either to the
stability of the charged intermediates or to charge
and FO interactions, which also favour oxygen over
sulfur. Factors other than the stability of the intes-
mediates must be involved in the enhanced reactivity
of thioenol ether toward TCNE! In FO terms these
enhancing factors can be easily identified as a very
favourable energy gap. Higher lying LUMO n? com-
ponents, such as diethyl acetylenedicarboxylate, do
indeed enter 2 + 2 cycloadditions with enol ethers
preferentially.”

The recognition of the involvement and im-
portance of FO interactions in accounting for the
reactivity trends of enol and thioenol ethers suggests
some limitations in the use of late transition state
models for hydrations and TCNE cycloadditions.
Late TS models appear suitable as long as no
significant changes in the FO interactions occur. The
apparent success' of the late TS model in relying the
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reactivity of cyano alkenes toward enol ethers to the
stability of the intermediates may derive in part from
a parallelism between FO density effects and the
stability of the intermediates.

The differcnt types of interactions involved in
TCNE and hydration reactions show up again quite
clearly in the puzzling response of thioenol cthers to
substituent effect. Thus, upon increasing the donor
ability of the alkyl substituents at sulfur (inductive
order: Mc¢ < Et < iPr < tBu), the reactivity of thio-
enol cthers increases in TCNE cycloadditions'™ and
decreases in hydrations.' This perplexing behaviour
follows quite naturally from Fig. 3(b). Donor substit-
uents raise the sulfur lone pair.® This causes the
HOMOs of thioenol ethers to raise and to lose n
density because of the increased n /SR separation. As
a conscquence higher reactivity toward TCNE and
retardation in hydration are observed, since diverging
energy and density effects are reflected. The same set
of alky! substitucnts promotes in the inductive order
the rcactivity of enol ethers in hydrations* and
TCNE cycloadditions,? since the HOMO energies
increcase in that order (Fig. 3a), while the g
coefficients are only slightly affected.

Substitution on the double bond causes again
distressingly dissimilar results.'"® The higher sensi-
tivity of thioenol ethers to steric effects in TCNE
cycloadditions' is probably related to their low
HOMO = density, which restrict somewhat the tran-
sition state flexibility because of the poorer overlap.

The FOs clanfy other aspects of the reactivity of
these interesting classes of compounds. Thus, the FOs
of thioenol ethers nicely account for the site select-
ivity observed in reactions with carbenes. These
species  undergo  with  similar ease 2+ 1 cy-
cloadditions to the double bond as well as
l.1<ycloadditions at sulfur, yiclding ylides and in-
sertion products.*™* High lying LUMO carbenes
(CCl,) attack preferentially the thioenol double
bond,” whereas low lying LUMO carbenes (di-
carbalkoxy carbencs) attack at suifur.* where the
highest coefficient of the thiocnol ether HOMO s
located.

Finally, the striking different orientations® of nu-
cleophilic additions to enol and thioenol ethers can be
understood. Nucleophiles add to the x carbon of enol
cthers, which is the site of highest LUMO coefficient,
yielding adducts 18, in spite of the larger thermo-
dynamic stability** of the regioisomeric anions 19. On
the other hand-thioenol ethers yield the § addition
antons 19.

‘?j"“‘ “?;‘?"‘"

The large and weli-known ability of sulfur in sta-
bilizing adjacent anionic centres® causes probably a
predominance of late transition state effects over the
opposing and feeble FO effects, as a consequence of
the low LLUMO polarization of thioenol ethers. Pre-
dominance of late transition state effects may be not
required even in this case. Our STO 3G LUMOs of
thioenol ethers are not above any suspicion, since
inclusion of d orbitals in the basis set has been shown
to stabilize significantly sulforium ylides’ and is
expected to reduce or even to reverse the LUMO

polanzations of thioenol ethers, as discussed at length
carlier.' In VB terms a negligeable or reversed LUMO
polarnization would correspond to some weight of the
otherwise unnecessary formula 14.

CONCLUSIONS

With respect to the isocyclic cyclopentene, dihy-
drofuran shows a slightly increased reactivity in the
cycloaddition with nitrile oxides whereas in the case
of dihydrothiophen a slight retardation is observed.
This mild effect of the heteroatoms upon the reac-
tivity stands in marked contrast with the enormous
rate enhancement observed in reaction where ionic
intermediates arc formed and are consistent with the
concerted nature of cycloaddition reactions.® The
regioselectivity of the cycloadditions are more heavily
affected by the heteroatoms and could be evaluated
at 2.8 and 1.1 Kcal/mol for cycloadditions of benzo-
nitnle oxide to dihydrofuran and dihydrothiophen,
respectively.

The reactivity and regioselectivity trends observed
in the cycloadditions can be accounted for in terms
of FO interactions, taking into account both orbital
energy and coefficient changes. Because of the heavy
localization at sulfur of the HOMO:s, the low IPs of
thioenol ethers are not reliable indexes of reactivity
since the low = density of the HOMOs offsets the
benefits of their higher energies. A further con-
sequence of the low n density of the HOMOs is a
reduced polanzation, which shows up in a reduced
regioselectivity.

The FO description of the dipolarophiles encom-
passes their VB formulation and allows for a more
flexible model in accounting for the chemistry of
these important classes of electron nrich di-
polarophiles. The varying reactivity of thioenol
cthers, with respect to enol ethers, can be related to
the composite nature of their high energy HOMO:s.
High lying LUMO or charged ractants attack thio-
enol ethers slower than ethers because of their lower
HOMO 1 density and lower charge polarization.
Rate enhancement are however observed in reaction
with low LUMO reactants, which take advantage of
the higher HOMO energies of thioenol ethers.

Aside from accounting for the main differences of
the chemistry of enol and thioenol ethers, the scheme
developed above is amenable to experimental
verification and should promote more detailed ex-
perimental work and refined theoretical analyses of
these important representatives of electron rich reac-
tants.

EXPERIMENTAL
All m.ps arc uncorrected. IR spectra: Perkin-Elmer mod.
197 spectrophotometer, Nujol mulls. NMR  spectra:

Perkin-Elmer R12 spectrometer. Microanalyses were per-
formed by Dr. L. Maggi Dacrema on a Elemental Analyzer
1106, Carlo Erba. Satisfactory analytical data ( t 0.4%; for
C. H. N) were obtained for all new compounds (Table 4).
Gas chromatographic analyses werc performed on a
Hewlett Packard instrument, with a glass column packed
with a 2.5% OV 17 and 3%, Carbowax 20 M. Column
chromatography and qualitative TLC: silica gel H and
GF,,, (Merck) respectively, eluent cyclohexane: AcOEt 9:1
to 7:3, unless otherwise specified. Samples from different
experiments were identified by mixed m.ps and super-
imposable IR spectra.

Starting materials. 2,3-Dihydrofuran was obtained by
alkaline isomerization of 2,5-dihydrofuran.®
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Table 4. Analytical data for all new compounds
Comgound Formula ¢ Pou:d N N c Roqu:r.d N ~
4o CreM 9%, 72.48 7.42 6.27 72.70 7.41 6.06
dc C M, NOS 6e.55 $.60 6.76 6¢€.35 5.40 6.82
4 Cre¥,N0S 68.30 7.08 5.71 67.97 6.92 $5.66
Sa €y %N, 69.95 5.93 7.3 69.82 5.86 7.40
5> LI 1N 72.73 7.42  6.0% 72.70 7.41 6.06
s¢ C, 4, ¥0s 64.55 5.71 6.6¢ 64.35 5.40 6.82
54 C) (8, ,¥0s 67.85 6.87 5.71 67.97 6.92 5.66
8a €y H g Nos 63.50 6.26 6.7 63.75 6.32 6.76
8d CreM gMos 67.77 7.75 5.67 67.44 7.68 5.62
8c c, M, NS 71.28 5.57 $.18 71.36 5.61 $.20
8d c;;n;;ws 72.91 6.76  4.5%6 73.29 6.80 4.50
9a ) H,,Nos 63.61 6.37 6.71 63,75 6.32 6.76
9> UL LX) 67.66 7.62 $.71 67.44 7.68 $.62
9¢c C et sNOS 71.24 5.73 5.1 71.36 5.6l 5.20
9d C oy, N0S 73.18 6.71 4.55 73.29 6.80 ¢.50
10a €, M, y¥0s 63.50 6,33 6.7) 63.75 6.32 6.76
10d SPLINLLE 67,39 7.67 5.74 67 .44 7.68 $.62
10¢ C e M08 71.56 5.62 $.23 71.36 5.61 5.20
lod C 9%, N0S 73.03 6.78  4.52 73).29 6.80 4,50
12¢ FTLIPLL 77.62) 7.72  6.85 77.58 7.51 6.96
2.3-Dihydrothiophen was prepared by treatment of Mesitonitrile oxide (1.6lg. 10 mmole) and

tetrahydrothiophen-oxide with benzoic anhydride.® Pro-
peny! methyl sulfide’ and propeny! phenyl sulfide* were
obtained by alkaline isomerization of allyl methyl and
phenyl sulfides, respectively, as 1:1 mixtures of (E) and (Z)
stereoisomers (NMR).

General cycloaddition procedures. To a stirred, ice cooled
soln of benzhydroximic acid chloride and of dipolarophile
in anhyd cther, Et,N (1.1 eq) was added dropwise. After
keeping 2 days at rt, the triethylammonium salt was filtered
off and the filtratc was evaporated at reduced pressure.

In cycloadditions with mesitonitnle oxide, a soln of the
dipole and the dipolarophile was stored at room temp for
1 month. Evaporation of the solvent left a residue.

Catalytic hydrogenation of adducts 194

A soln of 187 mg (1 mmole) 1a’ in 10 m! HOAc¢ and 40 ml
AcOEt -adsorbed in the presence of S0mg Pd/C 10%
I mmole of H, in. 10 min. The catalyst was filtered off and
the soln was evaporated. Crystallization from petroleum
cther afforded 150 mg (79°,) of Sa, colorless crystals, m.p.
45-46° .

Catalytic hydrogenation of adducts 1b* and 1c, d* simi-
larly yielded $b, colorless crystals from hexane, m.p. 65-66°,
Sc, colorless crystals from isopropyl ether, m.p. 92-93° and
8d. colorless crystals from ethanol, m.p. 100-101", re-

spectively.

Cycloadditions to 2,3-dihydrofuran

5 g (32 mmole) benzhydroximic acid chlonide were reacted
with 7g (100 mmole) 2,3-dihydrofuran in 100 ml anhyd
cther. Crystallization of the residue from diisopropyl ether
afforded 6.46 g (98%) of adduct 4a, coloriess crystals, m.p.
104-105" (1it* 105-106°). TLC and NMR examination of
the mother liquors show the presence of adducts 4 and Sa
(in a ratio 4a/Sa 9:1). The ratio of the adducts in the
cycloaddition mixture was determined by gas chro-
matography as 99.4:0.6.

2,3-dihydrofuran (2.1 g, 30 mmoies) in benzene (50 ml) for
3 days afforded 4b (2.21 g, 96%,), colorless crystals from
diisopropyl ether, m.p. 117- 118°. The presence of a few
percent of S with 4b in the mother liquors was ascertained
by NMR and TLC. The ratio of the adducts 4b and $ in
the cycloaddition mixture was found 99.5:0.5 by gas chro-
matography.

Cycloadditions to 2,3-dihydrothiophen

15Smg (1 mmole) benzhydroximic acid chlonde and
300 mg (3.5 mmole) 2,3-dihydrothiophen afforded a 88:12
mixture of adducts 4 and S¢. as determined by NMR
integration of the reaction mixture. Crystallization from
ethanol gave 0.13 g (63%) of adduct 4¢, colorless crystals
m.p. 110°.

A solution of 161 mg (1 mmole) mesitonitrile oxide and
300 mg (3.5 mmole) 2,3-dihydrothiophen in benzene (10 ml)
was kept for a week and afforded at 89:11 mixture of
adducts 4d and 54, as determined by NMR. Crystallization
from cthanol gave 0.15g (61%,) of adduct 4d, coloriess
crystals, m.p. 75-76".

Oxidation of the adducis 4¢, d and 5S¢, 4

A soln of cycloadduct 4¢ (0.13g. 0.5 mmole) in 10mi
CH,Cl, was treated with excess m-chloroperbenzoic acid
{2 mmole). After | night at room temp the mixiure was
poured into 10%, of Na,SO, aq. The soln was extracted with
CHCI,, washed with NaHCO, aq. and with water. The
organic layers were dried on Na, SO, Evaporation at re-
duced pressure afforded sulfone 6e, almost quantitatively,
colorless crystals from cthanol, m.p. 175-176°, identical
with an authentic specimen.®

Similarly, oxidation of 4d, Sc and 84 afforded sulfones 6f,
Te and 7, available from a previous study.”

Cycloadditions to propenyl methyl and phenyl sulfides
S g (32 mmole) benzhydroximic acid chlonde were reacted
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with 8.5g (96 mmole) propenyl methyl sulfide. Column
chromatography gave, besides the dimenization products nf
BNO, 75 mg (1.2%,) of 9a, white crystals from EtOH, m.p.
S8 59°, 2.1 (31°,) of 8a, white crystals from diisopropy!
cther, m.p. 55° and 0.75 g (11%) of 108, white crystals m.p.
40-41° from diisopropyl! ether. Cycloadditions to propenyl
phenyl sulfide similarly yiclded 8¢ (25%), colorless oil b.p.
100” (bath);0.1 mm, and a mixture of 9¢ (5%), colorless
crystals from EtOH, m.p. 104-105° and 16¢ (7%,). white
crystals from EtOH, m.p. 83-84°. The mixture of 9¢ and 10¢
was scparated by column chromatography. benzene serving
as eluent. 10c is eluted first.

Mesitonitnle oxide (5g. 31 mmole) and propenyl methyl
sulfidé (8.5g. 96mmole) afforded by column chro-
matography 4.18 g (54°.) of 8b, white crystals from ethanol.
m.p. 64°, and a mixture of 0.16 g (2%) of 9, white crystals
from ethanol, m.p. 79-80° and 1.55g (20°,) of 100, white
crystals from cthanol, m.p. 4748°". Fractional crys-
tallization of the mixtures afforded 10b. Pure 9% was ob-
tained by converting a sample of the mixture into a mixture
of 9 and isoxazole 12f upon boiling with H,SO,

*/HOACc 1:1 for 2 h. Crystallization from EtOH afforded
9. Cycloaddition to propenyl phenyl sulfide similarly
yielded 8d (40%,). white crystals from ethanol, m.p. 49-50°
and a mixture of 9d (8°,), white crystals from ethanol. m.p.
55 and 10d (13°;), white crystals from ethanol, m.p. 96°.
The mixture was scparated by column chromatography,
benzene serving as cluent. 10d is cluted first.

The ratios of the trans-adducts 8 and 9 in the cy-
cloaddition mixtures have been determined by NMR and
are given in Table 2.

Acidic cleavage of adducts 8 and 10

A solution of adduct 8a (100mg) in a 1:1 mixture of
H,SO, 20°, and HOAc (4 m]) was boiled 2 h. After cooling,
dilution with water and extraction with ether, the organ-
i phase was washed with NaHCO,, H,0, dned on
Na,SO, and ecvaporated, laving a residue of
3-phenyl-4-methylisoxazole 12e, pale yellow liquid, b.p.
100" (bath)/0.1 mm (lit.* 100°, 0.6 mm). NMR (CDCl,): §
2,15 (4CH,, d. J 1.2Hz), é 8.27 (5-H, q, J 1.2H2).

Adducts 8¢, 108 and 10¢ similarly afforded isoxazole 12e.

The adducts of mesitonitrile oxide 8b, d and 100, d yielded
the 3 - mesityl - 4 - methylisoxazole 12f colorless oil b.p. 130°
(bath);0.1 mm. NMR (CDCl,): § 1.75 (4-CH,, d. J 1.2 Hz),
4833 (5-H, q.J 1.2H2).

Competition experiments

BNO (0.2 mmole) was generated in dicthyl ether soln
at 0 in the presence of 23-dihydrofuran or
2,3-dihydrothiophen  (10mmole) and cyclopentene
(5 20 mmole). After keeping two days at 0°, the ratio of the
adducts 4 and the cyclopentene adduct®* was determined by
NMR. With respect 1o cyclopentene a relative rate of 1.8
and 0.6 + 0.2 were dctermined for dihydrofuran and dihy-
drothiophen, respectively.

Calculations

The calculations were executed with GAUSSIAN 70%
and MINDO;3™ programs on a CDC 6600 computer
available at the university of Catania.
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