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The cadmium-photosensitized reactions of y-valerolactone and a-methyl-y-butyrolactone have been
investigated. The obtained products in both cases were carbon monoxide, ethylene, propylene, acetaldehyde,
and 2-methyloxetane. The dependence of the yields of ethylene and propylene on the total pressure suggests
the existence of a biradical and an energized intermediate. Possible mechanisms are discussed.

While the photochemistry of aliphatic esters and
cyclic ketones has been investigated in some detail,
there have been only a few quantitative studies on the
photo-decomposition of simple aliphatic lactones in
the gas phase.

Simonaitis and Pitts? investigated the direct
photolysis and the mercury-photosensitized decom-
position of y-butyrolactone(BL) in the gas phase and
observed that lactone (1) isomerizes to succinaldehyde,
(2) decomposes to ethylene, carbon monoxide, and
formaldehyde, and (3) decomposes to propylene or
cyclopropane and carbon dioxide. They pointed out
that succinaldehyde and ethylene are probably
singlet-state products, whereas cyclopropane and
propylene are probably triplet-state products.

Recent work? in our laboratory on BL has shown
that quite different products are obtained in mercury-
and cadmium- photosensitized reactions. We con-
cluded that the decomposition of lactone takes place
through different intermediates, that is, a triplet state
of lactone in the mercury-photosensitized reaction
and an excited complex between an excited cadmium
atom and a lactone molecule in the cadmium-
photosensitized reaction. A rational mechanism has
been proposed for the mercury-photosensitized reac-
tion. However, the mechanism regarding the
cadmium-photosensitized reaction has remained
somewhat obscure.

In order to obtain further information on the
cadmium-photosensitized reaction of lactone, we
investigated the effect of a methyl group in the a- and
y-positions regarding primary processes, quantum
yields, and rates of decomposition. In this paper we
report on the cadmium-photosensitized reactions of
y-valerolactone(VL) and a-methyl-y-butyrolactone
(ML).

'

VL ML

Experimental

The apparatus and techniques were similar to those used
previously.? An analysis of products was performed using
simple fractionation at 77 and 190 K, measurements with a
gas burette, and gas chromatography. The light absorbed
by cadmium atoms at 326.1 nm was determined by cis-2-
butene actinometry.?

VL (aldrich, 98%) and ML (Tokyo Kasei Ind., E.P. grade)
were used after drying using a molecular sieve (5A) and
several trap-to-trap distillations. Known amounts of liquid
lactone were injected into the reaction cell with a
microsyringe and were fully degassed after many careful
freeze-pump cycles. cis-2-Butene (Nihon Tokushu Gasu
K.K., pure grade) snd Nz (Takachiho Shoji., pure grade)
were used as supplied.

The cadmium-photosensitized reaction was carried out at
300°C in order to obtain a sufficient cadmium vapor
pressure. A thermal decomposition occurred at this
temperature and vyielded carbon dioxide, methylcyclo-
propane and other minor products. However, the amounts
of these products were very small and the influence of the
thermal decomposition on the results of the cadmium-
photosensitized reaction was negligible.

Results

The major observed volatile products in the
cadmium-photosensitized reaction were carbon
monoxide, ethylene, propylene and acetaldehyde.
These products are different from those obtained
during thermal decomposition. Yields of these
products increased linearly with reaction time,
showing that they are primary products. The
quantum vyields of carbon monoxide, ethylene, and
propylene are shown in Fig. 1 as a function of lactone
pressure. All of them decreased with an increasing
lactone pressure, showing the existence of a colli-
sional deactivation process. The amount of acetal-
dehyde was always roughly equal to that of ethylene.

Only small amounts of 2-methyloxetane were
obtained for pure lactone systems. In the presence of
a large nitrogen pressure, however, we obtained
considerably more 2-methyloxetane and found that
the yield increased with pressure.

When cis-2-butene was added to lactone, the
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Fig. 1. Pressure dependence of quantum yields of car-
bon monoxide (O), ethylene (A), and propylene ((J)
in the cadmium-photosensitized reaction of (a) VL
and (b) ML.
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Fig. 2. Plots of the reciplocal of the quantum yield of

trans-2-butene against the lactone/cis-2-butene pressure
ratio for VL (@) and ML (O).
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quantum vyields of the decomposition products
decreased as the quantum yield of t¢rans-2-butene
formation increased. From the slopes of the
reciprocal plots of the quantum yield of trans-2-
butene vs. the lactone/cis-2-butene ratio (Fig. 2), the
quenching efficiencies of VL. and ML relative to that
of cis-2-butene were estimated to be 1.00%0.10 and
1.10+0.10. These values are close to that of BL
(0.9210.10).?

Discussion

Simonaitis and Pitts? investigated the photolysis of
BL, VL, and ML in the liquid phase. They proposed
primary processes (1)-(4) to explain major products.

- R/M (M
Ry i
R,-?) - W (2)

+ CO: (3)
N :
- R, *y/\gt O (@

As they pointed out, process (4) is minor regarding
liquid-phase photolysis and is important for the
vapor-phase photolysis of BL.? In the cadmium-
photosensitized reactions of BL, VL, and ML,
however, products considered to arise from process
(4) alone were observed. This suggests the possibility
that the cadmium-photosensitized reaction occurs
through a different state from those for the direct
photolysis.

In the photolysis of trans-2,3-dimethylcyclopen-
tanone, Frey and Lister® obtained ethylene and
butene as well as 1,2-dimethylcyclobutane as pro-
ducts. They pointed out that Ca+Cs hydrocarbons
and 1,2-dimethylcyclobutane are formed by in-
dependent pathways and that the former are not
formed from a ‘“hot” 1,2-dimethylcyclobutane
molecule because (in the latter case) propylene must
also be formed. The photolysis of cyclopentanone-
2,2,5,5-d4 gave evidence for the same conclusion.? In
the present cases, however, ethylene and propylene
were observed. Propylene (for VL) and ethylene (for
ML) can not be directly formed from the biradicals
produced by the elimination of carbon monoxide
from VL and ML. This indicates that these products
must be formed from “hot” oxetane molecules.

In order to explain the experimental results, the
following set of reactions is proposed:

Cd('S,) + h»(326.1 nm) — Cd*(°P,) I, (5
Cd* — Cd + A»(326.1 nm) ko (6)
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Cd* 4+ L — CdL* k()
CdL* + L — Cd + 2L ky (8)
CdL* —» «(CO+R,CHCH,CHR,0O-Cd) } k 9)
. . : 3
— (1—o) other processes (10)
R,CHCH,CHR,0-Cd
— R,CHCH,CHR,O* + Cd ke (11)
|
— y(R,CH=CH, + R,CH=0 + Cd) } & (12)
5
— (1 —y)other processes (13)

R,CHCH,CHR,O* —> R,CH=CH, + R,CH=0 k, (14)
—|

-> R,CH=O + R,CH=CH, &, (15)
R,CHCH,CHR,O* + L
| I

- R,CHCH,CHR,O + L } (16)
| I kg

—> other processes (17)
VL; R,=H, R,=CH,

ML; R,=CH,, R,=H

Here, CdL* stands for a transient complex between
the excited cadmium atom and a lactone molecule.
As mentioned previously,? since the triplet state of
BL lies at about 439 k]/mol above the ground state, it
can not be formed by a reaction of Cd(3P;), which has
an energy of only 367k]J/mol. Therefore, we
proposed that the complex is formed in the
cadmium-photosensitized reaction of BL in order to
explain the difference between the mercury- and
cadmium-photosensitized reactions. This complex
was also assumed for the present cases because the
triplet energies of VL. and ML are also probably
larger than the excitation energy of excited cadmium
atom. The formation of an O-Cd bond in Reaction
(5) was assumed since the excitation energy of Cd(3P:)
alone is not sufficient to produce biradical R1CHCH:
CHR:0, as has been shown in a previous paper.?

In a pure lactone system, a few minor products
other than those previously mentioned were observed
(some of them are the same as those observed during
thermal decomposition). From their retention times,
these minor products seem to be C4 or higher
compounds. Since their gas-chromatogram peaks
were very small and overlapped in a complex way, we
could not make assignments. In the presence of a
large nitrogen pressure, a considerable amount of 2-
methyloxetane was obtained (as previously mention-
ed). In this case, most of the peaks for minor
products diminished. These findings indicate that in
the presence of a large nitrogen pressure, inter-
mediates seem to be stabilized by collisions with
nitrogen molecules and give 2-methyloxetane, while
in the pure lactones, most of the intermediates must
react with lactone and yield other products (Reaction
17).

From the above mechanism, the following relations
can be derived:
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1 1 1 &k,
dos = " ka[ ] (18)

Poo = (1) (1) + (1 )3
Fa— ky ks et

From plots of 1/¢co vs. lactone pressure (Fig. 3),
values of @ and k2/ks were obtained for VL and ML.
These values are listed in Table 1, together with
those for BL. The values of & for VL. and ML are
similar to that for BL., while the value of k2/ks for VL
is somewhat larger than those for ML and BL. This
seems to show that the VL. complex is a little less
stable than those of ML and BL due to a steric
hindrance of the methyl group at the y-position, and
more easily decomposes to a cadmium atom and a
lactone molecule by collision with lactone molecules.

The quantum yields of carbon monoxide (extra-
polated to zero pressure) were 0.31 and 0.37 for VL
and ML. These small values suggest that most of the
excited lactone that was formed underwent other
reaction (Reaction 10). The amount of products
volatile at 190K (other than carbon monoxide,
ethylene, propylene, acetaldehyde, and 2-methyl-
oxetane) were negligibly small (see above). Therefore,
isomerization to 4-oxopentanal, 2-methylsuccinal-
dehyde and other substances which were observed in

(19)
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Fig. 3. Plots of 1/¢¢o against lactone pressure for VL
(O) and ML (@).

TABLE 1. CONSTANT AND RATIO OF RATE CONSTANTS
INVOLVED IN Eq. 18
BLY VL ML
o 0.274+0.02 0.31+£0.02 0.37+0.02
104 ky/ky Pa—? 1.14+0.1 3.6+0.3 1.6+0.1

1) Calculated from the data shown in Ref. 2.
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the photolysis of VL. and ML in the liquid phase,?
and the process in which excited lactones lose their
energy without forming any products seem to be
important (Reaction 10), The ratios of the other
reaction (a) are almost equal for three lactones.

It was shown that in the thermal decomposition of
2-methyloxetane, both ethylene and propylene are
obtained and the ratio of propylene/ethylene (1.31) is
independent of temperature.” In our cases, R:
CH=CH: and a part of RiCH=CH: are possibly
formed from a ‘“‘hot”’ oxetane as shown in Reactions
(14) and (15). If so, the ratio of ke/k7 can be set at
1/1.31 for VL and 1.31 for ML.. Plots of ¢co/ Pr.cH-CH.
vs. lactone pressure are presented in Fig. 4. From the
intercepts and the slopes of the straight lines, the
values of ks/ks and ks/k7 were obtained using ke/k7
(mentioned above). ks/(keétk7) can be also calculated
from the intercepts and the slopes. These values are
listed in Table 2. ks/k4 for VL is similar to that for
ML and ks/(ketk7) for VL is considerably larger than
for ML. The experimental values of ks/(ketk7) give
ka=ketks as (5.9£1.6)X108s-1 for VL and (3.2%
1.3)X10%s-1 for ML by adopting 8.0X104s~! as the
kinetic collision frequency at 1 Pa and 300 °C and by
assuming a collision-deactivation efficiency of unity
for lactone.

The excess energy of energized 2-methyloxetane
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Fig. 4. Plots of ¢co/¢cene (O) for VL and @co/Pc.n,
(@) for against lactone pressure.

TABLE 2. RATIOS OF RATE CONSTANTS INVOLUVED

Cadmium-photosensitized Reaction of Lactones

N Eq. 19
VL ML
kslky 0.73+0.15 1.0+0.1
104 ky/k, Pa—? 2.40+0.30 0.58+0.10
10% kg/ (ks + K;) Pa—? 1.36+0.30 0.25+0.10
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can be estimated using

ka(E) = A(l _ L )H (20)

Here, k4(E) is the rate constant regarding decomposi-
tion when the excess energy is E, 4 is the frequency
factor, E, is the critical energy, and s is the number of
effective oscillators in the molecule. Using experi-
mental values of k4 and substituting 4=1014-89 s—1 and
E.=249.8k]J/mol (taken from the experiment of
Hammond and Holbrook?) and s=16 (about half of
the number of the modes of vibration), the values of
E were found to be (410%£5)k]J/mol for VL and
(444£10) kJ/mol for ML. These excess energies are
much larger than the enthalpy changes for the
following reaction which are estimated to be 173 and
180 kJ/mol for VL. and ML according to thermochem-
ical data given by Benson.®

R2 R2

R,-QO + cdPP) — CO + | oI + cd('so) (21
Ry

0

The estimation of the excess energy is also dependent
on the collision-deactivation efficiency and the value
of s. For example, an efficiency of 1/10, which is an
unlikely small efficiency for lactone, results in a
decrease of excess energy by about 34k]/mol. If a
value of s=14 is adopted, the value of E is found to be
377 kJ/mol for VL. Even in these cases, the excess
energy is still much larger than the enthalpy change
shown above. Thus, the possibility that the
dissociating intermediate is an energized 2-methyl-
oxetane must be eliminated. As has been described in
a previous paper,? the formation of an O-Cd bond
must play an important role in the cadmium-
photosensitized reaction of lactone. In order to
explain the large rate constant regarding the
decomposition of intermediates, we proposed the
following intermediate as another possibility:

CHs
El-ca

The excess energy of the above intermediate must be
larger than that estimated thermochemically for an
energized oxetane because of the additional energy of.
the O-Cd bond. If this is the case, the “hot’’ oxetane
in the above mechanism should be replaced by this
intermediate. It is notable that Eq. 19 holds
regarding this case.  Unfortunately, since it is
difficult to estimate the excess energy of the above
intermediate, no quantitative conclusions can be
drawn about the thermochemistry.

From the above mechanism, the following relation
can be derived:

Prion=cH, _ _’Es_< ks+k7>
k,

ke ksks
o R,

(L] (22)

¢RzCH=CHz k4
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Fig. 5. Plots of $¢,n,/¢cms (O) for VL and éc,n,/
oéc,u, (@) for ML against lactone pressure.

From the intercepts and the slopes of the lines shown
in Fig. 5, ks/(ketki) can be obtained using the
following equation:
ks slope
kg+k, ~ intercept—kg/k,

The values for VL. and ML obtained by using 1/1.31
and 1.31 for ke/k7 are (1.79£0.30)X10-! and
(0.3510.10)X10-4 Pa—}, respectively. These values are

(23)
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in fair agreement with those obtained from Fig. 4
(Table 2). The small discrepancy may be due to the
use of these ke/k7 values for oxetane instead of those
for the above intermediate.

In conclusion, the present results give further
evidence for the formation of an O-Cd bond and the
presence of an excited complex between the excited
cadmium atom and the lactone molecule (discussed
in a previous paper?).
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