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photoreactivity of carbonyls with respect to hydrogen ab
straction (fca), > C = 0 * + RH — >COH + R-. Yang and 
co-workers1"3 have shown that the variations in the reactivities 
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Figure 1. Reactivity surface at 300 K as a function of b1, the fractional 
n,7r* character of Ti, and of A£, the gap between T2 and Ti. The contours 
join points of equal reactivity. 

of a series of acetophenones at room temperature can be cor
related with the proportion of n,ir* character admixed in the 
lowest triplet states (T1) as measured by the radiative lifetimes 
("Trad) in low-temperature glasses. Wagner4"6 pointed out that 
Ti and T2 might still be essentially pure ir,ir* and n,ir*, reac
tivity variation being associated with varying thermal popu
lation, i.e., Boltzmann factors, resulting from differing AE 
{=Ej2

 — Ej1). In the most general case one might envisage Ti 
and T 2 as states with mixed n,x* and x,7r* characters lying 
sufficiently close together such that Boltzmann factors might 
also be important.6 

Recently extensive physical measurements at low temper
atures have provided further evidence for a mixed state de
scription for the triplet states of aromatic carbonyls and have 
shown that the amount of mixing can vary not only from 
molecule to molecule but also depends markedly upon the 
environment.7"14 It can be rather confusing to envisage vari
ations in reactivity as AE and/or mixing vary. In this paper 
it is shown how such variations can be considered in terms of 
a reactivity surface. This leads to a method of treating the data 
which allows estimations of the relative importance of mixing 
and of Boltzmann factors. Finally examination of the model 
suggests refinements which appear to be in general accord with 
experiment. 

Results and Discussion 

Models. We shall first develop the model along standard 
lines.6'7 Consider a molecule in which states Ti and T2 can be 
regarded as mixed states of two zero-order states n,7r* and ir.ir* 
such that ^ n = 2"An1TT* + V ( I - b2)^*,** and i/r2 = 
V ( I - b2)*pn,-x* - £»/v,7r* where b2 is the fractional n,x* 
character associated with Ti. It is further assumed that reac
tivity of a state be associated with its fractional n,ir* character 
so that kj{ = b2kniV* and kj2 = (1 — b2)kn^*. In general the 
observed overall rate constant k is the sum of the individual 
rate constants, k\, for the states weighted by the fraction of 
molecules in the respective states,/,. Specifically for the two-
state system under consideration here 

*(62.A£.r) = £*/! -*„ , , . 
b2+ (1 -b2)e-*E/RT 

1 + Q-&E/RT (D 

where AE = Ej1 - Ej1. _ 
Figure 1 shows a plot of the relative rate constant k (=k/ 

^n1T*) as a function of b2 and AE for a temperature of 300 K. 
The reactivity of a given system is then represented by the 
corresponding point on the reactivity surface. The surface will 
be the same for other temperatures except that the AE scale 
is expanded by a factor of (7/300); i.e., for a given b2 and a 
temperature of 77 K, k will have the same value at AE = 154 
cm - 1 as it had at AE = 600 cm - 1 when the temperature is 300 
K. The question then arises whether the points representing 
a series of reactants are simply scattered on the reactivity 
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Figure 2. Reactivity surface: on the 6--A£ plane, b2 is plotted as a function 
of AE, for interaction energies of 50 and 100 cm-1. The resultant reactivity 
pathway (•••) for \V\ = 100 cm"1 is also shown on the reactivity sur
face. 

surface or whether they are grouped in some simple systematic 
fashion. 

Let Jf 0 and Jt (=J(Q + v) be the Hamiltonians associated 
with the zero-order states and with the "real" states Ti and T2, 
respectively, where v is the perturbation causing the mixing. 
It can readily be shown that 

AE = £ T 2 - E1x = (1 - 2b2)(AE° + AK) 
-AbV{\-b2)V (2) 

In the above AE° = En^* — E1,^* where En^* and £„•,*» are 
the energies of the zero-order states under Jf Q, while Kn^* — 
<^n,**M'An,**) andATT,r. = ( ^ » 1 ^ 1 ^ * ) are small energy 
terms whose difference AK can generally be neglected. V = 
(^,71-"M1ATI-,*-*) is the interaction energy between the zero-
order states, the absolute value of which has been estimated 
by Hirota7 to be ~100 c m - 1 for a wide range of aromatic 
carbonyls. This value is reasonable for a vibronic interaction. 
When b2 is small, then by first-order perturbation theory b ~ 
| F | / A £ ° , while, when b2 is close to unity, V ( I - b2) ~ 
— \V\/AE°. Fortunately in the region where the above ap-
proximations are not so good the second term, 46V(I — b2)V, 
in eq 2 makes a dominant contribution to AE and so 

AE » 1"* ~ 2 ^ 2 + 4 Z > V T ^ ~ F 1 X J V\ for b2 < 0.5 (3) 

AE » 21 V\ for b2 = 0.5 (zero-order states degenerate) (4) 

2b2- 1 
AE 

. V ( I -b2) + 4 W ( I -b2) X\V\ 

f o r 6 2 > 0 . 5 (5) 

Thus for a given | V\, AE can be obtained as a function of 
b2 and correspondingly specific values for k can be calculated 
as AE and b2 vary as prescribed by eq 3-5. Figure 2 shows AE 
plotted as a function of b2 for | V\ = 50 and 100 cm - 1 and also 
the resultant map of k for | V\ = 100 c m - ' . It is evident that 
for reasonable | V\ values the reactivity points lie on a fairly 
well-defined pathway on the upper surface. It is important to 
stress that Boltzmann effects, which rely only on AE, and 
mixing effects, which depend on b2, should not be considered 
as independent quantities since changes in AE result in con
comitant changes in b2 and vice versa. 

The above model can now be expressed in a form which al
lows an estimate to be made of the degree of mixing. For a 
given I V\, values of AE are obtained as b2 is varied from 0 to 
1 using eq 3-5. These values_of AE and b1 are then substituted 
into eq 1 to obtain values of k at two temperatures. In this way 
the reactivity at one temperature can be graphed as a function 
of the reactivity at another temperature. This has been done 
in Figure 3 for temperatures of 300 and 77 K. 

Consider first the case of no mixing; i.e., | V\ = 0 cm - 1 . 
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Figure 3. Relative reactivity at 300 K as a function of the relative radiative 
constants or reactivity at 77 K for interaction energies of 0, 50, 100, and 
300 cm - 1 using eq 1. The experimental points (O) are from ref 2. The inset 
diagram shows the energy levels of the states corresponding to the three 
regions A, B, and C in the main diagram. 1 represents p-trifluorometh-
ylacetophenone; 2, acetophenone; 3, p-methylacetophenone; 4, 3,4-di-
methylacetophenone. 

When n,7r* is lowest (region A of diagram), thermal excitation 
to the upper 7r,7r* state decreases the population in the reactive 
n,x* state. Since this effect is more pronounc£d at higher 
temperatures, the higher temperature reactivity, &300, falls off 
more rapidly than the low temperature reactivity, £77. At B 
the n,x* and 7r,7r* states are degenerate. Here thereJs a 50% 
population in n.ir* at all temperatures so that both /C300 and 
/C77 decrease by a factor of 2. In region C, the upper state is the 
n,x* state accessible by_thermal population so thatthe high 
temperature reactivity, &300. falls off less rapidly than the low 
temperature reactivity, £77. 

In the other limiting situation of | V\ large, the real states 
T2 and Ti never approach closely since they can never come 
closer in energy that 2\V\. This means that the reactivity is 
only dependent on the nature of the lowest state since the upper 
state is thermally inaccessible. In Figure 3 the straight line with 
slope of —1 describes this situation, namely, that 7̂7 and £300 
behave identically as the lowest state changes from n,7r* to 
IT,x* in nature. It is interesting that for | V\ > 300 cm -1 the 
curves are indistinguishable from this limiting case. 

It is difficult to measure chemical reactivities at 77 K. 
However, since the oscillator strength of a radiative transition 
is dependent on the n,7r* character of the triplet carbonyj, it 
is reasonable to assume that radiative rate constants /trad, 
should also obey a relationship similar to that described by eq 
1. In Figure 3, reactivity data at room temperature obtained 
by Yang et al.2 is plotted vs. radiative rate constants at 77 K. 
It is apparent that a model which simply involves Boltzmann 
effects, i.e., the thermal population of close-lying triplets 
without any mixing, cannot explain both the room-temperature 
reactivity and the low-temperature radiative lifetimes. It should 
also be noted that only when Ti has little n,x* character (re
gion C in Figure 3), do the curves for different | V\ values de
viate significantly enough from one another to enable mean
ingful distinctions. 

By using a reasonable value of | V\ the model can be made 
to reflect the experimental trends (Figure 3). However the 
reactivity of a state is assumed to depend solely on its n,Tr* 
character. The inset in Figure 3 shows that, when b2 is 
small (region C), Ti lies about AE lower in energy than 
the zero-order n,ir* state. The rate constant /c-r, is written 
as b2kniir* = b2At~E*.*'/RT where E\v* is the 

«—reaction 

- T T 1 T T * 

mmng- reaction-

y. 1 

1I 

Figure 4. Comparison of reaction from a pure n,ir* state with reaction from 
the two mixed states T1 and T2 to show possible activation energy differ
ences. 

activation energy associated with a pure n,ir* state. 
Therefore, fcT, = Ae-<-E***+e)/RT where 6 =-RT In b2. For 
example, for b2 = 0.007 and T = 300 K this gives 8 = 1034 
cm"1, but for b2 = 0.007 and | V\ = 100 cm"1, AE = 1212 
cm-1. Thus the model in fact predicts that the height of the 
reaction barrier for Ti, which is largely ir,7r* in nature, lies 
below that of the pure n,ir* state. This seems unreasonable and 
arises because the model does not allow for additions to the 
activation energies stemming from variation in the energies 
of Ti and T2 with respect to the pure n,ir* state. One way to 
do this is to introduce additional energy terms reflecting the 
displacements of Ti and T2 from the zero-order n,x* state so 
that individual rate constants are now ky^ = 
b2k^*e-<-AE-5VRTSLndkT2= (1 - b2)kn,]r.e

s/RT (Figure 4). 
The overall abstraction rate constant becomes 

fe_ 4. fe_ --AE/RT h > e - (A£-5) / /? r 
k,(8,AE, T) j + e-AE/RT - , + Z-AE/RT W 

Mixing terms do not appear explicitly in eq 6, but it should be 
remembered that AE and S both depend upon V and b2. Also 
since there is no evidence for energy dependence in radiative 
processes, the first model, eq 1, should still apply for fcrad-

Although the changes may appear to be modest, the two 
models are quite different in their predictions as to the origin 
of reaction. For example, according to the first model_for | V\ 
= 100 cm-1 and*2 = 0.007, AE = 1212 cm-1, and/ka,3oo = 
0.01. This is the point shown as a cross in Figure 3. Equation 
1 shows that only 30% of reaction originates from T2 despite 
the fact that the latter carries 99% of the n,ir* character. On 
the other hand, when V = 100 cm -1 and b2 = 0.012, we_obtain 
AE = 960 cm-1, 5 = 9 cm -1, and, according to eq 6, fca,300 is 
again 0.01, but the second model predicts that 99% of the re
action should originate from T2. This is because the higher 
barrier now associated with Ti effectively blocks reaction from 
this state (Figure 4). A high activation energy for a state that 
is essentially 7r,7r* in character seems quite reasonable. Despite 
these apparent differences both models predict decreasing 
reactivity as the 7r,7r* character of Ti increases, and, if a value 
of ~ 100 crrr} is used for the interaction energy, eq 6 and 1 for 
&a,300 and fcrad,77, respectively, still afford a good fit with 
Yang's experimental data. 

However, experimentally determinable differences between 
the models are manifested if the temperature dependences of 
the reactivities, rather than simply the reactivities at a given 
temperature, are compared. Model 1 results in rate differences 
showing up mainly in the temperature independent part, or A 
factor, of an Arrhenius-tyge equation (k& = Ae~E^RT). For 
example, the A factor for fca,300 = 0.01 when \V\ = 100 cm -1 

is 20 times smaller than the A factor associated with k3 300 = 
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Table I. Arrhenius Parameters for the Interaction Rate Constants 
of Acetophenone with Cyclohexane and 2-Propanol 

3.4 3.6 3.e 

I03 /T (K"1) 

Figure 5. Variation in the lifetimes of triplet acetophenone in the absence, 
open points, and presence of cyclohexane, closed points, as a function of 
temperature: (A) 1 X 1O-4 M p-trifluoromethylacetophenone, (A) with 
1.0 X 1O-2 M cyclohexane; (O) 1 X 1O-4 M acetophenone, (•) with 1.5 
X 1O-2 M cyclohexane; (D) 1 X 1O-4 M p-methylacetophenone, (•) with 
0.25 M cyclohexane. Solvent was acetonitrile. 

1.0, while the exponential term decreases only 5-fold. On the 
other hand as can be seen from eq 6 the second model predicts 
that reactivity differences show up almost totally in the ex
ponential term, i.e., activation energy. 

Results 

In order to see which model predicted the experimental 
behavior best, absolute rate determinations for abstraction by 
three acetophenones were carried out over a range of tem
peratures. Yang and Dusenbery2 employed 2-propanol (in 
benzene) as the hydrogen donor and had variable amounts of 
c('i-l,3-pentadiene present as quencher. In this study aceto
nitrile was used as solvent because it affords both ready solu
bility of the compounds and also long phosphorescence life
times in the temperature range under consideration.15 Two 
hydrogen donors were employed, 2-propanol to form a link with 
Yang's work and cyclohexane in case there were any unex
pected polar effects with 2-propanol. Typical data are given 
in Table I and Figure 5. The changes in rate constant for 2-
propanol follow almost exactly those reported by Yang, while 
it is obvious that reactivity differences are mainly associated 
with activation energy changes as predicted by the second 
model. 

Some further points may be made. As noted above, in the 
case of the second model, when Ti is predominantly w,ir* in 
character, reaction originates mainly from the upper state. 
However, it is important to realize that this comes about not 
simply from the high n,ir* character of T2 but also because of 
the higher energy barrier to reaction from Ti. In contrast, as 
shown above, in the first model significant reaction can occur 
from Ti even though it is largely 7r,ir*. 

If it is assumed that reaction arises simply from a pure n,ir* 
state displaced by AE° from a 7r,ir* state (see Figure 4), we 
obtain 

L- ^-AEo/RT 
L - *n,T«6 

! + e-AE0/RT (7) 

With reference to eq 6, when b2 « 0.5 we have 5 « AE; thus 
over much of the reaction surface the forms of eq 6 and 7 are 
in fact quite similar. In these regions a model which neglects 
mixing is quite adequate to explain chemical reactivity in the 
room temperature region. This point of view has been em
phasized very successfully recently by Wagner.16 From the 
above it is seen to be the natural consequence of a mixed state 
model in which activation energy difference between the states 

Ketone 

p -Trifluoromethy 1-
acetophenone 

Acetophenone 
p-Methylaceto-

phenone 
p-Trifluoromethyl-

acetophenone 
Acetophenone 
p-Methylaceto-

phenone 

[RH]1
0M 

0.010 (C) 

0.015 (C) 
0.250 (C) 

0.001 (I) 

0.010(1) 
0.100(1) 

10"5A:a, 
M-1 

s_1 at 
293 K 

20.4 

3.9 
0.23 

88.0 

21.3 
0.67 

£a, 
kcal/mol 

2.91 ±0.05 

3.54 ± 0.09 
4.76 ± 0.02 

1.12 ± 0.12 

1.69 ±0.05 
3.52 X 0.07 

Log A 

8.48 ± 0.04 

8.23 ± 0.07 
7.91 ±0.13 

7.78 ±0.11 

7.59 ±0.05 
7.45 ± 0.06 

' C = cyclohexane; I = 2-propanol. 

Table II. Comparison of Radiative Lifetimes at 298° 

Ketone 

p-Trifluoromethylacetophenone 
Acetophenone 
p-Methylacetophenone 

Trad. " IS 

3.8 
7.3 

90 

and 77 K* 

T?ad> m s 

2.4 
5.4 
138,49 

" This work, solvent acetonitrile. b References 1, 2, 20. 

is also taken into account. In studying a series of valerophe-
nones at room temperature Wagner obtained rate constants 
which changed by a factor of 10 for (En^* ~ E^*) ~ 1.5 kcal 
mol -1 .16 Our model also indicates the same variation in k with 
AE. This does not mean that we can compare similar members 
of the series absolutely, e.g., acetophenone with valerophenone 
or 4-methylacetophenone with 4-methylvalerophenone. Both 
the kinetic and spectroscopic evidence indicate that aceto
phenone is of mixed character, whilst valerophenone appears 
to be almost pure n,ir* in nature.16 Also in going from valero
phenone to 4-methylvalerophenone the rate drops by a factor 
of 7 while the drop is much larger for 4-methylacetophenone 
in comparison with acetophenone. 

Radiative rate constants also show a marked variation with 
n,ir* in character, but, in contrast to abstraction rates, show 
little temperature variation (Table II). Since there is no evi
dence for activation energies, eq 1, rather than 6, should apply. 
This is easily confirmed. Using the parameters employed 
above, viz., V= 100 cirT^, b2 = 0.01, AE = 960 cm - 1 , and 5 
= 9 cm - 1 , eq 1 yields log Jfcrad -1 .9 at 77 K and -1 .7 at 300 K, 
a twofold variation. On the other hand eq 6 yields log /crad

 —7.8 
at 77 K and —2.0 at 300 K, a variation of almost a million. It 
should also be noted that the point to which the above calcu
lations refer (cross in Figure 3) lies very close to p-methyl
acetophenone. Gallivan17 has reported an experimental value 
of ~1000 c m - 1 for AE for this compound in nice agreement 
with the calculated value. 

Finally, the low values of the activation energies emphasize 
how reactive triplet carbonyls are. In fact the activation 
energies are as low as those associated with the reactions of 
reactive atoms like Cl- and F-. That the absolute rates of the 
carbonyls are lower stems largely from their lower A factors. 
This is to be expected on the basis of the greater complexity 
of the triplet reactants.18 

Experimental Section 

Materials. Acetonitrile (Burdick and Jackson) was carefully dis
tilled before use. Cyclohexane (Spectroquality, MCB) was used as 
supplied, while 2-propanol was purified by preparative GC using an 
8-ft 20% 2OM Carbowax column with H2 as carrier gas. Acetophenone 
(Fisher Scientific), p-methylacetophenone (Eastman Organic), and 
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p-trifluoromethylacetophenone (Columbia Organic) were further 
purified by trap-to-trap distillation under vacuum immediately before 
use. 

Kinetic Studies. A general description of the lifetime apparatus has 
already been given.15 The measurements were carried out over a 
temperature range using the brass block thermostat already de
scribed.18 Above ambient temperatures were reached by means of 
heating coils imbedded in the block, while low temperatures were 
obtained by passing cold nitrogen through a series of channels cut in 
the block. Because of the large heat capacity of the block, tempera
tures accurate to 0.05 0C could easily be obtained. A small section of 
the emission cell protruded from the block and this volume was kept 
a few degrees warmer than the block temperature to minimize any 
distillation. The filter system for all three ketones was the same, i.e., 
excitation 7-54, emission 3-72 and 4-96 in series (Corning). 

Emission Spectra and Quantum Yields. Spectra and quantum yield 
data were obtained using a Hitachi MPF-4 spectrofluorimeter and 
quinine bisulfate as a quantum yield standard.19 Radiative lifetimes 
were determined by measuring both the lifetimes and the quantum 
yields of emission of the samples (Trad = r/ipem). 
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Interconversion of l-Methylene-3-vinylcyclopentane 
and 5-Methylenecycloheptene. A Cope Rearrangement1'2 
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Abstract: l-Methylene-3-vinylcyclopentane (3) and 5-methylenecycloheptene (4) undergo first-order interconversion in the 
temperature range 260-300 0C with AiZf87 = 35.5 ± 1.0 kcal/mol for the reactions 3 — 4 and 4 — 3 and ASf87 = —16.6 ± 3.0 
eu for the reaction 3 -» 4 and —12.7 ± 3.0 eu for the reaction 4 -*• 3. A study of the conversion of 4, labeled with deuterium at 
the wco-methylene group, to 3, labeled exclusively in the five-membered ring, establishes the reaction as a concerted [3,3]-sig-
matropic process. 

In an earlier study we reported the thermal conversion 
of 2-methyl-2-vinyl-5-methylenetetrahydrofuran (1) to 4-
methyl-4-cycloheptenone (2).3 Although the unidirectional 
nature of the rearrangement and the characteristic activation 
quantities seemed to safely place the reaction in the category 
of concerted [3,3]-sigmatropic processes (an aliphatic Claisen 
rearrangement), a vestige of uncertainty remained. Conceiv
ably, a diradical or a sequence of two [l,3]-sigmatropic shifts 
could have intervened and the single product observed was 
simply a result of thermodynamic control. Accordingly, we 
undertook a study of an analogous "Cope" system in which the 
thermodynamic bias for the formation of a carbonyl compound 
would be absent. In this paper we report on the Cope isomer-
ization of l-methylene-3-vinylcyclopentane (3) and 5-meth
ylenecycloheptene (4). 

.CH3 

CH2 

CH 
CH3 

CH2 

J^ 

Results 

Preparation of 3 and 4. The requisite 1,5-dienes, 3 and 4, 
were prepared as outlined in Schemes I and II. Dieckmann 
cyclization of diethyl /3-vinyl adipate (5)4 produced a mixture 
of /3-keto esters which upon hydrolysis and decarboxylation 
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