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in order to quench 10% of the acetone phosphorescence the
biacetyl concentration need be only of the order of 10™° M.
Since the average emission intensity at 410 nm does not de-
crease during the period that biacetyl fluctuations are being
observed, the acetone can be thought of as a reservoir for
the production of biacetyl.!

The feedback or autocatalytic step, necessary for oscilla-
tions, is not known, although the quenching of acetone by
biacetyl might be thought of as feedback. The possible reac-
tions involve both free radicals and hydrogen abstraction
from acetone and biacetyl. The acetonitrile probably does
not enter into the reaction mechanism, since Porter et al.
did not observe any incorporation of deuterium into acetone
when acetone was irradiated in CD3;CN.?

Data for photolyzed acetone and for photolyzed biacetyl
are available both in the gas phase!5!6 and in solu-
tion,17-20 byt before a mechanism can be proposed with
any confidence work must be done to identify the photo-
products, in acetonitrile, after only a small amount of pho-
toreaction.
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Gas Phase Dioxetane Chemistry. Formaldehyde (A — X)
Chemiluminescence from the Reaction of O(14,)

with Ethylene

Sir:

The reactions of O,(A;) with olefins have been studied
extensively in recent years.!:2 Various substituted monoole-
fins which are incapable of undergoing the “ene’ reaction
(yielding an allylic hydroperoxide) have been shown to pro-
duce 1,2-dioxetanes or their expected fragmentation prod-
ucts, upon reaction with Os('A,).1e-82 It has recently been
noted that,? “the reaction of singlet oxygen with ethylene,
although not yet experimentally observed, is of special in-
terest because it provides the simplest example of a 1,2-cy-
cloaddition of oxygen with no competing side reactions.”
We report the observation of formaldehyde (A 'A; — X

HoCO EMISSION FROM 02('Aq) + CoHy

N A O B R B B

350 400 450 500
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Figure 1. Formaldehyde (A-X) emission spectrum from the reaction of
O2('Ag) with ethylene. Experimental conditions: Py = 4 Torr, T =
650 K, [C2Ha] = [02(1A,)] =~ 2 X 10'S molecules/cm?; spectrometer
conditions: spectral slit width = 2 nm, grating of 2360 lines/mm and
blazed at 300 nm, peak intensity ~500 counts/s, scan speed = 12.5
nm/min, time constant = 3 s,

1A)) chemiluminescence from the gas phase reaction of
ethylene with O»(1A). No other product emissions were ob-
served, and the formaldehyde emission intensity was found
to have a first-order dependence on the concentrations of
both O»('A) and ethylene.

We have previously observed formaldehyde chemilumi-
nescence from the gas phase reactions of O»(!A) with meth-
yl, ethyl, and n-butyl vinyl ethers.*> Both previous and
present experiments were performed at pressures of 1-10
Torr and reactor residence times of <0.5 s, conditions
which minimize the effects of quenching and energy trans-
fer processes hence allowing the observation of chemilumi-
nescence from the primary excited products.

The experimental techniques and apparatus used for this
work were the same as previously described,* with the fol-
lowing minor changes. Radiation emitted from a heated
Pyrex flow reactor of 30 cm path length (viewed axially)
was focused through a quartz window into a % m f/3.5
grating spectrometer. The detector was an S-5 photomulti-
plier operated at —78 °C, and single photon counting was
used, as before.

The chemiluminescence spectrum shown in Figure 1 con-
sists solely of formaldehyde (A 1A, — X 'A) emission, and
is very similar to formaldehyde emission spectra previously
observed in this laboratory.*-6 The small hot band peaking
at 343 nm is relatively ca. three times more intense than
previously observed for the vinyl ether reactions. The most
satisfactory assignment for this band is the vibrational tran-
sition 4¢> within the electronic (!A; — 1A)) transition’® (v4
is the out-of-plane bending vibration). Excitation in »4’
which has B; symmetry, allows the electronically forbidden
(A, — 'A)) transition to become vibronically allowed and
to borrow intensity from the electronically allowed (B !B,
— X 'A}) Rydberg transition.? Furthermore, it is to be ex-
pected that the initially formed excited product arising
from dioxetane fragmentation will have excitation in »4'.
This is because a rapid fragmentation (see discussion
below) will be governed by essentially Franck-Condon con-
siderations? and the principal difference between the geom-
etry of the free H,CO* (1A») and the H>CO group in diox-
etane is in the out-of-plane bending angle.3:12

While the observation of formaldehyde emission in the
reaction of ethylene with O5('A) is convincing evidence for
the presence of the unobserved (directly) dioxetane ad-
duct,!5 further support for our mechanism comes from the
first-order test plots shown in Figure 2. The data for Figure
2 were obtained by monitoring the oxygen dimol emission at
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Figure 2. First-order test plots for the reaction of Oy('Ag) with ethyl-
ene at Py = 4 Torr (nominal), T = 605 K. (a) Dependence of
H,CO* emission intensity on relative [O2('Ag)] at constant [C;Hy4] =
3.1 X 10'* molecules/cm>. Relative [02(1A,)] = 1.0 corresponds to 2.3
X 10'% molecules/cm?. Variation of [Oa2('Ag)] was accomplished by
variation of the microwave discharge power. (b) dependence of H,CO*
emission intensity, normalized for [O2('Ag)], upon [C>H4]. Relative
[C2H4] = 1.0 corresponds to 1.6 X 10'® molecules/cm?. Variation of
[C2H4] was accomplished with a calibrated metering system. For a,
relative error of each point is ca. 10% and is more severe at low power
levels where it is difficult to maintain a stable discharge. For 2b, rela-
tive error is ca. 5%.

634 nm with an effective spectral slit width of 25 nm, and
the formaldehyde (A — X) emission at 405 nm with a
25-nm spectral slit width.!4 The dimol emission intensity
(due to the cooperative transition 20,(1Ag) — 20;(323) +
hv (634 nm)) was assumed to be proportional to the square
of the O2(1A) concentration,'® and the ethylene concentra-
tion was calculated from the measured ethylene flow and
total flow. This experiment was performed at several tem-
peratures with the same result.

The temperature dependence of the formaldehyde emis-
sion was measured over the range T = 500-650 K. The in-
dividual intensity readings were normalized for the concen-
trations of each reactant where the requisite concentrations
were determined as described above, and the activation en-
ergy was found to be 21.0 + 1.3 kcal/mol. Given the ther-
mochemistry of the overall reaction

C:Hy4 + 05(1A,) — 2H,CO AH = =90.5 kcal/mol

and the observed activation barrier, we estimate that the
initially formed dioxetane lies ca. 112 kecal/mol above the
ground state products. The heat of formation of 1,2-dioxe-
tane has been estimated!! and places the ground state vi-
brationally cold dioxetane 55 kcal/mol above the ground
state products. Thus there are ca. 57 kcal/mel of excess vi-
brational energy in the initially formed dioxetane and 31
kcal/mol in excess of the threshold for formation of the
products,!® H,CO* + H,CO (E(H,CO* 'A,) = 81 keal/
mol). This is very similar to the thermochemistry of the
ethyl vinyl ether plus O3('A) system.*

In our previous studies of the reactions of O,(1A) with
vinyl ethers, we showed experimental evidence in support of
a two-step mechanism involving formation of a vibrational-
ly excited (chemically activated) dioxetane followed by
rapid fragmentation, giving the products H,CO* plus
HCOOR, on a time scale faster than the mean time be-
tween collisions which was ca. 1077 5,45 The lifetime of the
dioxetane formed from the ethylene reaction should be even
less than for the ethyl vinyl ether reaction because in the
latter case, there are more molecular vibrations to share the
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excess energy, thus decreasing the probability of concen-
trating this energy in the reaction coordinate. The experi-
mental observation of a greater population in the formalde-
hyde hot band in the case of ethylene supports this view.

The observation that the HyCO* chemiluminescence in-
tensity has a first-order dependence on both O2('A) and
ethylene concentrations proves that the transition state for
the process which is rate limiting enroute to H,CO* (1A;)
is a 1:1 adduct of O»('A) and ethylene.!’ This fact, together
with the lack of alternative reactive paths for O>(1A) plus
ethylene provide compelling evidence that the transition
state preceding the formation of H;CO* (1Aj;) is dioxetane.
We believe that the two transition states, mentioned above,
are the same, namely, vibrationally excited dioxetane.

These experiments provide a highly significant addition
to the field of dioxetane chemistry because they establish
that (a) it is not necessary that an olefin be substituted in
order that a dioxetane be formed from reaction with
0,(1A), and (b) the simplest 1,2-dioxetane!? has at least a
transient existence in the gas phase.
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Ammonia-Catalyzed Photoaddition of tert-Butyl Alcohol
to 9,10-Anthraquinone. Electron Transfer Catalysis

of a Photochemical Hydrogen Abstraction Reaction!
Sir:

We have found that irradiation of 9,10-anthraquinone
(1) with the reluctant hydrogen donor tert-butyl alcohol ef-
fects addition of a C~H bond of the alcohol to a carbonyl
group of the quinone, and that the photoaddition is strongly
promoted by ammonia. Product analyses and kinetic evi-
dence show that ammonia acts as a catalyst by a novel elec-
tron-hole transfer process analogous to that reported pre-
viously for the nitrobenzene-hydrogen chloride-2-propanol
system.?

During a survey of systems for aromatic photosubstituti-
on reactions which involve intermediate exciplexes or gemi-
nate radicals,?> we irradiated 1- and 2-chloro-9,10-anthra-
quinone in zert-butyl alcohol-benzene containing aqueous
ammonia (0.6 M). The photosubstitution products, 1- and
2-amino-9,10-anthraquinone, were formed in low yields
(<10%), but the major product (50-80%) in each case was
a 1:1 adduct of the quinone and zerz-butyl alcohol. Irradia-
tion of 1 (4.8 X 1073 M) in terz-butyl alcohol-benzene-
29% aqueous NHj3 (20:4:1, v/v; 0.6 M NH3) at 45° under
N for 75 min using a 450-W Hg lamp (Pyrex filter) caused
nearly complete loss of anthraquinone absorbance. The sole
product isolated by chromatography on silica gel was 10-
hydroxy-10-(2-hydroxy-2-methylpropyl)anthrone (2, 74%).

0
hy
——————
(NH)
0 HO OH
1 2

The structure of 2 is based on spectral evidence and elemen-
tal analysis.* The photoreaction of 1 in tert-butyl alcohol-
benzene (4:1, v/v) containing no ammonia or water pro-
ceeded much less rapidly, giving 2 in 29% yield.>

Quantum yields for the disappearance of 1 in various so-
lutions containing tert-butyl alcohol are shown in Table I.
That for each solution examined, the reaction of 1 and rer:?-
butyl alcohol giving 2 occurs cleanly at low photochemical
conversions is indicated by our observation for all cases of

Table . Quantum Yields of the Disappearance of 1 at 313 nm
1M Solvent (v/v) o4
12X 1073 t-BuOH-C¢Hg (93:7) 0.008
2.5% 1073  t-BuOH-CgHg (80:20) 0.0058
25X 1073 1-BuOH-C¢He (80:20),0.6 M NH;  0.10
25X 1073 1-BuOH-C¢He-H,0 (73.6:20:6.4) 0.0044
2.5% 1073 t-BuOH-C¢Hg-pyridine (75:20:5)2  0.005
2.5%x 1073 t-BuOH-C¢H¢-H,0 (73.6:20:6.4), 0.16

0.97 M NH;

4 Solutions were degassed to below 2 X 10~3 mm and reactions were
carried to ~10% conversion. Disappearance of 1 was monitored at 330
and 335 nm. » 0.6 M pyridine.

an isosbestic point at 309 nm.® The data in Table I show
that water, benzene, and pyridine do not enter into the pho-
tochemistry, each causing only a slight reduction of the
quantum yield attributable to dilution of the tert-butyl al-
cohol. Ammonia, used for convenience in the form of aque-
ous solutions, causes a striking enhancement of the quan-
tum efficiency. That ammonia, not water nor the combina-
tion of ammonia and water, is responsible for this effect is
shown by the large enhancement of efficiency caused by dry
ammonia (0.6 M) in anhydrous rert-butyl alcohol-benzene
(Table I).

Because the catalytic effect of ammonia was substantial
and appeared novel, the system was an attractive one for
mechanistic study. In particular, we wished to know wheth-
er ammonia participated in a primary photochemical step,
or intervened on the pathway leading to 2 at a secondary
stage, by altering the partitioning of an intermediate capa-
ble of decay to starting material and to 2.

As shown in Figure 1, the plot of &' vs. [NH;3]™! is lin-
ear for the photoreaction of anthraquinone (2.5 X 1073 M)
in zert-butyl alcohol-benzene-water (73.6:20:6.4, v/v) con-
taining ammonia (0.1-0.97 M). The extrapolation to infi-
nite ammonia concentration indicates a limiting quantum
yield of 0.43. Stern-Volmer plots for quenching by piper-
ylene of the reaction in rerz-butyl alcohol-benzene and of
the reaction in tert-butyl alcohol-benzene-water (73.6:20:
6.4, v/v) containing 0.64 M ammonia were also obtained.’
The slopes of these plots, 8810 and 773 (einstein mol™!) /M,
respectively, provide unequivocal evidence that ammonia
participates in the primary photochemistry and that the
rate of its interaction with excited anthraquinone is sub-
stantially larger than that of rerz-butyl alcohol under these
conditions of concentration.

That water and pyridine have no effect on the photoreac-
tion renders improbable catalytic mechanisms for ammonia
based on hydrogen bonding effects or prototropic base ca-
talysis. The mechanism shown below accounts quantitative-
ly for all of our findings on this system.

AQ —>1AQ > AQ (1)
IAQ —> AQ @)

k
3AQ + 1-BuOH —> AQH- + -CH,C(OH)(CH3)> (3)
ke
3AQ + NH; —> [AQ-~ NHj.*] (exciplex) 4)
ke
exciplex —> AQ + NH; (5)

ke
exciplex + -BuOH 2 NH,* +

AQ-— + .CH,C(OH)(CH3), (6)

Journal of the American Chemical Society | 98:4 | February 18, 1976



