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The mechanism of the hetero Diels-Alder reaction of nitroso 
alkenes 2 with silyl enol ethers and other olefins has been 
investigated. Using the bicyclic nitroso compound 2a a study 
of the exolendo selectivity has demonstrated that the ex0 ap- 
proach is preferred with the siloxyethene l a  as dienophile. 
On the other hand, the siloxycyclopentene 1 c gives a mixture 
of cycloadducts 3c with an excess of endo product (endo: exo 

82: 18). The stereospecificity of the nitroso alkene cycload- 
dition could be demonstrated with the stereochemically ho- 
mogeneous silyl enol ethers 1 b and 1 d. Experiments with enol 
ethers 1 f and 1 g also occur stereospecifically. a-Nitrososty- 

rene 2b reveals surprisingly high kEIz values when EIZ-iso- 
meric olefins are compared in competition experiments. Also, 
a detailed reactivity scale of 2b including various structurally 
different silyl enol ethers and other typical dienophiles shows 
that a complex interplay of electronic and steric effects is op- 
erating. The large influence of steric effects is taken as evi- 
dence for a highly ordered transition state in the cycloaddi- 
tion. All mechanistic details for the Diels-Alder reactions of 
nitroso alkenes 2 with (silyl) enol ethers are in strong accord 
with a concerted mechanism and exclude the involvement of 
zwitterions or diradicals as intermediates. 

In a previous account3’ we have reported on the regio- 
selective synthesis of 6-siloxy-substituted 5,6-dihydro-4H- 
1,2-0xazines (abbreviated as 1,2-oxazines) from silyl enol 
ethers 1 and nitroso alkenes 2. According to Gilchrist4), re- 
active intermediates 2 are easily generated in situ by base 
treatment of the corresponding a-halogen oximes. 
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Characteristic features of this cycloaddition are high 
yields and a broad variability with respect to component 1. 
For this reason it can serve as an ideal model reaction for 
the study of all relevant mechanistic details of a Diels-Alder 
reaction with inverse electron demand5). Although several 
aspects have been investigated by Gilchrist and coworkers6), 
not all of their results are conclusive (e.g. stereospecificity of 
the cycloaddition). For the anticipated synthetic use’) of 1,2- 
oxazines, however, full understanding of the mechanism is 
an indispensable prerequisite. In this paper we will deal with 
the stereospecificity, the exolendo and EIZ selectivity of ni- 
troso alkenes as well as with the relative reactivity of silyl 
enol ethers 1, or other suitable olefins, towards 2. 

exolendo Selectivity of 3,CDihydro-1 -nitrosonaphthalene 
In an intramolecular nitroso alkene cycloaddition an 

endo-selective reaction has been reported (exo: endo = 

1 : 3.4)8). To study this stereochemical feature in the geo- 
metrically less restricted intermolecular reaction we have 
employed 3,bdihydro-1 -nitrosonaphthalene (2a). This com- 
pound incorporates an E-nitroso alkene moiety and is gen- 
erated from the bromo oxime 4a, which can easily be pre- 
pared from a-tetralone. 

3a l a  R = H  
l b  CH3 Na2C03 2al \ (exo/endo > 97:3) 

4a 3b 
(exo/endo - 64:36) 

Cycloaddition of 2a to trimethylsiloxy ethene (1 a) affords 
one product whose spectroscopic data prove it to have 
structure 3a. Proton 3-H exhibits coupling constants of 2 
Hz, typical for a pseudo-equatorial position, whereas 4a-H 
and 4-H couple with J = 4 and 13 Hz, respectively, which 
is characteristic of a pseudo-axial location of this proton in 
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the 1,2-oxazine ring. Assuming a half-chair conformation of 
this heterocycle, as is generally preferred '), the drawn ster- 
eochemistry is inevitable. Thus, an exclusive exo addition of 
2a to l a  has occured. 

E-substituted olefin 1 b and 2a provide a 64: 36 mixture 
of two isomers of 3b. Similar spectroscopic arguments as 
above prove that the exo adduct (with respect to the Me,SiO 
group) is the major isomer. Experiments employing the cor- 
responding Z olefin are not conclusive due to the low yield 
and instability of the cycloadducts isolated2). This is also 
true for the reaction of 2a with cyclopentadiene, an other- 
wise excellent dienophile for nitroso alkenes4). However, 1- 
trimethylsiloxy cyclopentene (lc) and 2a cleanly combine to 
provide 1,2-oxazine 3c which incorporates an "azaoxaster- 
oid" framework. The exolendo ratio is 18 : 82. Finally, the 
cycloaddition of allylsilane 5 to nitroso alkene 2a  gives 1,2- 
oxazine 6 with an exolendo ratio of approximately 1 : 1. 

20 

3c 
(exo/endo - 18:82) 

5 6 
(exo/endo - 1 : l )  

The reactions of heterodiene 2a with silyl enol ethers re- 
veal a clear trend: While l a  undergoes exclusive exo addi- 
tion, the introduction of one or two substituents as in 1 b 
and lc, disfavours this approach and leads to a dramatic 
increase in endo adducts. Comparison of reactions 1 a + 3a 
and 1 b + 3 b reveals that a siloxy group displays a higher 
exo-directing effect than a methyl group. On the other hand, 
allylsilane 5, which is sterically similar to 1 a at first glance, 
reacts unselectively with 2a. We assume that conformational 
differences are important. While silyl enol ether l a  should 
accommodate planar s-trans conformation A9), a confor- 
mation B is more likely for allylsilane 5 according to MMX 
and MNDO calculationsi0'. Here the Me,Si - CH, bond oc- 
cupies a position nearly perpendicular to the olefinic plane. 
However, due to the low yield of cycloadduct 6 and its 
tendency to decompose, the result of this reaction should 
not be overestimated. 

The preference of nitroso alkenes for the exo approach 
has to be compared to the moderate to excellent endo se- 

iMe3 e 
A B 

lectivity observed for the related hetero Diels-Alder reac- 
tions of a$-unsaturated carbonyl compounds with enol 
ethers 11-15). In these examples stabilization of the endo ap- 
proach by secondary orbital interactions was suggested1'"'. 
Apparently this effect is not decisive for nitroso alkenes. 
Since MO calculations 16) show close similarities between the 
frontier orbitals of both heterodienes, the structural reasons 
for these different reactivities are still unclear. Steric effects 
might be smaller in most a$-unsaturated carbonyl com- 
pounds, since the P-substituents are H, CH3, SC6HS, or 
COR1"15), compared with the conformationally fixed aryl 
group in 2a. On the other hand, a crucial effect might be 
due to the nitroso alkene's nitrogen lone pair. It could repel 
the oxygen atom of the dienophile in an endo approach. A 
quantum mechanical analysis of the transition states in- 
volved should help to understand these effects 17). 

Stereospecificity of the Cycloaddition 
The concertedness previously suggested 6, for nitroso al- 

kene cycloadditions has further been supported by the E/Z- 
isomeric pair of silyl enol ethers 1 b and Id. Isomerically 
very pure starting materials could be gained by kinetic sep- 
aration of these olefins. We have exploited the high kEiz 
value (see below) in the reaction of 2 b for purification of 1 d, 
whereas the high kZiE ratio for the cycloaddition of diphenyl 
ketene allowed isolation of pure 1 big). The isomerically ho- 
mogeneous olefins have been treated with oxime 4b and 
sodium carbonate to afford either 1,2-oxazine 7 b  or 7d via 
a-nitrosostyrene 2 b. According to HPLC and high-field 
NMR spectra of the crude products isolated, both cycload- 
ducts have been obtained more than 99% isomerically pure. 
The considerably lower yield for 7 d  is due to the rather 
moderate reactivity of 1 d (see below). 

4b 7d 

These results demonstrate stereospecificity of the cycload- 
dition. A concerted pathway to 1,2-oxazines is highly prob- 
able, since conceivable intermediates of a stepwise mecha- 
nism, either a 1,6-zwitterion C or a 1,6-diradical D, could 
undergo rotation around the C-5 - C-6 bond and might 
therefore give isomeric mixtures of 7. 

In all experiments described in this account, mixtures of 
EIZ-isomeric oxime 4 b served as precursor for nitroso al- 
kene 2b. While Z-4b directly provides s-cis-2b capable of 
performing the (concerted) cycloaddition with 1 b and 1 d, 
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the corresponding E-4b must give primarily s-trans-2b. This 
conformer can either be transformed into s-cis-2b or it can 
add to 1 b giving intermediate E (or the corresponding di- 
radical). Faster rotation around the C-5-C-6 bond in E 
than around the C-N bond is very likely6". Therefore, the 
observation of stereospecific formation of 7b and 7d, re- 
spectively, with E-4 b as starting material further argues 
against the possibility of a stepwise mechanism. 

C D 

s- trans- 2b E 

An apparently nonstereospecific cycloaddition has been 
observed with cis olefin le! Pure l e  provides a 60:40 mix- 
ture of 7e and 7f in rather low yield (25%). The coupling 
patterns in the 'H-NMR spectra demonstrate that both sil- 
oxy groups in 7f are axially situated (trans stereochemistry), 
while for the cis-1,2-oxazine 7e only the 6-siloxy group is 
located in an axial position. On the other hand, when a 
large excess of a 1 : 1 mixture of l e  and 1 f - as obtained 
by photochemical eq~ilibration'~) - was treated with 2b, 
pure trans-1,2-oxazine 7 f was formed exclusively, in excel- 
lent yield. 

Me3Si0 

Me3Si0 1 + 04N Me3Si0 Me3si0xxph - y Ph 

10 2b 70 

h.u 11 (4b) 

MeSSiO , a P h  

Ms3Si0 

- 
04N 96% 

OSiMe3 YPh 
2b 7f 

Me3Si0 I +  
I f  

This puzzling result, in that the isomerically pure olefin 
gives two diastereomeric cycloadducts whereas a mixture of 
E/Z olefins provides a homogeneous 1,2-oxazine, is consis- 
tently interpreted as follows: 

a) the [4 + 21 cycloaddition of I f  is stereospecific. 
b) the E olefin If cycloadds much faster to 2b than the 

Z alkene l e  (kEIZ > 50); this preference for E olefins is 
generally observed for nitroso alkenes (see below). 

c) since 2 olefin l e  reacts very slowly with 2b, isomeri- 
zation of l e  to give If can compete, thus providing the 
precursor for trans-1,2-oxazine 7f. 

Under the conditions of the cycloaddition, the proposed 
Z / E  isornerization was not observed for other silyl enol 

ethers. However, the 1,2-bis(siloxy)ethene 1 e should be much 
more basic than enol ethers with one siloxy group: A proton- 
catalyzed cisltrans equilibration - with 4b serving as pro- 
ton source, for instance - is hence conceivable. An epi- 
merization of the cycloadducts 7e or 7f was excluded by 
control experiments2). 

A stereospecific [4 + 21 cycloaddition of nitroso alkene 
2b has also been found when the P-siloxystyrene l g  was 
used as dienophile. Again, an EfZ mixture of olefins (1 g and 
1 h) has been used as starting compounds, but only the trans- 
substituted olefin l g  reacts with 2b to give cycloadduct 7g 
exclusively18). In addition to its stereospecificity, it is impor- 
tant to realize the complete regioselectivity of this reaction. 
A cycloaddition passing a radical or radicaloid intermediate 
similar to D is not expected to be regioselective in the case 
of 1 g. The phenyl group should exhibit a better radical sta- 
bilization than OSiMe320) and the opposite regiochemistry 
should be preferred. 

All experiments described in this paragraph support a 
stereospecific and concerted mechanism21) for this cyclo- 
addition22). Gilchrist has also interpreted the stereospecific 
reactions of a nitroso alkene with E- and Z-cyclooctene as 
evidence that no long-lived intermediates are involved6). 
Stereospecificity has also been assumed or experimentally 
demonstrated for the related hetero Diels-Alder reactions of 
a$-unsaturated carbonyl compounds 12-15,23). However, re- 
cent theoretical work has questioned the concertedness of 
these cycl~additions~~), and for reactions of isoquinolinium 
salts to enol ethers a stereospecific but stepwise mechanism 
has been suggested2'). 

E/Z Selectivity of Nitroso Alkenes 

During our synthetic investigations3) we have realized 
that a-nitroso styrene 2b reacts much faster with E olefin 
1 b than with the corresponding 2 isomer Id. This behaviour 
could be exploited for a very convenient kinetic separation 
of E/Z-isomeric silyl enol ethers 18). The higher reactivity of 
E olefins towards nitroso alkenes has already been noted 
by Gilchrist but the effect was not quantified6"). We therefore 
have performed competition experiments (equation 1) and 
determinded kEIZ as given in Table 1. The accuracy of these 
values should not be overestimated since partial decompo- 
sition (or loss) of the produced 1,Zoxazines can falsify the 
result. However, the error should be below 20% for the 
competition constant kEjZ (see Experimental). 

Thus, for the pair 1 b/ l  d, kEjZ has been determined to be 
26. While the P-isopropyl-substituted alkenes l i / l  j have a 
similar competition constant, the P-phenyl- or P-trimethyl- 
siloxy-substituted silyl enol ethers 1 g/1 h or 1 f/l  e are even 
more selective. In these experiments only the E isomers react 
to furnish the trans cycloadducts 7g and 7f exclusively. On 
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+fPh - Rnph (1) 
R #OR' 

U R '  + OsN R ~ O  

E/Z 1 o r 8  26 trans/& 7 or 9 

Na2C03 For substituents 

R. R' see table 1 
t 

C I q f P h  

HOSN 

4b 

Table 1. Competition experiments employing E/Z-isomeric olefins 
and a-nitrosostyrene 2b according to equation (1) 

Olefins R R' Products kvz uz trans /cis 
~ ~ ~ _ _ _ _  

l b l l d  Me SiMea 7b17d 26 

l i l l j  i-Prop SiMe3 71/71 25 

l g l l h  Ph SiMes 7 g f -  > 50 

l f l l e  OSiMe3 SiMes 7 1 1 -  > 50 

8a18b Me Et 9a 19b 6 

the other hand, a considerably lower competition constant 
of 6 has been found for the isomeric pair of ethyl 1-propenyl 
ether (8a/8b). The higher reactivity of E olefins with respect 
to their corresponding Z isomers in [4 + 21 and [3 + 21 
cycloadditions is a rather general observation26-28) although 
it is still not very well understood. In general, the major 
argument proposes that an optimal conjugation of substit- 
uents in 2 olefins is prevented by steric repulsion. These 
isomers are therefore electronically less activated than the 
E alkenes. It must be emphasized that for a given pair of 
isomers the magnitude of kEjZ is highly dependent on the 
reaction performed26-28). This has also been confirmed for 
silyl enol ethers 1 b/ l  d, whose discrimination is considerably 
lower in other cycloadditi~ns~~) than in the hetero Diels- 
Alder reactions described here. 

The argument for diminished electronic activation looks 
reasonable for the P-isopropyl-, P-phenyl-, and P-trimethyl- 
siloxy-substituted olefins 1 i/ l  j, 1 g/1 h, and 1 f / l  e, although 
the magnitude of the effect is rather unexpected3'). But for 
sterically less hindered E/Z-isomeric enol ethers, severe elec- 
tronic differences in the ground state are not evident. The 
ionization potentials of 8a  and 8b - which can be taken 
as a measure for the HOMO energy of these olefins - are 
almost identica131). The *3C-NMR data of siloxypropenes 
1 b/l  d and ethoxypropenes 8a/ b also reveal only minor dif- 
ferences, an indication that the charge densities at the olefinic 
carbons are rather similar. The interpretation of enol ether 

reactivities is complicated by the possible influence of dif- 
ferent conformations. Thus for silyl enol ethers the s-trans 
location of the siloxy function should be more stable for 
both stereoisomers (see F)"). The electronically more fa- 
vourable and stronger activating s-cis conformation G can 
be adopted at least in the E alkyl enol ether 8b9b"). 

Possibly this conformational difference is in part respon- 
sible for the higher reactivity of alkyl enol ethers over the 
corresponding silyl enol ethers (see below), but none of these 
effects provide a satisfactory explanation for the rather high 
kElz values of siloxypropenes 1 b/l d and the remarkably 
lower discrimination of ethoxypropenes 8a/8 b3'). However, 
whatever the reason for the high k , ,  selectivity observed 
may be, it is a strong argument against the participation of 
dipolar intermediates in these [4 + 21 cycloadditions. The 
reactions of tetracyanoethylene with E/Z-isomeric enol eth- 
e r ~ ~ ~ )  - the most prominent examples for two-step [2 + 21 
cycloadditions - reveal kEIz ratios of approximately 1. 

Relative Reactivities of Silyl Enol Ethers and Other Olefins 

Having found these pronounced reactivity differences for 
rather similar dienophiles, we have extended the competition 
experiments to various structurally differing silyl enol ethers 
and other typical dienophiles. Thus, a scale of relative reac- 
tivities of olefins towards a-nitrosostyrene 2 b could be 
drawn up with trimethylsiloxyethene (1 a) serving as stan- 
dard (krol = 100). Scheme 1 shows that a delicate balance 
of electronic and steric effects determines the rate of the 
[4 + 21 cycloadditions. 0-Substituents trans to the doxy 
group increase the reactivity, while cis-positioned groups 
lower the rate (see Table 1). Most intriguing is the effect of 
a-substituents, which strongly decelerate the cycloaddition. 
For example, the 2-siloxy-I -propene 1 n reacts very slowly 
and the related silyl enol ethers with an isopropyl, tert-butyl, 
or phenyl group at the a-carbon do not react at all with the 
hetero diene 2b34). Since these substituents are able to sta- 
bilize a positive charge (or a radical) in a possible interme- 
diate or in the transition state of the cycloaddition, their 
electronic effect is apparently not very relevant, and is out- 
weighed by their steric influence. 

The competition between standard olefin l a  and P-disub- 
stituted silyl enol ether 1 k has also been executed with the 
more reactive nitroso alkenes 2c and 2d. The klallk values 
are similar to that of 2b and in the range of 3 -4'). Therefore, 
the structure of the nitroso alkene is of minor influence for 
this pair of olefins. 

To fully explore the reactivity pattern of 2b we included 
a few other typical olefins in the rate studies. As illustrated 
in Scheme 2, cyclopentadiene 10 is almost as reactive as silyl 
enol ether 1 b (Scheme a), while allyltrimethylsilane is at the 
end of the scale. 
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Scheme 1 

Silyl Enol Ether 

+OSiMe3 

OSiMe3 

d 
PSiMe3 

Ph /=40SiMe3 

OSiMeJ 

d 
OSiMa3 k 

4- 
SiMe3 < 

l b  

l e  

l a  

I g  

l k  

11 

l m  

I n  

R - i-Prop, 
Ph, tart-Bu 

k,, towards 2b 
[room temp., EtzOl 

these cycloadditi~ns~~,~),  which are possible when carbenium 
ions as intermediates are involved. 

Scheme 2 
1150 

kt towards 2b 
boom temp.. ~ t ~ o ]  

220 

95 

33 

19 

13 

1 1  

< 1  

Ethoxyethene (11) reacts about three times faster than the 
corresponding silicon compound 1 a. A similar ratio has 
been found for 1-ethoxycyclohexene (13) and I-(trimethyl- 
si1oxy)cyclohexene (1 1). It is also interesting to realize that 
methoxyallene (12) - a synthetically extremely useful 
d i en~ph i l e~~ ,”~)  - fits into the scheme, as it is slightly less 
reactive than ethyl vinyl ether (11). The results show that 
the activating ability of substituents follows the expected 
order EtO > Me3Si0 > Me3SiCH2. 

2c 2d 

Christ1 and Henneberger have compared the relative 
rates of 2 b towards cyclopentadiene, benzvalene, and 
n~rbornene~~) .  Adapted to our scale with cyclopentadiene 
as linking dienophile, the strained olefins would provide k,,, 
= 1700 (benzvalene) and 9 (norbornene), emphasizing the 
exceptional behavior of strained olefins3’). It should also be 
noted that no rearrangement products could be detected in 

10 850 

1 1  350 
PEt 

OMe 

12 =./ 
120 

=JOSiMs3 l a  

=IrSiMe3 5 20 

The reactivity pattern of 2b with various olefins is rather 
different from that of protons with enol ethers3*) and of 
carbenium ions with (silyl) enol ethers, allylsilanes, or other 
01efins~~). This again indicates that carbenium ions C or E 
are not involved as intermediates. The rate of the [4 + 21 
cycloaddition of heterodiene 2b with olefins is mainly gov- 
erned by the electron density of the dienophile (HOMO 
energy), though a correlation with their ionization potentials 
is not achievable due to the lack of data for silyl enol ethers. 
Also, the great importance of steric effects would hardly 
allow a good correlation. On the other hand, we take these 
as further evidence for the concertedness of the [4 + 21 
cycloadditions under discussion. A highly ordered transition 
state may be responsible for the large influence of steric 
effects demonstrated for the exolendo and kejz selectivity, 
and in the reactivity pattern. 

uoEt OSiMe3 0 
13 k13 - 3-k11 11 

Final Mechanistic Conclusions 
Taken alone, none of the experiments described in this 

paper would provide unequivocal arguments for the con- 
certed mechanism of nitroso alkene cycloadditions. How- 
ever, as a whole the many facets of this reaction provide a 
convincing picture that the usual pathway is a concerted 
one. This statement surpasses Gilchrist’s conclusion that no 
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Table 2. Synthesis of 1,Zoxazines 3a-c and 6 from oxime 4a  

1.20 
(5.00) 
0.480 
(2.00) 

(10.0) 

(10.0) 

2.40 

2.40 

l a  2.91 76 3 a  
(25.0) 

(40.0) 

(50.0) 

(50.0) 

lba) 5.21 72 3 b  

1 C  7.82 216 3C 

5 5.71 72 6 

0.350 > 97:3 

(26) 
0.386 6 4 3  

(67) 
2.20 18:82 

(70) 
0.531 50:50 

(1 9) 

a) A mixture of 1 b/l d (25: 75) was used; only the E isomer reacts 
with 2a. 

long-lived intermediate is involved in this example of a 
Diels-Alder reaction with inverse electron demand6”). Nev- 
ertheless, the transition state of this [4 + 21 cycloaddition 
may be rather unsymmetric, with a more advanced C-C 
bond formation compared to the C - 0  bond closure. The 
PM3 calculations of Sustmann strongly support this 
claim”). In extreme situations the reaction pathway may 
involve 1,6-zwitterions. For a sterically highly hindered 
allene derivative we have good evidence for this two-step 
mechanismzz). However, for (silyl) enol ethers there are no 
indications for the participation of intermediates. The firm 
mechanistic basis laid in this study will help to fully explore 
the synthetic potential of 1,2-oxazines. 
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Experimental 

ref. 3! 
For general remarks and characterization of 1 ,2-oxazines 7 see 

Reactions of 3,4-Dihydro-l-nitrosonaphthalene 2a. - General 
Procedure: A solution of oxime 4a and the corresponding olefin (5 

Table 3. Analytical data for 4-substituted 4,4a,5,6-tetrahydro-3-tri- 
methylsiloxy-3H-naphtho[l,2-c][1,2]oxazines 3a-c and 6 

Compound IR Elemental 
(Cm-1) Analysis 

C H N  

3 a (film) CvjH21N02Si 
3100-3000, (275.4) 

1610 (C=N) 
2990-2800 (C-H), Calcd. 65.41 7.69 5.09 

Found 65.82 7.76 4.82 

3b  (film) C16H23N02Si 
3100-3000, (289.5) 
2990-2800 (C-H), Calcd. 66.39 8.01 4.84 
1610 (C=N) Found 66.79 8.11 4.65 

3c (KBr) CiaH25N02Si 
31 00-3000, (31 5.5) 
2995-2750 (C-H), Calcd. 68.53 7.99 4.44 
1610 (C=N) Found 68.68 8.34 4.40 

6 (film) C16H23NOSi 
3100-3000, (273.5) 
2990-2850 (C-H), Calcd. 70.28 8.48 5.12 
1605 (C=N) Found 69.91 8.03 5.11 

a) All compounds except 3c (m.p. 48 - 54 C) are colorless liquids. 

Table 4. ‘H-NMR data of 1,2-oxazines 3a-c and 6 (300 MHz, CDC13, F values)aJ 

Com- 3-H (1 H) 6-H (2 H) 4a-H (1 H) 4-H (1 H) 5-H (2 H) Other Signals SiMe3 (9H) 
pound db) rnc b) ddd b) mcb) mc b) S 

3 a  5.55 t 2.86 2.61 ddt 
(2) (4,6.5,13) 

exo-3b 5.22 2.86 2.82 
(2) (4.5, 6513) 

endo-3b 4.90 2.86 2.24 
(8) (3,8, 13) 

exo-3c -- 2.77 2.58 
(4.5,6.5, 13) 

endo-3c -- 2.77 2.43 
(4, 6.5, 13) 

6 3.91 mc 2.81 2.35 mc 

1.91 
1.62 dt 
(2,13)C) 

1.99 

2.03 

2.03 

d) 

e) 

1.91 rn, 
1.55 dq 
(5.5, 13) 

1.79 

1.66 

1.90 

d) 

e) 

__ 0.16 

0.88 (d, J =  7 Hz, 0.24 
3 H, Me) 

3 H, Me) 

2.0-1.2 m (6 H) 

1.07 (d, J =  7 Hz, 0.23 

0.1 5 

d) 0.10 

1.07, 0.77, (dd,mc, 0.15 
J = 7.5,14 Hz, 2 H, 
m2Si Me4 0.08 

a) All compounds 6 = 8.0-7.8, 7.4-7.0 (2 m, l H ,  3H, C6H4). b, Multiplicity of the signal if not indicated; values in parentheses: 
coupling constants in Hz. - cJ 2H. - dl Signals hidden by the multiplet (6 = 2.0- 1.2). - @Signals hidden by the multiplet (6 = 2.0- 1.3). 
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Table 5. 13C-NMR data of 1,2-oxazines 3a-c and 6 (CDCI3, 6 values)”) 

Corn- C-lob c-3 c-4 C-5 C-6 C-4a Other Signals SiMe3 
pound d d S 2 t  d q 

0.0 3 a  154.8 91.4 38.5b)C) 31.9, 28.9C) 25.2 -_ 
exo9b 153.0 96.1 40.0 29.3, 24.4 29.5 11.9 (q, Me) 0.0 

endo-3 b 155.1 99.2 37.7 27.1, 24.4 32.7 14.4 (q, Me) 0.2 

exo-3c 163.8 109.84 51.1 31.0, 29.lC) 35.9 40.9, 27.2, 1.3 
22.7C) (3 t. 3 CH2) 

endo-3c 151.8 105.8d) 42.8 29.2, 25.W) 37.2 32.2, 23.4, 1.1 

exo-6@ 157.8 72.7 35.8b) 30.1, 29.2 29.0 22.5 (t, CH2Si) -0.8 

19.6C) (3 t, 3 CH2) 

end0-W) 153.7 74.9 35.1b) 30.1, 29.1 35.6 23.4 (t, CH2Si) -0.6 

a) For all compounds: 6 = 138.5-130.8, 2 s, 129.6-125.4, 4 d, CsH4. - b, Triplet. - ‘) Assignment uncertain; marked values are 
exchangeable. - dl Singlet. - Assignment uncertain; values are exchangeable with those of the second isomer. 

Table 6. Competition experiments with E/Z-isomeric olefins in 
diethyl ether at room temperature (according to the general 

procedure)*) 

Oxime €/Z-Olefins Time Product& Yeki kmrp 
g (mmol) (mmol) (h) (trans:cis) g (%) 

Ratio 

4b lb Id 144 7b17d 0.416 26 

0.340 (11.0) (39.0) (88:12) (79) 
(2.00) 2278 

4b 8 a  8 b  96 9 a 1 9 b  0.436) 6 

0.340 (9.3) (27.7) (68:32) (98) 
(2.00) 25:75 

4b li l j  41 7i17j 0.70 25 

0.85 (8.8) (16.2) (93:7) (48) 
(5.00) 35:65 

a) Experiment for lb/ ld + 4a included in Table 2. - ’) Ratio of 
the crude roducts. - ‘) Yield of the crude product mixture ana- 

see below. 
lyzed. - P Yield of the purified cycloadduct; for characterization 

equivalents) in diethyl ether (20 ml/mmol of 4a) was stirred with 
freshly ground sodium carbonate (10 equivalents) for the time in- 
dicated in Table 2 at room temperature. The suspension was filtered 
through a pad of Celite (elution with dichloromethane), and the 
crude product obtained after evaporation was further purified by 
chromatography (A1203, pentane/ethyl acetate = 4: 1) or recrys- 
tallization. For characterization of compounds 3a-c and 6 see 
Tables 3-5. 

Stereospecificity: A solution of 0.850 g (5.00 mmol) of oxime 4b 
and 3.25,g (25.0 mmol) of l b  (99% pure according to HPLC) in 
100 ml of diethyl ether was stirred with 5.30 g (50.0 mmol) of so- 
dium carbonate for 72 h at room temperaturc. Filtration through 
a pad of Celite, elution with dichloromethane, and evaporation of 
the solvents provided 1.14 g (87%) of 7b as a colorless oil. The 
compound was >99% isomerically pure according to HPLC and 
‘H-NMR spectroscopy (300 MHz). 

Analogously to the preceding experiment, 0.425 g (2.50 mmol) of 
4b, 1.63 g (12.5 mmol) of Id (>99% pure according to GC and 
HPLC), and 5.30 g (50.0 mmol) of Na2C03 in 100 ml of diethyl 
ether was stirred for 72 h at room temperature and filtered to afford 
0.164 g (250/,) of 7d as colorless crystals (m.p. 34-35°C). The cy- 
cloadduct was >99% isomerically pure according to HPLC and 
’H-NMR spectroscopy (300 MHz). 

Analogously to the reaction with 1 b, 0.850 g (5.00 mmol) of 4b, 
5.10 g (25.0 mmol) of l e  (>97% pure according to ‘H NMR), and 
6.36 g (30.0 mmol) of Na2C03 (added in two portions) in 100 ml of 
diethyl ether was stirred for 120 h at room temperature and filtered 
to afford 0.379 g (23%) of 7e/7f (60:40) as colorless crystals (m.p. 
70-80°C). - NMR data for 7e: ‘H NMR (CDCI,, 300 MHz): 6 = 
7.60, 7.38 (2 me, 2H, 3H, CsHS), 5.31 (d, J = 2.5 Hz, l H ,  6-H), 4.16 
(ddd, J = 2.5, 7, 10 Hz, l H ,  5-H), AB part of ABX (6, = 2.72, 

He& 0.20,0.19 (2 s, 18H, OSiMe3). - I3C NMR (CDC13): 6 = 154.6 

(d, C-5), 27.0 (t, C-4), 0.19, 0.08 (2 q, OSiMe3). 
For the synthesis of ~rans-1,2-oxazines 7f and 7g from l e / l  f and 

l g  as well as full characterization of these compounds see ref.”’. 

Competition Experiments. - General Procedure: A solution of 
the oxime 4 and the mixture of the corresponding olefins in diethyl 
ether (20 ml/mmol of 4) was stirred with freshly ground sodium 
carbonate (10 equivalents) at room temperature. The individual 
component ratios and the reaction times are recorded in Tables 6 
and 7. For workup the suspension was filtered through a short pad 
of A1203 and the filtrate was analyzed by HPLC (column: Nucleosil 
100, 5 p; pressure: 12- 13 MPa; elution: hexane/ethyl acetate, 98: 2) 
or by ‘H-NMR spectroscopy. The identification was confirmed by 
comparison with the signals of pure 1,2-oxazines obtained after 
further purification and/or separation of the products (sce ref.”). 

S B  = 2.64, JAB = 17 Hz, J A x  = 10 Hz, JBx = 7 Hz, 2H, 4-H,,, 4- 

(s, C-3), 136.0, 129.5, 129.3, 125.6 (s, 3 d, C6HS), 93.0 (d, C-6), 64.5 
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Table 7. Competition experiments with various olefins in diethyl 
ether at room temperature (according to the general procedure)”] 

Oxime 4b Olefins Time Productsb) Yiekl kcMp 
g (mmol) (mmol) (h) 9 (W 

(2.00) (10.0) (10.0) (8:92) (59) 
0.340 1 a 1bC) 96 7a 17b 0.312 0.087 

0.340 l a  l k  72 78 /7k 0.182 3.0 
(2.00) (10.0) (10.0) (75:25) (36) 

0.340 1 a 1 n 72 7a 17n 0.182 9.0 

(2.00) (10.0) (10.0) (90:lO) (36) 

0.510 1 a l g  120 78 179 0.622 1.04 
(3.00) (15.0) (15.0) (51 :49) (72) 

0.340 l a  11 120 7a/71 0.187 5.25 
(2.00) (10.0) (10.0) (84:16) (39) 

0.850 l k  l m  96 7k17m 1.26 2.57 
(5.00) (25.0) (25.0) (72:28) (90) 

0.340 l c  11 96 7 ~ 1 7 1  0.389 11.5 
(2.00) (10.0) (10.0) (92%) (67) 

0.680 
(4.00) 

0.850 
(5.00) 

0.850 
(5.00) 

0.850 
(5.00) 

0.338 
(2.00) 

1 0  11 
(20.0) (20.0) 

11  l a  
(25.0) (25.0) 

1 3  11 
(25.0) (25.0) 

1 1  1 2  
(25.0) (25.0) 

5 l m  
(10.0) (10.0) 

96 ca-10 / ca-11 0.705 2.33 
(70:30) (88) 

72 ca-11 17a 0.927 3.55 
(78:22) (86) 

56 ca-13/71 0.840 3.00 
(75:25) (62) 

72 ca-111 ca-12 0.840 2.85 
(74:26) (82) 

96 ca-5 17m 0.245 1.94 
(66:34) (47) 

Product ratios and yields refer to the crude product mixture; all 
individual adducts are characterized in ref.’). - bJ ca-10, ca-11, ... 
means cycloadduct of 10 11, ...; for full characterization of these 
1,2-oxazines see ref.’,4,63357. - 6.19 g (47.6 mmol) of lb/ ld have 
been used (1b:ld = 21:79). 

The competition constants kcomp as given in Tables 6 and 7 arc 
calculated according to the following appro~imation~~]:  

[olefin 111 . [cycloadduct I] 
[olefin I] * [cycloadduct 111 komp = 

This equation is valid for a large excess of olefins. Experiments 
performed with moderate excess of one olefin component ( < 2  

cis/trans-6-Ethoxy-5,6-dihydro-5-methyl-3-phenyl-4H-l,2-oxazine 
(9a/b): For preparation and yield see Table 6. - ‘H NMR (CDCI3, 
300 MHz): 6 = 7.73-7.69, 7.39-7.37 (2 m, 2H, 3H, Ph), 4.96 (d, 
J = 2.5 Hz, 0.32H, 6-H, cis), 4.82(d, J = 2.5 Hz,0.68H,6-H, trans), 
3.91, 3.63, 1.20 (3 m,, l H ,  lH,  3H, OCH,CH,), 2.85 (dd, J = 7.51 
18 Hz, 0.68H, 4-H,, trans), 2.49,2.37 (AB part of ABX, J A B  = 18 Hz, 
J A ~  = 6.5 Hz, J B ~  = 11 Hz, 0.64H, 4-H,, 4H,, cis), 2.23-2.16 (m, 
1.68H, 4-H, trans, 5-H), 1.11, 1.06 (2 d, J = 6.5/7 Hz, 3H, 5-CH3). 

CI3Hl7NO2 (219.3) Calcd. C 71.20 H 7.81 N 6.39 
Found C 70.95 H 7.95 N 6.20 

CAS Registry Numbers 

l a :  6213-94-1 1 lb:  39162-68-0 / l c :  19980-43-9 / Id: 50300-18-0 / 
l g :  35449-05-9 1 l i :  73397-84-9 1 l j :  73397-85-0 / l k :  6651-34-9 / 
11: 6651-36-1 / l m :  17510-44-0 1 In: 1833-53-0 / exo-3a: 128388- 
76-1 / exo-3b: 128388-77-2 / endo-3b: 128443-31-2 / exo-3c: 
128443-32-3 / endo-3c: 128443-33-4 14a:  56384-59-9 / 4b: 21572- 
32-7 / 5: 762-72-1 / ca-5: 109925-98-6 1 exo-6: 128388-78-3 / endo- 
6: 128388-79-4 / 7a: 224462-47-1 17b: 125173-09-3 / 7c: 124462- 
58-4 / 7d: 125173-08-2 1 7e: 128388-80-7 / 7f: 124481-51-2 / 7g: 
124462-54-0 / 7i: 124462-51-7 / 7j: 124462-50-6 / 7k: 109925-93-1 / 
71: 109925-95-3 / 7m: 124462-55-1 / 7n: 109925-96-4 / 8a: 4696- 
26-8 / 8b: 4696-25-7 / 9a: 128388-81-8 / 9b: 128388-82-9 / 10: 542- 
92-7 / ca-10: 61145-16-2 / 11: 109-92-2 / ca-11: 80322-70-9 / 12: 
13169-00-1 / ca-12: 117341-58-9 1 13: 1122-84-5 / ca-13: 124462- 
39-1 

lJ Dedicated to Professor RolfHuisgen on the occasion of his 70th 
birthday. 
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