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Substituent and Solvent Effects on the Diels-Alder Reactions of Tri- 
azol ined iones 
By Martin E. Burrage, Richard C. Cookson, Surash S. Gupte, and Ian D. R. Stevens,* Department of 

The kinetics and activation parameters for the series of 4-substituted (R)  1,2,4-triazoline-3,5-diones ( R  = Me, 
Et, But. CH,Ph, Ph, p-MeOCpH,. p-N0,C6H,, or N:CHPh) have been measured for the Diels-Alder reactions 
wi th diphenylbutadiene. anthracene. hexachlorocyclopentadiene, and bicyclo[2.2.1] heptadiene. The reactions 
have been studied in benzene, dioxan. and ethyl acetate. The results are more in accord wi th the frontier orbital 
model of reactivity in the Diels-Alder reaction than with a standard linear free-energy approach. 

Chemistry, The University, Southampton SO9 5 N H  

TRIAZOLINEDIOKES (1) have been used extensively in 
cycloadditions and in hydrogen abstractions since the 
recognition of the high dienophilic reactivity of 4- 
phenyl-l,2,4-triazoline-3,5-dione (If) (abbreviated as 
phenyl-TD) . Cycloadditions with carbocyclic and 

(1)a;R z B u t  e ; R  : p - M e O C s H r  
b ; R  z E t  f j R  z Ph 
c ; R  z M e  g j R  z p - N O z C 6 H k  

0 d ;  R = C.H2Ph h ; R  : N=CHPh 

heterocyclic polyenes, cyclopropane ring 
te rpene~,~  and steroids have all been investigated. 
Triazolinedione adducts have been used in the synthesis 
of pri~rnane,~ semibullvalene and bridged semibull- 
valene,8 a~o-alkanes,~ caged compounds, and propel- 
lanes.1° Because of their high reactivity, triazoline- 
diones have been particularly useful in the trapping of 
unstable intermediates,ll the characterisation of dienes,12 
and in the simplification of product mixtures containing 
dienes by adduct f0rmati0n.l~ Their hydrogen ab- 
straction ability has been studied in the oxidations of 
 alcohol^,^^ 1, l-disubstituted hydrazines,l5 and hydra- 
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zones and monoacylhydrazones ; l6 their participation as 
enophiles in a variety of ene reactions l7 has also been 
studied.ls Sauer and Schroder l9 have demonstrated 
quantitatively the high reactivity of phenyl-TD. Com- 
parison with tetracyanoethylene (TCNE) has shown that, 
except in its reaction with anthracene, it is the most 
reactive dienophile known. 

Because of their utility and extreme reactivity, this 
study has been undertaken to examine the factors 
affecting triazolinedione reactivity. The nature of the 
triazolinedione 4-substituent has been varied [compounds 
(la-h)] and kinetic measurements have been made for 
the Diels-Alder reactions of the triazolinediones with the 
dienes trans,tram-l,4-diphenylbutadiene (DPBD) , an- 
thracene, and hexachlorocyclopentadiene, and the homo- 
Diels-Alder reaction with bicyclo[2.2. llheptadiene in the 
solvents benzene, dioxan, and ethyl acetate. The 
activation parameters have been determined. 

RESULTS 

The expected adducts (2)-(5) were obtained [reactions 
(1)-(4)]. The values of the second-order rate constants 
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that were obtained are given in Tables 1--2,* arid Tables 
5-7 give the values of the activation parameters. 
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T A B L E  3 

Reactions with hexachlorocyclopentadiene 
104k,/ 
1 rno1-l 

Solvent Dionc s-l a**  O' ,om * 
Benzene (la) 14.0 0.77 

(lc) 24.3 0.87 
( Id)  33.6 0.70 
(1E) 43.4 0.50 
( lg)  69.0 1.5 

( lg)  15.5 0.92 

Ethyl acetate (lc) 12.6 0.68 
( Id )  1G.6 0.38 

* See Table 4 for notes. 

T/"C 
49.84 
49.84 
49.85 
49.85 
49.84 
49.78 
49.75 
49.78 

Method e 

A 
A 
12 

A 
A 
h 
A 
11 

DISCUSSION 
Efect of Sohent.-The effect of solvent on the activ- 

ation parameters of the Diels-Alder reaction has been 
* Tables 1 (reactions with diphenylbutadiene) and 2 (reactions 

with a nthracene) are given in Supplementary Publication No. 
SLP 21408 (9 pp.). For details of Supplementary Publications 
sce Sotice to Authors No. 7 in J.C.S. Pelkin II, 1974, Indes issnc. 
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TARLI: 4 

Reactions with bicyclo~2.2.l]lieptadicne 
10'kz/ 

1 mol-l 
s-1 IB 

8.8 
34.2 
78 
60.3 
92 

253 
358 
385 n 
344 
425 

2.26 
7.7 

16.8 
8.8 

16.4 
62.1 
71 
55.6 

2.1 
5.25 

16.0 
6.01 

18.7 
47.2 
35.1 
:: 3 . 4 
47.3 

01 /om 
0.90 
0.60 
0.68 
0.52 
1.1 
2.0 

0.80 
0.80 
0.82 
0.94 
1.9 
0.50 
0.40 
1.1 
0.92 
1 .0 
2.0 
1.5 
1.2 
0.40 
1.2 
1.9 
0.24 
1.1 
2 .3  

T/"C 
29.80 
30.59 
29.88 
20.15 
30.15 
46.62 
29.97 
29.78 
29.85 
29.60 

30.13 
29.92 
22.65 
no. 15 
46.62 
30.24 
30.27 
30.05 
30.20 
29.9 2 
23.00 
36.14 
46.67 
30.10 
29.50 
29.65 

:;0 '16 
.A 

Method 
A 
1 
A 
1 
A 
-4 
1 
1 
1 
1 
1 
1 
A 
1 
1 
R 
1 
1 
-4 
A 
il 
A 
n 
11 

A 
-4 
A 

n Values of the second-order rate constant from a least squares 
treatment of the esperiniental data. )' Standard drviation 
cspressed as a percentage of h,. c Experimental technique 
used (see Experimental section): 1 = 1 cni method, A = 
ampoule technique. d Kate constant at 50% reaction; see 
note P .  c For this reaction only, adduct was insoluble and was 
deposited after 5076 reaction. \'due calculated including a 
correction for scattering. 

studied in only a few cases. A significant variation in 
activation enthalpy has been found for the reactions 
between cyclopentadiene and benzoquinone (seven 
solvents) ,20 between TCXE and anthracene (16 solvents),21 
and between TCXE and bicyclo(2.2.l]heptadiene (six 
solvents) ; 21 no significant variation was found for the 
reaction between maleic anhydride and isoprene (10 
solvents) .22 For some of these Diels-Alder reactions, 
for which there is a significant change in activation 
enthalpy between two selected solvents, Haberfield 23 

has made calorimetric measurements of the heat of 
solution of the reactants arid so obtained the enthalpies 
of solvent transfer of reactants and transition state. 
The enthalpy of transfer of the reactants, and par- 
ticularly of the dienophile, was found to be significant 
and at  variance with that expected from the change in 
solvent polarity as measured by dielectric constant or 
dipole moment. Thus, the polar dienopliile TCNE was 
found to be solvated better in the less polar solvent. 
It was therefore concluded that the electron-donating 
capacity of the solvent was the important factor in- 
volved, dienophile solvation being increased by such 
electron donation. Differential solvation of the tran- 

2o R. A. Fairclough and C. N. FIinshelwootl, J .  C1zem. SOC., 
1938, 136 ; A. Wassernian, ' Diels-Alder Reactions,' Elsevier, 
Idondon, 1965, p. 52. 

21 P. Brown and H. C. Cookson, T~trahedrow, 1966. 21. 1977. 
z 2  M. J .  S. 'Dewar and f i .  S. Pryon, J .  A m u .  Chcm. SOC., 1970, 

p 3  1'. Haberfield and -4. I<. Kay, .J. Org. Clwn. ,  1972, 37, 3093. 
92, 3098. 
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I. 

1AUI-E  5 

Activation parameters for rextions with diphenylbutadicne 

Dioxan 

104k,(300) "/ 
1 inol-l s-l 

6 090 
21 900 
14 000 
75 000 
49 800 
61 900 

340 000 
225 000 

2 220 
9 800 
6 660 

22 000 
13 600 
16 600 
95 000 
59 300 

1630 
5 820 
4 500 

50 600 
10 300 
12 700 
57 900 
58 800 

AH:/ 
kcal molP 

8.4 

8.3 
5.8 

8.3 

8.1 

9.3 
8.7 

7.8 
8.6 
6.0 
9.6 

8.5 
8.2 

8.6 
'3.0 
7.0 

L.S/cal 
mol-' I V  

-31.9 

- 30.7 
- 35.3 

- 27.7 

- 34.9 

- 29.7 
-_ 1'8.2' 

- 31.8 
-26.9 
-35.3 
-30.5 

-32.0 
- 30.5 

- 29.6 
- 25.5 
-31.9 

AGJ] 
kcal mol-' 

18.1 

17.6 
16.5 

16.7 

15.7 

18.0 
1 7 . 3  

17.5 
16.4 
16.7 
18.8 

18.2 
17.3 

17.6 
16.7 
16.7 

Y *  

0.908 

0.995 
1 .ooo 
0.996 

1.000 

0.995 
0.999 

0.997 
0.998 
0.987 
1 .ooo 
0.994 
0.996 

0.995 
0.99,8 
0.996 

Second-order rate constants at 30" from least squares line uf Arrhenius plot. Other rate constants at 30" are included for 
comparison purposes. * Correlation coefficient for points on .4rrlienius plot. 

Diosan 

I .  1 ABLE 6 

A4ctivatioii paraiiieters for reactions with anthracene 
10*k, (30") "/ Mi$/ AS/cal 
1 mol-1 s-1 kcal mol-l rnol-1 I<-1 

9'135 10.0 - 32.7 
1 650 
2 310 10.0 - 28.7 
2 260 9.4 - 30.4 
5 220 
6 700 9 . 3  -- 28.7 

59 300 S.6 - 26.9 
22 "00 8.7 - 28.2 

87 10.5 - 33.4 
538 
710 11.1 - 27.3 
478 12.2 - 24.4 

1 180 
1 310 10.5 - 28.0 

10 600 10.8 - 22.9 
4 540 9.2 - 39.9 

55.7 11.5 -- 30.9 
333 
477 12.1 - 24.7 
522 11 . 3  - 57.2 
680 
830 11.6 -- 25.4 

5 180 11.4 -22.1 
4 300 11.1 - 23.6 

a*b scc notr% to Tablc 5. 

A G /  
kcal 11101-l 

19.9 

18.6 
18.7 

18.0 
16.7 
17.3 
20.6 

19.3 
19.b 

19.0 
17.7 
18.2 
20.9 

19.6 
19.5 

19.3 
18.2 
18.3 

'rAI-:LE '7 

Activation pararueters for rcactions with bicycloheptxdienc 
104k, (300) a /  AH;/  AS/cal LG:/ 

Solvent Ilione 1 mol-' s-l kcal nio1-l inol-' I<- kcal mol-' 
04 30.8 -. 3 2.3 20.6 
16.4 14.8 - 22.5 21.6 
11.2 15.8 -- 19.9 21.9 

Benzcnc (If) 
IJiosan (If)  
Ethyl acetate (If)  

Y 
0.997 

1.000 
1.000 

0.997 
0.998 
0.997 
1.000 

0.999 
1.000 

0.997 
0.998 
0.995 
1.000 

0.995 
0.997 

0.999 
0.999 
0.988 

Y b  
1.000 
1 .ooo 
0.999 



1328 J.C.S. Perkin I1 
sition state was regarded as indicating that the transition 
state was stabilised by electron-accepting solvents and 
was therefore electron rich. 

In the absence of heats of solution, the relative 
enthalpies of reactants and transition states cannot be 
ascertained for the reactions of the triazolinediones. 
However, assuming dienophile solvation to be most 
important, i t  seems that solvent induced changes in 
triazolinedione reactivity have a different origin. The 
effect of solvent on the reaction rate is most clearly seen 
in the results for the reaction of phenyl-TD with bicyclo- 
[2.2.l]heptadiene (Table 7) .  The same effect is observed 
for any other diene-dienophile combination, and this is 
that the rate of reaction is greatest in benzene and least 
in ethyl acetate. The increase in rate brought about by 
changing the solvent from dioxan to benzene is always 
considerably greater than that in changing from ethyl 
acetate to dioxan. The greater free energy of activation 
in ethyl acetate than in benzene is the result of the 
opposing effects of a larger activation enthalpy and a 
less negative activation entropy. For the reaction of 
phenyl-TD with bicyclo[2.2.1] heptadiene these changes 
are most marked with 6AHt 5 kcal mol-l and 8 A S  
19-4 cal mol-l K-l and, whilst the same trend is observ- 
able for the other dienes, the changes tend to be obscured 
by the uncertainties in AH$ (0.7 kcal mol-l) and in A S  
(2 cal mol-l K-l). 

Table 8 gives some macroscopic and empirical measures 

‘rABLE 8 
Measures of solvent polarity 

constant 240 moment ET 2*a 

Dielectric Dipole 

Solvent ~ ( 2 5 ” )  PID (25”) 
Benzene 2.27 0 34.5 
Dioxan 2.21 o *  36.0 
Ethyl 6.03 1.78 38.0 

* C f .  dimethvl ether 1.30, diethyl ether 1 

Ionisation 
potential b 

9.25 
9.52 

10.10 

(ev) 

15. tetrahydro- 
furan-1.63 D. The zero dipole moment is misleading and arises 
because of the symmetry of the molecule. 

‘ Handbook of Chemistry and Physics,’ ed. R. C. Weast, 
Chemical Rubber Co., Cleveland, 1972. V. I. Vedeneyev, 
L. V. Gurvich, V. N. Kondrat’yev, V. A. Medvedev, and Y. L. 
Frankevich, ‘Bond Energies, Ionisation Potentials and Electron 
Affinities,’ Arnold, London, 1966. 

of solvent polarity, namely dielectric constant , dipole 
moment, and Dimroth’s ET values24a and also the 
ionisation potentials for the solvents. The ionisation 
potential is taken as a measure of the electron-donating 
capacity of the solvent. The solvents used were not 
included in Berson’s R scale 25 for solvent polarity. 

I t  seems likely that the principal cause of the increased 
activation enthalpy in ethyl acetate is increased solvation 
of the dienophile. This view is consistent with the 
larger extinction coefficients for the n+x* absorption 
observed when benzene, rather than ethyl acetate, is the 
solvent. For phenyl-TD, for example, the appropriate 
extinction coefficients are 247.8, 186.2, and 172.2 in the 

24 (a) K. Dimroth, C. Reichardt, T. Siepmann, and E. Bohl- 
mann, Annalen, 1963, 861, 1; (b)  C. Reichardt, Alagew. Chem. 
Internat. Edn..  1965, 4, 29. 

25 J. A. Berson, 2. Hamlet, and W. Mueller, J .  Amev. Chem. 
SOC., 1962, 84, 297. 

solvents benzene, dioxan, and ethyl acetate respectively ; 
this change in extinction coefficient is not the result of 
an alteration in the shape of the absorption peak, for 
integration of the band leads to the same relative 
figures. 

In  contrast to the reactions studied by Haberfield, the 
highest activation enthalpy occurs in the solvent of 
highest polarity and lowest electron-donating capacity : 
i t  is therefore reasonable to attribute the superior 
solvation of the electron-poor dienophile to the higher 
solvent poIarity. As a consequence the transition state 
must be regarded as being little different in polarity 
from the reactants indicating that partial charge forrn- 
ation does not occur, a view which is consistent with the 
relatively low observed sensitivity of the reaction to 
changes in dienophile substituent (see below). 

The solvent effect is different for only one dieiiophile, 
benzylideneamino-TD ( lh)  . In  benzene and dioxan this 
dienophile has are activity intermediate between those of 
phenyl- and @-nitrophenyl-TD and the magnitude of the 
change in reactivity brought about by changing the 
solvent from dioxan to benzene is similar to that for the 
other dienophiles; but it differs from them in that its 
reactivity is almost unaltered when the solvent is 
changed from dioxan to ethyl acetate with the result 
that  i t  is of equivalent reactivity to 9-nitrophenyl-TD in 
ethyl acetate. 

Certain changes in the relative reactivities of the 
dienophiles, towards a given diene, are brought about 
by changing the solvent and arise because the alkyl- and 
aryl-triazolinediones show a different sensitivity to 
solvent variation. The reactivity of the aryltriazoline- 
diones as a group is reduced proportionately much more 
than that of the alkyltriazolinediones when the solvent 
is changed from benzene to ethyl acetate. For example, 
fi-nitrophenyl-TD is 36 times more reactive than ethyl- 
TD in its reaction with anthracene in benzene and is 
only 16 times more reactive in ethyl acetate because the 
reactivity of the 9-nitrophenyl-TD has been reduced by 
a factor of 11.5 by the solvent change, whereas the 
reactivity of ethyl-TD has been reduced by a factor of 
only 5 (Table 6). For the reactions of benzyl- and 
phenyl-TD with bicyclo[2.2.l]heptadiene and with 
hexachlorocyclopentadiene the order of dienophile re- 
activity actually changes with solvent; phenyl-TD is 
the more reactive dienophile in benzene and benzyl-TD 
is the more reactive dienophile in ethyl acetate (Tables 3 
and 4). 

Diem Reactivity.-The frontier orbital method has 
been used by Sustmann,26 and Anh 26927 in an attempt to 
obtain a quantitative model for the electronic effect of 
substituents in cycloadditions. For the normal Diels- 
Alder reaction the log of the rate constant is predicted 

26 R. Sustmann, Tetrahedvon Letters, 1971, 2717, 2721; R. 
Sustmann and R. Schubert, Angew. Chem. Internat. Edn., 1972, 
11, 840; 0. Eisenstein and N. T. Anh, Tetrahedron Letters, 1971, 
1191; Bull. SOC. chim. France, 1973, 2721; P. V. Alston and 
R. M. Ottenbrite, J .  Ovg. Chem., 1974, 39, 1584. 

27 0. Eisenstein and N. T. Anh, BUZZ. SOC. chim. France, 1973, 
2723. 
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to be inversely proportional to the energy separation of 
the highest occupied molecular orbital (HOMO) of the 
dime and the lowest unoccupied molecular orbital 
(LUhIO) of the dienophile, from which it follows that 
(a) for the reactions of a given dienophile with several 
dienes, the diene with the highest HOMO energy should 
be the most reactive, and that ( b )  the electronic effect of 
a substituent will be greatest when the HOMO-LUMO 
energy separation is least. The data used to test this 
model indicated the importance of effects other than the 
electronic effect of the substituents in determining re- 
activity so that, for example, dienes having fixed 
cisoid conformations showed enhanced reactivity. The 
importance of more than one effect in determining re- 
activity has been demonstrated by variations in diene- 
dienophile reactivity series, for example, in the reactions 
of phenyl-substituted butadienes with maleic anhydride 
and with TCNA.2s 

TABLE 9 
104k, Values (1 nio1-l s-l) for reactions of tlienes with 

dienophiles in dioxan 
Ionisation Maleic Phenyl- 
potential anhydride TCNE d TD 

Diene (el') (30") (20") (20") 
-4nthracene 7.43 0.092 2 760 7 00 
PhCHXHCHXH-Ph 7.54 0.0296 84 10300 
Bic ycloheptadiene 8.67 6.9 
Chloroprene 8.83 0.069 0.102 2 400d 
Hexachlorocyclo- 8.93 0.000114 No 2.76 

pentadiene reaction 
S. Meyerson, J .  Amer. C h n .  SOC., 1961, 83, 1401. W. C. 

Price, Chem. Rev., 1947, 41, 25'1. J.  Sauer, D. Lang, and A. 
Mielert, Angew. Chern. Internat. Edn.,  1962, 1, 268. d Ref. 19. 

Table 9 summarises some ionisation potential and rate 
data for the dienes studied, together with chloroprene, 
in reactions with TCNE, maleic anhydride, and phenyl- 
TD. Anthracene would be predicted to be the most 
reactive diene of the series by virtue of its having the 
lowest ionisation potential. This is the case with maleic 
anhydride and TCNE as dienophiles, but not with 
phenyl-TD. The kinetic measurements made for the 
other triazolinediones show that for any particular 
dienophile and solvent combination the order of re- 
activity is the same: DPBD (most reactive) > anthra- 
cene > bicyclo[2.2.1] heptadiene > hexachlorocyclo- 
pentadiene. Table 9 also shows that the reactivity of 
chloroprene towards phenyl-TD is greater than might be 
expected from considerations of diene ionisation potential 
alone and that the same is also true for the reaction of 
chloroprene with maleic anhydride (over twice as 
reactive as DPBD). For the reactions of the triazoline- 
diones the best approach would seem to be to consider 
the cyclic and acyclic dienes separately. The steric 
bulk present in a diene such as anthracene, and not in the 
acyclic dienes, must be expected to have some effect on 
triazolinedione reactivity. That benzyl- and t-butyl- 

* 8  R. Huisgen, R. Grashey. and J. Sauer, ' The Chemistry of 

29 J. Sauer and H. West, Angew. Chem. Internat. Edn., 1962, 1, 

30 N.  A. Porter, I .  J.  Westerman, T. G. Wallis, and C. K. 

the Alkenes,' ed. S. Patai, lnterscience, London, 1964, p. 921. 

269. 

Rradsher, J .  Atner. Chem. Soc., 1974, 98, 5104. 

TDs show reduced reactivity in their reactions with 
anthracene supports this view (see below). 

The reactivity of the electron-poor diene hexachloro- 
cyclopent adiene towards the triazolinedones (Table 4) is 
indicative of the high reactivity of the triazolinediones. 
The reactions of substituted styrenes with hexachloro- 
cyclopentadiene have been shown to be Diels-Alder 
reactions with inverse electron demand by the order of 
dienophile reactivity (negative Hammett p) .29 In 
contrast, the Diels-Alder reactions of substituted 
triazolinediones with hexachlorocyclopentadiene are of 
normal electron demand because although the effect of 
dienophile substituent on reactivity is small, the 
direction of the effect is the same as that for normal 
Diels-Alder reactions (positive p). 

Overall Variation in Dienophile Reactivity .-Be fore the 
actual order of reactivity of the dienophiles is con- 
sidered, the relation between the overall variation of 
dienophile reactivity and the HOMO-LUMO energy 
separation will be examined. Table 10 gives the 
variation of the relative rates of the p-nitrophenyl- and 
phenyl-TDs and this may be used as a measure of the 
variation of the electronic effect of substituent with 
diene. The change in rate from p-nitrophenyl to 
phenyl is greatest with anthracene, and least with hexa- 
chlorocyclopentadiene, and parallels the order of 
ionisation potential of the diene. Therefore, whilst 
deviations from the frontier orbital model exist in the 
order of reactivity of the dienes, the effect of a sub- 
stituent on reactivity is greatest when the HOMO- 
LUhlO separation is least and is in accord with the 
model. A similar variation of increased sensitivity to 
substituent change paralleling increased reactivity has 
recently been reported.30 

TABLE 10 
Relative reactivity of triazolinediones K(P-NO,C,H,)/k (Ph) 

Diene 
r A 

3 

Hexa- 
chloro- 

Bicyclo- cyclo- 
hepta- penta- 

DPBD Anthracene diene diene 
Solvent 30" 30" 30" 50" 

Benzene 5.5 8.9 3.8 1.6 
Dioxan 5.7 8.1 4.4 
Ethyl acetate 4.6 6.3 3.2 

Efect of Dieno9 hile Szc bstituent .-For the Diels-Alder 
reaction, the effect of variation of the substituent has 
been studied for a number of aryl-substituted dienes and 
d i e n ~ p h i l e s . ~ ~  The low p values (under 0.7) that have 
usually been obtained from Hammett p o  plots indicate 
the low sensitivity of the Diels-Alder reaction to the 
electronic effect of substituents and presumably the 
uncharged nature of the transition state. In  most cases 

31 H. D. Barnstorff and J. S. Meek, 125th American Chemical 
Society Meeting, 1954, Abstract 29N; E. J .  DeWitt, C. T. Lester, 
and G. A. Ropp, J .  Amer. Chem. SOL, 1956,78,2101; Y .  Okamato 
and H. C. Brown, J. Org. Chem., 1957, 22, 485; I .  Benghiat and 
E. I. Becker, ibid. ,  1958, 23, 885; M. G. Komanelli and E. I.  
Becker, ibid. ,  1962, 27, 662; D. N.  Matthews and E. I. Becker, 
i b id . ,  1966, 31, 1135; J .  Hamer, M. Ahnied, and R. E. Holliday, 
i b id . ,  1963,28, 3034. 
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an improved correlation has been observed with the 
substituent constants o+ for substituted dienes and CT- 

for substituted dienophiles although such a correlation, 
using adjusted substituent constants which allow for the 
importance of a resonance interaction, is inconsistent 
with the low p values.32 

Hammett plots against a for the reactions of fi- 
methoxyphenyl-, phenyl-, and P-nitrophenyl-TD with 
anthracene and DPBD in the three solvents show marked 
curvature ; which is substantially removed when D- is 
used. The reaction constants are given in Tablc 11. 

TABLE 1 1  
p Values for reactions of the triazoIinediones (at 30") 

Dime 
Solvent DPBD Aiithraccne 

Hen z e n e 0.58 0.74 
Dioxan 0.58 0.65 
Ethyl acctate 0.52 0.64 

Thus Haniiiiett po plots for the aryltriazolinediones are 
typical of those obtained for Diels-Alder reactions. 

Hates of rcaction for 4-substituted triazolincdiories with dieno- 
0 with philes in benzcnc veY.szu a*: 

anthracene at 30" ; 0 with hexachlorocyclopentadienc at 50' 
with DPBD a t  30"; 

In an attempt to obtain comparable substituent 
constants for alkyl and aryl substituents, the equation 33 

Q * ~ ~ , ~ ,  = 0 .9q  + o*C,H5 was used to obtain CT* values 
from o- values for the aryl substituents. These values 
and Taft a+ values have been used to obtain the plots 
shown in the Figure for the reactions of the triazoline- 
diones with DPBD, with anthracene, and with hexa- 
chlorocyclopentadiene in benzene. (The lines have 
been drawn by considering the aryl substituents only.) 

32 C .  D. Hitchie and W. F. Sager, Pvagr. Phys. Ovg. Chem., 

33 Nef. 32, p. 333. 
1964, 2, 323. 

The failure to give a reasonable correlation shows 
clearly that factors other than purely electronic ones are 
involved. 

The order of dienophile reactivity predicted on the 
grounds of electronic effect of substituent alone, p -  
nitrophenyl (most reactive) > phenyl > $-met hoxj-- 
phenyl > benzyl > methyl > ethyl > t-butyl, is not 
followed and changes in the order occur both with 
solvent (see earlier) and with diene. Thus with DPBD 
and anthracene in benzene (Figure), the orders differ 
both from that predicted and from each other. With 
anthracene as diene the benzyl- and methyl-TDs are of 
equivalent reactivity whereas the greater electron- 
withdrawing ability of the benzyl group (Q+ +0.215, d 
for methyl 0.0) would have been expected to make 
benzyl-TD more reactive. The most reasonable explan- 
ation is that  with benzyl-TD there is a substantial steric 
interaction in the transition state for reaction with 
anthracene reducing its reactivity. Similarly, the re- 
activity of t-butyl-TD is reduced (Figure). This view 
is consistent with that proposed in the discussion of 
diene reactivity, namely that the general reactivity of 
anthracene towards triazolinediones is reduced by the 
importance of steric effects. 

For reactions with DPBD (Table 5 and Figure), 
benzyl-TD is more reactive than phenyl-TD and ethyl- 
TD is more reactive than methyl-TD. Whilst this order 
of dienophile reactivity is unexpected the enhanced re- 
activity of benzyl-TD may be explicable either in terms 
of solvation differences for the alkyl- and aryl-triazoline- 
diones or as the result of the smaller steric size of the 
benzyl group as compared with the phenyl group. The 
greater reactivity of ethyl-TD compared to methyl-TD 
is difficult to rationalise. 

The above discussion illustrates the difficulties en- 
countered in obtaining a quantitative reactivity model 
based on a consideration of the electronic effect of 
substituents above. Nevertheless, for the para-sub- 
stituted aryltriazolinediones a satisfactory Hammett pa 
plot is obtained when the substituent constant 0- is 
used. An alternative possible explanation for the 
curvature of the plot with CT is that  it is to be expected 
from the frontier orbital model and that the correlation 
obtained with o- in these reactions, and with either o-- 
or a+ for other DiebA4lder reactions, is fortuitous and 
does not signify the importance of a rcsonaiice inter- 
action. Thus, if the Diels-Alder reactions of a series of 
dienes with a given dienophile are considered, the 
frontier orbital treatment relates reactivity with the 
reciprocal of the HOMO-LUMO separation arid hence 
with the reciprocal of the energies of the diene HOMOS. 
These are given by the ionisation potentials of the 
dienes which reflect changes in the inductive and meso- 
meric effects of the substituents. -4 linear relationship 
between Hammett's o and ionisation potential is 
evident from ionisation potential data for substituted 
benzenes 34 and has been demonstrated for alkyl groups 

A. D. Baker, D. P. May, and D. W. Turner, J .  Cketn. SOC. ( B ) ,  
1968, 22.  
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a~td Taft's ~ ~ * . 3 5 9 3 6  1;or the reactions of a series of 
dienes with a given dienophile, it follows that the 
HOMO-LUMO energy separations will be linearly related 
to the appropriate substituent constants. The use of 
the frontier orbital treatment and the expectation of a 
linear free energy relationship are therefore two in- 
compatible approaches since they lead to two different 
relationships between log k and substituent constant. 
If this analysis is correct, meta-substituted aryl re- 
actants, for which a resonance interaction is not possible, 
would also therefore be expected to have non-linear 
Hammett plots, but no kinetic measurements have been 
made for such compounds. 

Activation Parametem.-The large negative TFalues for 
activation entropy are typical for the Diels-Alder 
reaction. The greater reactivity of DPBD, compared 
with that of anthracene, is almost entirely due to its 
reactions having lower activation enthalpies ( 8 A W  ca. 3 
kcal rnol-l). If the variation of the activation para- 
meters with dienophile substituent is considered then it 
is Seen that the variation in activation enthalpy is small 
and usually within the limits of experimental error, and 
that the variation in activation entropy is significant. 
The series for reaction with anthracene in ethyl acetate 
(Table 6) illustrates this best. For a 100-fold change in 
rate the \,.ariation in activation enthalpy is 1 kcal mol-l 
and in activation entropy 8.8 cal mol 

As has previously been proposed for the dichloro- 
carbene-olefin reaction, 37 we suggest that this is a 
reflection of a greater degree of separation of the re- 
actants at  the transition state for the inore reactive 
triazolinediones and a tighter transition state for the 
less reactive ones, and hence a more negative A S .  
This explanation is in good accord with the theoretical 
calculations of Eisenstein and Anh,zi who have carried 
out Hiickel calculations on a nunibcr of Diels-Alder 
reactions in an attempt to predict the reactivity order. 
They find that the most satisfactory treatment is one 
that uses only frontier orbitals, and allows the separation 
of the reactants a t  the transition state to vary with the 
magnitude of the orbital coefficients of the frontier 
molecular orbitals involved. This resul td  in the more 
reactive dienes (or dienophiles) reaching the transition 
state at  greater separations than the less reactive ones. 

K-'. 

EXPERIMENTAL 

J .r. spectra were recorded on either a Unicani SP 200 or 3 
I'crkin-Elmer 167G spectrometer as either Nujol mulls or 
thin films, U . V .  and visible spectra on a Perkin-Elmer 403 
spectrometer, lH n.tn.r. spectra on a Perkin-Elmer lt12 
spectrometer a t  60 MHz, and mass spectra on an iZ.E.1. 
lLlS 12 spectrometer. The vertical ionisation potentials 
were obtained from photoelectron spectra recorded on a 
I'erkin-Elmer PS 18 spectrometer. 

Preparation of the l'riazoZinediones.--The preparation of 
35 €3. J .  Cocltsey, J .  H. I). Eland, and C. J.  Ilanby, ,/. Chcna. 

Sac. (B) ,  1971, 790; A. D. Baker, I>. Betteridge, N. R. Kemp, and 
R. E. Kirby, Analyt. Cliem., 1971, 43, 375. 

36 The first (vertical) ionisation potentials of the alkyl-TDs 
(la-c) are also linearly related to the Taft g* value : M. Burrage, 
Ph.11. Thesis, Southampton, 1973. 

4-t-butyl- ( la),  -methyl- (lc), -phenyl- ( I f ) ,  -p-nitrophenyl- 
(lg), and -benzylideneamino- (lh) triazolinediones has been 
described in ref. 38. The remaining triazolinediones were 
prepared similarly. There is an upper limit to the re- 
activity of the triazolinediones that may be synthesised by 
this method since cyclisation of an ethoxycarbonylsemi- 
carbazide to give a urazole (tetrahyclro-1,2,4-triazole-3,5- 
dione) does not occur when there is an extremely electron- 
withdrawing substituent present, hydrolysis and decom- 
position occurring instead. Thus, 4-( 2,4-dinitrophenyl)- 
l12,4-triazoline-3, 5-dione could not be prepared since the 
corresponding urazole was not obtained from base treat- 
ment of 4- (2,4-dinitrophenq.l) - l-ethoxycarbonylsemicarb- 
azide. The triazolinediones werc purified by vacuum 
subliniation. 

4-t-Butyl-1,2,4-tria801ine-3,6-diolze (la).  This had m.p. 
119" (sublimed at 50" and 0.1 mmHg), w,,~. 1 720, 730, 
and 690 cm-1, A,,,. (benzene) 540 (E 247.5) and 564 nm 
(194), Anlax. (dioxan) 629 niii ( E  181.4), A,,,,. (ethyl acetate) 
528 nm ( E  173.3), 5 (CDCl,) 8.36 (s), ionisation potentials 
9.82 (adiabatic 9.36), 10.71, and 11.63 eV. 

4-EthyZ- 1,2,4-triazoZine-3,5-diOm ( lb) . Ethyl isocyanate 
(15 g) was condensed with ethyl l~ydrazinecarbosylate 
(22 g) in benzene (45 ml) to give 4-ethyl-l-ethoxycarbonyl- 
seniicarbazide (37 g, 1000,/,), m.p. 133" (from ethyl acetate), 
w , , ~ ~ .  3 340 and 3 250br, 1 756, 1 735, and 1 215 cm-l, 
T ([2H,]Me,SO) 1.35br (1 H, s), 2.34br (1 H, s), 3.70br (1 H, 
s), 5.94 (2  H, q, J 7.0 Hz), 7.00 (2 H, q, J 7.0 Hz), 8.80 (3 H, 
t, J 7.0 Hz), and 8.99 (3 H, t, J 7.0 Hz). The semicarbazide 
(34 g) was cyclised with aqueous 4a1-potassiuni hydroxide 
(100 ml) by heating on a water-bath for 1.5 h to give, after 
acidification, 4-ethyZuraaoZe (24 g, 96",), ii1.p. 200" (from 
ethanol) (Found : *VI, 129. C4H,N,0, requires i W ,  129), 
w,,,. 3 400br, 3 150, 1 755, 1 675, and 800 cni-l. $-Ethyl- 
urazole (1.2'3 g) was oxidised with t-butyl hypochlorite 
(1.1 nil) in ethyl acetate (15 inl) a t  room temperature and 
under nitrogen to give 4-ethyl- 1,2,4-triazoline-3,5-dione 
( lb)  (0.83 g, 650,b), m.p. 53" (sublimed a t  40" and 0.1 iii~iiHg), 
wnla1. 1 775, 1 730, 790, 730, and 680 crt-l, A,,,,. (benzene) 
539 (E 254.7) and 566 nni (210), Amax. (dioxan) 529 nni 
(E 190.5), inlay. (ethyl acetate) 529 iim (E 184.5), T (CUCI,) 
6.24 (2 H, q, J 7.3 Hz) and 8.65 (3 H, t, J i . 3  Hz), ionisation 
potentials 10.15 (adiabatic 9.6), 11.1'7, and 12.10 eV. 

4--WethyZ- 1,2,4-triazoZine-3,5-dione (lc).  This had ~ 1 . p .  
104" (sublimed at 50" and 0.1 mniHg), wlll:,x. 1 760, 1 506, 
1 270, 055, 740, and 675 crn-l, (benzene) 536 (E 247.7) 
and 564 1in1 (214), Am:l.\. (dioxan) 527 nm (E 193.2), A,,,. 
(ethyl acetatc) 527 mil ( E  188.0), T (CDCI,) 6.80 (s), ionisation 
potcntials 10.31 (adiabatic 9.7) (vibrational fine structure 
880 cm I), 11.35 (910 cm-l), 12.30 ( I  320 cm-l), and 13.87 eV 
(ca. 1 800 c n - l ) .  

4-Benzyl- 1,2 ,4- t r in~ol ine-3 ,~-d ione  ( I d ) .  Benzyl iso- 
cyanate (10.3 g)  and ethyl liydrazinecarhoxvlate (8 gl were 
condensed in benzene (30 nil) to givc 4-bcnzyl- l-cthosy- 
carbonylseniicarbazide (17.7 g, 970/b), n1.p. 144-145", 
wmLLS. 3 400, 3 330, 3 200, 1 690, 1 660, 1 220, i80,  750, 730, 
and 690 cm l. Thc scmicarbazidc (10 g )  was treated as 
above to give 4-benzylurazole (7.3 g, 910/&), m.p. 186- 
188" (from water) (lit.,39 187"), w , , , ~ ~ ~ ,  3 500, 3 400, 1 740, 
and 1075 cn-l (Found: M ,  191. Calc. for C',H,X,O,: M ,  

37 P. S. Skell and M. S. Cholocl, J .  Amer. Cham. Soc., 1969, 91, 

38 R. C. Cookson, S. S. Gupte, I.D. R. Stevens, and C. T. Watts, 

39 E. Nachbauer and W. Gottardi, Monatsh., 1963, 94, 584. 

7131. 

Org. Synth., 1971, 51, 121 
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191). 4-Benzylurazole (0.75 g) was oxidised as above to 3 270, 1 735, 1 680, 1 245, 835, 775, 760, and 665 cm-l. 
give 4-benzyl- 1,2,4-triazoline-3,5-dione (0.65 g, 85y0), m.p. The semicarbazide was cyclised as above to give 4-p- 
57" (decornp. ; sublimed a t  55' and 0.1 mmHg), vmxm methoxyphenylurazole (95y0), n1.p. 221-222" (from water) 
1 765, 1 720, 740, 710, and 680 crn-l, Amax. (benzene) 538 (Iit.,*O 220.5"), vmX 3 230, 1 765, 1 685, 1 242, 850, 838, 
(E 269.0) and 563 nm (215), A,,,. (dioxan) 526 nm (E 195.0), 805, 790, and 765 cm-l (Found: JW, 207. Calc. for 

TABLE 12 
1,4-Diphenylbuta- 1,3-diene adducts (2) 

K 
But 

E t  

Me 

CH,Ph 

p-MeOC,H4 

Ph 

p-N02C6H4 
N=CHPh 

But 
Et 

Me 

CH,Ph 
p-MeOC,H4 
Ph 

N=CHPh 
fi-N02CCiH4 

But 

Me 

CH zPh 

Ph 

p-N02C6H4 

But 

Me 

CH,Ph 

Ph 

N=CHPh 
p-N02C6H4 

Yield 

96 

95 

95 

90 

90 

85 

75 
90 

(Yo) 
J1.p. 
("C) 
175 

159 

175 

163 

161 

163 

230 
202 

Recrystallisation 
solvent 

Benzene-petrol 

Petrol 

Benzene-petrol 

Benzene-petrol 

Ethyl acetate 

(b.p. 60-80') 

(b.p. 60-80') 

(b.~. 60-80') 

(b.p. 60-80') 

Benzene-petrol 

Benzene 
Acetone 

(b.p. 60-80') 

vmax (cm-') 
1 755, 1690 

1770, 1695 

1 765, 1700 

1765, 1 705 

1773, 1760, 

1766, 1705 

1760, 1 700 
1 780, 1 715 

1700 

Found (%) 
r---h---? 

C H N  
73.66 6.65 11.2 

M 333 

71.75 5.75 13.6 

M 395 

M 411 

76.3 4.9 10.8 

67.55 4.15 13.4 
73.85 5.25 13.6 

Anthracene adducts (3) 
95 206 Acetone 1750, 1700 71.9 5.6 12.6 
90 198 Petrol 1770, 1710 M 305 

90 234 Chloroform- 1765, 1700 69.95 4.4 14.15 

90 232 Benzene 1765, 1710 M 367 
90 222 Ethyl acetate 1775, 1720 M 383 
Characterised in ref. 1 
70 276 Benzene 1 765, 1695 
89 234 Ethyl acetate 1760, 1705 72.45 4.36 14.45 

(b.p. 60-80') 

ethanol 

Hexachlorocyclopentadiene adducts (4) 

hound * 
40 124 1810,l 745, 427 

85 167 Ethanol 1815, 1735, 385 

85 91 Ethanol-water 1810, 1746, 461 

1680 

1 580 

1580 

1595, 1 575 

1595, 1575 

80 137 Ethanol-water t 1 810, 1 755, 447 

75 212 Ethanol 1800, 1 760, 492 

Bicyclo[2.2. llheptadiene adducts (5) 
Found (%) 

1M 

Required (yo) 
?-- 

C H N  
73.15 6.36 11.65 

144 333 

71.45 5.36 13.15 

ik? 396 

M 411 

76.6 5.0 11.05 

67.6 4.25 13.15 
73.5 4.9 13.76 

72.05 5.7 12.6 
M 305 

70.1 4.46 14.45 

M 367 
171 383 

72.65 4.2 14.75 

Requirei 
427 

385 

46 1 

447 

492 

Required (Yo) 
' C  H N '  

95 91 Benzene-petrol 1745, 1705 63.15 6.66 17.1 

90 109 Ethyl acetate- 1750, 1705 58.25 5.4 20.1 

90 98 Benzene-petrol 1 775, 1 705 M 281 

Characterised in ref. 1 
65 188 Acetone 1 760, 1 700 57.7 3.85 17.6 
85 169 Benzene-petrol 1760, 1700 65.0 4.5 19.5 

(b.p. 60-80') 

petrol 
(b.p. 60-80') 

(b.p. 60-80") 

(b.p. 60-80") 

C H N  
63.1 6.9 17.0 

58.55 5.35 20.6 

-12 281 

57.7 3.85 17.96 
65.3 4.75 19.05 

* Mass ion given is that for B5C1537C1 adduct. Isotopic distribution patterns were consistent with the number of chlorines present 
in the mass ion and ion fragments. 7 Lit.,lD 136". 

A,,,. (ethyl acetate) 526 nm (E 195.0), TC (CDC1,) 2.63 ( 5  H, C ~ H D N ~ O ~ :  M I  207). 4-P-Methoxyphenylurazole was oxi- 
s) and 5.25 (2 H, s). dised as above to give 4-9-methoxyphenyl- 1,2,4-triazoline- 

4-p-Methox~~henyZ-1,2,4-triazoZine-3,5-dione (le). 4-p- 3,5-dione (79%). m.p. 124-126" (sublimed a t  100' and 
Methoxyphenyl-l-ethoxycarbonylsemicarbazide was pre- 0.2 mmHg), vmx. 1 770, 1 750, 1260, 830, 745, and 680 
pared as above, m.p. 172-172.5' (lit.,40 171.5'), v,,,. 40 J. C. Stickler and W. H. Pirkle, J. Org. Chern., 1966,31, 3444. 
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cm-1, Amsm (benzene) 543 nm ( E  241.6), A,,, (dioxan) 530 
nm (E 191.0), A,,, (ethyl acetate) 532 nm ( E  169.0), T (CDCl,) 
2.63 (2 HI d, J 9.0 Hz) and 2.97 (2 H, d, J 9.0 Hz) both 
with secondary splitting (t, A,B,), and 6.13 (3 H, s). 

4-Phenyl-1,2,4-triazoline-3,5-dione (If). This had m.p. 
180' (decomp.; sublimed a t  100" and 0.1 mmHg), v,, 
1760, 1740, 725, and 680 cm-l, Amx. (benzene) 540 nrn 
(E 247.8), A,, (dioxan) 527 nm (E 186.2), (ethyl 
acetate) 528 nm, (E 172.2), T (CDCl,) 2.52 (s). 

This had 
m.p. 130" (sublimed a t  110" and 0.1 mmHg; p-nitrophenyl- 
and benzylideneamino-TD are especially liable to decompose 
completely during sublimation if overheated), vmx 1 765, 
860, 730, and 670 cm-1, Amx. (benzene) 538 nm (E 246.3), 
Amarm (dioxan) 524 nm (E 175.1), Lx. (ethyl acetate) 523 nm 
( E  168.2), t ([2H,]Me,SO) 1.63 (2 HI  d, J 9.0 Hz) and 2.22 
(2 H, d, J 9.0 Hz) both with secondary splitting (t, A,B,). 

4-Benzylideneamino- 1,2,4-triazoline-3,5-dione ( lh) . This 
had m.p. 130' (sublimed a t  110" and 0.1 mmHg), v,,,. 
1830, 1765, 1720, 770, 730, 690, and 660 cm-l, A,, 
(benzene) 558 nm (E 217.2), Amxm (dioxan) 541 n:n (E 172.6), 
A,,,. (ethyl acetate) 542 nm (E 163.0), T (CDCl,) 0.77 (1 H, 
s), 2.16 (2 H, m), and 2.42 (3 HI  m). 

Dienes and Solvents .-trans,trans- l14-Diphenylbutadiene 
(DPBD) was prepared by the method of ref. 41 and obtained 
as fine crystals by recrystallisation from benzene, m.p. 
153", Amxm (ethanol) 329 nm (E 63 800) [lit.,42 329 nm 
(E 55 300)]. 

A nthracene, bicyclo[2.2.l]heptadiene, and hexachlorocyclo- 
pentadiene. The procedure used by Brown 21 was followed. 
Purity was checked by comparison with literature data.49s44 

Dioxan was purified using Hess and Frahm's method,45 
and ethyl acetate by Fieser's method.46 

Diels-Alder Adducts.-All adducts were prepared by the 
reaction of equimolar amounts of diene and dienophile and 
were obtained pure by recrystallisation. Physical con- 
stants are recorded in Table 12 and 1H n.m.r. spectra in 
Table 13. 

Kinetic Measurements.-The progress of each Diels-Alder 
reaction was followed quantitatively by observing the rate 
of disappearance of the n+x* absorption maximum of 
the dienophile in the visible region, at ca. 530 nm, and the 
corresponding diene concentration was calculated from the 
degree of adduct formation. 

A Perkin-Elmer 402 u.v.-visible spectrometer with an 
interval timer and thermostatted cell block was used for 
all absorption measurements, using matched spectrosil 
cells of 1 and 4 cm path-length. For reactions carried out 
in the spectrometer cell, the cell block was thermostatted 
a t  the required temperature with a Churchill thermo- 
circulator; the temperature was measured with a chrome1 
P-alumel thermocouple. 

Because the reactions studied varied in rate by a factor 
of ca. 2 x lo5 three different experimental techniques were 
required. For reactions with second-order rate constants 
under ca. 0.05 1 mol-l s-l sealed ampoules containing the 
reaction mixture were placed in a thermostatted bath and 
were withdrawn a t  intervals for analysis. For more rapid 
reactions, with k, under ca. 1.0 1 mol-l s-l, the reaction 
mixture was introduced into a thermostatted 1 cm cell in 
the spectrometer and the disappearance of the dienophile 

4-p-Nitrophenyl- 1 , 2,4-triazoline-3,5-dione (lg) . 

41 B. B. Corson, Org. Synth., 1936,16, 28. 
4 2  F. B. Kipping and J. J .  Wren, J .  Chem. SOC., 1959, 2465. 
43 R. A. Friedel and M. Orchin. ' Ultra-violet Suectra of Aro- 

absorption maximum observed directly. Therniostatted 
4 cm cells were used for faster reactions, the rate of dis- 
appearance of dienophile being reduced by the lower 
concentrations of reactants possible compared with the 
1 cm cell technique. Second-order rate constants up to 
20 1 mol-l s-l were measurable by this method. 

R 
But 

Et 

Me 

CH,Ph 

p-MeOC,H4 

Ph 

p-NO,C,H, 

N=CHPh 

TABLE 13 
1,4-Diphenylbuta-l,3-diene adducts (2) 

7 (CDC1,) 
2.60 (10 H, s), 4.10 (2 H, d, J 1.5 Hz, Hb), 4.62 

2.66 (10 H, s), 4.02 (2H, d, J 1.5 Hz, Hb), 4.63 
(2 H, d, J 1.4 Hz, Ha), 8.48 (9H, s) 

(2 H, d, J 1.6 Hz, Ha), 6.49 (2 HI q, J 7.2 Hz), 
8.83 (3 H, t, J 7.2 Hz) 

2.59 (10 H, m), 4.07 (2H, d, J 1.6 Hz, Hb), 4.58 
(2 H, d, J 1.5 Hz, Ha), 7.08 (3 H, S) 

2.56 (10 H, m), 2.73 (5 H, s), 4.06 (2 H, d, J 

2.62 (12 H. m), 3.15 [2 H, d, J 8.7 Hz and 
secondary splitting (t)], 4.03 (2 H, d, J 1.4 Hz. 

2.58 (16 H, m), 4.00 (2 H, d,  J 1.4 Hz, Hb), 4.46 
(2 H, d,  J 1.4 Hz, Ha) 

1.78 (2 H, d, J 9.2 Hz),  2.18 (2 H, d, J 9.2  Hz) 
both with secondary splitting (t, AZB,), 2.66 
(10 H, m), 3.92 (2 H, d, J 1.6 Hz, Hb), 4.43 
(2 HI d, J 1.6 Hz, Ha) 

0.65 (1  H, s ) ,  2.52 (14 H, m), 4.00 (2 H, d, J 1.4 

1.5 Hz, Hb), 4.65 (2 H, d, J 1.5 Hz, Ha), 5.42 
(2 H, s) 

Hb). 4.48 (2 H, d, J 1.4 Hz, Ha), 6.29 (3 H, S) 

Hz, Hb), 4.47 (2 H, d, J 1.4 Hz, Ha) 
Anthracene adducts (3) 

But 
Et 

2.67 (8 H, m), 3.84 (2 H, S, Ha), 8.68 (9 H, S) 
2.70 (8 H, m), 3.81 (2 H, s, Ha), 6.72 (2 H, q, J 

2.67 (8 H, m), 3.78 (2 H, S, Ha), 7.21 (3H, S) 
2.73 (13 H, m), 3.78 (2 H, s, Ha), 6.53 (2 H, s) 
2.60 (8 H, m), 3.04 (4 H, m, A2B, system), 3.67 

1.80 (2 H, m), 2.60 (10 H, m), 3.32 (2 H, s, Ha) 
0.73 (1 H, s), 2.60 (13 H, m), 3.68 (2 H, s, Ha) 

7.2 Hz), 9.11 (3  H, t, J 7.2 Hz) 
Me 
CH,Ph 
p-MeOC,H, 

$-NO,C,H, 
N=CHPh 

But 8.83 (s) 
Me 6.96 (s) 
CH,Ph 
Ph 2.61 (m) 
$-NO,C,H, 

(2 H, s. Ha), 6.23 (3 H, s) 

Hexachlorocyclopentadiene adducts (4) 

2.68 (5 H, m), 5.43 (2 H, s) 

1.66 (2 H) and 2.37 (2 H) (both m, A,B,, J A B  = 
JA'B. = 9.0, JAI' = J B ~  = 2.7 Hz) 

Bicyclo[2.2. llheptadiene adducts (5) 
But 

Me 

6.63 (2 H, d, J 2.6 Hz, Hd), 7.62 (1 H, m. H,) 
8.20 (2 H, S, Hb), 8.42 (12 H, S, But and Ha) 

5.68br (2 H, S, Hd), 6.97 (3 H, S, Me), 7.66 (1 H, 
m, HJ, 8.17 (2 H, S, Hb), 8.42 (3 H, S, Ha) 

2.69 (6 H, s), 5.37 (2 H, s). 6.6lbr (2 H, s, Hd), 
7.66br (1, S, H,), 8.26 (2 H, S, Hb), 8.49 (3 H, 
s, Ha) 

1.67 (2 H, d, J 9.0 Hz) and 2.08 (2 H, d, J 8.5 Hz) 
both with secondary splitting (t, A,B,), 5.40 
(2 H, d, J 2.1 Hz, Hd), 7.39 (1 H, m, H,), 8.09 

0.57 (1 H, s), 2.13 (2 H, m), 2.65 (3 H, m), 5.40 
(2 H, d, J 2.5 Hz, Hd). 7.48 (1 H. m, HJ, 8.16 

CH,Ph 

$-NO,C,H, 

(2 Hs s, Hb)r 8.28 (3 H, S, Ha) 
N=CHPh 

(2 Ha S. Hb)s 8.37 (3Ha S, Ha) 
* In  [2H,]dimethyl suIphoxide. 

In  all cases the progress of the reaction was followed to 
ca. 90% completion and the results obtained fitted the 
expected second-order treatment. In most cases an excess 
of diene was used. Reproducibility was established by 

44 H. E. Ungnade and E. T. McBee, Chem. Rev., 1958, 58, 249. 
45 K. Hess and H. Frahm, Bey. ,  1938,71, 2633. 
46 L. F. Fieser. ' Exueriments in Organic Chemistrv.' Heath. " a -  

matic Compounds,' Wiley, New York, 1951. Boston, 1965, 288. * 
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repeated measurements. In soine cases, where the rate 
constant had a conveniently intermediate value, two 
different techniqiies were used to measure the rate of the 
same reaction. 

Solutions of dime and dienophile were made up by 
weighing and were thermostatted for 0.5 h before mixing 
and transfer to  the spectrometer cell. 

Second order rate constants were calculated by standard 
tecli~iiques,~~ and a least squares treatment was used to 
obtain the line of best fit for plots of ln(R/A) against time. 

Except in one case, the absorption of the reaction 
product a t  ca. 530 nm was zero. For the reaction between 
p-nitrophenyl-TI) and bicyclo[2.2.l]heptadiene in benzene 
the adduct produced was insoluble and was deposited in 
the spectrometer cell during the reaction. The absorption 
measurements made during the last 40% of the reaction 
were therefore affected by scattering and a correction was 
matle. The rate constant of 0.0344 1 mol-l s-l was in agree- 
ment with the values of 0.0358 and 0.0355 1 mol-l s? a t  

500/,, reaction found froni two other determinations in which 
a correction was not applied. 

Activation parameters were obtained froni the line of 
best fit for a plot of in(&) against 1/T. For most of the 
rate constants the probable error is &4-70/0 ; but for the 
reactions of p-nitrophenyl- and benzylideneamino-TD with 
DPBD in benzene the error is ca. &lOyh because of the 
short reaction time involved. The consequent error in 
activation energy, enhanced by the low temperature 
dependence is ca. jr0.7 kcal mol-l, and in activation 
entropy 5 2  cal mol-1 IC-1. 
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47 S. W. Benson, ‘ Foundations of Chemical Kinetics,’ McGraw- 
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