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Abetraet-&Trieyclo[4.2.1.O’*‘]aon-7cna3,4$trione (14) is prepared from the $S-diethoxy- 
cydopentadiene-diethyl maleate Dick+Alder adduet. Photolysis of the trionc in C&Q solution at 192 K 
forms norborna-2,Sdien-7-one (2). The latter substance is thermally unstable and decomposes to 
benzene and CO with AG* = 15 kesl mol-‘. This appesrs to be. the lowest activation energy for a 
cycloreversion yet measured. A correlation is found for the kinetic and thcmmdynamic stabilities in a s&a of 
18 orbital symmetry allowed cycloreversions by plotting AGr vs AH,. 

A corollary of the Hammond postulate’ suggests that 
the exothermicities and rates of thermal cyclorever- 
sions should be correlated. A few experimental exam- 
ples in the literature L3 have stimulated the broader 
examination in the present paper,* which has the aim of 
developing and testing a method for prediction of the 
kinetic stability of a cycloadduct horn thermodynamic 
data If a correlation can be found, we propose also to 
explore its implications in the region of very high 
exothermicities, where very fast cycloreversion rates 
(low AGt values) would be expected. In fact, such a 
correlation would raise the question of whether any 
hypothetical full-valence molecule can fail to exist 
because the activation energy for its thermal 
cycloreversion to stable fragments is zero. In other 
words, are there possible ground state molecular 
energy surfaces for cycloreversion that are everywhere 
dissociative? 

Epistemologically, of course, the question in this 
form may be considered objectionable, since it seems to 
ask : can non-existent compounds exist? It is difficult to 
imagine how such an unfalsifiable proposition could be 
tested experimentally. However, as a practical matter, 
the synthesis of molecules of very low kinetic stability 
would permit an exploration of the lower reaches of the 
correlation and would provide an experimental 
framework for tests of theoretical models.s 

Correlation of AG$ and AH, for thermal cyclorewrsions 
Experimental values for the reaction enthalpies 

(AHr) of cycloreversion are not available for most of 
the cases studied and therefore were estimated from 
Benson’s additivity tables.69 Strain energy corrections 
were applied, when these were not available in the 
tables, by analogy to model compounds. Where avail- 
able, experimentally measured A@ and AS’ values 
were used to extrapolate an observed AGt to 300 K. 
Most of the AS* values in the literature for thermal 
cycloreversions are near +5 e.u., and this was used 
when an experimental value was not available. The 
errorinAZI,isestimatedtobe f5kcalmol-‘andis 
mostly ascribable to uncertainties in the strain energies, 
whereas the error in AC* is estimated to be f 1 kcal 
mol-‘. 

A correlation of AC’ vs AIf, might be expected for 
concerted cycloreversions, since the heats of formation 
of the reactant and products both influence the energy 
of the transition state. Although a correlation might 
also prevail for a series of step-wise cycloreversions, 
there is no obvious reason to expect these points to fall 
on the same curve as the data from the concerted 
reactions. Accordingly, we have plotted AC* vs A& for 
18 orbital symmetry al10wed?~ cycloreversions (Table 
1, Fig. 1) and observe a smooth monotonic correlation 
(open ovals). An additional group of eight orbital 
symmetry forbidden reactions (filled ovals) falls 
uniformly above the correlation curve. The substantial 
uncertainty in the AH, estimates and hence in the exact 
location of the curve suggests that caution is advisable 
in the use of the correlation to assign any specitic new 
reaction to a concerted or non-concerted category. 
Nevertheless, it seems probable that most of the 
reactions represented by the open ovals of Fig 1 belong 
to the concerted class. 

The data correspond to rate and equilibrium 
constant ranges of 102’ and 1O’O respectively, and 
therefore represent an extensive tes; of the Hammond 
postulate. It is noteworthy that in the region of large 
endothermicities, the slope of Fig 1 approaches unity, 
as would be expected of a reaction series conforming to 
the Postulate. 

Rationale for the synthesis of norbornadienone and 
ethylene&one 

The lowest activation energy for cydoreversion (AC’ 
= 17 kcal mol-i) in the correlation (open ovals) of 
Fig. 1 is that for the tricyclic diazene 1i9. With present- 
day cryogenic techniques, substances of much lower 
kinetic stability can be studied. For example, at 10 K, a 
now routinely accessible temperature, a reaction with 
AC* as low as 1 kcal mol- ’ will have a half-life greater 
than 500 years. This circumstance encourages an 
attempt to explore the unknown region below the 
present terminus of the curve. Among the purposes of 
such a study would be an attempt to find the functional 
font?’ of the structure-reactivity correlation and to 
determine whether the curve continues monotonically 
toward zero AC’, recedes asymptotically to some finite 
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Table 1. AG* and AH, valuea (kcal mol-‘) for thermal cyclorcvami~ 

Bactant Products AG* AH, Rt4 
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Table l.-ctxuiwed 

RUiCtallt Products AG’ AH, Refs 
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Table l.-conrim& 

Reactant Roducta AG’ AK Refs 

Forbidden reactions 

II + & 49 14 23c 

2 0 :I 

55 16 23e 

23d 

30 -20 24 

25 -41 25 

60 - 

50 : 

LO - 

IX’ 

30 - 

20 - 

( $-f--~-. , , , , 
-50 0 C 
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Fig. 1. Relationship of observed free energy of activation 
(AG* kcal mol-‘) for cycloreversion and enthalpy of re- 
action (A&) calculated as described in the text. The open 
and f&d ovals represent orbital symmetry allowed and for- 
bidden reactions, respectively. The half-filled oval represents 
the observed AG* value for norhnadknone (2); the filled 
squarea represent the predicted AG* values for 2 and 

ethyknedionc (3). 

value, or conceivably, passes through a minimum and 
turns upward.s’ 

As the first goals in this study, we have chosen two 
molecules of current theoretical and preparative 
interest, norboma-2,5-dien-7-one (2)‘$ and ethylene- 
dione (3).z7 

&-p- 0 +N, 

1 

0 

AL7 / / ox =cz 0 

2 3 

Norbomadienone 2 is the formal l+cheletropic 
adduct of benxene and carbon monoxide, whereas 
ethylenedione 3 is a formal dimer of carbon monoxide. 
Ethylenedione 3, the simplest even cumulog of 
dioxygen, has additional significance as a substance 
whose ground electronic state has a degenerate pair of 
singly occupied molecular orbitals (MOs) and should 
be triplet.2* An approximate lifetime for 2 may be 
predicted from Fig 1 and the molecule’s calculated 
AH,, -51 kcal mol-’ for cycloreversion to benzene 
and CO: AG* should be m 18 kcal mol-‘, which 
corresponds to a half-life of several months at - 78”. 

A corresponding prediction for 3 is not so 
straightforward The correlation of Fig. 1 refers to 
reactions in which two conventional u-bonds are being 
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deaved in the transition state. However, in 3, one of the 
two formal C-C %onds” being broken is of adifferent 
nature, and in the open-shell singlet and triplet statea of 
this molecule, the utility of the whole concept of two 
two-electron “bonds” between the carbons is debat- 
able. For the sake of argument, we disregard this 
difficulty. To the value derived from’ ab initio 
quantum calculations for dissociation of triplet 3 to 
two ground state singlet CO molecules,27b 65 kcal 
mol-‘, we add a calculatedz7’ singlet-triplet energy 
separation for 3 of 19 kcal mol- ‘, obtaining there- 
by AH, = - 84 kcal mol- ’ as the singlet+inglet 
dissociation energy. This AHH, value applied to an 
extrapolation of the plot of Fig. 1, would predict 
AC* z 16 kcal mol- I. The AC* value for the triplet 
to singlet dissociation could be higher because of 
its spin-forbidden nature. 

Since the curvature in this region appears to be rather 
shallow, the predicted AC* is not very sensitive to 
the uncertainties in MI,. Howeva, it must be 
emphasized that this analysis may well be misleading 
because of the dubious assumptions already men- 
tioned. Moreover, further doubt is cast on the 
prediction by quantum mechanical calculati~ns~~~ of 
the reaction pathways for dissociation of C202 to 2C0, 
which suggest that the singlet should decompose oia a 
tranr-bent transition state with little or no activation 
energy. 

Choice of the h-iketone 4 a.9 a potential precursor of 2 
anlf3 

Among the previous approaches to ethylenedione 3, 
we note especially three attempts using adiketone 
precursors : Sz9, 6”, and 7 31. Photolyses of 5 and 6 at 
room temperature ultimately caused decarbonylation 
to the corresponding hydrocarbons. In the latter case, 
decarbonylation was shown to be preceded by an acyl 
shift to the rearranged adiketone g.30 Compound 7 
was of interest as a candidate for a hypothetical spin- 
allowed (singlet + 2 triplets) reaction proceeding 
directly from the singlet excited state to triplet 
ethylenedione and triplet biradical9. 
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None of these photolysea had been carried out at 
temperatures low enough to ensure the survival of 
ethyknedione had it been formed. Accordingly, we 
photolyzed the adiketone precursor 10 at 
greater than 280 mn in an argon matrix at 12 K. 
Scrutiny by FT-IR spectroscopy of the cryogenic 
matrix after photolysis again revealed benzzne. New 
absorptions near 2140 cm-’ were ascribable to CO. 

Other bands in the “carbonyl” region appeared, but so 
far we have been unable to assign them. In particular, 
they do not appear to be bands of norbomadienone 2 
(see below). 

Although we intend to study the photochemistry of 
10 further, we conjecture that the expulsion of 
ethylenedione from 10, a six-electron (retro-Diels- 
Alder) process, might be orbital symmetry forbidden in 
the excited state, whereas the eight-electron process 
leading directly to CO might be allowed. This led to the 
thought that a better precursor might be the isomeric 
bicyclic ketone 11, in which the d&red reaction would 
be a four-electron proass, while the fragmentation to 
CO would involve six. 

Ketone 11 has not been observed directly, but it 
seems likely that it is present to a very small extent in 
equilibrium with its valency tautomer, cyclooctatriene- 
1,2dione, 12, which gives the Diels-Alder adduct 13 
when treated with N-phenyltriazolinedione (PTAD).= 

If this assumption is correct, the desired precursor 11 
for the ethylenedione synthesis would have to be 
generated and photolyzed at a temperature below the 
threshold for its thermal electrodecyclization to the 
monocyclic triene 12. Hence, it is natural to think of a 
photochemical precursor to 11, and the triketone 14 
quickly suggests itself. 

At least two likely photochemical pathways may be 
anticipated for 14: elimination of the bridge carbonyl 
group as CO to give diketone 11, or elimination of the a- 
diketone moiety to give ethylenedione 3 and 
norbomadienone 2 in a single reaction. These 
possibilities attracted us to the study of triketone 14. 

synthesis of trtketone 14 
Scheme 1 outlines the synthesis of endo- 

tricyclo[4.2.1.02*‘]non-7cne3,4,%trione, 14, by a 
short sequence from S,&liethoxycyclopentadieentadicnclJ 
and diethyl maleate. The D&s-Alder adduct 15 
contains all the carbon atoms of 14. Closure of the four- 
membered ring by a modified acyloin condensation34 
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gave the en&of. his-trimethylsilyl ether 16, which upon 
14. The I&t& reaction 

first o~w~c~ 

diketone system and MeSSi&. The latter reagent is 
known3’ to cleave ketals to ketones, and this reaction 

ht ate ketal dions t 

xof14at ~5K~tb~i~t 
of wavelen~h 3 13 nm led to the disappearance of the 
bands of 14 (natably those at 1820 and 1772 cm - I) and 
tathtappearanceofbandsofC036nat2136and2121 
em- '.Promiinentbandsofanintenntdiate~wat 1846 

f (m), t795 (s), 3327, 1317, I 
809 and 716 cm - i. The latter band is tentatively 
assigned to an olefinic C-H out-of-plane deformation 
mode. Warming the sample or prolonged irradiation 
caused these bands to poplar. ~e~ne36* and CO 

for a strainaj. cyclopentanone, and the lower frequency 
band position agreed approximately with that 

27b for 3, 1745 m -I. However these ho 

A synthesis of perdeuterated trione, l&d6 was 
accomplished via endo,endo - 3,4,5,6 - tetrachloro - 7,7 - 

carboxylic acid, the 

exchange of the cc-CO; protons as well, giving the 
bexadeuterio diacid, which was esterifiad (CH,N,) and 
carried on to 14-ds, by the gmcedures outlined in 
Sehcme 1. 

Photolysis of l4-& under the same matrix-isolated 
conditions used for 14 gave rise to an intermediate with 
8 strong IR adoption at 1808 cm’ L and a weak one at 
1861 cm- I. achy, d~~t~ti~~ has pestw the 
spectrum previously observed in the carbonyl region of 

the ~~U~8~ phot~l~t~* Thi8 is difkdt to 
reconcile with assignment of either hd to 
ethylenedione,amoleculethat containsoohydrogen,A 
more plausible interpretation would dbe the two 

we have not established which vibrations are invoivd, 
a possible candidate is the o 

plane mode is correct, one could imagine that com- 
baron with the weak band observdd at 1112 cm-’ 
would give a ~~~e~~ (1828 cm-‘) &XC to that 
of the C=O fundamental of 2 at J. cm-‘, 
Symmetrical splitting would then lead to bands at 1846 
and 1794 cm+, very close to thosa obgcrved in the 

positians as wcui as others m 
matched those of a matrix-isolated sample of 

sis of the diketone 19 
gave CO and norIm 

c~~t~~~~~~ and hurtles of ~~~~~~~ 
At this point, the assignment of the 7-norbor- 

nadirnone structure 2 to the carrier of the IR bands at 
1846 and 1795 cm- 1 was tentative, shx the data did 

out c&her i~a~~~ 
ent ~86 based upon 
of 2 in fluid medium. 

We first investigated the thermal stability of 2 up to 
the so~eni~g ints, 30 and 100 K, res vely, of 

No de 
composition was observed. Tn a polyeth 
diminution of the IR bands attributed to 2 occurred 
only when the temperature reached 200 K, at which 

ne was also observed. 
us tQ~yo~t the313nm 

e92 
D&l, solution at -81” 

K). The ‘H-NMR spectrum (250 MHz) of the 

S 194,9 (a), 132.3 (d), and 55.4 (d)e 

ates norbornadienone 2.3” 
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F~2’H-NMRJpsctnrm(l83~2SOMHz)obtainedbyirrrd 
The major rexmanceaarcduetol.Smallpcakanauc%6.3,3.9and3.7areducto ulucaed 3 (N WV/d. The 
small peaks near d 3.8 and 3.6 are awiatcd with an impurity whose formation can be suppmrssd by de 

@IS&l8 the 38!!kpk b&XC kfdilltioll. 

We are still uncertain of whether ethylenedione is 
also formed in the photolysis. Theory predicts it to be a 
ground state triplet, and hence one might expect to ob- 
serve an EPR signal However, irradiation with light of 
313nm,ofa3-methylpentaneglasscontaining14at4K 
in the cavity of an EPR spectrometer gave no EPR 
signal. Since both carbons of ethylenedione bear no 
hydrogen, nuclear Overhauser enhancement of the 
’ CNMR signals is absent, and the r3C spectrum 
would be expected to he weak. In some of the matrix- 
isolated preparations, a weak IR band at 165 1 cm- 1 is 
observed which is not associated with norbor- 
nadienone. The origin of this band and of the polymeric 
material sometimes observed in the solution phase 
photolysis of 14 (Fig. 2) are under investigation. 

Norbomadienone decomposes thermally to benzene 
and CO at higher temperatures. The rate of this 
reaction was readily followed by ‘H-NMR spectro- 
scopy. The half-life at 213 K is 25 min. AGS (300 K) 
and E,, respectively, are 15 and 16f25 kcal mol-‘, 
and log/t = 13.0f 1.8 (A in s-r). The AG* value is 
lower than that predicted by the extrapolation of Fig 1 
and seems to be the lowest yet measured for a cyclo- 
reversion. The observed AG’ value now may be 
compared to the theoretical redictions of 21.5 
and 25.7 kcal mol-i derivsd2 dl respectively, from 
MINDO/J and MNDO calculations and to the value 
18 kcal mol- ’ obtained by extrapolation from Fig 1. 

Free norbomadienone behaves similarly to the 
transientspeci&mplicated’~inthephotochemistryof 
its Fe(CO)s complex 21, which forms 9,1Odiphenyl- 
anthracene 22 when generated in the presence of 

diphenylisobenxofuran 23. Product 22 now is also 
observedwhenacoldsolutionof2istreatedwith23and 
kept below - 60”. Although the observation of 22 from 
the metal complex 21 does not strictly require the 
intermediacy of norbomadienone, the properties of the 
latter ketone found in the present work make it a 
permissible (and likely) intermediate in the photo- 
chemistry of the organometallic system. 

CoNCLUSlONS 

The correlation of AG* and enthalpy of reaction for 
orbital symmetry ahowed cycloreversions (Fig 1) has 
stimulated the synthesis of ‘I-norbomadienonq which 
extendsthecurvetothelowesfAG*vahteyetmeesured. 
The MnreIation. slightly modi6al to incorporate the 
new point, would seem to offer predictive utility in 
the region covered by exper&mt to date. The shape 
of the curve at still lower AG* values remains to be 
explored. 








