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Summary

The triplet quantum yield was measured as a function of temperature
for several alkyl ketones that photodecompose by intramolecular hydrogen
abstraction. From these data Arrhenius parameters for the singlet reactions
were derived. These reactions were treated as a transfer of a hydrogen atom
across a potential energy barrier involving the formation of a six-membered
ring in the transition state with concerted internal conversion and surface
crossing located after the point of maximum energy. The A factors obtained
per hydrogen atom lay between 1 X 10° and 2 X 10° 571 for all the ketones
investigated. The activation energies are determined by the substitution at
the y carbon and change from 1.1 (tertiary y hydrogen) to 4.2 kcal/mol
(primary y hydrogen).

The similarity between the kinetic behaviour of the excited singlet and
triplet states of aliphatic ketones is discussed.

Introduction

The intramolecular hydrogen abstraction by n,7* excited carbonyl
triplets has been widely investigated [1], and its main kinetic features
explained in terms either of an adiabatic reaction [2, 3] or a non-adiabatic
process which involves a surface crossing located after the point of maximum
energy [4]. The photoprocesses from the excited singlet state have been less
studied. The only reported Arrhenius parameters for an excited singlet state
reaction are those obtained for the intramolecular hydrogen abstraction of
4-methyl-2-pentanone [5]. The results obtained in this work were inter-
preted in terms of a mechanism in which all singlet reactions other than
intersystem crossing to the first excited triplet state take place after the
formation of a singlet 1,4-biradical. In the present work we extend the
previous study to a series of aliphatic ketones and discuss the kinetic
significance of a concerted internal conversion.
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Experimental

The experimental conditions were similar to those employed previously
[5]. All the photolyses were carried out in n-hexane solution (Merck, spectro-
scopic grade). Ketone concentrations were lower than 0.4 M. The conversions
(measured by the trans- to cis-1,3-pentadiene ratio) were lower than 4%. At
these conversions the results obtained were independent of reaction time.

Results

The triplet quantum yield at a given temperature T was obtained using
the equation:

(P3)% = (P3)L X (trans-1,3-pentadiene)g /(trans-1,3-pentadiene), 1)

where (®5)% is the triplet quantum yield of ketone K at temperature T;
(®3)% is the triplet quantum yield of acetone at temperature T; and (trans-
1,3-pentadiene)x and (trans-1,3-pentadiene), are the trans-1,3-pentadiene
concentrations obtained when the ketone K and acetone A were photolyzed
under identical conditions in the presence of cis-1,3-pentadiene.

cis-1,3-Pentadiene concentrations in the 0.2 to 0.9 M range were
employed. At these concentrations all the triplets are quenched [6, 7], and
singlet quenching [8, 9] and chain reactions [10] can be considered as
negligible. In agreement with these assumptions, the values of 3 obtained
were found to be independent of 1,3-pentadiene concentration.

The data obtained are shown in Table 1. These results were obtained
taking (®3), =1 at all the temperatures employed [11].

Discussion

The singlet lifetimes of aliphatic ketones bearing v hydrogens are
related to whether these hydrogens are primary, secondary or tertiary [6,
12]. This fact leads to the conclusion that all singlet reactions other than
intersystem crossing to the first excited triplet state involve a strong inter-
action with the vy hydrogens [6, 13]. This can imply that all the photo-
chemical processes go through a free singlet biradical [14], or that the
concerted reactions (mainly internal conversion to the ground state) involve
a considerable amount of O—H bonding at the point of the surface crossing.
The reactions to be considered are then:

1K 3K (2)
1K — 1Bjradical (3)
IK—> K (4)

where reaction (4) considers the possibility of a ‘“‘concerted’’ internal con-
version. Since the 1K state correlates with the biradical in its ground state
and this surface intercepts the one leading from the ground state ketone to
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TABLE 1
Triplet quantum yield data

Ketone Temperature by
(°C)
2-heptanone 20 0.31 +0.03
45 0.26 = 0.03
70 0.21 z0.03
3-heptanone 20 0.40 + 0.02
44 0.35 =+ 0.03
70 0.29 * 0.03
2-hexanone 20 0.39 =* 0.02
(0.37)%, (0.27)°
44 0.36 * 0.03
70 0.30 = 0.02
5-methyl-3-heptanone 20 0.26 * 0.03
45 0.22 = 0.03
70 0.18 % 0.02
5-methyl-2-hexanone 20 0.145 = 0.015
(0.18)°, (0.11)°
44 0.135 = 0.015
71 0.120 + 0.015

2 Errors quoted include only the dispersion of the data. Systematic errors are not
included and can amount to + 10%. These last errors would not influence appreciably
the relative change in ®3 with temperature.

b Ref. 1.

¢ Ref. 6.

the excited biradical [3, 15], the possible situations to be considered are
depicted in Figs. 1 and 2. There are several arguments against an early
crossing as the one shown in Fig. 2.

(1) Salem has carried out calculations for the relative position of
both surfaces as a function of the O—H distance for a typical hydrogen
abstraction, and the results obtained indicate that the crossing point lies
near the products [3].

(2) The singlet biradical reverts to the ground state ketone with low
activation energies [16]. This result is not compatible with the rather high
barriers implicit in Fig. 2 for the reaction:

1Biradical — K (9)

since simple thermochemical calculations indicate that in this case E5 ~
18 kcal/mol + E3 for a secondary y hydrogen [17].

{(3) The values of ¢}, /(1 — ®3) obtained for 4-methyl-2-pentanone [5]
were found to be nearly independent of temperature in the 20 to 70 °C
range (&5 is the acetone quantum yield from the singlet state). This result
is not compatible with the presence of an energy barrier after the point
where the paths leading to reactions (3) and (4) separate.
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Fig. 1. Schematic representation of the surfaces involved in an intramolecular hydrogen
abstraction. (a) With allowed crossing; (b) with slightly avoided surface crossing. The
arrows indicate the reaction paths leading to reactions (3) and (4).
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Fig. 2. Schematic representation of the surfaces involved in an intramolecular hydrogen
abstraction with early crossing. (a) Allowed crossing; (b) slightly avoided surface
crossing. The arrows indicate the reaction paths leading to reactions (3) and (4).

(4) The values of @§ /(1 — ®4) were found to be similar for 4-methyl-
2-pentanone, 2-heptanone and 5-methyl-2-hexanone [18] in spite of the
fact that the energy barriers are different (see following discussion). A
similar argument to that applied in point (3) shows that this result is also
incompatible with a situation such as that shown in Fig. 2.

On the other hand, all these points are compatible with a “late”
crossing as shown in Fig. 1. The analysis of this figure leads to three
important considerations: (1) the “concerted” internal conversion appears
naturally as a consequence of the surface crossing; (2) even if reaction (4)
is important, the total singlet reaction (given by vy + vy) can be treated as a
single reaction with Arrhenius parameters determined by the height and
configuration of the maximum shown in Fig. 1; (3) whether the surfaces
cross or avoid each other is irrelevant to the kinetic treatment. A similar
conclusion has been reached for the triplet reactions of aromatic ketones
by Lewis et al. [4].

If v, is the rate of passage over the maximum shown in Fig. 1, we
have that:

ky ke = (1 — 3)/P4 (6)

and a plot of log 1 — ®3)/® 3 against the reciprocal temperature should give
values of (E, — E,) and (A./A,). These plots are shown in Fig. 3.

Equation (6) allows the estimation of k. if k, is known. If we consider
that £, is not modified by § or y substitution [6, 12, 19], we can employ
the values of k, reported for 2-butanone (4.0 X 10® s 1) and 3-pentanone



325

0.0~

10g (k, /kg)

-05r

29 32 35 38
7T (107K

Fig. 3. Arrhenius plot of k. /ko. Data of Table 1 represented according to eqn. (6).
e, 4-Methyl-2-pentanone [5]; 0, 2-heptanone; m, 5-methyl-2-hexanone.

TABLE 2

Experimental data for the excited singlet reactions

Ketone k#1108 (s71) E.? log A2 AP
(kcal/mol)
4-methyl-2-pentanone® 1.1:0.3 4.2+ 0.5 111+ 0.4 1.9
2-hexanone 6.0+ 0.8(9.9¥9(84)° 20:04 10.3+ 0.3 1.0
2-heptanone 85+ 1.2 2.1+0.6 10.5+ 0.5 1.5
3-heptanone 5.3+ 0.8 2.1+06 10.3 £ 0.5 1.0
5-methyl-3-heptanone 10.0 = 2.0 2.0+0.6 10.5+ 0.5 1.of
5-methyl-2-hexanone 24 + 3 (21)d (25)° 1.1+0.3 10.3 + 0.3 1.9
2 Obtained b : E, = b . 10 —1 [
ined by assuming E5 = 0. Per hydrogen atom in 107" s~ . Ref. 5.
Ref. 6. © Ref. 12. f Corrected for primary hydrogen abstraction (assumed to be

similar to that of 2-pentanone).

(8.5 X 10® s71) in the evaluation of k. [12, 19]. The values thus obtained
are given in Table 2 together with related values obtained by different
methods. From these data we can conclude that all methods give similar
results. If we divide k. by the number of y hydrogens we find that the
value obtained is rather insensitive to differences in the structure of the
ketone. For the four ketones bearing secondary v hydrogens k. lies
between 2.7 X 10® (3-heptanone) and 5.0 X 10® (5-methyl-2-heptanone).
Considering the simplifications involved in the &, values employed, we
consider this difference to be of low significance.

The data of Table 2 show that, for each hydrogen atom,

ktertiary ~ 7ksecondary ~ 130kprimary

Regarding the intramolecular hydrogen abstraction the singlet state is then
less selective than the excited triplet state [7]. This result is in agreement
with the higher exothermicity of the singlet reactions.
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The results obtained employing 5-methyl-3-heptanone are compatible
with the different reactivity of primary and secondary y hydrogens. Al-
though the butenes were not completely resolved under our experimental
conditions it was observed that, even at the higher temperatures employed,
1-butene amounted to less than 20% of the olefins produced.

The plots shown in Fig. 3 can afford the values of E. and A, if we
assume an activation energy for E, since:

E. =E, + AE (7)
and
log A. =log(A./A,) +1logk, +0.7T5 E, (8)

If we consider that E, is nearly zero [20], we obtain the values of £, and
log A given in Table 2.

Pre-exponential factors

The values of A per hydrogen atom are similar for all the compounds
studied and they are compatible with the formation of a strain-free six
centre transition state [2, 4, 21]. This result is then consistent with a
reaction path similar to that depicted in Fig. 1 and indicates that, regarding
the entropies of activation, singlet and triplet reactions show a similar
behaviour [4].

The similarity between the pre-exponential factors indicates that nearly
all the differences in the behaviour of the singlet states of aliphatic ketones
bearing primary, secondary or tertiary y hydrogens must be attributed to
differences in activation energies.

Activation energies

The data of Table 2 show that the activation energies depend upon the
type of v hydrogen abstracted. Fnrthermore, they show that the four
ketones studied in which the more reactive ¥ hydrogen is secondary have
similar activation energies. We can conclude that the activation energy is
nearly insensitive to «, § or § substitution.

The relationship between activation energy and type of y hydrogen
can be seen in a Polanyi type plot. This is shown in Fig. 4. The values of
A(AH) were obtained assuming that the D ¢_y, is only determined by the
substitution at the vy position [22]. The slope of this plot indicates a
considerable amount of C—H bond breaking in the transition state. A
similar conclusion has been reached through an analysis of the data obtained
in the gas phase photolysis of alkyl ketones [22], although in this case the
singlet and triplet reactions were not isolated [23].

In Fig. 4, the data obtained for the triplet state reaction of 4-methyl-
2-pentanone [5] have been included. In order to put all the data in a
common scale, 5 kcal was taken as the difference between the excited
singlet and triplet state energies [24]. Furthermore, if we assume that for
other triplet reactions the A factors per hydrogen atom are similar to that
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Fig. 4. Polanyi type plot for the singlet and triplet reactions. e, Singlet reactions;
A, triplet 4-methyl-2-pentanone [5]; m, triplet reactions estimated from the triplet
lifetime (see text).

obtained using 4-methyl-2-pentanone, we can estimate the activation
energies for 2-hexanone and 5-methyl-2-hexanone triplet reactions from
their triplet lifetimes {8]. The values so obtained have been included in
Fig. 4. From this Figure we can conclude that the lower activation energies
of the singlet reactions can be accounted for almost quantitatively by the
higher exothermicity involved in their reactions. We can conclude then
that there are not significant differences in the kinetic behaviour of both
excited states.
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