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Abtmct- Cydoadditions of nttrik oxides to 2.3dihydrofuran arc highly rcgiosckct~ve whereas the 
rcgiosckctivity of the cycloadditions to ZJdihydrothiophcn IS only moderate. The dirccttngcfTcct of 
oxygen and sulfur m thcsc q&additions could bc evaluated at 2.8 and I. I Kul mol - ’ respectively. The 
related acyclic sulfur dtpolarophiks. (E)-propenyl methyl and phcnyl sulfida, similarly undergo cy- 
cbadditions wtth moderate qio&cmistry. 

The difTercnt regiosckctivitia and tcactivitia of the dipolarophila can be related to ditkrcncas in 
cnaga and shapes of their highat occupkd orbitals, which arc also responsible for the dtverging 
bchavtour obscrvcd in the ekctrophilk reacttons and 2 + 2 cycloadditions of cnol and thiocnol 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 &cyclic system of cyclopcntadiene, by two and 
three powers of ten, respectively, because of the loss 
of aromaticity in the cycloaddition transition state. 
The rcgiosclcctivity of these cycloadditions remains 
however almost unchanged, since no sizable changes 
in the shapes of the frontier orbitals (FO) occur. The 
z-carbon of the hetcroaromatic compounds, which is 
the site with the highest HOMO co&cicnt, binds to 
the carbon terminus of the moderately ekctrophilic 
nitrilc oxides, which is the site with the highest 
LUMO coctIicicnt and cycloadducts 1 arc formed 
with high ngiosclcctivity. 

Eccausc of the presence of the rather reactive enol 
ether and thiocnol ether moieties in the cycloadducts 
1. further addition occurs readily and the asymmetric 
bisadducts 2 are the predominant products if the 
cycloadditions arc performed with only a moderate 
excess of furan and thiophcne. In the case of the 
furan only bisadducts 2 are formed from mono- 
adducts 1. Somewhat surprisingly, a decrca& rcgio- 
selectivity was observed in cycloadditions to the 
thiophenc monoadducts and minor amounts of the 
symmetrical hisadducts 3 were isolated along with the 
prevailing bisadducts 2. 

The reduced rcgiosckctivity of the thioenol ether 

moiety was unexpected in new of the high directive 
elTcct of S and 0 substitucnts in ckctrophilic rcac- 
tions. Errol ethers and thiocnol ethers undergo 
regiospccitk attack of elcctrophilca at the flcarbon 
and the same /Icarbon undergoes attack of clcctro- 
pbilic olcfins in 2 + 2 cycloadditions also.Jb The 
bchaviour in ckctrophilic reactions is consistent with 
the highly polarized HOMOs of these compounds 
toward the florrbon.’ Why should the cycloadditions 
of the moderately ekctrophilic nitrik oxides to thio- 
en01 ethers be an exception? The bchaviour of the 
thiocnol ether moiety in the cycloadditions could be 
induad by some intrinsic features of the bicyclic 
system of the dipolarophilcs 1. We investigated there- 
fore more simple systems. 

The following is a careful assessment of the regio- 
selectivity of the cycloadditions of benzo- and mcsito- 
nitrilc oxides to the parent 2.3dihydrofuran and 
2.3dihydrothiophcn. A study of the cycloadditions 
of nitrik oxides to the related acyclic (E)-propenyl 
methyl and phcnyl sulfides is also included. 

The high directing efTcct of the enol ether moiety 
in cycloaddition reaction is well documented. Cy- 
cloadditions of enol ethers with moderately dcctro- 
philic I.3dipoks, like nitrik oxides.’ axides,’ nitrilc 
imincs’O and nitroncs” occur with high rcgio- 
selectivity. which can be attributed to the high 
HOMO polarization of the dipolarophiks. Thioenol 
ethers did not arise interest as cycloaddition partners, 
in spite of the synthetic potential of a sulfide stlbstit- 
ucnt.” Only some phenylthioalkencs” and styryl 
methyl sulphidcs’ have been tested for their di- 
polarophilic activity in I ,3dipolar cycloadditions 
with aromatic nitrik oxides. 

The dipolarophilic activity of the unsubstitutcd 
2Jdihydrofuran and 2,3dihydrothiophen in cy- 
cloadditions with bcnzonitrile oxide arc comparable 
to that of the isocyclic cyclopentenc. As shown by 
competition experiments, dihydrofuran is 1.H times 
more reactive than cyclopcntenc. whereas the di- 

Tmvol 40.1” 2-l 



442 P. CAaAMxLtA l l al. 

ArCNO . - x If 

t a OPl! 

b 0 ‘Aa* 

C’S m 

ba-d la-d 

70.f 

Scheme I 

polarophilic activity of dihydrothiophen drops to 0.6. 
relatively to cyclopcntene. 

The etTects of the heteroatoms upon the rcgio- 
selectivity are more striking. Cycloaddition of benzo- 
and meGto-nitrile oxides to excess 2.3dihydrofuran 
takes place with high rcgiosckctivity and the prcdom- 
inant adducts 4a and 4h could be isolated in high 
yields (Scheme I). 

The rcgioisomeric adducts Sa, b have ban syn- 
the&d by catalytic hydrogenation of the furan 
adducts la, b’ and the presence of the regioisomers 5 
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 bcnzo and mesito nitrile 
oxides were determined by gas chromatography and 
are high and similar, 99.4:0.6 and 99.5:O.S re- 
spectively. 

Cycloadditions to 2,3dihydrothiophcn similarly 
afford cycloadducts 4c.d as the predominant cy- 
cloaddition products as weil as rcgioisomers 5c,d. 
which arc present in sizeable amounts in the reaction 
mixtures. Tbc ratios of the adducts 415 in ti cy- 
doadditions of benzo and m&to nitrile oxides arc 
88:12 and 89:1 I. respectively, as determined by the 
integration of their NMR signals in the cycloaddition 
mixtures. The structures of adducts 4c,d and SC,~ 
have been confirmed by oxidation with m- 
chloropcrbcnzoic acid to the know sulfona 6e, f and 
7e,f. Adducts 5c.d have ban also obtained by 
catalytic hydrogenation of the thiophcn adducts 
Ic, 1: 

The structures. of the adducts 4 and 5 are consistent 
with their NMR spectra (Table I). As already ob- 
scrvcd.‘~’ the signals of the isoxazolinic protons are 
rather close in the spectra of adducts 5 because of 
some compensation of the dcshiclding effect of the 0 
and X heteroatoms. 

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

I:1 mixtures of the (E)- and (Z)-stereoisomers from 
the isomctition of ally1 methyl and phenyl sulfides 
and cycloadditions were run with excess di- 
polarophile (3 cquivaknts). Column chromatography 
afforded fair yields of the predominant trans-adducts 
&-d along with the rcgioisomcrs M as well as the 
stereoisomcric cis- adducts lotd (Scheme 2). The 
rcgioisomers W were isolated in small amounts. In 
the cycloadditions to propenyl methyl sulfide the 
ratios S/9 arc the same for both nitrile oxides, %:4. 
while lower ratios 819 were determined in the cy- 
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Tabtc I. chemial shiftfl amt coupling constmt$ of cyclorddtis 

Compound 
R4 

c 

n5 

c 

“4 ,5 octlcrs 

4.1 m 

l.6-6.dd 

4.S7m 

4.47r 

5. ?dd 

5.5ld 

5.Old 

4.9Jd 

I.590 

J.35r 

1.67r 

J.Jlm 

4.16d 

3.9)d 

4.45.d 

4.19d 

1.89r 

J.95r 

J.91r 

1.92r 

6. J2d 6.7 

6.3ld 6.7 

6.454 8.2 

6.44d 8.4 

5.lbdd 6.1 

5.70dd 6.0 

5.49m 8.2 

5.45m 8.1 

5.5ld I.2 

5.53d 4.7 

5.?5d J.1 

5.67d 5.1 

4.9Jm 3.3 

4.69.w 5.9 

4.959 J.1 

4.75r 6.6 

5.83d 9.2 

6.0Zd 8.7 

6.04d 9.2 

6.16d 9.2 

lCH212 2.2m. J.J-4.3m 

ICH212 3.6-4.6s 

fCW212 2.4-J . 

fC!f2J2 2.J-J.Jm 

’ C”2.) 2 
2.2m. 3.4-49 

fCH2J2 2.4r. 3.4-4.4m 

lCH2J2 2.6-J.Jm 

ICH212 2.1-J.Jm 

4-Cll) 1. JJd SCM, 2.51s 

4-w) 1.126 scn, 2.JJ’ 

4-cw) 1 .27d 

c-c/f, 1 .JZd 

5-CW) 1 .42d scn, 2.01s 

5-cs 
3 

I .49d scn, 1.93s 

5-M, 1.27d 

5-CH) 1 .45d 

4-CH 
J 

1.266 SCH, 2. JJr 

d-C11 
J 

1.04d SCllJ 2. II* 

4-cn 
J 

1 .J5d 

4-CH 
J 

I .09d 

l Ch.nlc.l shifts ,n part par rrllron (6) from rnternal Ne,Sl. 

UuJt~pJrcl~y d. doublet, dd. doublet of doublet. S, srnqlet; m, 

mulclplcc. Solvcnc CDCJ, 

b 
In IIL 

=Nurb.rJny refers Co the rsox~rolrne rrn9 

d 
r0cPtner with rathylenrc protons of the rang 

l YiCh mesrcyl CM 
3 

doadditions of bcnzo and m&to nitrile oxide to differentiating the vinylic carbons. The moderately 
propcnyl phcnyl sulfides, 84:16 and 83:17, rc- dcctrophilic bcnzonitrile oxide does indad react I .8 
spcct~vely.. The cis adducts 1M were isolated in times faster with 2,3dihydrofuran than with the 
rather consistent amount, and correspond to co 113 isocyclic rcfercncc cyclopentcne and a highly rcgio- 
of the amounts of the predominant trans adducts 8. sckctive cycloaddidon takes place. The rcgioisomers 
Rccausc of the lower raactivity of the arc formed in a 99.4:0.6 ratio, which corresponds to 
(Z)dipolarophiks, as usual in 1.3dipolar cy- 
&additions.” 

the quite high value of 2.8 Kcal mol _ ’ for the AAG l 
no attempt was made to isolate the bctwccn the paths kading to rcgioisomcrs I and II 

cis-rcgioisomen 11 from the cydoadditioo mixtures. (Table 2). 
The structures of the adducts 8,9 and 10 rely upon 

their NMR spectra (Table I) as well as on the 
bchaviour under hydrolitic conditions. Adducts 8 and 
10 undergo ready elimination to isoxazoks 12c.l 
upon boiling with acids, because of the prcscna of a 
S, 0 acctalic carbon. Under the same conditions 
adducts 9 were rccovercd unchanged. 

General aspects 
DEXU5SION 

The cycloaddition of nitrile oxides to 
2.3dihydrofuran fully conforms to the expectations. 
The rcsonancc interaction bctwcco the double bond 
and the oxygen lone pair piacn a negative charge at 
the J?carbon of the cnd-cthcr. tbcrcby increasing the 
nuckophilic potential of the doubk bond and 

On going to 2,Mihydrothiophcn the reactivity and 
the rcgiosekctivity of the cycloaddition drop. Dihy- 
drothiophen is kss reactive than cyclopentem_ (K, 
0.6) and both the rcgioisomers could bc readily 
isolated in a 9: I ratio. Tbc AAG l bctwccn the 
rcgioisomcric paths falls to I. I Kcal mol- ‘. Similar 
attcnuatcd rcgiosckctivitics arc obscrvai in the cy- 
doadditions to the acyclic anabgs, (E)-propcnyl 
methyl and phcnyl sulfides. The acyclic (E) property1 
methyl sulhdc undergoes more rcgios&.ctive cy- 
cloadditions than dihydrothiophcn, whik the rcgio 
sckctivity is ksscr with (E) propcnyl phcnyl sulfide, 
baausc of the ksscr donatiog ability of the KH, 
subatitucnt causal by the inductive and competing 
conjugative diccts of Ph. 

The partial ratu of formation of the rcgioisomcrs 
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Table 2. Rcgio~somcr distribution in the cycloadditionr of nitrik oxides IO 2.3dihydrofuran. 
2Jdihydro&iophcn and propcnyl methyl and phcnyl suMdcs 

Ar CNO + RCH=CHXR’ 

X/XI AAC’ x11x 

Ph n*s Ph 
b 

nes 
c 

-- 

Z.J-Olhydrofuran 99.4 0.6 99.5.0.5 a.0 J.1 

1.J-Oihydrothiophene d8.13 69,lI !.I 1.3 

(El Propenyl methyl sultrde 96.4 96 4 I 7 1.9 

(El Propcnyl phanyl sulftde 84 16 81 I7 0.9 0.9 

4xcal/aolr 
b 

0.. ether 

=25*. benzene 

which can be obtained from the 
cycloadditions to dihydrofuran, 

relative rates of 
dihydrothiophcn 

and cyclopentcnc and from the rcgiolsomer rahos, 
allow for a more detaikd analysis of the effect of the 
hetcroatoms upon the reactivity and regiochcmistry. 
The partial rate factors arc given in Fig. I, which 
displays the changes of the reaction barriers leading 
to the regioisomers relatively to the two equivalent 
directions of addition of cyclopentcne. 

As shown in Fig. I. the rate of formation of 
regioisomcr I is mderately increased by substitution 
of CH2 with oxygen (the barrier lowers) while S 
substitution has an almost negligcable effect. On the 
other hand the hetcroatoms strongly affect the rate of 
formation of rcgioisomers II, which decreases sharply 
in the order CH, > S > 0 (the barrier rises). Since 
rcgiosclactivity is the difference bctwan the rates of 
formation of the rcgioisomm. the large effect of the 

0.0 10.51 

rc 
0.8 fO.011 
-- 

iz 
-0.02 (0.511 

ra 
1.7 fO.011 

44 
-0.6T1.791 
_- -- 

cyclopent*ne I.)-drhydrothrophene Z.J-drhydr3Curan 

Fig. I. The barrkn of the predominant tqioisomcrs 4a, c arv lowered whik those kading IO the minor 
regioisomcrs kc arc sharply raised, relatively to the two equivaknc directions of addition of cy- 
clopentcne. Numba, above kvch ate tbc chanps in activation encrh as obtined from the relative 

nta of formation of rqioisomer given in parentheses 
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hetcroatoms on the rcgiosclcctivity depends only 
marginally upon the increase of the rate of formation 
of rcgioisomers I and is mainly determined by the 
sharp decrease of the rate of formation of rcgioisomcr 
II. 

The only moderate changes in the reactivity of ti 
dipolarophiks follow simply because the total reac- 
tivity refers to the sum of the rates of formation of 
both rcgioisomcrs. In the case of dihydrothiophen the 
increase of the rate of formation of rcgioisomer I is 
almost negligcablc and the sharp decrease of II 
determines its lower dipolarophilic activity relative to 
cyclobntcne. In the case of dihydrofuran the rate of 
formation of rcgioisomer I more than doubles and a 
dipolarophihc activity higher than cyclopcntene 
results. 

The trends shown by the partial rate factors and by 
the rcgiosclcstivitics point out that the mechanism of 
action of the two heteroatoms is at least qualitatively 
similar as far as the assistance to rcgioisomer 1 and 
opposition to regioisomcr II 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 bchav- 
iour corresponds to a less effective resonance of sulfur 
with the double bond. This view agrees indeed with 
the pi dclocalization parameters derived from the 
Hammctt equation. These indicators of conjugation 
ability, i.e. ul.” places a thiomethoxy substitucnt 
(uR = - 0.20) between methyl (- 0.1 I) and methoxy 
(- 0.45). Thus, the different behaviour of cnol and 
thioenol ethers can bc ascribed to a reduced im- 
portance of the resonance formula 13 when X = S, or 
It may bc the consequence of second pi interaction 
mechanism Indicated in 14, where the pseudo un- 
saturated SCH, substituent accepts charge by using 
its d orbitals. 

The latter mechanism is invoked to account for the 
wild changes of ull. observed for alkyl thio 
substitucnts” and could account also for the addition 
of nucleophilcs to thiocnol ethers.* 

The effect of the hcteroatoms in the cycloadditions 
appears therefore small and well bchaval and prccc- 
dented: In reactions where charged intermediates arc 
formed the influence of the heteroatom increases 
enormously, sina the charge stabilization potential 
of the hcteroatom is fully exploited. The replacement 
of an alkyl with alkoxy or thioalkoxy substituent 
causes enormous rate enhancement in claztrophilic 
additions to olefins as well as the exclusive attack of 
the ekctrophile at the b position. In hydrations, for 
Instance. the rate of enol ethers and thiocnol ethers 
arc enhanced by IO to 8 powers of ten. respectively. 
rclatlve to the corresponding alkyl substituted al- 
kencs.“.‘6. Alkoxy and thioalkoxy substituents simi- 
larly activate olefins toward 2 + 2 cycloadditions with 
TCNE. At variance with hydrations, however, thio- 
alkoxy substituents are more effective than alkoxy in 
promotmg the 2 + 2 cycloadditions of TCNE.“.” The 
ongin of this different bchaviour has hitherto re- 
mained unexplained. in spite of rhc importana of 
these reactions as models for late transition state 

reactions.” In principk difimncrs in salvations of 
the intcrmcdiatcs 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 en01 ethers and 
thiocnol ethers can then be based on the lower 
resonance of thiocnol 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) thcory.*” The FO 
description is much more rich in details and aKords 
a more flexible m&cl to account for the subtleties m 
their chemistry. 

7%e orbitals 
The ab initio STO-3G” eigcnvccton and cigen- 

values of the two highest occupied and the lowest 
unoccupied orbitals of the cyclic dipolarophiks and 
those of the propcnyl and vinyl methyl ethers and 
sulfides arc given in Table 3 along with the polar- 
ization of the orbitals defined as the differcna be- 
tween the squares of the co&cicnts at the /I and z 
carbons of the doubk bonds. Also given in Table 3 
are the corresponding MINDOi3” eigenvalua. The 
two methods of calculations give similar trends as far 
as the shapes of the orbitals and the changes in the 
orbital energies along the series are concerned. The 
MINDO/3 energies compare however more favour- 
ably with availabk PES data. Thus, the two lowest 
vertical IPs of vinyl methyl ether (9.05. 12.0 cV)~’ and 
vinyl methyl sulfide (8.45. I I cV)~’ are fairly well 
rcproduccd by MINDO/3. Similarly the IPs of 
3,4dihydro-2H-pyran (8.56, 12.06eV)% and 4.4 - 
dimcthyl- 3,4 - dihydro - 2H - thiopyran (8.06, 
10.85 cV)” 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” (I) 

E(LUM0) = E(HOM0) + AE(n +n l ) + (J,, - 2K,) 
(I) 

and using the transition energies of the unsaturcd 
ether’(6.60 eV)” and sulfide (5.50 eV)” and a J, - ZK,, 
values of 5 eVz2’, also compare favourably with their 
MINDO/3 LUMO energies. 

The shapes of the FMOs of the cyclic di- 
polarophiks 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 /? and a carbons of the double bonds. These 
latter indexes will be referred to hereafter as asym- 
metry (diflercnce) and R-density (sum) of an orbital. 

The general changes of the cyclopcntcnc MOs 
upon substitution with the hcteroatoms arc as pre- 
dictaI for the formation of an hctcroallyl anion. 
Thus, the HOMO becomes somewhat non bonding 
and raises in energy, being polarized toward the fi 
carbon. The LUMOs and SHOMOs bazomc more 
andbonding and bonding, rcspaztively and polarize 
toward the z carbon. Aside from these general char- 
acteristics. however, the HOMCk of the two hctero- 
dipolarophiles are significantly difTcrent in energies. 
polarizations and compositions. When compared to 
dihydrofuran HOMO, the HOMOofdihydrothiophcn 
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Fig. 2. ST’O-3G frontier mokcular ortntab of cyclqcntcne. dihydrofuran and dihydrothlophen. Numkn 
above Ihe kvcls and near the loba reprwcnt STO-3G energies and co&&mu. The polarization and. in 

parcnthacs, asymmetry and xdcnsity of the orbitab are given Mow the drawings 

clearly shows up higher in energy. heavily localized at 
the heteroatom and kss polar&d. Only the asym- 
metry. as defined above, is similar in the two di- 
polarophiks. The differ- 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 I and 
n*MOs of cyclopentene with a lower lying lone pair 
orbital. According to the mixing rt~les,~ orbitals split 
apart. The n MO mixes in the lone pair in an 
antibonding fashion. raises in energy, polarizes in 
second order and becomes the HOMO of the enol 
ether. The thioenol ether system of dihydrothiophen 
derives instead by interaction of the I and x l MOs of 
cyclopentene with a sulfur lone pair, which is higher 
in energy than the r orbital (Fig. 3b). fi sulfur lone 
pair mixes in the n* and x 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 GC 
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.e. the HOMO II density. 
is lower in dihydrothiophen than in dihydrofuran, 
whereas the reverse is true for the SHOMO n density 
(Fig. 2. second number in parentheses). 

The asymmetry of the orbitals on the GC 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 formulasm 
In general, asymmetry increases in both cases, albeit 
differently, with the increase of some intrinsic conju- 
gating ability of the fragments, namely the resonana 
integral H,, and with the decrease of the energy gaps 
between the fragments. The resonance integrals de- 
pend upon the type of the atoms connested 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 kngths, the resonance into 
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Fig. 3. Derivation of cnol ether and thiocnol ether orbital by interactions of oxygen and sulfur lone pairs 
with alkcnc I and x* orbitals. First and second ordn mixing co&cicnts arc repmntcd by c and i. 

rwpcctivcly. 

gral is mainly determined from the type of the atoms. 
Thus, resonance integrals are larger for Ca con- 
nections that for C-S connections.2P in keeping with 
the strong and weak character of the Ca and C-S 
knds ~Dactivelv * awmfnetries of the C< r------,- -,----------- 
portion of the dihydrothiophme MOs are therefore 
usually smaller than the corresponding ones of dihy- 
drofuran. Only in the case of the HOMOs the more 
favourablc energy gaps of sulfur almost compensate 
for its smaller resonance integral and a similar asym- 
metry results in dihydrofuran and dihydrothiophcn 
IfOMOs (Fig. 2. first number in parentheses). 

The reasons of the reduced polarization in dihy- 
drothiophcn HOMO can then k grasped. Polar- 
ization is the ditference of the squares of tk 
cocffkients and can k expressed as a product of the 
n density and tk asymmetry of the orbitals. Since the 
UnMn rrrvmmrtrk prc cimilnr ..V...., - ,...... “..._ I . . . . . . I.) !cbcd pc!zw 

ization follows from the reduced n density 

ReactitGty and regioseleccri&_v 
T?IC shapes and the energies of the orbitals we have 

dcscribtd above are the basis for the understanding 
of tk reactivity and rcgiosckctivity in the framework 
of the FO theory. In the cycloadditions of the mod- 
erately electrophilic nitrik oxides’ with the electron 
rich cnol ethers and thiocnol ethers the predominant 
interaction is that ktwccn the LUMO of the dipole 
and the HOMO of the dipolarophile. The remaining 
FO and the other occupied vacant MO interactions 
Afi nr\t rhnnor ehr ~urmll rnnrrn,,rnmnf thr Arrmi_ “V .1”. CaaU’,~. .a._ “.x.,U., Wu.Pb’(YCS.H V. .&SC “VS..._ 

nating one and will k considered only when 
specifically required. 

Tk energy gain of an interaction (AE) is given by 
exprcssion”22 

H’ St, 
AE=*E,,-EflP*-Q=*K’E,-E,,,_Q (2) 

where the Initial energy gap between the FO orbitals 
has been reduzcd by factor Q to account for the 

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 ktwccn the interacting orbitals and inversely 
nrooortional !Q 1h-r encwv aan r--r--------- 

As far as the form%;; o%e regioisomer I is 
concerned, on going from cyclopcntenc to dihydro- 
furan an increase of reactivity is observed, since the 
dihydrofuran HOMO increases in energy (lower gap) 
while overlap dmcases only slightly. This follows 
because of the negligible change of the /I coefficient, 
which leaves the large C. . C bond formaton almost 
unaffected. whik the sharp dccrcasc of the z 
c&Iicknt afTccts the smalkr C . . . 0 bond formation 
of the concerted and slightly asynchronous transition 
state of nittilc oxide cycloadditions.m-” sketched in 
15. 

In the case of dihydrothiophcn. however, the 
definite drop of the HOMO /I and z coetiicimts-due 
to tk composition of this orbital +zompktcly offsets 
the knefits of its higher energy and some intcr- 
vcntion of SHOMO. which is highly n populated, 
could k necessary to account for the almost un- 
chart04 m’c of forma!ion of !. P-- ---- 

The faster drop in reactivity for the orientation 
leading to rcgioisomcrs II can k similarly accounted 
for, since the larger drops of the HOMO z coefficients 
significantly rcdua the C . . C bond formation in TS 
15. In the case of dihydrofuran the large decrease of 
the HOMO z co&cicnt (0.43) and the ncgligcabk 
change of the HOMO fi co&cicnt (0.59) with respect 
to cyclopcntcnc HOMO coefficients (0.60) follow 
from the rcnonnalization of the orbitalsm 

The comparison of the regiosclcctivitics can k 
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made more thoroughly with the aid of the analytical 
exprusion of the rcgiosclectivity effect (ME) of the 
orbital interaction shown in cqn. (3)” 

P 
MF’A&)_E&Q 

The rcgiosclcctivity effect is proportional to the 
polarization of the orbital of the dipolarophik (P,& 
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 sckctivitics of 
the same dipole 

Thus, the lower rcgiosckctivity observed with dihy- 
drothiophen follows immediately from the low polar- 
i’zation of its HOMO, which more than compensates 
the opposing cfTcct of its higher energy. Numerical 
proof can be obtained from cqn (3) using the csti- 
matal EA of bcnzonitrilc oxide (O.SeV) and the 
MINDO/3 HOMO energies of the dipolarophiks. 
Even using the largest rccommendcd values of Q 
(3-S eV),= the decmase of P, remains by far ahcad 
the increase caused by the gap factor. 

The rcgiosekctivity effect of the HOMO 
(dipolarophik)LUMO(dipole) interaction is somc- 
what decreased by the SHOMO(dipolaro- 
philc)_LUMO(dipok). The influence of the latter 
interaction upon the rcgiosckctivity is however small 
because of the smaller SHOMO polarization and its 
lower energy. On the other hand the other FO 
interaction, i.e. HOMO(dipole)-LUMO(dipolaro- 
phik). still favours slightly rcgioisomer 1. as a result 
of the union of the nuckophilic nitrile oxide oxygen 
to the z carbon, which is the site of the highest 
LUMO cocthcient. 

On going from bcnzonitrile oxide to the more 
nuckophilic mesitonitrik oxide no changes in rcgio- 
selectivity are observed (Table 2). This follows 
bccaux the FO interactions favour the same rcgio- 
isomer. Sizable changes in regiosekctivity show up 
instcad in those cycloadditions whcrc FO interactions 
privilcgiatc different rcgioisomers.‘~4~J* 

In summary the cycloadditions of enol ethers and 
thicenol ethers with nitrilc oxides nicely obey to FO 
premiptions. The rcgioselcctivity paralkls the polar- 
izations of the dipolarophik HOMOs, while the rates 
of formation of the rcgioisomcrs dcpcnd more subtly 
upon the magnitude of the HOMO coeffinents as well 
as on the HOMO energies. 

The simple picture of the opposing influence of 
HOMO coefficients and cncrgy in dctcrmining the 
reactivity of dihydrothiophcn knds itself to further 
applications to the chemistry of en01 and thiocnol 
ethers. The two classes of compounds offer ditTerent 
opportunities to attacking species. Enol ethers pos- 
sess a high negative charge at the /I carbon (c/ “C 
spectra)“.” and their HOMOs have the highest lobe 
at the /I carbon. These compounds are thcreforc 
biased toward clcctrostatic as well as orbital mixing 
interactions. Thiocnol ethers possess a kss charge- 
polanzcd C. C doubk bond (c/ “C spcctra),lb and 
thcu HOMOs arc higher but less x-populated. These 

compounds are thercforc inchned to offer mainly 
cncrgy gap advantage to attacking species. 

Thus, chargcd and relatively high lying LUMO 
reactants. like proton or nitrik oxides, prefer attack 
at the /? carbon of en01 ethers, while uncharged and 
low lying LUMO reactants, like TCNE. attack faster 
the thiotnol ether double bond. TCNE seems indeed 
ideally suited as a partner of a thioenol ether. The 
TCNE LUMO has a very low energy 
(EA = 2.88 eV)” and relatively low cocthcicnts on the 
double bond,” a fact which further disadvantages its 
union with enol cthcrs. The low separation of the FOs 
of TCNE and thioenol ethers and their low overlap, 
because of the low coetbcicnts on their double bonds, 
could cvcn induct a change in the mechanism. The 
reaction could take place through radical ion pairs 
intcnnediatcs, formed by single ckctron transfer 
(SET) bctwcen the reactants. A change of mechanism 
in 2 + 2 reactions has been cnvisagad for reactants 
with small FO gaps” and some evidcna has been 
gained from selectivity studies of TCNE cy- 
&additions to complex tricnes.” 

Aside from the question of mechanism, the 
ditl’ercnt opportunities model correctly accomodates 
the higher reactivity of cnol cthcrs in hydration and 
the higher reactivity of thioenol cthcrs in TCNE 2 + 2 
cycloadditions. Both of these reactions are believed to 
involve the rate determining formation of the charged 
intermediates depicted in 166 and 17.” 

H 
0 

h-c I GtR 

The donor ability of the hetcroatoms accounts for 
the exclusive fi attack observed. The stability of the 
intermediates alone cannot howcvcr accounts for the 
diverging rcactivitics, since hydration rcquircs oxygen 
as a better donor than sulfur, whereas the rcvcrse, i.e. 
sulfur better than oxym, is implied in TCNE cy- 
cloadditions. In spite of wide discussion and contro- 
versy. consensus has been tea&d that oxygen is, in 
solution, a bttter donor than sulfur in stabilizing an 
adjacent carbenium ion.” Thus the reactivity trend 
obscrvcd in hydration can be ascribed tither to the 
stability of tbc charged intermediates or to charge 
and FO interactions, which also favour oxygen over 
sulfur. Factors other than the stability of the intcr- 
mediates must be involved in the cnhanccd reactivity 
of thioenol ether toward TCNE! In FO terms these 
enhancing factors can be easily identified as a very 
favourabk energy gap. Higher lying LUMO x2 com- 
ponents, such as dicthyl aatykncdicarboxylatc, do 
indeed cntcr 2 + 2 cycloadditions with enol ethers 
prcfercntially.W 

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 suitabk as long as no 
significant changes in the FO interactions occur. The 
apparent successi of the late TS model in relying the 
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reactivity of cyano alkencs toward enol ethers to the polarizations of thioenol ethers, as discussed at length 
stability of the intermediates may derive in part from earlier.’ In VB terms a negligeabk or reversed LUMO 
a parallelism between FO density effects and the polarization would correspond to some weight of the 
stability of the intermediates. otherwise unnecessary formula 14. 

The different types of interactions involved in 
TCNE and hydration reactions show up again quite 
clearly in the puzzling response of thioenol ethers to 
substituent effect. Thus, upon increasing the donor 
ability of the alkyl substitucnts at sulfur (inductive 
order: MC c Et < iPr < tBu). the reactivity of thio- 
cnol cthcrs Increases in TCNE cycloadditions”.” and 
dccrcascs in hydrations.16 This perplexing behaviour 
follolrs quite naturally from Fig. 3(b). Donor substit- 
ucnts raise the sulfur lone pair.* This causes the 
HOMOs of thioenol ethers to raise and to lose n 
density because of the increased niSR separation. As 
a consequence higher reactivity toward TCNE and 
retardation in hydration are observed, since diverging - 
energy and density effects are refkctcd. The same set 
of alkyl substitucnts promotes in the inductive order 
the reactivity of enol ethers in hydrations” and 
TCNE cycloadditions,” since the HOMO energies 
increase m that order (Fig. 3a). while the /? 
coefficients arc only slightly affected. 

CONCLOSIOW 

With respect to the isacyclic cyclopentcne. dihy- 
drofuran shows a slightly increased reactivity in the 
cycloaddition with nitrile oxides whereas in the case 
of dihydrothiophcn a slight retardation is observed 
This mild effect of the heteroatoms upon the reac- 
tivity stands in markrd contrast with the enormous 
rate enhancement observed in reaction where ionic 
intermediates are formed and arc consistent with the 
concerted nature of cycloaddition rcactions.4 The 
rcgioxkctivity of the cycloadditions arc more heavily 
affected by the hcteroatoms and could be evaluated 
at 2.8 and 1.1 Kcal/mol for cycloadditions of bcnzo- . 
mtnlc oxide to dihydrofuran and dihydrothiophcn. 
respectively. 

Substitution on the double bond causes again 
distressingly dissimilar results.” The higher sensi- 
tivity of thiocnol ethers to steric effects in TCNE 
cycloaddltions ‘* is probably related to their low 
HOMO n density. which restrict somewhat the tran- 
sition state flexibility because of the poorer overlap. 

The FOs clarify other aspects of the reactivity of 
these interesting classes of compounds. Thus. the FOs 
of thiocnol ethers nicely account for the site selcct- 
ivity observed in reactions with carbcncs. These 
spccics undergo with similar ease 2 + I cy- 
cloadditions to the double bond as well as 
I.lcycloadditions at sulfur. yielding ylida and in- 
sertion prcducts.“.” High lying LUMO carbcncs 
(CCI?) attack preferentially the thiocnol double 
bond,” whereas low lying LUMO carbcncs (di- 
carbalkoxy carbencs) attack at sulfur,” where the 
highest coefficient of the thiocnol ether HOMO is 
locatr!. 

The reactivity and rcgiosckctivity 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 HOMOs, the low IPs of 
thioenol ethers are not reliable indexes of reactivity 
since the low n 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 polarization, which shows up in a reduced 
rcgiosekctivity. 

Finally. the striking different orientations’ of nu- 
cleophilic additions to enol and thiocnol ethers can be 
understood. Nuckophiks add to the I carbon of enol 
ethers, which is the site of highest LUMO cocfient. 
yielding adducts 18, in spite of the larger thetmo- 
dynamic stability” of the regioisomeric anions 19. On 
the other hand’thioenol ethers yield the /I addition 
anions 19. 

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

Aside from accounting for the main differcnas 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 rcac- 
tants. 

Nu KU U(PEIUWYTAI. 

The large and well-known ability of sulfur in sta- 
bilizing adjacent anionic centrcs’ causes probably a 
prcdominancc of late transition state effects over the 
opposing and feeble FO effects. as a consequence of 
the low LUMO polarization of thiocnol ethers. Pre- 
dominance of late transition state effects may be not 
required even in this case. Our ST0 3G LUMOs of 
thiocnol ethers are not above any suspicion, since 
inclusion of d orbitals in the basis set has been shown 
to stabihre significantly sulfoaium ylida” and is 
expected to reduce or even to revcry the LUMO 

All m.ps are uncorra~ed. IR spectra: Pcrkin-Elmer mod. 
197 speclrophotometer. Nujol mulls. NMR spectra: 
&km-Elmer RI2 spuztrometcr. Microanalyses were per- 
ronned by Dr. L. Mam Dacrana on a Elemental Analynr 
I 106. Carlo Erba. Satisfactory analytlcel data ( f 0.4”,: for 
C. H. N) were obtained for all new compounds flabk 4). 
Gas chromatographic analyses wcrc performed on a 
Hewktt Packard instrument. with a alass column packed 
with a 2.5% OV 17 and 3% Carbo;uax 2OM. dolumn 
chromatouraohv and auahtative TLC: ulice gei H and 
GF,, (M&i) &spa&ly. eluenc cyclohexane: k&El 9:1 
IO 73. unless otherwise spaitied. Sampkr from dlt?erent 
experiments were idecltitiad by mixed m.ps and super- 
lmposabk IR spatra. 

Starnng ma~crti. 2.3.D&ydrofuran was obtained by 
alkaline isomeritation of Z.S-dihydrofuran.* 
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labk 4. Analytical data for all new compounds 

4JI 

!& C l.H1? NO 
2 

72.48 

!L CllHll NOS 64.55 

!A C ldHl 
7 

UOS 68.30 

sr C II111 NO 
2 

69.95 

7N02 72.7J 

I NOS 64.55 

,h’OS 67.85 

J 
NOS 6J.50 

9 NOS 67.77 

5 
h’“S a 71.?5 

C 
19n31 

NO5 

c1l11l3 
NOS 

C14n;9NOS 

‘lgHl 5’OS 

C 
19H21 

NOS 

C IIn wos 

C 1.n1 gwos 
C 

16n15Nos 

c1 gR21 
NOS 

C 
1 jnl 5 

NO 

72.91 

61.61 

67.66 

71.24 

71.18 

6J.50 

67.19 

71 .56 

71.03 

77.6J 

7.42 6.27 72.70 7.41 6.06 

5.60 6. 76 64.35 5.40 6.82 

7.05 5.71 6?.97 6.92 5.66 

5.93 7. )I 69.82 5.86 7.40 

7.42 6.05 72.70 7.41 6.06 

5.71 6.64 64.35 5.40 6.82 

6.87 5.71 67.97 6.92 5.66 

6 26 6. 71 61.75 6. J2 6.76 

7.75 5.67 67.44 7.68 5.62 

5.57 5.18 71.36 5.61 5.20 

6.76 4.56 73.29 6.80 4.50 

6.37 6.71 6J. 75 6.12 6.76 

7.62 5.71 67.44 7.68 5.62 

5.73 5.15 71 .I6 5.61 5.20 

6.71 4.55 73.29 6.80 4.50 

6.33 6.73 6J.75 6.32 6.76 

7.67 5.74 67.46 7.68 5.62 

5.62 5.23 71 .I6 5.61 5.20 

6.78 4.52 7J.29 6.80 4.50 

7.72 6.85 77.58 7.51 6.96 

2.3~Dihydrothiophm was pqared by treat-t of 
tetrahydrothlophcn-oxide with benzoic anhydride.” Pro- 
pcnyl methyl sulfide” and propenyl phenyl suWeU were 
obtained by alkaline isomcrization of ally1 methyl and 
phcnyl rulfti. rcspcct~nly. as I:l mlxtuns of(E) and (Z) 
stereoisomers (NMR). 

G‘mrral cyclood&on proce&es. To a stirtrd, KT coolal 
wln of bcnzhydroxxnk acid chloride and of dqolarophik 
in anhyd ether. Et,N (I.1 a$ was added dropwise. After 
keeping 2 days at rt. the triethylammonium shalt was filteral 
otT and the filtrate was evaporated at reduced pressure. 

In cycloaddltlons with maitonitrik ox& a coin of the 
dipok and the dipolarophik was uoral aI room temp for 
I monIh. Evaporation of the solvent kft a r&due. 

A soln of 187 mg (I mmok) la’ in IO ml HOAc and 40 ml 
AcOE1 .adsorbed in the prcscna of 5Omg W/C 10% 
I mmolc of Hz in. IO min. The catalysI was filtered OK and 
Ihc soln was evaporated. Crystallization from petrokum 
c~her afforded l5Omg (7v0) of Sa. colorkss crysuls. m.p. 
4W. 

Catalync hydrogenanon of adducts lb’ and ICC siti- 

larly yielded 9. colorku crystals from hexane, m.p. 65-W. 
SC. colorless crystals from isopropyl ether. m.p. 92-93” and 
Y. Wlorkss crystals from ethanol, m.p. lIX&lOl’. re- 
_-.:..a,.. XIX&UKi)r. 

C,v&&fjriotu IO 2.3-&hy&ofwan 
5 g (32 mmok) benzhydroximic acid chloride were ~tac~al 

with 7 g (100mmok) 2.3dihydrofuran in lOOmI anhyd 
ether. Crystallization of UK r&due from diisopropyl ether 
agorded 6.46 g (W/,) of adduct 4a. colorkas uys~als. m.p. 
IWIOS (lit’ 105-106’). TLC and NMR examination of 
the mother liquors show the presence OfaddlbCtS~aIld~ 
(in a ran0 C/Sa 9.1). The ralio of the adducts in Ihe 
cycloaddition mixture was d&rmined by gas chro- 
matography as 99.4:0.6. 

Mesitonitrik oxide (I.61 g IO mmole) and 
2.3dihydrofuran (2.1 g. 3Ommoks) in benzene (SOml) for 
3 days atTorded (b (2.21 g. %%). colorkss crystals from 
diisopropyl ether. m.p. 117. 118“. T~K praencx of a few 
pcnxnt of sb with I) in the motba liquon was asceruuned 
byNMR~nC.Tbcntiooftherdducu~andSIin 
the cycloadditmn mixture was found W.5:O.S by gas chro- 
matography. 

Cyclwddirionr 10 2.3~dihydroihiophcn 
IS5 mg (I mmok) bazhydroumic acid chloride and 

300 mg (3.5 mmolc) 2.3.dihydrothioplxn afforded a 88:12 
mixture of adducts C and SC. as determined by NMR 
integration of the reaction mixture. CrystalhzaIion from 
ethanol gnvc 0. I3 g (63’55) of adduct C. colorkss crystals 
m.p. 110’. 

A solution of 161 mg (I mmok) mesitonitrilc oxide and 
300 mg (3.5 mmole) 2.3dihydrothiophcn in benzne (IO ml) 
was kept for a week and affordal aI 89:l I mixture of 
adducts U and Sd, as determined by NMR. Crystallization 
from ethanol gave 0.1s g (619~) of adduct 4, colorless 
crystals. m.p. 75-76’. 

Oxi&7rw+lofrhclnUuls4&daWfSc,~ 
A soln of cycloadduct 4c (0. I3 g. 0.5 mmok) in IO ml 

Ctl,Cl? was trca~cd with excess mchlorop&enzoic acid 
,q-__a_\ rn__ I _:_n.. __ ___- ._-_ .L- _._..._. .._. ,L mmolc,. nrKr I “lgm at mm rmp ulc InlXlUrr was 
poural inlo IOg, of Na,SO, aq. The soln was exIrrIed with 
CHCl,, washed with NaHCO, aq. and with water. The 
organic layers were dried on Na$O,. Evaporation aI re- 
dumb pressure atTorded s&one 6c, alnmsI quantitatively, 
colorless crystals from ethanol. m.p. 175-176’. idemical 
with an authentic specimen.” 

Similarly. oxidation OlU, k and Sd atTorded s&ones 6t. 
7e and 71, availabk from a previous study.” 

Cycloodduions IO proptnyl mrrhyl and phenyl JW”S 
5 g (32 mmok) benzhydroximic acid chloride were reacted 
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mth 85g (%mmok) propcnyl mahyl sulfide. Column 
chromatography gave. besides Ihe dimcriza lion products nf 
BNO. 75 mg (I.%) of 9a, white crystals from EIOH. m.p. 
58 5v. 2.1 g (317;) of & white crysrnls from diisopropyl 
ether. m.p. 55 and 0.75 g (1 I”/;) of 101 white -1s m.p. 
4O-ll from diisopropyl ether. Cycloadditioru IO propcnyl 
phcnyl sulfide similarly yielded b (25%). colorks oil b.p. 
100” (bath):O.I mm. and a mixture of 9r (5%). colorless 
crysrals from EtOH. m.p. I%-105 and IL (7%). white 
crystals from EtGH. m.p. 83-84’. The mix~urc of R and 1Oc 
was separated by column chromatography. bmzne serving 
as ducnt. Iti is elutcd fitsI. 

Mcstomtrik oude (5 g. 31 mmole) and propenyl methyl 
sulfide (8.5g. %mmole) afforded by column chro- 
matography 4. I8 g (5492 of 8b. white crystals from c~hanol. 
m.p. 64. and a mixture of 0.16 g (PA) of 9b. white crystals 
from ethanol, m.p. 7!&80’ and 1.55 g (m,;) of ldb. whiIe 
crystals from ethanol. m.p. 47-48‘. Fmctional crys- 
talluation of the mixtures afTordal lob. Pure 9b was ob- 
taincd by converting a sample of the mixture into a mixture 
of Qb and isoxazolc 12f upn boiling with H,.SO, 
20”;IfGAc I:1 for 2 h. Crystallization from EtOH fiordal 
9b. Cycloaddition to propcnyl phcnyl sultidc similarly 
ylcldcd 8d (WA). white crystals from ethanol. m.p. 49-50 
and a mixture of %(8>;). white crystals from ethanol. m.p. 
55 and IOd (13”;). white crystals from ethanol. m.p. %‘. 
The mixture was scparatcd by column chromatography, 
benzene scrvmg as clucnt. 1Y IS clutcd finI. 

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

Aci&c cleavage a/ a&acts 8 and 10 
A solutron of adduct & (IOOmg) in a I:1 mixture of 

H_$O, zoo/, and HOAc (4 ml) was boiled 2 h. After coohng, 
dilution with water and extraction with ether. the organ- 
ic phase was washed with NaHCO,. H,O, dried on 
Na,SO, and evaporated. leaving a ruiduc of 
3-phcnyl-Qmcthylisoxazok ltc, pak yellow liquid, b.p. 
I&’ (bath);O.I &m (III.” loo”, 0.6mm). NMR (cDC1,):-6 
2.15 t6CH.. d. J 1.2Hr). d 8.27 (5-H. a. J 1.2Hr). 

Adducts k, 101 and l&c similarly afTo&d isoxa&k 12e. 
The adducts of mcsitonttrik oxide 4 1 and lob, d yicldcd 

the 3 - mcsityl - 4 - mcthylisoxazolc ltlcolorlcss oil b.p. 130” 
(bath)AI mm. NMR (CDCI,): b I.75 (4CH,. d. J I.2 Hz). 
d 8.33 (5-H. q. J 1.2 fir). 

Compelirion experiments 
RN0 (0.2 mmolc) was generated in dicthyl ether soln 

at (Y in the prcscncc of 2.3dihydrofuran or 
2.3dihydrothiophcn (IO mmolc) and cyclopcn~cnc 
(5 20 mmolc). After keeping two days at 0’. the ratio of ti 
adducts 4 and the cyclopcn~cnc adduct” was determined by 
N.WR. With respect IO cyclopcntct~ a rciativc rate of I.8 
and 0 6 f 0.2 were dcrcrmmcd for dihydrofuran and dihy- 
drothiophcn. rcspccIivcly. 

Calctdalionr 
The calculatmns wcrc executed with GAUSSIAN 70*’ 

and MINDOi3H programs on a CDC 6600 computer 
available at the university of Catania. 

Ar&no~ledge~nr- Fmancial support by MPI is gratefully 
acknowledged. 
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