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The Diels-Alder reaction has been the subject of extensive preparative,i-‘4 theoreticai,1s,i6 and 
mechanistic” study which has contributed to the ease and predictability with which this reaction may be 
utilized today. The all-carbon Diels-Alder reaction is perhaps the single most powerful process for the 
regio- and stereospecific preparation of carbocyclic ~membered rings, yet systems in which one or more 
of the atoms of the diene, or dienophile,& is a heteroatom have attracted less attention despite 
comparable preparative value. It may be the ambiguities concerning the mode of cycloaddition, the 
unce~ainties surrounding the observed or predicted regio- or stereose~ectivity, the relative lack of 
dependable procedures or notable applications, and the uncertainty in the question of concerted versus 
stepwise polar cycloaddition which have served to discourage the practicing chemist from utilizing 
heterodienes on a routine basis. Nevertheless, a number of significant observations have brought the 
potential use of heterodienes to the stage of routine application. 

This review is restricted to those systems in which one or more atoms of the diene is a nitrogen atom 
and is designed to complement earlier reviews’***’ and the recent coverage of heterodienophiles.6 The 
text edited by J. Hamer’ and the review of Needleman’ provide excellent surveys up to 1%5 and contain 
information on successful and unsuccessful early studies. No attempt has been made to exhaustively 
cover the literature since 1%5. 

II. I-AZABtiTADIENE SYSTEMS 

Early reports of successful Diels-Alder reactions of ~-~abutadienes iuciude only the reactions of 
benzoisoxazole’* and unsaturated 3,~dihydroisoquinolines,19 eqns (l)-(3), and represent the early 
exceptions to the general observation that such systems fail to undergo [4 + 21 cycioaddition.‘,2 
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h 17\lEb eqn. 1 
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Ph 

eqn. 2 

- 1% eqn.3 

It has been known for some time that unsaturated imines participate in Diels-Alder reactions 
preferentially through their enamine tautomer,20 eqn (4) and in instances where isomerization is 
prevented [2 + 21 cycloaddition usually intervenes, eqn (5).2’a Exceptions to this generalization are the 
observations that selected imines afford [4 t 21 cycloaddition products with diphenyl ketene,*‘” eqn (5), 
chlorocyanoketene,*” eqn (6), and benzoylsulfene,** eqn (7). 
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eqn. 7 
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22 

R = H, Alkyl 

R' = AK, Alkyl 

Two recent reports have described successful approaches to the use of 1-azabutadienes which have 
broad synthetic implications, eqns (8) and (9), Schemes l-2. Fowler234 has shown that gas phase 
pyrolysis of N-acyl-0-acetyl-N-allylhydroxylamines generates N-acyl-1-azabutadienes which were 
shown to be capable of undergoing intramolecular [4 + 21 cycloaddition, eqns (g)-(9). The entropic 
assistance provided by the intramolecular cycloaddition, the inability of the dienes to tautomerize, and 
the relative stability of the product (acyl vs alkyl enamine) may account for the success of this process. 
This reaction has been annlied to the synthesis of amide l?j* a key intermediate in the total synthesis of 
deoxynupharidine 2, Scheme 1.23c 

3 
1) ~_CPBA 

4 
2)HClOq,H20 

3)HIOq,CrO3 0 

23b 
Scheme 1. 

aqn. 9 

In a successful effort to increase the reactivity of simple I-azadienes toward typical electron-deficient 
dienophiles, Ghosez et al.24 have reported that the a&unsaturated hydrazone 3 reacts regioselectively 
with a wide range of typical dienophiles to give the [4 + 21 cycloadducts. Reductive cleavage of the N-N 
bond and reduction of the C-C double bond in the adducts provided the substituted piperidines, Scheme 
2. Similar reactions with a&unsaturated oximes failed to give 14 + 21 cycloadducts.24 It remains to be 
determined whether this process is general for unsaturated hydrazones capable of tautomerization. 
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Scheme 2 

In related work, Gompper has described the [4 + 21 cycloaddition of hydrazone 4 wtth diphenyl ketene, 
eqn ( lO).‘5 

eqn. lo25 

Fitter? has shown that 3-(aryliminomethyl)chromones 5 undergo [4 + 21 cycloaddition with dichloro- 
or chlorophenyl ketene 6, whereas the isomeric 2-(aryliminomethyl)chromones 7 undergo [2 + 21 cyclo- 
addition with the same ketenes, eqns (I 1) and (12). 

2, 
5 

R =Cl,Ph 

eqn. 11 

*l-85% R5=C1 ,Ph 
26 
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2H-1,3-Oxa&-2-ones, e.g. 8 and 9, have been shown to participate in a (4 t 21 cycloaddition reaction 
with N-aryl maleimides but failed to react with dimethyl acetylenedicarboxylate, diethyt azodicarboxyl- 
ate or enamines. The reaction of 8 with ynamines took an entirely different course, Scheme 3.” 

0 

8 CH3 ' NCONR 

9 

2 
Et2N 0 

h 

0 0 -co -I A= - 2 

NEt2 0 -H2 

9 u 

Scheme 3? 

Ar=C6H5 49% 

=PCIC~H~ 38% 

Since the initial observation that certain unsaturated-heterocycles may participate in (4 f 21 cyclo- 
additions, eqns (2) and (3), a small number of additiona examples have been described, eqns (13>-(17), 
and require the use of reactive ketene or isocyanate dienophiles.*“‘* 

0 

“* 
+ ti -----b R=CN,CO2Et 

29 

NM2 
eqn. 14 

R R 
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28%3' 

Table 1. Intermolecular Diefs-Alder reaction of o-q&none methide imines 
- 
Substrate Dienophile Conditions Product 
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Initial studies”.‘* on the generation and properties of o-quinone methide imines, Table 1, suggest that 
upon continued investigation they will prove useful synthetic intermediates comparable to the o- 
xylylenes ‘2h.‘3 and o-quinone methides.s.“h.3’ 

In recent studies, Saegusa et ~1.~‘~ have shown that [o-((trimethylsilyl)alkylamino]-benzyl]trimethyl- 
ammonium halides undergo a fluoride anion induced I$-elimination to generate o-quinone methide 
N-alkylimines under mild conditions, eqn (18). Although attempts to trap the o-quinone methide imines 
with intermolecular dienophiles such as acrylate, fumarate, acetylenedicarboxylate and N-phenyl- 
maleimide failed and resulted in the formation of dimer 11, eqn (18) intramolecular Diels-Alder 
reactions proved useful, eqn (19). The application of this methodology to the synthesis of 9-azaestro- 

n-3 53% 
n=4 583 

1,3,5(10)-trien-17-one (12) attests to the synthetic utility of the o-quinone methide imines, Scheme 4.3’d 

l)n-BuLi 

G 

H2NMe2 CH2NMe2 2)Me3SiCl 

0 FEZ a 0 
NH2 - 

3) 

+ trrt- 0 

# 

b 

9’ 9 

QIyJ$T q 

12 

0 0 

K 

Scheme 4. 

Warming benzotriazinone 13 or irradiation of carbamate 14 generated the reactive o-quinone methide 
ketene 15 which in the presence of phenylisocyanate affords 2-anilino-benz-3,4-oxazin-Cone (16) by way 
of a [4 + 21 cycloaddition reaction, eqn (20).” 

0 

CT, 0 J A c 
13 

I 

// 0 / a \ 
NH 

0 a? 4” l 

O A 
H 

0 

15 

eqn. 20 

16 

McKillop and Sayer35 have reported that the Cu(lI) complexes derived from o-nitrosophenols react 
smoothly with dimethyl acetylene dic&boxylate to give l&benzoxozines, eqn (21). 
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OH 

eqn. 21 
35 

111.1 2-Azabutadienes 

111. LAZABUTADIENE SYSTEMS 

A number of [4+2] cycloaddition reactions of simple 2-azabutadienes have been reported and in 
each instance the diene is substituted with strong electron-donating groups capable of enhancing their 
reactivity toward typical electron-deficient dienophiles. 

Thermolysis of 2-methoxy-1-azetine (17) afforded 18 via electrocyclic ring opening followed by a 
1,5-hydride shift. Treatment of 18 with dimethyl acetylene dicarboxylate gave the pyridine product 19, 
eqn (22). 

_Fpc 

H3 

N 23c 

AJ 

eqn. 22 

2, 100% cc14,A 2, 46%36 

Thermolysis of 3-substituted 2-dimethylamino-t-azirines, prepared from the corresponding tertiary 
carboxamides, was shown to give I-dimethylamino-2-azabutadienes which undergo regiospecific Diels- 
Alder reactions with a wide range of electron-deficient dienophiles,-” Scheme 5. 
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Scheme 5.” 
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2 
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Scheme 6.M 

A series of reactive 1,3-bis(dimethylamino)-2-azabutadienes were generated in situ from I-alkyl-Z 
azavinamidinium salts and were found to be reactive toward electron-deficient dienophiles,‘* Scheme 6. 

A simple preparation of 1,3-bis(t-butyldimethylsilyloxy)-2-azabutadienes from imides and their 
reaction with a range of typical dienophiles have been described,39 Scheme 7. The apparent ease with 

which this 2-azadiene system may be generated and the facility with which 20 undergoes cycloaddition 
with electron-deficient dienophiles should prove exceptionally useful. 

Imines generated from the reaction of aryl aldehydes with the ethyl ester of glycine react with 
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dimethylformamide diethyl acetal to afford I-aryl-4-dimethylamino-3-carboethoxy-2-azabutadienes 
which were shown to react with dimethyl acetylene dicarboxylate,4 eqn (23). 

Y X 
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Thermolysis of 4,4-dimethyl-1-( 1-phenylvinyl)-S-( I-pyrrolidinyl)-4,5-dihydro-1 H-1,2,3-triazole pro- 
vided 21 which was shown to react sluggishly with typical electron-deficient dienophiles4’ Scheme 8. 

The initial reports that pentachloro-I-azacyclopentadiene 22 behaves as a reactive, electron-deficient 
I-azabutadiene42“-’ have been shown to be in error.420.h The system undergoes Diels-Alder reactions 
with reactive or electron-rich olefins as pentachloro-2-azacyclopentadiene 23,42”.h eqn (24). 

DHSd 

r CO CH 
2 3 

C02CH3 C02CH3 

C02CH3 C02CH3 

31% 25% 

Ph 

'I - 
C02CH3 C02CH3 

DMSO, 25"C, 

24 h, 37% 

DMSO, 25'C 

48 h, 11% 

DMSO, 25"C, 

48 h 

DMSO. 25'C, 

5 days, 44% 

Scheme 8. 

2-Substituted-4-methyl-1,3-oxazin-6-ones 24 have been shown to react exothermically with electron- 
rich dienophiles, e.g. I-(diethylamino)propyne and I-ethoxy-I-(dimethylamino)ethylene, to give the 
substituted 4-aminopyridines 25 and 26 respectively in high yield,4J eqns (25) and (26). The synthetic 
potential of 3-aza-a-pyrones would seem to be limited only by the stability and the ease of preparation of 
the parent ring system.44 

Similarly, 4H-3,1-benzoxazinones 27 may undergo a [4 + 2) cycloaddition with I-(diethylamino)propyne 
but the solvent and substituent (R) play an important role in determining the course of the reaction,4”O eqn 

NEt 
2 

+ 
Et20 CH3 R=KH3j2CH 79%43 

-co 89% 
2 

= (CH3) 2CHCH2 
eqn. 25 

CH3 R 
= (CH3) 3C 65% 

25 
‘CF3 67% 

Et 
Me2 R=KH3j2CH 8o%43 

+ 
=(CH3),CHCH2 90% 

eqn. 26 

R =KH3)3C 94% 

=CF3 80% 

2 



2880 D. 1.. Bwt~ 

(27). The reaction of 4H-3,1-benzoxazinones 27 with enamines has been shown to take an entirely different 

course.45b 

NEt- NEt, R=CF, 94%45a 
2 J 

Et20 

CH3 
=H 77% 

eqn. 27 
n =CH_ 71% 

I 
.. n 

P” 

27 

3 
LI. 

3 =C6H5 119 

The initial observation that imines derived from aniline and aryl aldehydes react with electron-rich or 

reactive oletins in the presence of catalysts (BFJ.0Et2 or protic acids) to give formal [4 + 21 cycloadducts 

continues to be investigated,a.47 Scheme 9, and these studies have been briefly reviewed.‘These systems 

fail to give Diels-Alder products with typical electron-deficient dienophiles.‘.’ 

OR 

R1 
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Ph 
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BF3'0Et2 

C6H6,S°C,lh 
H 

OEt 
OEt 

I.- 
BF3'OEt2 

CgHg'2C.l.Sh 
h 

H 

BF3*0Et2 
Et __c 

C6"6,31°C,2h h 
H 

R=Et, C4Hg 
46 

Rl=H, CH3 

25%46 

51e46 

37%46 

15%46 

SO-919 
47 

Scheme 9. 

Ghosez et aLaxa have shown that N-aryl ketenimines react with ynamines to give substituted 

quinolines, eqn (28). Solvent effects for this reaction are consistent with a polar cycloaddition. 

In an extension of this observation, Ghosez has shown that a N-aryl vinylketenimine reacts with 

electron-deficient dienes in an all-carbon Diels-Alder reaction while its reaction with the electron-rich 

ynamine 28 affords quinoline 29 by cycloaddition across the azadiene system,4Hh Scheme 10. 

R=Rl=CH 85% 
4Ba 

3 

R=Ph,Rl=CH 67% 

R=Rl=Ph 

3 

61% 

R=CH3,R1=Ph 52% 
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Scheme IO 

Similar observations have been made on the reactions of N-aryl ketenimines or N-aryl vinyl- 

ketenimines with thiobenzophenones49 and these studies have been reviewed recently.“’ 

Phenylisocyanate and related aryl isocyanates have been reported to give [4 t 21 cycloaddition 

products with ynamines,50a benzyne.‘“” and ethoxyacetylene,” eqn (29). The course of the reaction of 

ynamines with aryl isocyanates is strongly dependent on reaction conditions. Products resulting from 

[2 + 21 cycloaddition adducts are formed in nonpolar reaction solvents (cyclohexane) whereas [4+ 21 

cycloadducts are isolated from polar reaction solvents (acetonitrile) suggesting a pronounced polar 

character to the Diels-Alder reaction. 

OEt 
OEt 

I11 - 
OH 

Recent reports have described [4 + 21 cycloaddition reactions of vinyl isocyanates and vinyl thioiso- 

cyanates,“* eqns (30) and (31). 

X=0, R=Ar RO-f34%52a 

X=0, R=H 42652b 

X=S, R=H 3%52b 

eqn. 30 
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cH3s<0 + .,p ;$ cH3si$E. 

0 

.c 

eqn. 31 
52c 

A recent report has described the Diels-Alder reaction of 6-phenyl-Sazaazulene with acetylenes.52d 

# R- 

1 
R R1 

-HCN 

Rl 
Ph - Ph 

R = It1 = Ph 
= KHZ)6 

111.2 Hetero-2-azabutadienes 

A number of Diels-Alder reactions in which N-acylimines 31 act as dienes have been reported and 
much of this work has been reviewed.s.s3 X and Y are generally strong electron-withdrawing groups and 

X=CC13, Y=H 

X=Y=CF 
3 

as such the N-acylimines are useful electron acceptor partners in a cycloaddition reaction. Examples of 
Diels-Alder reactions with vinyl ethers, enamines, olefins, sulfene, acetylenes and either the C=C or 
C=O bond of ketenes have been reported.‘” This complements the ability on many simple N-acylimines 
to behave as dienophiles toward typical electron-rich dienes.6*54 

An example of N-thioacylimine participating as the 4a component of a [4 + 21 cycloaddition with 
ketenes has been described,” eqn (32). 

NMe2 

NJ + (R eqn. 32 

'c, 

R=H Ar=C6H5 40%55 

=E-CH~C~H~ 40% 

=E-CH30C6H4 36% 

R=C6H5 Ar=C6H5 22% 

=E-CH~C~H~ 18% 

=e-CH OC H 
3 64 

15% 

Vinylnitroso compounds constitute a class of electron-deficient hetero-2-azabutadienes which have 
been shown to participate in a number of useful Diels-Alder reactions.5”.57’SXr The addition of electron- 
withdrawing substituents to the vinylnitroso system enhances their reactivity toward simple olefins,.““S’Sd 
Table 2. 



Dieis-Alder reactions of azadienes 

Table 2. Diels-Alder reactions of vinylnitroso compounds (4~ component) with olefins and dienes 

2883 

Vinylnitroso Dienophile Product 
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56~ 

R1-C02Et, CHO 43\56C'd 
R1=COCH3 44e56e 

R1=CH0,R2/R3=(CH2f6,R4=?i 42%56d 
Rl=COCH R2/R3=tCH f R4=H 22%56e 
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23% 
87% 
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R'=Ph 483 
SEC 

Tetm Vol. 39,No 18-B 
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Vinylnitroso compounds may act as either the 27~ or 4n component of Diels-Alder reactions with 
dienes,56” Scheme 11. In general it has been found that P-substituted vinylnitroso systems act as 
dienophiles,6”8 Scheme 11-path b, whereas the vinylnitroso systems lacking a p-substituent behave as 
4n components in their Diels-Alder reaction with dienes,%” Scheme II-path Q. 

Scheme I I. 

The speculation that the observed Diels-Alder reaction of vinylnitroso compounds with dienes, 
Scheme II-path a, may actually arise from a sequence involving the all-carbon Diels-Alder reaction, 
Scheme II-path d, followed by [3,3]-sigmatropic rearrangement to the oxazine 32, eqn (331, has not 
received experimental proof. 

Table 2 summarizes many of the reported Diels-Alder reactions of vinyl-nitroso compounds in which 
they serve as dienes. 

This work has been applied to the preparation of aryl pyruvate oximes,‘bu.r.P amino acids,‘60.’ 
hydroxy nitriles,560*d y-lactones,‘6d pyridine N-oxides,‘6’ and pyrroles,” Scheme 12. 

R1 
NC -0 

1 

t 
R=CO2H 

R 

R 
R40H 

Y 
H 

R=COCH3 42-70% 

R 

N 

0 
R=Ar 

0 Rl,R2=alkyl.(CH ) 
2 3-5 

Scheme 12. 
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The ability for acyl nitroso compounds to behave as dependable 2n components of Diels-Alder 

reactions with dienes has been well established”.‘Y and has found substantial utility in the synthesis of 

natural products. Recently, Mackay et al.” have described the isolation of 5,6-dihydro-1,4,2-dioxazine 36 

(IO%, R’ = 1-Bu) from the reaction of acyl nitroso 33 with cyclopentadiene, Scheme 13. Though this 

product may arise from the thermal isomerization of the oxazine 35, Scheme 13 and eqn (34), acyl 

nitroso 34 gave the 5,6-dihydro-1,4,2_dioxazine 37 in excellent yield without the apparent intermediacy of 

the oxazine. 

l 0 Y 2, 
1 

R =t-Bu 

Nb 
0 

2, R'=g-N"2C6"4 

5, R1=c-Bu, R2=R3=" 

37, R'=-@12C6H4, R'=C" 3, R3=Ph 

Scheme 13. 

In related work, Eschenmosher et al.“’ have described the generation of N-vinyl-N-cycloal- 

kanenitrosonium ions and their reaction with olefinsh”“ and alkynes.““‘.’ The olefin cycloadducts were 

utilized for the preparation of y-lactones or dicarbonyl compounds, Scheme 14, and the alkyne adducts 

afforded a-methylene ketones or aldehydes directly, eqn (35). 

AqBF4 

- 

Scheme 14. 
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I?=", alkyl 

R2=alkyl 

R3=H, CH 
3 

A similar sequence employing N-(2,3-epoxypropyliden)-cyclohexylamine N-oxide 
of a-methylene-y-lactones has been described,“’ Scheme 15. 

for the preparation 

'llC6 

80% 

Scheme 15. 

A number of heterocumulenes have been shown to function as hetero-Zazadienes in [4+ 21 

cycloaddition reactions with dienophiles. Alkyl and aryl acyl isocyanates (38, X=Y=O), isothiocyanates (38, 
X=0, Y=S) or thioacyl isocyanates (38, X=S, Y=O) have been shown to participate in [4 + 21 

cycloaddition reactions though substantial differences in reactivity exist. Much of this work has been 
summarized in recent reviews.‘.’ 

Thioacyl isocyanates, because of their high and dependable reactivity, compose the bulk of the work 
and extensive studies of their reactions with olefinsM e.g. norbornene, enaminesh” dihydropyran,(“” 
thioacyl isocyanates (dimerization),h’ imines,“5d.ti carbodiimides,“‘“.“’ the C=N bond of isocyanates,“” 
azirines,6x P-enaminoketones,“’ the C=N bond of cinnamylidenesanilines,“‘jd dianils,Md azines,” 
hydrazones,” imidazoline-4,5-dione,” aryl cyanates and disubstituted cyanamides, the C=O bond of 
aldehydes,74 acetone,74 and ketenes74 and alkyllaryl iminodithiocarbonates” have been described. Typi- 
cal examples are illustrated in Scheme 16. An extensive report by Goerdeler et aL6” compares the 
reactivity of several thioacyl isocyanates 39 toward most dienophiles and found that those substituted 
with strong electron-withdrawing groups are more stable and less prone to cycloaddition. 

2 ys R=CH 3, C1CH2, ArCH 
2' 

Ph2CH, 

* 
* 

C13C, C02Et, t-Bu, PhCH=CH, AK. 

0 
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R=EI-CIC~H~ 
63a 

44% 

R=C H 63a 

62%6 = 

- flPh - 
NLPh 

;cc6H" 

-it - 

NS6Q 

0 

Ph 

-b- 
Ph - 

65~ 

TTPh 

RiC6H5 87% 

R=E-CH3OC6H4 90% 

'Ph 
R-O_-CloH7 43% 

0 

R=C6H5 48%63a 

Ph 

R=C6H5 85%68 

9 - 
PhOC Jf 

0 0 

Ph Ph 

-aR$ 

h R=Ph 

_ b”f \rs,fR R1=(CH2)2 75%66d 

"YNLdNYN 

Rl=PhCH 970 

Ph 
R=Ph 

Ar=Ph 88%66d 

Ar=e-CH3OC6H4 86% 
- f I - RY+ph Ar=e-CH3C6H4 73% 

71% 
AT 

/N Ny%Ar Ar=p-C1C6H4 

- N' 

AtT 
Y 
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Scheme 16. 

47-g’%‘* 

R=Ph 
R1=PhO 71% 

73 

R1=Me2N 83% 

R=OEt,R1=H,R2=CCl 
,R1=",R2=Ph ' 

60%74 
41% 

,R1=R2=CH3 29% 
R=Ph,Rl=H,R'=Et 27% 

,Rl=H,R*=Ph 616 

R=Rl=Ph 78% 
74 

Similarly, aliphatic and aromatic acyl isocyanates undergo a wide range of [4 t 21 cycloaddition 
reactions though (2 t 21 cycloaddition and simple addition reactions are often observed. The substituent 
on the acyl isocyanate may determine the course of the reaction and such effects have been covered in 
prior reviews.‘.’ [4 t 21 Cycloadditions have been described for olefins such as norbornene and 4-vinyl 
pyridine, p-quinone, allenes, the C=C bond of ketenes, imines, dianils, ethylene diimines, enamines, vinyl 
ethers, ketene acetals, 1,2-dialkoxy- I-alkenes, carbodiimides, azirines, vinyl sulfides, and acetylenes.“‘.’ 
An example of the utility of such processes is the preparation of exo,cis-hydroxy acid 40 from 
norbornene,“j eqn (36). 

+ oxcc13 - 
00 

HO H 

40 

Acyl isothiocyanates have 
imines’” and hydrazones. 

been shown to undergo [4 + 21 cycloaddition with enaminesi7 eqn (37), 

eqn. 37 
77 

30min, reflux S 
49-55% 

N-Sulfinylaniline 41 and related sulfinylimines may behave as 27r components of [4 + 2]“, [2 t 21 or 
dipolar [3 t 2) cycloaddition reactions and, in some instances, as the 4% component of Diels-Alder 
reactionsM Scheme 17. Strained and reactive olefins, e.g. norbornene, norbornadiene, dicyclopentadiene, 
and cyclopentene, have been shown to react as dienophiles with N-aryl sulfinylimines. Typical products 
are 42-44. 

Kobelt et al. have shown that 45 undergoes a Diels-Alder reaction with phenylacetylene:’ eqn (38). 

F:\+O + 

Ph 

eqn. 38 
1 
N* 

* 
36% 

0 
0 
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- R+ -R 

0 
II 

\R+ - .O 4$ 
.Ar 

C 
II 

S. 
H 

% 
0 

42 43 

Scheme 17. 

44 

IV. 1 I ,2-Diazabutadienes 

IV. I,2-DIAZABUTADIENE SYSTEMS 

Electron-deficient azoalkenes have been shown to react with dienes,““.’ Table 3, or reactive and 

electron-rich olefins,” Scheme 18. The reaction of electron-deficient azoalkenes with enamines has been 

shown to give 13 + 21s3 cycloaddition products, eqn (39), and not the originally reported [4+ 21 

cycloaddition products.“’ 

I I 

b 

1 3 

- 

R =R =C02CH3,R2=CH3 
82b 

0 
R 

2 R 

R3 _I 

R1=R3=C02CH3,R2=CH3 
82a 

fi* 
N 

11 
R 

n3 

Lt - 

,?l=R3=Co C,, 
2 3,R2=CH 

70%82b 
3 

R1=R3=C0 Et R’=CH 72% 
R2b 

2 ’ 3 

A~=E-CH~CC~H~ 

R3 
R2 

w ;r30 
I R1=R3=C02CH3,R2=CH 82a 

3 
‘N 

R1=ph,R2=H,R3=C02CH 3 48% 
82b 

Scheme 18.82”.b 
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Table 3. Diels-Alder reactions of azoalkem with dienes and reactive oleiins’““” 

Kp 
R5 

n- 
R5 

b / 

R1=R2=H,R3=Ph,R4=2,4-(NO212CgH3i96’6 

R1=R2=H,R3=Ph,R4=Ts 72% 

R1=R2=H,R3=Ph,R4=C02Et 96% 

Rl=R2=H,R3=CH3,R4=2,4-fNO2f2CgH3: 

786 

R1=H,R2=C02Et,R3=CH3,R4= 

2,4-(N0212C6H3:83% 

R1=H,R2=C02Et,R3=CH3,R4=4-N02CcH4: 

88% 

R1=U R2=C02Et.R3=CH3,R4=Ph 
1 1 

61% 

R =R =H,R3=CH3,R4=Ph 14% 

Ph Rl=R*=H, R3=Ph : 

AF2,4- (NO21 2CgH3 67% 

R5=H, R2=H ; 

R1=H,R3=Ph,R4- 

2,4-(N0212C6Hj: 

R1.H,R3-CH3,R4= 

2,4-(NO )2CgH3; 

Rl=CO2Et, R3=CH3, R a =Ph 

RkHpR*=H; 

R1=H,R3=Ph,R4= 

2,4-(N02)2Q,H3: 

CH 

ti 
‘N 

Ar 
R1=R2=H, R3=CH3 : 

Ar=2,4- (NO21 2C6H3 68% 

896 

22Q 

06 

876 

Me 3Si0 C”3 

Ar=2,4-(N02)2CgH3 326 

0 
Ph R1=R2=H,R3=Ph; 

Ar=2,4- (NO2f 2CgH3 20% 

X=0,CH2,- I 
HNR 

R=C02C(CH3) 2CCl3 
or =Tos 

=C02CH3 
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Simple azoalkenes have been shown to react with typical electron deficient dienophilesx4 to give 
Diels-Alder products, eqns (40) and (41). 

CN 
NC CN 

Ar'C6H5 47se4 

Q 

- 
x CNCgHg,2jOC b 

‘r CN" 

A~=~-CH~C~H~ 72% eqn. 40 

NC 
Ar=e-CH30C6H4 70% 

24h 

N*N 

Ar 

I 
0 

At- -1 
8 

Ph - 0 Ar'C6H5 75%64 
Ar=e-CH3C6H4 73% eqn. 41 

0 

% 

NPh Ar=e-cH3OC6H4 750 

C6H6,2S0C,24h " 
Ar 

Reports of azoalkenes acting as 47r components in Diels-Alder reactions with azodicarboxylates,” 
eqns (42)+&I), thioisocyanates,% eqn (43, and ketenes,W*88 eqns (46) and (47), have been published 
recently. 

CON"Fh 

I 
CH 

3 

NCOR’ JOR2 

+ 
'rLOR2 

C6H6 or THF, 

25oc, &- rl 
3h-4 days 

Jil 
\coR2 

,,3y 

““r 
CH3 

R3 
NNR R2 

4 + 
NON 

kl 

$ I 
0 

CONPPh 

C"3 
w 

CH 
3 

R1=I'h,R2=OCH3 ma5 

R1-@C6H4,R2=OCH3 79% 

R1=Ph,R2=0Ph go\ 
eqn. 42 

R1=CH3,R2=0CH2CC13 81% 

R'=OCH 
3 

79Q85 

R2=0C(CH3)2CC13 
eqn. 43 

72% 

R2=OCH2CC13 El0385 

R2=Ph 34% 

R3 43-90% 
86 

eqn. 44 

R1=CH3,Ph 

R2=CH3,alkyl eqn. 45 

R3=CONHPh,alkyl,H 

R=S02R.COR.C02Et,Ph 

R3 R2 

eqn. 46 
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P 
CH3b0 

f 
N\\ 

s 

+ phyPh 

0 

-w*'>j$'h + "‘"r" '"')('f$, + @ 

Ph' 0 Ph' 
Ph 

"x O 

Ph 

0 
Ph eqn. 47 

60% 26% 10% 4x 

IV.2 Hetero-1,2_diazabutadienes 
Azodicarboxylates are best recognized for their ability to participate as 2n components in Diels- 

Alder reactions with dienes and for their effective participation in ene reactions with simple olefins. 
However, olefins which do not contain a reactive allylic hydrogen and therefore cannot enter into an 
ene reaction may react with azodicarbonyl compounds by two different modes: [2 t 21 cycloaddition to 

It0 

h- R=CH3,Et: 1,2-diazetidine 
90a 

R-OCH3908 

=OEt 

CH30 R=OC"390a 

=OEx 

CH30 
I 
COR 

CH30 o x x” 
R=OCH390a 
=OEt 

m3o 
+ 1,2 adduct 

AcO 

t- 

> - ““r”y” Ft=OEtgoa 
N 
I 
COR 

X x=OCH3: R=CCH) 
97.3 

X R =SCH3 =OEt 

=NMe2 =OPh 

CH 
3 

R=OCH397b 

=OEt 
=OPh,OEt 

d OR 

R2N R 
R=Arg8 

I 
COR 

Scheme 19. 
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give I,2-diazetidines and (4 + 21 cycloaddition to give 1,3,4oxadiazines with the azodicarboxylate acting 

as the 47r component of the cycloadditionR9.’ Typical 4a Diels-Alder reactions of azodicarboxylates are 

summarized in Scheme 19yo-‘w and much of this work has been reviewed.“.’ 

The reaction of azodicarboxyiates with electron-rich olefins has been extensively studied and typical 

substituent effects governing the course of [4 + 2j versus [2 + 21 ~ycfoaddition are briefly summarized in 

Scheme 20.9’” 

PhO 

b + I,y" s"92:'" + phyyR 

25OC 
I 

COR ‘r’ 
fOR 

'95 
77 

65 

c5 

80 

65 

33 

33 

<5 
23 

35 

'95 

20 

35 

67 

67 

R=CCH2CC13 85% 

R=OCH3 73% 

R=OEt 846 

R-Ph 66% 

R=OCH3 Solvent 

CH3CN 

neat 

Et20 

W6 

COzCH3 CO$H 3 

X=OCH3 87 13 83% 

X=CH3 84 16 85% 

X=H 77 23 73% 

x=c1 67 33 56% 

X'NO2 '5 '95 40% 

Scheme 20 

The reaction of enamines with azodicarboxylates has been used for the preparation of u-diketones,% 

Scheme 21. 

+ “‘r’“_ 
rN 

R N' R 

I I 
COR COR 

COR 

Scheme 21. 

In a series of articles,“’ Mackay et a/. have shown that the Diels-Alder adducts of azodi~arboxyiates 

and diacyl azocompounds with cyclopentadiene, cyclopentadienones, and 2,S-dimethyl-3,4-diphenyl- 
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~yciopentadien~ give the expected diazines 47-49, eqns (~~(50), which may rearrange to the 1,3,4- 
oxadiazines 50-52, the formal products of a 47; Diels-Alder reaction of 46 with the dienes. 

col? 

46 + 

I 
COR 59 

R=CKH3)3'Ph'CH3 
#OR 

eqn. 48 

eqn. 49 

eqn. 50 

V. lS_DIAZABI:TADIENE SYSTEMS 

The reports of simple 1,3_diazabutadienes participating in [4 + 21 cycloaddition reactions are rare. 
Matsuda et af.‘02” have shown that 53a reacts with isocyanates to give 1,3$triazine derivatives, eqn 
(51). The 1,3_diazabutadiene J3a failed to react with dimethyl acetylene dicarboxylate and affords [2 + 21 
cycloadducts with diphenyl ketene. 

Nzph + i 

Ph Ph 

C6H68 

Ph+ { 

", NxwR' 

pl;rPINAo 

eqn. 51 

I 
R R 

53a R=CH3 R'=Ph 90%102a 

R=Et Rl=Ph 100% 

R=Ph R1=Ph 85% 

R=CH3 R1=CH3 68% 

R=Ph R1=CH 3 
78% 

The N-silyl unsaturated urea 53b has been shown to react with isocyanates and dimethyl acetylene 
dicarboxylate,‘02h Scheme 22. Nitriles are unreactive and linear adducts are obtained in the reaction of 
53b with diphenyl ketene and chloral. 

Ph 

sb 

+ iI _ ziR 

Ph Ph 

"N)IW/' R=CH S9$02b 

Me3Si 

I0 

- .$,,A0 R=Ph' 

0 I 
Ph Ph Ph 

CO2CH3 Ph Ph Ph Ph 

C02CH3 

a 
+ 3 

t4e3Si0 
C02CH3 

c02CH3 

Scheme ?? 
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4,6-Diaryl-1,2,3,5-oxathiodiazine-2-oxides 54 react with a wide range of heterodienophiles including 
amidines, imidates, iminochlorides, ureas and thioureas,“’ eqn (52), and enamines,‘04 eqn (53). 

Ar=C6H5, m_CH3C6HQe PCH3C6H4, X'CH3 
'C6H5 

:$$5 
3 

=Ar 
=Ar 
=Ar 
=OH 
=NH2 
=SH 

R=OEt 25-920'103 
=OEt 
'NH2 
=Cl 
=NHAc 

=NHR 

=OH 

=NHz 

‘NH2 

‘NH2 

i'h tih 

eqn. 53 

Imidoyl isothiocyanates have been shown to participate as 4n components in Diels-Alder reactions 
with themselves (dimerize),‘oS”-’ enamines’OS” and isothiocyanic acid,“S’*u Scheme 23. 

Ar 
I 

Ar 

Scheme 23 

A number of reactions of reactive dienophiies with 1,3-di~abutadienes in which part of the diene 
system is incorporated into an aromatic or heterocycle have been described,‘““’ eqns (54)-&l). 

X=0 RaNMe 
R=GCH3 
RN02 

X=S R=NMe2 
R=OCH3 
R'NO2 

o Ph 

ww. 54 

74% 
86% 
91% 
87% 
70% 

X=NH+NCOCHPh2 
R=N?4e2 84% 

R=OCHJ 81% 
R'NO2 75% 
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“\\ 
sN-Ar - 

eqn. 55 

x=0 R1=Ph Ft2=NMe 

=OCH; 

33%1°6 

58% 

R1=H 

=NO 

X=S 
R1=CH 

G=OC 43 

36% 
87% 

3 R2=NMe2 63% 

=OCH3 67% 

X-Se R’=Ph 

=N02 79% 

R2=NMeZ 4 3% 

“OCH3 54% 

‘NO2 78% 

Ar=C6H5 

=e-CH3C6Ho eqn. 56 
157 

,-;I, CL ’ N&t 
R=H,CH3,Et108 

0 

eqn. 571°7 

eqn. 58 

eqn. 591°8 

eqn. 60 

eqn. 61 

+ 

R 

R"NO2 x=0 37%=O 

R-NO2 X-NH 33% 

R=OCH3 X=O,NH 0% 

VI. 14DIAZABUTADIENE SYSTEMS 

There are few examples of 1,~diazabutadienes pa~icipating in 14 + 21 cycIoaddition reactions. The 
initial reports”’ that diphenyl or dimethyl ketene react with a-diimines to give products of a [4+2] 
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cycloaddition reaction, eqn (621, have been reinvestigated ‘12 and found to give p-lactams, the product of 

[Z + 21 ~ycloaddition~ eqn (63). 

tqn. 62 

eqn, 63 

The dimerizationlt3 of substituted o-benzoquinone diimines, eqn (64}, and their reaction with 
diarylketenes,“‘” eqn (65), have been reported. The solvent effects, substituent effects, and activation 
parameters of the reaction of 55 with diarylketenes are consistent with a moderately polar transition 
state with the diimines functioning as electron-deficient dienes.‘14” Similar observations have been 
described for the I4 + 21 cy~loaddition of diiminosuccinonit~le (LXSN) with electron-~ch dienophiles.“‘~ 

NCOPh 

eqn. 64 

R%OPh,SO2Ph 

Pummerer has shown that dehydroindigo reacts with styrene, vinyl aryfs, a~rylonjtrjle, methyl 
acrylate and methyl propargyiate,“’ eqn (66), under forcing conditions. 

I15 
R=C6H5 77\ 

R=C02CH3 58% 

R=CN - 

Benzofurans undergo cycloaddit~on with enamines,*16 Scheme 24, and ynamines,“” eqn (67). Com- 
pounds 56,57 and 58 failed to react with enam~n$s. 
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Scheme 24. 

2? 57 xe 
RCH3,Ph 

Et 

III - 
k 

Et2 

-0 

&‘c Y t 
/ 

+E t2 

eqn. 6711’ 

VII. 23DIAZABUTADIENE SYSTEMS 

The 2,3_diazabutadiene system rarely undergoes successful [4 + 21 cycloaddition with typical dieno- 
philes and usually affords 2 : 1 adducts or [3 + 21 criss-cross products.” Such reactions of azines and imines 
with dienophiles have been reviewed.” 

-7 0 0 
I 

/N 

aL * Qc? 0 NMN 

0 
\ 

2,5-Diphenyl-3&diazacyclopentadienone (59, 3,ddiphenyl-4H-pyrazoleA-one) has been shown to be 
capable of acting as either a diene”““-‘.’ or dienophile,“s”-d.L’ Scheme 25. Diazocyclopentadienone 59 
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Ph 
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N2 2% 0 
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OH phd02 y \ 

Ph 

Ph 
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N-N &- 
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I/ 

Ph 

Scheme 25. 
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fails to react with conventional dienophiles:“xh maleic anhydride, dimethyl acetylene dicarboxylate, 

diphenyl acetylene, dimethyl fumarate, isobutyl vinyl ether, cyclopentene, cyclohexene. 

2,3-Diazacyclopentadiene 60 reacts with N-phenyltriazoline dione to give the Diels-Alder product 

61,‘19 eqn (68). Additional examples of Diels-Alder reactions of cyclic 2,3_diazabutadienes include the 

eqn. 68 

62, R=CH3,Ph 61 

reactions of 4,5_dihydropyridazines, the products of the Diels-Alder reactions of 1,2,4,5_tetrazines with 

olefins and specific examples may be found in Section 1X.10. 

Recently, Steglich and co-workers”” have reported the preparation and reactions of 2,5-diphenyl-6 

oxo-1,3,4_oxadiazine 62, eqns (69) and (70). Cycloaddition studies with ynamines and benzyne illustrate 

that nitrogen is preferentially lost from bicycloadduct A to give cu-pyrones. 

The reaction of 62 with reactive olefins has been described recently,‘2’ eqn (71). 

eqn. 69 

Ph 

Ph 

12% 

r 
Ph 

0 
N/ h + 

eqn. 70 

Ph 

L I@- 72% 

Ph 
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VIII. TRIAZARUTADIENESYSTEMS 

Only one example of a triazabutadiene system participating in a [4 + 21 cycloaddition reaction could 
be located,ln eqn (72). 

eqn. 72 

2J-89%122 

IX. 1 Oxazoles 
IX. HETEROCYCLIC AZADIENES 

The ability of oxazoles to behave as dependable azadienes in Diels-Alder reactions with olefinic or 
acetylenic dienophiles continues to be utilized for the preparation of pyridine and furan derivatives, 

Table 4. Diels-Alder reactions of oxazoles 

OXaZOle Conditions Product 

R2 

R -I- 3 oN&Rl 

‘?$ 

cH3F0 

“‘,E, 
$if 

N. 
11 

(CH2)6C02CH3 

!I 

CHO 

f 
OAC 

‘L OAc 
CH(OE'L)~ 

I 
‘1 
CHO 

‘eR 

EtC6H5,'eflux 

72 h 

EtC6H5,feflux 

96 h 

EtC6H5,r‘ZflUX 

36 h 

26 h 

26 h 

10 h,130°c 

4 h,140°c 

6 h,150°C 

1 
O2 

200°C, 3.5 h 

200°C, 24 h 

25OC 

dioxane, lnO°C 

94%124a 

OEt 

C"3 
76% 

124b 

"3 
0 

H 

R=",R1=R2=0 7cj%124b 
CH3 R=CH3,R1=R2=0 124~ 

g2%124c 
R=CH3,Rl=OH,R2=H 84% 

OH 

CH3 
R=CH3 75% 

125 

R=Ph 
R=Et 

74% 

15% 

OAc 
0 

OAc 

CH(OEt)2 

CHO 
OEt 

R2 

60-80%126 

73% 
127 

70% 
128 

129 

65-75% 
130 
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respectively, eqn (73). Recent reviewsu3 cover much of the work to date and only a few of the more recent 
examples of these reactions are recorded in Table 4. Weinreb and Levin have described a total synthesis of 
eupolauramine utilizing an intramolecular oxazolelolefin Die&Alder reaction.‘25b 

ri R4 

R4 R3 R2 [,I R4 

N 

R1 R4 

R3 O R2 

R4 

[~I 

N 
r R1 R4 

R2 

-H20 3 

-Q 

R4 

o R4 

Rl 

eqn. 73 

IX.2 Thiarotes 
Thiazoles, like oxazoles, have been shown to undergo Diels-Alder reactions with olefins though they 

have been much less investigated. Eqn (74) summarizes a typical example.“’ 

OEt 

Ctf3 CO2CH3 

!i.z 

CH3O2C 
OEt 

eqn. 74 

OH 

2 + 

OH 
AlC13,!! hr 

HCl 

1X.3 lmidazoles 
Reports of imidazoies participating in Diels-Alder reactions as either a rea~tivel,~diazab~tadiene 

system, eqn (75),r3* or as a aazabutadiene system, eqn (76),‘33 have been published. 

CH302C 

eqn. 75 

CH302C 

C02CH 3 

R1=C02Et,R2=CH3,R3=Ph 630133 

R1=H.RZ-CH3,R3=Ph 50% 

R’=H,R2=CH3,R3=r-BU 76% 
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1X.4 Pyridines 

I). I.. BoGI:H 

Neunhoeffer et al.lJ4 and recently Gompper” have described the Diels-Alder reaction of dimethyl 

2,6-bis(dimethylamino)-3,4-pyridine dicarboxylate with dimethyl acetylene dicarboxylate, eqn (77). This 

C02CH3 

Me2 "ZCH3 1 

co2me 

+ l/l - 
eqn. 77 

'OZCH3 C02CH 

co2me 
NMe, 3 

‘ 

610l 34 

suggests that pyridines substituted with strong electron-donating substituents at positions 2 and 6 may 

function as suitable 2-azadienes. Additional examples may be found in Section 1X.5, Table 6. 

2-Pyridones constitute another class of pyridine derivatives capable of Diels-Alder reactions though 

in these cases the pyridyl nitrogen atom is not a member of the diene system.13’ 

IX.5 Pyrimidines (1,3-diazines) 

Electron-deficient pyrimidines participate in dependable inverse electron demand Diets-Alder reac- 

tions with ynamines, e.g. I-tdiethylamino)propyne, to afford pyridine products,“” eqn (78). In each case, 

eqn. 78 

the electron-rich dienophile adds selectively across C-2/C-S of the pyrimidine nucleus and the orien- 

tation of the addition is guided by the substitution pattern of the pyrimidine electron-withdrawing 

groups, Table 5. Guidelines for predicting the regiospecificity have been detailed and can be derived 

intuitively from the examples illustrated in Table 5. There is a strong preference for the nucleophilic carbon 

of the ynamine to be attached to C-2 of the pyrimidine nucleus unless sufficient electron-withdrawing groups 

are positioned to adequately decrease the electron density at C-5. 

The application”‘” of these observations to the construction of the pentasubstituted pyridine found 

in streptonigrin, eqn (791, was prevented by the inability of aryl ynamine 65 (R’=Ph) to cycloadd to 

NC 
NEt2 

I'n 

I5 

CN 
- 

R 

R=H,Rl=CH 3 
97s137a 

1 
R=H,R =C6H5 20% 

R=CH 3,R1=CH3 360 

R=CH 3,R1=C6Hg 00 

eqn. 79 
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Table 5. Cycloaddition reaction of pyrimldinc carboxylatcs with I-ldtethylamino)propyne”h 

Pyrimidine Conditions Product(s) 0 Yield 

2903 

mCO2Et dioxane, 10l°C 
C02Et 

10% 
N+N 7 days 

CH3CN, 20 min 90% 
Nq,N 

CH3CN, 1 h 

C02Et 

C02Et 

C"3 C02Et 

dioxane, IOl'C, 

20 h 
Et2 

C02Et 

80% 

81% 

pyrimidine 64 (R=Me). Presumably, the reduced reactivity of ynamine 65 and the presence of the 5-alkyl 
substituent on the pyrimidine nucleus prevented the successful cycloaddition. 

In contrast, the mode of cycloaddition and regiospecificity of the reaction of electron-rich dienophiles 
with 5-nitropyrimidine is such that the cycloaddition takes place across CAIN-1 of the pyrimidine 
nucleus and the nucleophilic carbon of the dienophile attaches to C4,““’ Scheme 26. 

O2 
n=2,X=O 80% 

N-N 
n=l,X=- 60% 

CH 
13 

C"3 
b \ 

\ NEt2 i [ Et2;&o2 ] _ 

Scheme 26 

Electron-rich pyrimidines have been shown to react with dimethyl acetylene dicarboxylate to afford 
substituted pyridines. In each case, the mode of cycloaddition is such that the dienophile adds across 
C-Z/C-S of the pyrimidine nucleus, Table 6. A subsequent cycloaddition reaction of the product 
electron-rich pyridines with dimethyl acetylene dicarboxylate was occasionally observed, eqn 80.13* 
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Table 6. Cycloaddition reaction of electron-rich pyrimidines with dimefhyl acetylene dicarboxylate”R 

Pyrimidine Conditions Product(s) % Yield 

Me2w2 D"F 15OOC Ne2N 
N\ N 
Y 

lo ; ' TgJ::q;.. 

Nt4e2 NMe2 2 
NMe2 

6,6 6,I 

Me2N 
DMF, 150°C, 

3 days kg/g! 

Me2N noMe DMF, 150°C, 3 h fts 

Y 
NMe2 

MeN 02Me 

DMF, 150DC, 
02Me !S 

OCH 
3 

Me2N Otk 
DMF, lSO"C, 10 h !?? 

OMe 

OMe 

, 
02Me 

OMe 

Me0 OMe Me0 

DMF, ISO'C, 6,9 
8h 

NMe2 NMe2 

NMe 2 

$&:6_7 

53%:10% 

66:67 

r;;%z,% 

70% 

fig, 30% 

55% 

12% 

62 :6J 

40%:15% 

S2:k? 
16%:10% 

C02Me 

eqn. 80 
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A number of heterocyclic systems containing a 3-hydroxy-2-azabutadiene unit have been shown to 
participate in [4 + 21 cycloaddition reactions. 4,6Dihydroxypyrimidines”9 typify this class of azadiene 

and have been shown to react with electron-deficient dienophiles,‘39” eqn (81). Loss of cyanic acid from 

cope 

“‘qoH + ,), ;t? eqn. 81 

CH3 
;D 2; h 

2 

the bicycloadduct A affords the substituted pyridone directly. Mesomeric pyrimidine betaines, e.g. 70, 
behave similarly.‘39’ Simple, strained. or electron-rich olefins failed to react with 4,6-dihydroxy- 
pyrimidines.‘39’ 

A nearly quantitative intramolecular Diels-Alder reaction has been observed with the 4-hydroxy-6- 
oxopyrimidines 71,‘39b eqn (82). The stability of the bicycloadducts 72 appears to result from amide 
formation, thus preventing or retarding the retro Diels-Alder reaction involving the thermal extrusion of 
cyanic acid. 

0 

KH2)&H=CH2 

* 

(C"2),, 

& 

C02H 

0 ,'" DMF 
0 

H+ 

N/ iizT HO_ eqn. 82 

Y C"3 
2 

C"3 

2 n=3 2 n=3,%100% 

n=4 n=4, - 

More recently the intramolecular cycloaddition of 4-hydroxy- and 4-methyl-6oxopyrimidines con- 
taining a terminal alkyne or nitrile has been described.‘39d.’ In these cases the bicycloadducts 73 readily 
lose cyanic acid (HNCO) to afford the substituted cyclopenteno-pyridines 74 or -pyrimidines 75 
respectively, eqn (83). 

180-2oooc 

eqn. 83 
DMF or 

l*, n=3,X=CH,R=CH3 60% 

72, n=3,X=CH,R=OH - 

72, n=3,X=N,R=OH - 

n=3,R=CH3 65% 

n=3,R=C6H5 5_1% 

n=4,R=CH3 
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In addition, the Cmethyl- and 4-phenyl-6-oxopyrimidines 76 possessing a terminal alkene have been 
shown to undergo a similar intramolecular Diels-Alder reaction,““. eqn (83). Loss of cyanic acid 
(HNCO) and an apparent in situ oxidation (dehydrogenation) affords the cyclopenteno- and cyclo- 
hexenopyridines 77 directly. Only traces of the dihydropyridines could be detected. 

Sammes et al. have recently applied this work to the total synthesis of (&)-acetinidine (78),‘@ eqn 
(84). 

Takeshiba et al. have described an intramolecular Diels-Alder reaction of 2-aryloxy pyrimidines,14’ 
eqn (85). 

eqn. 85 

Rl=Cl,Br 
141 

R2=H,C02CH3 

5-43% 9-30% 

IX.6 Pyridarines (I ,2-diazines) 
Electron-deficient pyridazine carboxylates have been shown to react with electron-rich dieno- 

philes;‘42 e.g. ynamines’42h and I-methoxy-l-(dimethylamino)ethylene,’42’ to afford products of [4 + 21 
cycloaddition reactions. I-Methoxy-I-(dimethylamino)ethylene adds selectively across C-3/C-6 of the 
pyridazine nucleus and the regiospecificity of the addition is guided by the strong directing effect of the 
ester groups. Loss of nitrogen from the initial bicycloadduct followed by elimination of methanol or 
dimethylamine affords the dimethylamino- or methoxy benzenecarboxylates,‘42“ eqn (86) and Table 7. 
Additional examples of this reaction have been reported.14’ 

R1 NEt2 

+ I/) - 

CH3 

NEt2 

R=NMe2,OCH3 

. 

-RkN 

R2 " 

eqn. 87 
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Table 7. Cyclmddition of \,2-diazines with I-methoxy-I-(d~methylamino)ethylene’J’ 

2907 

1,2-Diazine Conditions Products % Yield 

CO2CH3 

, 

d . 

CH302 

CO2CH3 

$02CH3 

dioxane, 1Ol'C. 

24-48 h 

R=NMe2:CCH3 15:l 

dioxane, lOl'C, 

24 h 
CH302C 

R=NMe2:OCH3 12:l 

,c02CH3 

dioxane, lOl'C, 

24 h 

C02CH3 

R=NMe2:OCH3 13:l 

CH3O2C R 

dioxane, lOl'C, 

24 h CH302C 

R=NM~~:OCH~ 3:l 

t"ZCH3 

dioxane, 101'C, 

CH302c 
lh CH302C 

C02CH3 C02CH3 

R=NMe2:OCH3 2:l 

C?2CH3 

dioxane, 101°C. 
CH302 

0 
30 min CH302 

=o" 
C02CH3 

R=NMe2:KH3 1O:l 

60% 

57% 

90% 

80% 

930 

88% 

Two possible cycloaddition products may result from the Diels-Alder reaction of pyridazine 
carboxylates with ynamines, eqn (87), and lead to the preparation of I-diethylamino-2-methyl-benzene 
carboxylates 79 or 2-diethylamino-3-methyl-pyridine carboxylates 80.‘42h 

The mode of cycloaddition and the observed regiospecilicity depend strongly on the carboxylate 
substitution pattern and appear to be subject to accurate, predictable results, Table 8. It is remarkable 
that in each case only one of the two modes of cycloaddition is observed for each pyridazine 
carboxylate and in no case was a mixture of products 79180 reported. As anticipated, the rate and yield 
of the reaction increase as the level of carboxylate substitution is increased. Additional examples of this 
reaction have been reported.‘42h 

An interesting intramolecular cycloaddition of 3-chloro-6-(2-aIlylphenoxy)-pyridazine (81, R’=R=H) 
has been described.‘43“ Heating 81 with or without solvent afforded xanthene 82 in high yield, eqn (88). 

‘fffTR - [ fR] % 4 eqn.88 

R1 82, 45-91% 
143a.c 
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Table 9. Cycloaddition reactions of l$diazine carboxylates (pyrazine carboxylates) with I-(diethylamino)propyne 

1,4-Diazine Conditions Product(s) % Yield 

N 

CA I 
co2ue 

CH302C 

CH302C 
'ZCH3 

02CH3 

NEt2 

CHC13, 25oc. 7 days 

C02Me 

72% 

CH3CN, reflux, 12 h 

CHC13, reflux, 1 h NEt2 8,8 

CH302C 
C02CH3 

CHC13, reflux, - 88 78% 

CHC13, 2S°C, 14 days 
Q:Z 

29%:58% 

eqn. 90 

ines may participate in a similar (4 + 21 cycloaddition reaction with ynamines but the rate of reaction is 
slow and yield of pyridyl products is Iow.‘~ 

2,5-Dihydroxy-1,4-diazines, e.g. 91, have been shown to react with electron-deficient and strained 
olefins, eqn (91). I45 Pyrazinone 92 was shown to react rapidly with electron-deficient dienophiles and 
unactivated olefins,‘45 eqn (92). Adduct 93 showed no tendency to lose methyl isocyanate even at 200°C. 
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C02Me 

111 - 
DMF,2S°C,48 h 

c! 

60°C,24 h 

02Me 
62% 

Et0 / 

eqn. 92 

IX.8 1,3,5-Ttiatines 
1,3,STriazines, sym-triazines, have been shown to undergo [4 + 21 cycloaddition reactions with 

electron-rich dienophiles; e.g. ynamines,16 l-ethoxy-l-(dimethylamino)ethylene’ti and pyrrolidine 
enamines,14’ eqns (93)-(95). The regiospecikity of the addition of 1-(diethylamino)propyne to sub- 

9_4, R1=R2=R3=H 

1 146 
90% 

R=NMe 2,0Et 

21:l 

eqn. 93 

eqn. 94 

eqn. 95 
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Tahlc I I. Cycloaddition reaction of 1.3.5-triazine 94 wth pyrrolidine enamines’4’ 

Pyrrolidlne Enamine Conditions Product % Yield 

CO2CH3 

dioxane, 9O'C. 

24 h 

dioxane, 9O"C, 5 h 

CHC13, 45'C, 5 h 

to1uene, 9O"c, 5 h 

dioxane, 9O'C. 48 h 

dioxane, 90°C, 10 h 

dioxane, 90°C, 24 h 

dioxanc, 90°C, 43 h 

dioxane, 90°c, 5 h 

dioxane, 90°C, 24 h 

dioxane, 90°C, 18 h 

. 

dioxane, 93OC, 49 h / 

8 
C02CH3 

80% 

75%,14793%,146 

38% 

21% 

47% 

47% 

76% 

66% 

23% 

80% 

51% 

50% 

IX.9 I ,2,4-Triu:imzs 

1,2,4-Triazines behave as reactive, electron-deficient dienes in inverse electron demand Diels-Alder 

reactions with electron-rich or strained olefins.‘4x As expected, the addition of electron withdrawing 

groups to the l,2,4-triazine nucleus generally increases the reactivity, influences the mode of cycload- 

dition and determines the observed regioselectivity. In addition, the course of the Diels-Alder reaction 

of l,2,4-triazines with electron-rich olefins is sensitive to the reactivity of the dienophile. 

The reaction of l,2,4-triazines with I-ethoxy-I-(dimethylamino)ethylene has been shown to afford 

pyridine products, eqn (96) and Table 12.‘49 Cycloaddition occurs exclusively across C-3/C-6 of the 

eq”. 96 
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Table I!. Cycloaddlrm reactIon of I.,. 7 4-trlarmc\ with I-elhox~-I-(dimeth~l~minolethylenc.’~” 

1,2,4-Triazine Conditions Product(s) % Yield 

2913 

CH3 

R1 

CH 

NMe 2 

dioxane, 100°C, 12 h 

dioxane, lOO'=C, 3-6 days 

NMtZ2 

'6"s 

"SC 
1 

dioxane, 100°C, l-6 days 
2 

dioxane, 

dloxane, 100°C, 3 days 

Me02C 

dioxane, 20°C 

C02Me 

27%14ga 

60% 
149a 

R1=NMe2, R2=H 5R%14ga 

R1=H, R2=NMe2 8% 

R3%14ga 

R1=R=CH3 9"$14gb 

R1=CH3,R=H 55% 

R1=H,R=CH3 82% 
Rl=R=” lR% 

R1=CH 3,R=C6"5 67% 

R=NMe2, 77%14gC'd 

R=OEt, 23% 

1,2,4-triazine nucleus and there is a strong preference for the nucleophilic carbon of the dienophile to be 

attached to C-3 of the 1,2,Ctriazine, Table 12. The reaction of 5-methyl-1,2,4_triazines with I-ethoxy-l- 

(dimethylamino)ethylene takes an entirely different course, Table 12.‘49h 

A detailed study of the reaction of ketene acetals and aminals with 1,2,4-triazines has been 

published’49d and reveals the effects of dienophile reactivity, substitution patternlsteric effects, and 

electron withdrawing groups on the observed mode and regioselectivity of cycloaddition, Table 13. 

In sharp contrast, the cycloaddition reaction of 1,2,Ctriazines with I-(diethylamino)propyne has been 

shown to afford 4-diethylamino-S-methyl pyrimidines 95 and occasionally pyridine products, eqn (%) 

and Tables 14 and 15. Thus, in this case there is a strong preference for cycloaddition to take place 

across C-5/N-2 of the 1,2,4-triazine nucleus and the nucleophilic carbon of the ynamine attaches to C-5 of the 

1,2,4_triazine nucleus, resulting in pyrimidine products. Substitution at C-5 may result in a switch in the 

mode of cycloaddition and the ynamine may add across C-3/C-6of the 1,2,4-triazine nucleus. In these cases, 

there is a strong preference for the nucleophilic carbon of the ynamine to attach to C-3 of the 1,2,4-triazine 

nucleus. However, the presence of electron-withdrawing substituents at C-3 and C-6 will control the 

observed regioselectivity of such cycloadditions, Tables 14 and 15. 

The l,2,4-triazine nucleus is sufficiently electron-deficient that substitution with electron-donating 

groups, e.g. -OMe/-NMez, does not prevent cycloaddition reactions with l-(diethylamino)propyne,‘WLR 
Table 16. 

In cases where the l,2,4-triazine nucleus is fully substituted with electron-donating groups, e.g. 96, 
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2 
3 

+ ' II 
N' N 

3 

+ 

NEt2 

-R2CN 

Table 13. Study of the factorsgoverning the regiospecificity of the cycloaddition reaction of 1,2,44azines with ketene 
acetals’@’ 

ketene 
1,2,4-Triazine ;rr~+~, Conditions Products % Yield 

C02CH3 

n I 
0Et 0Et 
NMe2 OEt 
NMe2 SCH3 
NMe2 NHe2 

Ph 

C02CH3 
x Y 

o& ozt 
NMe2 OEt 
NMe2 SCH3 
NMe2 NW2 

Ph 

C02CH3 

x Y 

0% 0% 
NMe2 OEt 
NM~~ SCH3 

Nne2 NM2 

Ph 

CO2CH3 

x Y 

NM-ez m-e2 

C02CH3 C02CH3 

% Yield 
C6H6. 2O'C 0 : 100 19-48% 
dioxane, ZO*C 0 : 100 21% (+70% X=OEt) 
dioxane, 20°C <2 : '98 91% 
dioxane, 20°C 18 : 82 81% 

Ph Ph 

C02CH3 CO-&Z"3 

dioxane. 1OO'C (5 : .95 

dioxane, 100°C 3 : 97 
dioxane, 1OO'C 8 : 92 

dioxane, 100°C 78 : 22 

C6H6, 80°C 100 : 0 
C6H6' 4ooc ;," : 4” 
C6H6‘ 4O'C 
C6H6, 4o*c 90 : 10 
CH3cN. 4ov 36 : 64 

C6H6, 80°C 55 : 45 

0 Yield 
100% 
99% 
84% 
90% 

% Yield 
85% 
63%(+22% X=OEt) 
90% 
91% 
85% 

% Yield 
78% 

E y 
OEt OEt CHJCN, 40°C 100 : 0 
N&e2 OEt CH3CN, 40°C 100 : 0 74% f+22% X=‘OEtf 

We2 SCH3 CH3CN, 4O'C 100 : 0 82% 
NW2 NW2 CH CN, 40'C 

C&N, 4O'C 
19 : 81 92% 
35 : 65 54% 

CH3COCH3, 4O'C 43 : 57 62% 
CH3C02Et, 4O'C 57 : 39% 
C6H6, 40QC 78 : 

"2; 
85% 
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Table 14. Cycloaddition reaction of 1,2,4-triazines with I-(diethylamino)propyne”““‘h 

=4-Triazine Conditions Product % Yield 

CHC13, 25°C. 2 h 

CHC13, 25'C. 16 h 

CHC13, 25'C, 2 h 

CHC13, 2S°C, 2 h 

C6H6, 2ooc, - 

40% 

72% 

9,6, 70% 

NEt2 
71% 

CH 
65 

the system is sufficiently electron-rich to participate in Diels-Alder reactions with dimethyl acetylene 
dicarboxylate, eqn (97).‘50LR Normally, the reaction of 1,2,4-triazines with dimethyl acetylene dicar- 
boxylate takes an entirely different course.‘5’ 

In an early survey of the Diels-Alder reactions of substituted 1,2,4_triazines, Sauer et ,l.‘52 were able 
to demonstrate that a symmetrical enamine, enol ethers and acetates, strained olefins and acetylenes add 
across C-3/C-6 of the 1,2,4-triazine nucleus to afford pyridine products, Scheme 27. 

- 0 
OR1 

--If 

- 101 
Ph 
I 

C’02Me 

H 9,7, R=cope 

-"2 

C02ne 

r4e02c 

-d 

0 

R 

92, Fi=C02Me 
R=C6H5 
R=CH 

3 

R&H3 

R1=Et 

R=C02Me 

R=C6H5 
R=CH3 
R=H 

91% 

86% 

49% 

76% 

78% 

66% 

86% 
70% 

94% 
78% 

Terra Vol. 39. No. 18-D 

C02Me 

Scheme 27. 

C02Me 
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9,6, Rl=NR2 
Rl=OCH3 

2CH3 
eqn. 97 

NR2 

55-809 

Table IS. Substituent effects on the mode and regiospecificit& of the Die&Alder reaction of 1,2,4_triazines with 

ynamines.‘. ’ 

1,2,4-Triazine Ynamine Conditions Product(s) Ratio %Yield 

“Y 
m2CH3 

Ph 

C02CH3 

PlR2 
‘: F+Et 

C6H6,200C 

CH3 

R--Et_: C6H6r20°C 
RMe; C6H6,80~C 

R=Et, C6H6,200C 

h 
Ph 

+ ' II 

"Y 
C02CH3 

m2CH3 

R=Et; 

R=Me : 
CO2CH3 C02CH3 C02CH3 

co2CH3 

CH302 
v 

, N 

N$r, 
R=Et!C6H6,20°C 

CH3CN,200C 

C02CH3 

CH302C@R2 'g; E)g; m3~ 9,% 

pxy1ene,2n"c 
R+@~C6H6,20DC CO2CH3 C02CH3 C02CH3 

22iO:78 84% 

E=C02CH3 
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Table 16. Diels-Alder reactions of electron-rich 1.2,~triazines with 14diethylamino)propyne“““Y 

1,2,4-Triazine Conditions Products 

‘“3’ 

CH 0 0CH3 

x N-N 

Et20, 25OC, 1 h 
Et20, 25'C, 20 min 

NEt2 
x=0, 87% 
X=S, 86% 

XCH3 

dioxane, 101°C. CH3 

6 days 

NEt2 
79% 

C"3 

dioxane, 10IDC 
CH30 NEt2 

15 days 

dioxane, 10l°C no reaction 

dioxane 

21% 

dioxane, 10l°C 
5 days 

NEt2 

NMe2 

91% 

dioxane. 10l°C 
9 days 

no reaction 
R1=NMe2, R=H 
Rl=R=NMe2 

In a recent study, enamines have been shown to behave as dependable dienophiles in a regiospecific 
cycloaddition reaction with 1,2,4-triazine to afford 3&disubstituted pyridines, eqn (98).lT3” In each case 
cycloaddition occurs across C-3/C-6 of the 1,2,4_triazine nucleus and the nucleophilic carbon of the 
dienophile attaches to C-3, eqn (98) and Table 17. This reaction has been reduced experimentally to a 
one-flask annulation of a pyridine ring onto a preexisting ketone, eqn (99), Table 18.‘53b 

IO 

Y 

eqn. 98 

-N, 
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Table 17. Diels-Alder reaction of 1,2&triazine with pyrrolidine enamines 

Enemine Conditions Product 

9 I 

9 J3” I 
PhCH20 

9 0” 
0 \ d- 

CHCl3. 4S°C, 23 h 

cHc13, 45*C, 20 h 

cHCl3. 45"C, 35 h 

CHC13, 45"C, 23 h 

CHC13, 45'C, 28h 

cHCl3, 45"C, 

CHC13, 4f°C, 27 h 

CHC13, 45*C, 16 h 

CHC13, 45OC, 20 h 

68% 

71% 

74% 

40% 

22% 

236 

35% 

78% 

64% 

eqn. 99 
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DiebAlder reactions of azadienes 

Table 18. Catalytic DiebAlder reaction of l,2,4-triazines’s’b 

Conditions 
1,2,4-Triazine temp, time, Product % Yield 

equiv. ofpyrrolidine 

2919 

0 0 

o=O 
0 

7 

0” 
0 

0 

oy 
0 

7 
0 

0-f 
0 

HO m 

CHc13, 45oc 
22 h, 0.2 

529 

CHC13, 4fOC 
58 h, 0.2 

CHCl3, 45oc, 
96 h, 2.0 

CHC13, 45'C. 
32 h, 1.0 

CHC13, 5ooc, 
84 h, 4.0 

CHC13, 45'C, 
72 h, 1.0 

CHC13, 45'C, 
28 h, 4.0 

86% 

3c1 ON 93% 

m 0 66\ 

36% 

CH(OMej2 

43b 

348 

H 
CHC13, 45'C. 501 
48 h, 2.0 

Although no systematic study of the effect of electron-withdrawing substituents on the mode of 
cycloaddition and the observed regioselectivity of the reaction of 1,2,4-triazines with enamines has been 
conducted, preliminary results indicate that they can control the observed regioselectivity, ‘S3c*d eqn 
(100). 

r-i + 
NX,, ~JC~H5 

R=H, 47,153d 

- Ft-CH3, 37% 

C02Et 

eqn. 100 

Eto2qN; + 0,(6H5 
R=H, 45% 
R=CH3, 7::' EtO2C 

?" 

. 

R 

$6H5 

R 

Two separate reports of the use of the Diels-Alder reaction of 1,2,4-triazines for the preparation of 
the pyridyl CD ring system present in streptonigrin have been described, eqns (101)‘“’ and (102).‘% A 
formal total synthesis of streptonigrin (98) based on this work has been described,‘53’ Scheme 28. 
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='2Cy,N ,/‘02Et 

dCH3 = 

bleo2c 6 

8 

co2f4e 

H2N CH3 

0 

cH3o 

co2cH3 

98 
OCH3 

Scheme 28. 
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S&e the initial observation that strained oiefins often undergo Diels-Alder reactions with 1,2,4- 
triazines’s2e a number of additional examples have been investigated in detail. The cycloaddition of 
1,2&triazines with norbornadiene, eqn (103);‘“24 norbornene, eqn (104);‘s2 cyclopropenes, eqn (105);‘ss 
benzocyclopropenes,rM eqn (106); and cyclobutenes,“’ eqn (107), have been reported. In many 
instances the course of the reaction is determined by choice of reaction conditions. 

R1 

R 

eqn. 103 

2 0 
+ 

9 
t . o- 

fO2R 

R1 f1 
* . 

R1=C02CH3,R=CH3 76% 
d=C6Hg,R=Et 74% 

J C02R Rl=CHj,R=Et 17% 

eqn. 104 

CO2R 

\ 

Ri=~0$4e,R=CH3 80% 
R1=C& ,R=‘&t 88% 
Rl=CHs,R=Et 61% 

eqn. 105 

eqn. 106 

em. 107 
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X 

2 

R=(CH2)3, 55% 

F 

X 

-N2 

I- 

40-50% 
99 + 

_w 0 X=F 
/ X x-c1 

Scheme 29. 

Trichloro- and trifluoro-1,2,4_triazine are sufficiently reactive to participate in [4 + 21 cycloaddition 
reactions with cis-olefins,‘s8 Scheme 29. 

In a recent study of the reaction of 1,2,4,5-tetrazines with aryl amidines a subsequent, competing 
cycloaddition reaction of the product 1,2,4-triazines with aryl amidines was observed,‘s9a eqn (108). 

1 eqn. 108 

IX. 10 1,2,3-Triazines 
The first successful preparation of 1,2,3-triazine has been realized and a preliminary study indicates 

that it is capable of participation in inverse electron demand Diels-Alder reactions with electron-rich 
dienophiles, eqn (109).‘59h 



IX. 11 1,2,4,5-Tetrazines 
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The Diels-Alder reactions of 1,2,4,5-tetrazines,la first described by Carboni et aI.,“j’ represent the 
most extensively studied examples of inverse electron demand Diels-Alder reactions,‘7c*d eqn (1 lo), 
Table 19. 

For most purposes, a limited number of 1,2,4,5-tetrazines have been used as dienes and they have 
been shown to react with a wide range of dienophiles including olefins to give l&dihydropyridazines, 

Products eqn. 110 

Table 19. Diels-Alder reactions of 1,2,4,5-tetrazines 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) \ Yield 

CHFCF3 

A N0 N Ph 
ether-pentane, 2S"c 

CHFCFj CHPCFj 

II 
II 

L 
Ph 

ql 

Ph 

neat, 25OC 

CHFCF3 

Ph 

toluene, 100°C, 
5 days 

Ph 
Ph 

toluene, llO°C, 
3 days 

Ph 

X 
rate of reactivity 
X=@CH3,R=H>X=R=H>> 
X'p-OCH3,R=CH3>g-0CH3, 

R=CH3> 
R X=H,R=CH)>>>X=e-OCH), 

R=C02Et:X=H,R=Ph161 CHFCF3 

60,161 

62%161 

160 

161 

lfPh neat, O°C, 1 h 1oo.162 

neat, 25OC, 1 h 813%162 
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Table 19. (Contd). 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) % Yield 

CO2CH3 

NJ% 

v 
CO2CH3 

:4 
NYN 

R 

CO2CH3 

ti 

"V 

C02CH3 

X 

neat. 25"C, 2 weeks 

neat, 25'C. 48 h 
neat, 2S°C, 10 days 

Et20. O'C, 2 days 

CH2C12. 25OC. '30 min 

CO2CH3 

c 
(CH21n CH2C12, 25OC, <30 min 

C02CH3 

0 

lr” 

RIY R2 

R R 

N \N 

I: 
X 

I 
,N 

R R 

neat, 25OC 100 
CH2Cl2, 2S°C 0 
CH2C12, 25'C 0 
neat, 25OC 0 

dioxane, 101°C 

dioxane, 25V, 10 min 

dioxane, 25OC. 5 min 

dioxane, 25"C, 20 h 

CClq, reflux C02CH3 

C02CH3 

dioxane, 25OC, 20 h 

dioxane, 25OC. 140 h 

R 

N# 

:. 3 I 

91%162 

R~=R~=H 798162 
R~=H R~=CH~ 91% 

1 R~=R =Sn)le3 789 

R~=R~=H 98a163 
R~=R=cH~ 81% 
R1=CH3,R2=Ph 91% 

n=2 83% 
163 

n=4 71% 

n=5 50% 
n=6 57% 

li 

0, R=CFHCF3 -161 

100, R=CO2CH3 87%164a 

100, R=Ph 958164 

100, R-CF3 59\162 

R=CO2CH3 87%165 

R=C6H5 80% 

R=pOCH3C6H4 98% 

R=e-H02C6Hq 620 

R'(CH213CH3 99% 

R1=CH3,R2=C6H5 88\165 

R1=R2=C6H5 88% 

CO2CH3 

dioxane, 25OC. Cl5 min R-Et, R1=H 1Do\165 

dioxane, 25OC, 15 min R=Ac, R1=H 95% 

dioxane, 25'C, 2 h R=Et, R1=CH3 100% 

dioxane, 25OC, cl5 min RsEt, R1=OEt 1009 

dioxane, 25OC, 1 h C02cH3 R=CH3, d=C& - 

Ph w 91% 
165 

dioxane, 25'C, 1 h 

Ph 
dioxane, 1Ol'C 

C02CH3 

E 44-52\165 
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Table !9.(Confd). 

1,2,4.5-Tetrazfne Dienophile Conditions Product(s) % Yield 

dioxane, 2S°C, <30 min s 

copj 

Et0 

‘0 

% I 

64%165 

59% 
165 dioxsne, 2S°C go_$ 

I II 

NvN 

tOlUene, llO*C, 14 days R 

dioxane, 60°C, 30 min 
dioxane, lOl'C, 40 h 

i3- 

I xeH 

toluene, llO°C, 48 h 
dioxane. 2S°C, 12 h 

R 

R=Ph, X-O ?*%166e 
R=C02CH3, X=0 80%166a 
R=CH3, X=0 9o%166b 
R=Ph, X=cri2 71%166J 
R=CO2CH3, X=CH2 80%166a 

0 I 
X 

Ii 

R 
toluene, llO°C, 15 min N, 
dioxane, 2S°C, 2 h 
dioxane, 25-C. 2 h t' 

3: 

NEt2 

CH3 

NEt2 

I 

b, 
OEt 

R=Ph 65%166a 
R=CO2CH3 73%166a 
R=CH3 89%166b 

k 
R 

i 3 ’ OEt R"C02CH3 63%166a dioxane, 45"C, 3 h 
100°C, 30 min 

R 

R 

N, 
;I OH 

? 
R 

XJ 0 dioxane. RS*C, 2.5 h R=C02CH3 ??%166a 

R=C02CH3 18%166a D 0 dioxane, lOl*C 

lrR1 
0 

Q 
& 
y!i 
Ph 

RIYoR 

R'CH3, RL=CH3 35%166b* 

R=CH3, R~=(cH~)~cN~ 4R% 166b* 
CH2C12, 2S°C, 16 h 
CH2C12, 25'C, 4A h 

dioxane, lI)l"C, 3 h R'CH3 36%166b' 

Ph 

R1 R=Et, R'=H 94-97%165 
R=Ac, R1=H 92-96% 
R=Et, R1=OEt 100% 
R'CH3, RI-=Ph 99% 

tOluene, IlO'C, 50 h 
toluene, llO°C, 70 h 
toluene, llO°C, 2 h 
toloene, llO°C, 60 h 

Ph 

toluene, llO°C, 20 h 

Ph 

h 
9181h5 

*1.4-dihydrotetrazine produced in reaction media. 
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Table 19. (Contd). 

3,2,4,5-Tetrazine Dienophile Conditions Product(s) I) Yield 

91%165 
e L toluene, 2SaC, <30 min 

f'h 

t 
toluene, llO°C, 

Ph 100 h, 80% 

165 

Ph 

C6H.jNO2, 30°C, 24 h 
pbenzquinone 

CH2C12, 2S°C R=C02CH3, ‘$4’165 
R=Ph, 

R 

N 

HII 
% 
R 

0 / 

R 

N 

GQ 

0 R=CO2CH3 43% 
164a 

R-Ph 94% 

+ 4 N” 

-O2 3 / 8%164b CC14' 60°C, 3 h R-Ph 

2-Py 2-Py 

NAN 
H 

N/ 
I 3: ): 

c?=O 95%16' N\ 

2-Py 

EtOAC, 25='C, 24 h 

toluene, IlO'C, 46 h 

2-Py 

2-PV 

HAc 
AC 

6 0 

0 
56%1@j' 

168 

Ph Ph 

Ph 

AN 

1 t; 

“X ‘cx2 
3 

d 

OPh 
to1uene, IlOV 

Ph 

II ; 

3 
Ph 

97%16g 

2-Py 

HC02CH3 _ 170 

2-Py 

2-Py 
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Table 19. (Co&). 

2921 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) 8 Yield 

Ph 

THF, 2S°C, 8 min 

3 min 

2 min 
4 min 

1.5 min 
13 min 

5 min 

1.5 min 

25 min 

120 min 

1 min 

3 min 

A min 

12 h 

Ph 

171 

CH3 H 31 

Et H 41 

H CH(OMeJ2 56 

Ph H 74 

H Ph 58 

H CH3 72 

PhCH2 H 51 

CH3 CH3 52 

CR3 Et 30 

-(CH2) 3- 61 

-(CH2j4- 58 

-(CH2)5- 61 

-(CH216- 11 

dioxane. 25'C* 3 h 

CO2CH3 

Rl=R2=H 66%172 

R1=CH3,R2=H 74% 

R1=R2=CH 
3 51% 

C02CH3 
NVN 

k2 

H3C 

lOl"C, 1 h 

Ph 

Ph 

A N/ N 

X 

OEt 
NMe2 

HO o 

ti 

n 
CHO CHO 

y7fx 

Y 

OEt 

OEt 

Nne2 SCH3 

NMe2 NW2 

Ph 

I11 

C6H61 Me2NH. 25'C, 

48 h 

CHC13, Me2NH, 25'C. 

24 h 

dioxene, 50-60°C 

dioxane, SO-60°C 

neat, 2O'C 

dioxane, 2O'C 

CHC13, 20°C 

DME, 2O'C 
dioxane, 20°C 

CH2C12, 20°C 

C6H6, 2@-80°C 

CH3CN, 20OC 

Ph 0 

N 3 I I 

Ph Ph 

89%172 

60%172 

h 
toluene, 2S°C, 
7 days 

% Yield 
172d 

0 90% 
0 96% X=NMe2:OEt ('98:2) 
0 98% (73:27) 
0 82% (60:40) 
0 76% (40:60) 
0 856 

: 100 91% 
: 100 86% 
: 100 910 

Ph 

19:1, 760 
172e 

Ph 
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Table 19. (Cod). 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) % Yield 

toluene, 25°C. 
14 days 

“ZCH3 Et,, 
A N0 N dioxane, 25'C, 72 h 

NHAC 

c02CH 3 

Ph 

CO2CHj 

N\ N 
Y 
C02CH3 

R 
C6H6, 75OC. 12 h 

Q 

C6R5NO2, llO"C, 8 h 

SiMe3 

IM;2r2Br, 75-1OO'C 

C02CH3 

I) 
xylene, reflux, 15 h 

C02CH3 

xylene, reflux, 70 h 

xylene, 180°C, 1 h 

xylem, 180°C, 1 h 

0 CH2C12, reflux 

CH2Cl2, reflux 

D- CH2C12, reflux 

Ph 

20%172e 

CR) 

73%173 

F"2""3 R=H 70%174 

C02CH3 
3 

R=SiMe3 85% 

R=CHj 69% 

R=CH2CH3 36% 

R=(CH2)2CH3 40% 

R=(CH2J3CH3 34% 

R=(CH2)4C"3 31% 

R=(CH2)5CH3 25% 

CO2CH3 

C02CH3 
53%142b 

m2CH3 

Cb2CH3 

Ph 

C02CH3 

Ph 

C02C"3 

C02CH3 

83%142b 

175 
R=Ph 80% 

R=2-Py 60% 

24%176a 

36%176a.c 

83% 
176a 
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Table 19. (Confd). 

2929 

1.2,4,5-Tetrazine Dienophile Conditions Product(s) % Yield 

2-Py 

m2CH3 

CO2CH3 

,L* 
NTi 

CH2C12, reflux 

CH2Cl2, reflux 

toluene, llOT, 3 h 

25OC, 12 h 

R 

a CH2CL2 

R 

CH2C12, 25"C, 7 h 
CH2C12, 25"C, 15 min 
CH2C12, 25'C, 12 h 

Fe(CO)3 

CO2CH3 CO2CH3 

Y=S X’CH~ 47%176b 
Y=NCH3 X=N 51% 

WZCH3 

Y-O, X=CH2 59%176b 
Y=tKH3, X'CH2 45% 

[, , 0 35%l" 

m 
2-Py " 

?o%17* 

Ph 

C?2CH3 R 

x*0, R”CH3 lS%l'9 
X=NC02Et, R=H 24% 

. . 
C02CH3 

C02CH3 

IN 
N R 

acetone, Ce+4, O”C, 3Omin 
acetone, Ce+4, O°C, 20min & / R=Ph ?6%181 

R 
R"CH3 21% 

acetone, Fe+3, O*C, 
20 min 

R=Ph 85%18L 
R'CH3 63% 
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Table 19. (Contd). 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) % Yield 

0 CH2C12, 25Oc 

C6H6, 25'C. 7 days 

C6H6, 2S°C, 2 h 

Ph 

CH2C12, -78' to 25OC 

E=C02CH3 713%~'~~ 

(1:l) 

cHc13,25°C,c12 h 

cHc13,500C,48 h 

x=s 55-95%182b 
=- 

=CH2 

=(CH212 
=(CH2) 
= CH2S H2 s 

,a: CHC13, 25OC 

-40" to 2S"c 

R=Ph, X=CH2 - 183 

R=Ph, X=NHAc 75% 

R Ph 

R=2-Py 25% 
184 

R=2-Py 130%1*5 
R=Ph 77% 

70-90%1A6a 

W=CF3 

W=CO2CH3 

;:Ez,";; 6g8186b 
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Table 19. (Contd). 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) % Yield 

Nxti’“’ 
tL E 
Y 
C02CH3 

2-Py 

NAN 

if 

LN 
I\ 

"?r 

Not?"' 
I II 

NYN 
C02CH3 

NiN 

A 2 

a 
< RY - 

,[I0 toluene, 25'C 

CO2CH3 

C02CH3 

Y 

&A 
Et20, 25'=C, 1 h 

Et20, 2S°C, 20 min 

CH2C12, 25"C, 12 h 

Et20, 25'C. 15 h 

C6"6, EIOOC, 24 h 
Ph CHC13, 2S°C, 14 h 

C6"6' 25'C, 5 days 

Nt4e2 

C6"6, 2S°C, 8 days 

C6"6* 25'C. 6 days 

Q 
C6"6. 25V, 8 days 

C6"6* 8O'=C, 48 h 

R 
NR'2 

2-Py 

Y X 

AZ@ 
J 

2-Py 

&l&gN 
N' 

R 

h 

Ph 

R=2-Py ca. 100% 
1861 

189 

R=Ph 93% 
190 

R=C02CH3 87% 

R=C02CH3 72%lg2 

R=Ph 60%lg3 
R=2-Py 83% 

R=Ph 40%lg3 

R=Ph 

R'=CH3,R"=H; 36% 
194 

RI=-(CH2)5-,R"=H; 33% 
R'=CH3,R"=CH 

3 35% 
R'=CH3,R"=Ph 92% 

‘etra Vol. 39. No. l&F. 
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Table 19. (C&d). 

1,2.4,5-Tetrazine Dienophile Conditions Product(s) a Yield 

Et,; 1 I::$$ 
R3=H 60-93% 

195i.j 

CH3CN, 25°C 

Et20, 25'C 

Et20, 25'C 

CH2C12, reflux 

Ce 
+4 

: 
acetone, 

O-25 C 

I/ 
CH3 I 

c! 02CH3 

79% 
Rl,R2=H,R3=CH 

R1=R2=CH3,R3=d ;9": 

R=CO CH3 
f R~=R =R~=H looa 

R'C02CH3 48alg6 

H3C R=Ph 459 

R3 R=CH 3 3Ra 

R1,R2,R3,H195j 
R=C02CH3 38% 

R=Ph iia 
R=p-CF3C6H4 40% 
- 

R1,R2,R3,$95m 

R=Ph 36% 

4,Sdihydropyridazines or pyridazines (via in situ aeriol oxidation or with excess 1,2,4,5tetrazine serving 
as the oxidant), acetylenes, allenes, dienes, enol ethers and acetates, enol lactones, enamines, ynamines, 
ketene acetals, enolates, benzynes, or aromatics; Table 19. In the few cases where unsymmetrical 
1,2,4,5_tetrazines were studied, predictable regiospecificity was usually observed in the [4 + 21 cyclo- 
addition reaction.lM 

The Diels-Alder reactions of 1,2,4,5_tetrazines with several heterodienophiles have been investigated 
in recent years, Table 20, and represent additional examples of inverse electron demand [4+ 21 
cycloaddition reactions. Imidates,lV amidines,‘% and thioimidates”“’ undergo [4 t 21 cycloaddition reac- 
tions with sym tetrazines and the synthetic utility of these reactions appear to require a careful match of 
the diene-dienophile reactivity.lw Apparently, alkyl amidines”“” and imidates’%’ prefer to react through 
the isomerized N,N-ketene aminal and N,O-ketene acetal form, respectively. While aldehyde dimethyl 
hydrazones undergo clean cycloaddition with dimethyl 1,2,4,5-tetrazine-3,6_dicarboxylate, ketone 
dimethyl hydrazones react only through their ene-hydrazine tautomers.MO Electron-rich N-substituted 
cyanamide?’ react with electron:deficient 1,2,4,5_tetrazines while simple nitriles were found to be 



Diels-Alder reactions of azadienes 

Table 20. Cycloaddition reactions of 1,2,4.5-tefrarines with heterodienophik 

2933 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) 

R=Rl=C6H5 c897a 
dioxane, 60°C, 10 h 

R1 

R=C02CH3,R1=CH 13% 
R=C02CH3,R1=ph 

3 
27% 

R 

NiN 

I II toluene, 

C6"5 NH2 110°C 

2-pyridyl 2-pyridyl 

C6H5 'gH5 
C6H5 2-pyridyl 

'gH5 C"3 
2-pyridyl CH3 

.LZ’“’ 

CH3&Hp Tot" 
3 

"TCH 2 3 

C02CH3 

N&N NH 

C02CH3 

C02CH3 NH 

R2 

C02CH3 

NMe2 

R'H 

C02CH3 

33% 5% 
198d 

34% 

7.5% 30% 6% 2R% 

70% 7% 

35% 

toluene, 110°C 

198b 

89% 

22% 

78% 

76% 

C02CH3 

dioxane, 80°C, R-12 h 

dioxane, 80°C, 6 h X=SCH3 47% 

CO.KH, 

IL J X=SCH3 

dioxane, RC°C, 4 h 
dioxane, 8O"C, 4 h 

dioxane, 80°C. 20 h 

X=OEt 

dioxane, 80°C, 20 h Rl=R2=" 33%lqg 

CHCl-], 2S°C 

C02CH3 
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Table 20. (Contd). 

1,2,4,5-Tetrazine Dienophile Conditions Product(s) 

NM2 
N’ 

z 
Le2 

S 

E.., 

Rl*H R'=CH 
200a 

Rl/R1=(CH2 3 ? 

C02CH3 
R1/R2=(CH2j4 

;E;;12, 0-25'C 
, 25'C 

R'CH3 75% 
200b 

R=C,j"5 78% 17% 

C02CH3 

C6H5C1, reflux N&N 
I 

v 

7m201 
\ 

NMe2 

COZCH3 

C6H5, f30°C, 48 h 

CO2CH3 C02CH3 

CH2C12, 2S°C 73%201 

major 

203 

R2 
R 

R H 

2-Py 

Ph CH2C12,-78 to 25OC 
[z&) _;@J 25\184 
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unreactive.‘99 A number of reports of the reaction of I-azirines2n3 with sym tetrazines have appeared and 
the nature of the final products depend on the reaction conditions and substitution pattern. 

X. CONCLUSION 

The observations that conjugated systems containing nitrogen generally show diminished reactivity 
toward typical electrophilic dienophiles focused attention on the fact that the presence of a nitrogen atom in 
conjugated systems may decrease their nucleophilic character and even confer electrophilic character to the 
system. These observations and the recognized shortcomings of attempting Diels-Alder reactions between 
2a and 4n components of a similar electrophilic nature have led to the development of several general 
approaches to the implementation of useful azadiene Diels-Alder reactions. 

Recognition of the electrophilic character of azadienes lead to the investigation and development of 
the inverse electron demand Diels-Alder reaction. Additional substitution of an azadiene system with 
electron-withdrawing groups accents the electron-deficient nature of the diene and accommodates the 
use of electron-rich, strained, or even simple olefins as dienophiles. A continued development of useful 
azadiene Diels-Alder reactions can be expected as the ability to reliably choose azadiene (diene)/dieno- 
phile partners for inverse electron demand Diels-Alder reactions matures. 

Substitution of the azadiene system with strong electron-donating substituents increases the nucleo- 
philic character of the azadiene and accommodates the use of typical electron-deficient dienophiles in 
Diels-Alder reactions. 

The entropic assistance provided by intramolecular cycloaddition reactions is sufficient in many 
instances to override the reluctance of azadiene systems to undergo Diels-Alder reactions. 

Incorporation of the azadiene, or dienophile, into a reactive or sensitive system, e.g. heterocumulene, 
allows numerous, though specialized, azadiene Diels-Alder reactions. Many such examples represent 
polar cycloadditions. 

Acknowledgemenf--The financial support of the Chicago Community Trust Co./Searle Scholars Program, National Institute of Health (DA 

03153-01, CA 33668-01) American Chemical Society-Petroleum Research Fund, and the University of Kansas General Research Fund 

(3244-X&0038) is gratefully acknowledged by DLB. 

REFERENCES 

‘1,CCycloaddifion Reactions (Edited by J. Hamer) Academic Presy, New York (l%7). 

‘&Is-Alder Sgnfheses wifh Heferoafomic Compounds: S. B. Needleman and M. C. Chang-Kuo, Chem. Rec. 62,405 (1962). 

‘A. S. Onishenko, Diene Synfhesis. Oldbourne Press, London (1964). 

‘“H. Wollweber, Mefhoden Org. Chem. (Houben-Weyl) (Edited by E. Miiller) Teil 3, V/lc, pp. 981-1139, cf pp. 1128-1137, Georg 

<Thieme Verlag, Stuttgart (1970); “V. Jager, H. G. Viehe. Ibid. Teil4, VlZa (1977). pp. 809-877, cf pp. 858861. 

a$-Unsaturated Carbonyl Compounds: G. Desimoni and G. Tacconi, Chem. Rec. 75, 651 (1975). 

6Heferodienophiles: ‘S. M. Weinreb and R. R. Staib, Tetrahedron 39, 3087 (1982); bS. M. Weinreb and J. J. Levin, Heferocycles 12, 
949 (1979). 

‘“Cycloaddifion Reacfions of Heferocumulenes, (Edited by H. Ulrich) Academic Press, New York (1967); ‘Cycloaddifion reacfions of 

aliphafic and aromatic ucyf isocyanafes: B. A. Arbuzov and N. N. Zobova, Synthesis 461 (1974); ‘Thioacyl Isocyanafes and Acyl 

Isocyanafes: 0. Tsuge, Heferocycles 12, 1067 (1979); ‘A. Dondoni, Heferocycles 14, 1547 (1980). 

?ycloaddifion with Polar Intermediates. R. Gompper, Angew. Chem. Int. Ed. Engl. 8, 312 (1%9); bPolar Cycloaddifions: R. R. 

Schmidt, Ibid. Int. Ed. Engl. 12, 212 (1973). 

‘L. S. Povarov, Russ. Chem. Rev. 36,656 (l%7). 

‘@I. Wagner-Jauregg, Synthesis 165, 769 (1980). 

“T. Wagnerja. Ibid. 349 (1976). 

‘*In?ramolecufar Diels-Alder Reactions: “G. Brieger. J. N. Bennett, Chem. Rev. 80, 63 (1980); “W. Oppolzer, Angew. Chem. Int. Ed. 

Engl. 16, IO (1977); ‘R. G. Carlson, Ann. Rep. Med. Chem. 9, 270 (1974). 

‘IO-Quinodimefhanes (o-xylylenes): “R. L. Funk. K. P. C. Vollhardt. Chem. Sot. Rec. 9, 41 (1980); ‘W. Oppolzer, Synthesis 793 
(1978). 

“Refro Diels-Alder reactions: “J. L. Ripoll and A. Rouessac, Tetrahedron 34, I9 (1978); ‘H. Kwart and K. King, Chem. Rev. 68,415 
(1968). 

“R. B. Woodward and R. Hoffman, The Conserrafion of Orbital Symmetry. Academic Press, New York (1970). 
‘“K. N. Houk, Act. Chem. Res. 8, 361 (1975). 

““J. G. Martin and R. K. Hill, Chem. Rec. 61, 537 (l%l): ‘R. Huisgen, Angew. Chem. Int. Ed. Engl. 2, 565 (l%3); 7, 321 (1968); ‘J. 

Sauer, Ibid. 5, 21 I (l%6): 6. 16 (1%7); ‘J. Sauer and R. Sustmann, Ibid. 19,779 (1980); ‘J. Goerdeler, Quart. Rep. on Sulfur Chem. 5, 
169 (1970); ‘J. Fleischhauer, A. N. Asaad, W. Schleker and H.-D. Scharf, Liebigs Ann. Chem. 306 (1981); “J. Sauer and R. Sustmann, 
Topics in Current Chemistry. in preparation. 

““C. D. Nenitzescu. E. Cioranescu, L. Birladeanu. Comm. Acad. Rep. Populore Romine 8.775 (1958); Chem. Absf. 53, 18003 (1959); 
‘E. C. Taylor, D. R. Eckroth and J. B. Bartulin, 1. Org. Chem. 32, 1899 (1%7). 

ZY. Tomimatsu, 1. Pharm. SM. Japan 77, 7 (1957): hldem, Ibid. 77, I86 (1957). 

H. R. Snyder. H. Cohen and W. J. Tapp, J. Am. Chem. Sot. 61, 3560 (1939); ‘H. R. Snyder and J. C. Robinson, Ibid. 63, 3279 
(1941). 



2936 D. L. B~GER 

““It. Gompper and K. P. Paul, unpublished observation, c/ Ref. 8~. p. 322. ‘H. W. Moore and G. .M. Hughes, Tetrahedron Letters 
4003 (1982). 

22”G. Tsuge and S. Iwanami, Bull. Chem. Sot. Japan 44, 2750 (1971); ‘Idem, Ibid. 43. 3543 (1970). 

““Y.-S. Chew F. W. Fowler and A. T. LUPO, Jr.. 1. Am. Chem. Sot. 103, 2090 (1981); ‘F. W. Fowler, private communication; ‘F. 

Bohlman, E. Winterfeldt. P. Studt, H. Laurent, G. Boroschewski and K. M. Klein, Chem. Ber. $4, 3151 (111); Y. Arata, T. 
Nakanishi and Y. Asaka. Chem. Pharm. Buff. Tokyo 10,675 (1%2); J. T. Wrobel and Z. Dahrowski, Roczniki Cbem. 39, 1239 (1965). 

‘%. S.-Poncin, A-M. H.-Frisque and L. Ghosez, Terrahedron Lrrters 3261 (1982). 
“R. Gompper and K. P. Paul, unpublished observations, cf Ref. 8a, pp. 324. 

‘hA. 0. Fitton, J. R. Frost, P. G. Houghton and H. Suschitzky, 1. Chem. Sot. Perkin Tran. I 1450 (1977). 
“A. E. Baydar. G. V. Boyd, P. F. Lindley and F. Watson Ibid. Chem. Commun. 178 (1979). 

2nW. Seeliger, E. Aufderhaar, W. Diepers, R. Feinauer, R. Nehring, W. Thier and H. Hellman, Angew. Chem. Int. Ed, Engl. 5, 875 
(1966). 

?“r. Kate, T. Chiba and S. Tanaka, Chem. Pharm. Bull Tokyo 22, 744 (1974). 

“M. Sakamoto. K. Miyazawa, K. Kuwabara and Y. Tomimatsu, Heferocycles 12, 231 (1979). 

““E. M. Burgess and L. McCullagh, J. Am. Chem. Sot. 88, 1580 (1966); hM. Lancaster and D. J. H. Smith, J. Cbem. Sot. Chem. 

Commun. 471 (1980): ‘M. Fisher and F. Wagner, Chem. Ber. 102, 3486 (1%9), dY. Ito, S. Miyata, M. Nakatsuka and T. Saegusa, J. 
Am. Chem. SOC. lo&5250 (1981): ‘R. Gompper and H. D. Lehmann, Angew. Chem. Int. Ed. Engl. 80, 38 (1%8). 

“Y.-L. Mao and V. Boekelheide, J. Org. Chem. 45, 1547 (1980); D. Dopp and H. Weiler, Chem. Ber. 112, 3950 (1979). 
“L.-F. Tietze, G. von Kiedrowski and B. Berger, Angew. Chem. Int. Ed. Engl. 21, 221 (1982). 
“H. Herlinger, Ibid. 76, 437 (1964). 

“A. McKillop and T. S. B. Sayer, .I. Org. Chem. 41, 1079 (1976). 

*D. H. Aue and D. Thomas, Ibid. 40, 1349 (1975). 

“A. Demoulin, H. Gorissen, A.-M. Hesbain-Frisque and L. Ghosez, J. Am. Chem. Sot. 97.4409 (1975). 
uoR. Gompper and U. Heinemann, Angew. Chem. 92.207.208 (1980); ‘R. Gompper, private communication. 
‘9F. Sainle, 9. Serckx-Poncin. A.-M. Hesbain-Frisque and L. Ghosez, 1. Am. Chem. Sot. 104, 1428 (1982). 

40R. Gompper and U. Heinemanu, Angew. Chem. Int. Ed. Engl. 20, 2% (1981). 

“Y. Normurd. Y. Takeuchi, S. Tomoda and M. M. 110, Chem. Letters 187 (1979); Idem Bull. Chem. Sot. Japan 54, 2779 (1981). 

42aM. E. Jung and J. J. Shapiro, 1. Am. Chem. Sot. 102,7862 (1980). hP. H. Daniels, J. L. Wong, J. G. Atwood, L. 9. Canada and R. D. 
Rogers, 1. org. Chem. 45,435 (1980). ‘C. M. Gladstone, P. H. Daniels and J. L. Wong, Ibid. 42. 1375 (1977). dJ. L. Wong and M. H. 
Ritchie, J. Chem. Sot. D 142 (1970). ‘J. L. Wong, M. H. Ritchie and C. M. Gladstone, Ibid. 1093 (1971). 

4’W. Steglich, E. Buschmann and 0. Hollitzer, Anger. Chem. Int. Ed. Engl. 13, 533 (1974). 

“‘“A. Kranz and B. Hoppe, J. Am. Chem. Sot. 97.6590 (1975); ‘H. R. Kricheldorf, Angew. Chem. Int. Ed, Engl. 11, 128 (1972). 
“‘G. Hofle, 0. Hollitzer and W. Steglich, Ibid Int. Ed. Engl. 11, 720 (1972). bW. Steglich and 0. Hollitzer, Ibid. 12, 197 (1973). 

“L. S. Povarov. Ix Akad. SSSR 955, 2039 (1%3); 179, 1693, 2221 (1964); 365 (1%5); Chem. Absf. 59, 7489 (1%3): 60, 5451, 9256 
(1964); 61, 16057 (1964); 62, 7723, 14624 (l%S). 

“Y. Normura, M. Kimura, Y. Takeuchi and S. Tomodo, Chem. Letters 267 (1978). T. Shono, Y. Malsumura, K. Inoue, H. Ghmizu and 
S. Kashimura, 1. Am. Chem. Sot.. 104, 5753 (1982). 

““L. Ghosez and C. de Perez, Anger. Chem. Int. Ed. Engl. 10. I84 (1971). ‘E. Sonveaux and L. Ghosez, J. Am. Chem. Sot. %,5417 
(1973). 

“A. Dondoni. A. Battaglia and P. Giorgianni, 1. Or8. Chem. 47, 3998 (1982); fdem, Ibid. 45, 3766, 3773 (1980); A. Dondoni, A. 

Batlaglia, P. Giorgionni. G. Gilli and M. Sacerdoti, J. Chem. Sot. Chem. Commun. 43 (1977); F. Bernardi, A. Bottoni, A. Battaglia, 
G. Distefano and A. Dondoni, Z. Naturforsch A 35, 521 (1980). 

““M. E. Kuehne and P. J. Sheeran, 1. Org. Chem. 33,44% (1968). ‘J. C. Sheehan and G. D. Daves, Ibid. 30, 3247 (1%5). 

“J. Nieuwenhuis and J. F. Arens, Rec. Trot. Chim. Pays-Bas 76, 999 (1957). 

““R. Fuks, Tetrahedron 26, 2161 (1970). ‘A. Dondoni, L. Kniezo and A. Medici, J. Org. Chem. 47, 3995 (1982). ‘K. Takaki, A. 

Dkamurd, Y. Ohshiro and T. Agawa, Ibid. 43, 402 (1978). dK. Hafner, J. Haring and W. Jakel, Anger. Chem. Int. Ed. Engl. 9, 159 
(1970). 

“‘H. E. Zaugg, Synthesis 49 (1970). ‘R. R. Schmidt, Ibid. 333 (1972). 
“See Ref. 6a. 
s”J. C. Meslin and H. Quiniou, Tetrahedron 31, 3055 (1975); hldem, Synthesis 298 (1974). 
‘60R. Faragher and T. L. Gilchrist. J. Chem. Sot. Perkin I 249 (1979). ‘Idem, Ibid. Chem. Commun. 581 (1976). ‘T. L. Gilchrist, T. G. 

Roberts and D. A. Lingham, Ibid. Chem. Commun. 1089 (1979). dT. L. Gilchrist and T. G. Roberts, Ibid. Chem. Commun. 1090 

(1979). ‘T. L. Gilchrist, M. Yus and P. Bernad, Ibid. Chem. Commun. 847 (1978). ‘T. L. Gilchrist, G. M. lskander and A. K. Yagoub, 

Ibid. Chem. Commun. 6% (1981). 

“S. Nakanishi, Chem. Letters 869 (1981). 
‘*‘H. G. Viehe, R. Merenyi, E. Francotte, M. Van Meerssche, G. Germain, J. P. Reclercq and J. Bodart-Gilmont, 1. Am. Chem. Sot. 

99, 2340 (1977); hE. Francofte, R. Merenyi. H. G. Viehe, Angew. Chem. Inl. Ed. Engl. 17, 936 (1978); ’ E. Francotte, R. Merenyi, B. 

Vandenbulcke-Coyette, H. G. Viehe. Heft. Chim. Ada 64, 1208 (1981). 
“G. E. Keck and D. G. Nickell, 1. Am. Chem. Sot. 102, 3632 (1980) and refs cited therein. 

MD. Mackay, K. N. Watson and L. H. Dao, 1. Chem. Sot. Chem. Commun. 702 (1977). 
?J. M. Kempe, T. K. Das Gupta, K. Blatt, P. Gygax, D. Felix and A. Eschenmoser, Hels. Chim. Acta 55, 2187 (1972); “T. K. Das 

Gupta, D. Felix, U. M. Kempe and A. Eschenmoser, Ibid. 55.2198 (1972); ‘P. Gygax, T. K. Das Gupta and A. Eschenmoser. Ibid. 
55, 2205 (1972); dS. Shatzmiller, P. Gygax, D. Hall and A. Eschenmoser, Ibid. 56.2961 (1973); ‘S. Shatzmiller and A. Eschenmoser, 

Ibid. 56, 2975 (1973). 
62M. Riediker and W. Graf, Heft. Chim. Acfa 62, 205 (1979). 
““J. Goerdeler and H. Schenk, Chem. Ber. 98, 3831 (I%$ ‘Idem. Ibid. 98. 2954 (1965); ‘J. Goerdeler and K. Nandi, Ibid. 103, 3066 

(1975); dIdem, Ibid. 114, 549 (1981). 
“R. Weiss. Chem. Ber. 100.685 (1967). 
6JaJ. Goerdeler and H. Schenk, Angew. Chem. 75, 676 (1%3); bJ. Goerdeler and K. Jones, Chem. Ber. 99, 3572 (19W; ‘I. Goerdeler 

and H. Schenk, Ibid. 98, 2954 (1965); “0. Tsuge, M. Tdshiro, R. Mizuguchi and S. Kanemasa, Chem. Pharm. Bull. Tokyo 14, 1055 

(1966). 
MoO. Tsuge and S. Iwanami, Bull. Chem. Sot. Japan 44, 2750 (1971). ‘0. Tsuge and S. Kanemasa, Tefrahedron 28,4737 (1972). ‘E. 

Wedekind and D. Schenk, Chem. Ber. 44 I98 (1911). dO. Tsuge, S. Kanemasa, Bull. Chem. Sot. Japan 45.2877 (1972). ‘0. Tsuge, 
M. Noguchi, Heferocycles 9. 423 (1978). ‘R. p!iess, R. K. robins, J. Heferocyclic Chem. 7, 243 (1970). 





2938 D. L. BCGER 

‘lYA. B. Evnin and D. R. Arnold, J. Am. Chem. Sot. 90, 5330 (l%8). 

‘?V. Steglich, E. Buschmann, G. Gansen and L. Wilschowitz, Synthesis 252 (1977). 
lL’M. Christ], U. Lanzendijrfer and S. Freund, Angew Chem. 93,686 (1981); M. Christl, U. LanzendBrfer, K. Peters, E.-M. Peters, H. G. 

Von Schnering, Tetrahedron Letters 353 (1983). 

I’$. Ege, K. Gilbert and H. Franz, Synthesis 556 (1977). For related work see: H. Durr and H. Schmitz, Chem. Ber. Ill,2258 (1978); 

T. Norison, 1. Med. Chem. 19, 517 (1976). 
‘2’01. 1. Turchi. Ind. Engng. Chem. Prod. Res. Deu. 20,32 (1981); hl. J. Turchi and M. J. S. Dewar, Chem. Ref. 75,389 (1975); ‘R. Lakhan 

and B. Ternai, Adv. Heterocycf. Chem. 17. 99 (1974): “M. Y. KaTeiskii and V. L. Florent’ev. Russ. Chem. Rec. 38, 540 (1969). 
‘24”P. A. Jacobi and T. Craig, I. Am. Chem. Sot. 100,7748 (1978); P. A. Jacobi and D. G. Walker, I. M. A. Odeh, J. Org. Chem. 46, 

2605 (1981); ‘P. A. Jacobi and D. G. Walker, 1. Am. Chem. Sot. 103,461l (1981). 
‘2.‘0W. Ball and H. Konig, Liebigs Ann. Chem. 1657 (1979); bJ. I. Levin and S. M. Weinreb, J. Am. Chem. Sot. 105, 1397 (1983). 
‘26H. H. Wasserman. R. J. Gambale and M. J. Pulwer, Tetrahedron Letlers 1737 (1981): Jdem, Tefruhedron 37, 4059 (1981). 
“:M, F. Ansell, M. P. L. Caton and P. C. North, Tetrahedron Leffers 1727 (1981). 

‘**J, Hutton, B. Potts and P. F. Southern, Syn. Commun. 9, 789 (1979). 

‘*‘A. Gorgues and A. LeCoq, Tetrahedron Letfers 4829 (1979). 
lmG. S. Reddy and M. V. Bhatt, Ibid. 3627 (1980); V. Bessiere and P. Vogel, He/u. Chim. Acra 63, 232 (1980). 

“‘Takeda Chem. Ind., Ltd., Fr. Par. 1,400,843; Chem. Absr. 63, 9922 (1965). 

‘320M. L. Tamayo, R. Madronero and G. Munoz, Chem. Ber. 93, 289 (I%o); *Idem, Bull. Sot. Chim. France 1331, 1334 (1958). 
‘j3”N. Abe. ‘1. Nishiwaki and N. Komoto. Bull. Chem. Sot. Jooan 53. 3308 (1980): bJdem. Chem. Letters 223 (1980). 
lYH. Neunhoeffer and B. Lehmann, Liebigs Ann. Chem. 1113 i1975). ” 

. 

“‘“N. P. Shusherina, Russ. Chem. Rev. 43, 851 (1974). bH. Tomisawa and H. Hongo, Tetrahedron Letters 2465 (1969); Idem, Chem. 
Pharm. Bull. Tokyo 18, 925 (1970); H. Tomisawa, R. Fujita, K. Naguchi and H. Hongo, Ibid. 18, 941 (1970). ‘L. Batter, C. L. Bell 
and G. E. Wright, J. Heferocycl. Chem. 3,393 (1966). E. B. Sheinin, G. E. Wright, C. L. Bell and L. Bauer, Ibid. 5,859 (1968). dD. W. 

Jones, J. Chem. Sot. C 1729 (1%9). N. J. Mruk and H. Tieckelmann, Tetrahedron Letters 1209 (1970). 
‘36H. Neunhoeffer, G. Werner, Liebigs Ann. Chem. IlW (1974). 

““J. C. Martin, J. Hererocyclic Chem. 17, 1111 (1980). bV. N. Charushin and H. C. van der Plas, Tetrahedron Letters 3%5 (1982). 
‘“H. Neunhoeffer and B. Lehmann, Liebigs Ann. Chem. 1113 (1975). 
‘39aP. J. Machin, A. E. A. Porter and P. G. Sammes, J. Chem. Sot. Perkin 1404, (1973); bA. E. A. Porter and P. G. Sammes, Ibid. 

Chem. Commun. 1103 (1970); ‘T. Kappe and W. Lube, Angew. Chem. Int. Ed. Engl. 10,925 (1972); K. T. Potts and M. Sorm, 1 Org. 
Chem. 36,8 (1971); dP. G. Sammes and R. A. Watt, J. Chem. Sot. Chem. Commun. 502 (1975); ‘L. B. Davies, P. G. Sammes and R. 
A. Watt, Ibid. Chem. Commun. 663 (1977); ‘L. B. Davies, 0. A. Leci, P. G. Sammes and R. A. Watt, Ibid. Perkin I 1293 (1978). 

‘@L. B. Davies. S. G. Greenbere and P. G. Sammes. Ibid. Perkin I. 1909 (1981). 

14’T. Jojima, HI Takeshiba and 7. Kinoto, Heterocycles 14, 665 (1979). 

ld2“H. Neunhoeffer and G. Werner, Tetrahedron Letfers 1517 (1972); bH. Neunhoeffer and G. Werner, Liebigs Ann. Chem. 437 (1973); 
‘Jdem, Ibid. 1955 (1973). 

““T. Jojima, H. Takeshiba and ‘1. Konotsune, Chem. Phorm. Bull. Tokyo 20, 2191. (1972); ‘T. Jojima, H. Takeshiba and T. Kinoto, 
Ibid. 24, 1581, 1588 (1976); ‘Jdem, Ibid. 28, 198 (1980). 

‘“H. Neunhoeffer and G. Werner, Liebigs Ann. Chem. 741, 39 (1972). 
“‘P. J. Machin, A. E. A. Porter and P. J. Sammes, .l. Chem. Sot. Perkin I, 404 (1973). 

‘*H. Neunhoeffer and M. Bachmann, Chem. Ber. 108, 3877 (1975). 

14”D. L. Boger, J. Schumacher, M. D. Mullican. M. Pate1 and J. S. Panek, 1. Org. Chem. 47,2673 (1982); hD. L. Boger. M. Pate1 and 
M. D. Mullican, Tetrahedron Letters 4559 (1982). 

‘“H. Neunhoeffer, P. F. Wiley, Chem. Heterocyclic Compounds, Vol. 33, pp. 226228. Wiley, New York (1978). 
“‘“H. Neunhoeffer and H.-W. Friihauf. Lieblgs Ann. Chem. 758, 120 (1972); “H. Neunhoeffer and G. Frey, Ibid. I%3 (1973); E. Oeser, 

Ibid. 1970 (1973). ‘H. Neunhoeffer and G. Werner. Ibid. 1955 (1973); dB. Burg, W. Dittmar, H. Reim, A. Steigel. J. Sauer, 

Tetrahedron Letters 2897 (1975). 

IrooH. Neunhoeffer, H.-W. Friihauf, Liehigs Ann. Chem. 758, I25 (1972); hJdem, Tetrahedron Letters 3151 (1%9); “Jdem, Ibid. 3355 

(1970); dA. Steigel, J. Sauer. Ibid. 3357 (1970), ‘H. Reim. A. Steigel, J. Sauer, Ibid. 2901 (1975); ‘H. Neunhoeffer, B. Lehmann, 
Liebigs Ann. Chem. 1413 (1977): ‘Jdem, Ibid. 1718 (1977). 

15’H. Neunhoeffer, B. Lehmann and H. Ewal, Ibid. 1421 (1977). 
“*“W. Dittmar, J. Sauer and A. Steigel, Tetrahedron Lerrers 5171 (I%Y); ‘H. Reim, A. Steigel and J. Sauer, Ibid. 2901 (1975). 

“3aD. L. Boger and J. S. Panek, J. Org. Chem. 46,2179 (1981); ‘D. L. Boger and J. S. Panek, M. M. Meier, Ibid. 47,895 (1982); ‘D. L. 
Boger and J. S. Panek, Ibid. 47, 3763 (1982); “D. L. Boger and J. S. Panek, unpublished observations. ‘D. L. Boger and J. S. Panek, 

J. Org. Chem. 48,621 (1983). 
‘“J. C. Martin, Ibid. 47, 3761 (1982). 

“‘“A. Sleigel, J. Sauer, D. Kleier and G. Binsch, J. Am. Chem. Sot. p4, 2770 (1972); ‘U. Gockel, U. Hartmannsgruber, A. Steigel and 

J. Sauer, Tetrahedron Letters 595. 599 (1980); ‘0. Oeser, H. Neunhoeffer and H.-F. Friihauf, Liebigs Ann. Chem. 1445 (1975). 
‘j6M. L. Maddox, J. C. Martin and J. M. Muchowski. Tetrahedron Lerters 7 (1980). 
““3. A. Elix, W. S. Wilson and R. N. Warrener, Tetrahedron Letters 1837 (1970); bJ. A. Elix, W. S. Wilson and R. N. Warrener, I. C. 

Calder. Aust. J. Chem. 25, 865 (1972). 
IraM. G. Barlow, R. N. Haszeldine and D. J. Simpkin, J. Chem. Sot. Chem. Commun. 658 (1979). 
ls9“H. P. Figeys and A. Mathy, Tetrahedron Letters 1393 (1981); bH. Neunhoeffer, private communication. 
‘%. Neunhoeffer and P. F. Wiley Chem. Heterocyclic Compounds Vol 33 pp. 1095-1099. Wiley, New York (1978). 
16’R. A. Carboni and R. V. Lindsey, Jr., 1. Am. Chem. Sot. El,4342 (1959). 
‘62M. G. Barlow, R. N. Hazeldine and J. A. Picket& 1. Chem. Sot. Perkin Trans. I 378 (1978). 
16’M. Avram, J. G. Dinulescu, E. Marica and D. C. Nenitzescu, Chem. Ber. 95, 2245 (l%2). 
‘cL’J. Sauer and G. Heinrichs, Tetrahedron Letters 4980 (1%); bJ. C. Martin and D. R. Bloch, 1. Am. Chem. Sot. 93,451 (1971). 
‘6JJ. Sauer, A. Mielert, D. Lang and D. Peter, Chem. Ber. 98, 1435 (1%5). 

‘&P. Roffey and J. P. Verge, _I. Heterocycl. Chem. 6,497 (l%Y); hW. Skovianetz and E. sz. KovBts, Hels. Chim. Acta 54, 1922 (1971). 
16’J. A. Deyrup and H. L. Gingrich, Tetrahedron Letters 3115 (1977). 

‘“H. D. Scharf and J. Mattay, Ibid. 3509 (1976). 
‘69L. A. Paquette, R. E. Moerck, B. Harirchian and P. D. Magnus, 1. Am. Chem. Sot. lad, 1597 (1978). 
“OR. N. Warrener and G. Kretschmer, 1. Chem. Sot. Chem. Commun. 806 (1977). 
“‘M. J. Haddadin, S. J. Firsan and B. S. Nader, J. Org. Chem. 44, 629 (1979). 



Diels-Alder reactions of azadienes 2939 

“‘“H, Neunhoeffer and M. Bachmann, Chum. Ber. 108, 3877 (1975): ‘H. Neunhoeffer and G. Frey, Liehigs .4nn. Chem. I%3 (1973): 

’ E. Oeser. Ibid. 1970 (1973); M. Bachmann and H. Neunhoeffer. Ibid. 675 (1979): dB. Burg, W. Dittmar, H. Reim, A. Steigel and J. 

Sauer. Tetrahedron Letters 2897 (1975); ‘0. Meresz and P. A. F.-Verner. 1. Chem. Sot. Chem. Commun. 950 (1972). 

“N, J. Bach, E. C. Kornfeld, N. D. Jones. M. 0. Chancy, D. E. Dorman, J. W. Paschal, J. A. Clemens and E. B. Smalstig, 1. Med. 

Chem. 23.481 (1980). 

“‘L. Birkofer and J. Stilke. 1. Organomefol. Chem. 74, Cl-C3 (1974); hL. Birkofer and E. Hamsel, Chem. Rer. 114, 3154 (1981). 

“T. Sasaki, K. Kamcmatsu and T. Hirdmatru, J. Chem. Sot. Perkin I, 1213 (1974). 

“““G. Seitz and T. Kampchen. Chem.-Ztg. 99, 292 (1975): hfdem, Arch. Phurm. 309. 679 (1976); ‘Idem, Ibid. 311. 728 (1978) 

“‘M. Takahasht, H. I\hida and M. Kahmato. Bull. Chem. Sot. Japun 49, 1725 (1976). 

““D. N. Reinhoudt and C. G. Kouwenhoven. Rec. Trot. Chim. Pays-Bus 93, 321 (1974). 

“‘“G. Seitr. T. Kampchen and W. Overheu, Arch. Pharm. 311, 786 (1978): “G. Seitz and T. Kampchen, Chum.-Zfg. 99, 503 (1975). 

‘“r. Ban, K. Nagai, Y. Miyamoto, K. Hardno, M. Yasuda and K. Kancmat\u. J. Org. Chem. 47. II0 (1982). 

‘*“L. A. Paquettc. M. R. Short and J. F. Kellep, J. Am. Chem. Sot. 93, 7179 (1971); “L. A. Paquette and J. F. Kelley. Tetrahedron 

Lerrers 4509 (1969); ’ H. D. Martin and M. Hekman. Ibid. II83 (1978). 

““G. Seitz, T. Kampchen, W. Overheu and I.!. Martin, Arch. Pharm. 314, 892 (1981); h/dem, Ibid. Jos, 237 (1975). 

‘“‘A. G. Anastassiou and E. Reichmans, J. Chem. Sot. Chem. Commun. 313 (1976). 

‘%B. M. Adger, C. W. Rees and R. C. Starr, 1. Chem. Sot. Perkin Tran. I 45 (1975). 

‘ssR. N. Warrener. W. S. Wilson and J. A. Elix, Aust. 1. Chem. 26, 389 (1973): Idem, Syn. Commun. 2, 73 (1972); For related 

cycloadditions to cyclobutenes see: I. W. McCay, M. N. Paddon-Row and R. N. Warrener,.Tetrahedron Letters 1401 (1972); M. hi. 

Paddon-Row and R. N. Warrener, Ibid. 1405 (1972); R. N. Warrener, Ibid. 1409 (1972). W. S. Wilson and R. N. Warrener, Ibid. 4787 
(1970). 

laoR. N. Warrener, M. N. Paddon-Row, R. A. Russell and P. L. Watson, Ausrral. J. Chem. 34, 397 (1981); P. L. Watson and R. N. 

Warrener. Ibid. 26. 1725 (1973). ‘P. A. Harrison. R. A. Russell and R. N. Warrener. Tetrahedron Letters 3921 (1971). ‘M N. 

Paddon-Row and R. N. Warren&, Ibid. 3797 (1974). ddT. Sasaki, T. Manabe and K. Hayakawa, Ibid. 2579 (1981). ‘H.‘Taniba. T. Irie 

and K. Tori, Bull. Chem. Sot. Japan 45, 1999 (1972). ‘R. N. Warrener, R. A. Russell and G. J. Collin, Tetrahedron Letters 4447 

(1978). “R. N. Warrener, J. Am. Chem. Sot. 93, 2346 (1971). hG. M. Priestly and R. N. Warrener, Tetrahedron Lerrers 4295 (1972). 

‘T. Sasaki, T. .Manabe and S. Nishida, J. Org. Chem. 45, 476 (1980). ‘W. S. Wilson and R. ?I. Warrener, 1. Chem. Sot. Chem. 

Commun. 211 (1972). ‘T. Sasaki, K. Hayakawa, T. Yanabe, S. Nishida and E. Wakabayashi, J. Org. Chem. 46, 2021 (1981). ‘A. J. 
Ashe, III, W. T. Chan and T. W. Smith, Tetrahedron Letters 2537 (1973). 

‘“I. W. McCay and R. N. Warrener, Tetrahedron Letters 4779 (1970). 

“‘R. Neuberg, G. Schriider and J. F. M. Oth, Liebigs Ann. Chem. 1369 (1978). 

‘mM. N. Paddon-Row, H. K. Patney and R. N. Warrener, J. Chem. Sot. Chem. Commun. 2% (1978). 

190M. Christl, H. J. Liiddeke, A. N.-Neppel and G. Freitag, Chem. Ber. 110, 3745 (1977). M. Christl, Angew. Chem. Int. Ed. Engl. 12, 
660 (1973). 

19’M. F. Semmelhack, H. N. Weller and J. Clardy, J. Org. Chem. 43, 3791 (1978). 

“‘W. Friedrichsen and H. von Wallis. Tetrahedron 34. 2509 (1978). 

‘?. Sasaki, K. Kanematsu and ‘1. Kataoka, J. Org. Chem. 40. 1261 (1975). 

‘%M. Bachmann and H. Neunhoeffer, Liebigs Ann. Chem. 675 (1979). 

“‘For the reaction of sym-1,2,4,5-letrazines with cyclopropenes, see: “J. Sauer, Chem. Ber. 115, 444 (1982). ‘H. D. Fuhlhuber, C. 

Gousetis. T. Troll and J. Sauer, Tetrahedron Letters 3903 (1978); ’ A. Steigel, J. Sauer, D. A. Kleier and G. Binsch, J. Am. Chem. 

Sot. 94 2770 (1972); ‘fdem. Ibid. 92, 3787 (1970); ‘W. Dittmar, G. Heinrxhs, A. Steigel. T. Troll and J. Sauer, Tetrahedron Letters 

1623 (1970): ‘G. Heinrichs, H. Krdpf, B. Schrdder, A. Steigel. T. Troll and J. Sauer. Ibid. 1617 (1970): ‘M. A. Battiste and T. J. 

Barton, Ibid. 1227 (1%7): hJ. Sauer and G. Heinrtchs, Ibid. 4979 (1966); ‘G. Beynon, H. P. Figeys, D. Lloyd and R. K. Mackie, Bull. 

Sot. Chim. Belg. 88, 905 (1979). ‘R. E. Moerck and M. E. Battiste. 1. Chem. Sot. Chem. Commun. II71 (1972). ‘A. Steigel and J. 

Sauer, Tetrahedron Letters 1213 (1973). ‘H. D. Fiihlhuher and J. Sauer. Ibid. 4393 (1977) “L. A. Paquette and M. J. Epstein, J. Am. 
Chem. Sot. 93, 5936 (1971). 

‘%D. Paske, R. Ringshandl, I. Sellner, H. Sichert and J. Sauer, Angew. Chem. Int. Ed. Engl. 19,456 (1980): H. Schuster, H. Sichert and J. 
Sauer, Tetrahedron Letters 1485 (1983). 

“‘“P. Roffey and J. P. Verge, J. Hererocycl. Chem. 6,497 (l%9). “G. Seitz and W. Overheu, Arch. Phorm. 310, %3 (1977). 

‘*“H. P. Figeys and A. Yathy, Tetrahedron Letters 1393 (1981). hH. P. Figeys and A. Mathy and A. Drdlants. Syn. Commun. 11.655 

(1981). 

lss’D. L. Boger and I. S. Panek, unpublished observations, see reference l53e. 
‘O”“G. Seitz and W. Overheu, Arch. Pharm. 312,452 (lY7Y); hfdem. Ibid. 314, 376 (1981). 

2”‘G. Seitz and W. Overheu, Chem. Zeit. 103, 230 (1979). 

20.‘G. Seitz and T. Kampchen. Arch. Pharm. 310, 269 (1977). 

2”‘D. J. Anderson and A. Hassner, J. Chem. Sot. Chem. Commun. 45 (1974); .M. Takahashi. N. Suzuki and Y. Igari, Bull. Chem. Sot. 

Japan 48.2605 (1975); V. Nair, J. Heleroqcl. Chem. 12, 183 (1975); R. E. Moerck and M. A. Battiste, J. Chem. Sot. Chem. Commun. 

782 (1974). 


