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Abstract

Photolysis of 1,2,3-indanetrione (1) in dichloromethane, in the presence of 2,3-diphenyl-1,4-dioxene, leads to the formation of the
corresponding oxetane 6, through a Paterno-Biichi reaction. The irradiation of 1 in the presence of 2-methyl-2-butene gives, in addition to
the oxetane 7, products arising from an allylic hydrogen abstraction process, i.e. E-8 and 9. On the other hand, in the presence of 2,4,4-
trimethyl-1-pentene, the only product formed, i.e. 12, results from an allylic hydrogen abstraction reaction from the primary center. The
regioselectivity found in some of these reactions was associated to strong steric effects in the approach between triketone triplet and the

olefin. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

In spite of the fact that the synthesis of 1,2,3-indanetrione
(1) was reported more than 50 years ago [1], surprisingly
little is known about its photochemical behavior. The photo-
chemistry of 1 was recently examined by us [2] in solution at
room temperature by steady state and laser flash photolysis.
Its triplet state (7 = 6.5 us, Apax = 360 and 570 nm, in dry
acetonitrile) reacts preferentially via a a-cleavage process
followed by a considerably slower loss of carbon monoxide,
resulting in the formation of trans-biphthalyl (4) and the
diisocoumarin 5, through the dioxacarbene 2 and/or the
biradical 3 (Scheme 1).

Recently the photochemistry of the trione 1 under high-
intensity (laser jet) conditions has been investigated. Thus,
photolysis of 1 resulted in a complex mixture of products
from which 1,2-benzocyclobutenedione was the only pro-
duct arising from the high-intensity irradiation [3].

Triplet 1 shows a remarkably fast hydrogen abstraction
rate constant from 1,4-cyclohexadiene or toluene (k. =
1.4 x 10°M~! s~! in both cases). This behavior can be
explained by assuming that the vicinal carbonyls coplanar to
the ketyl radical play an important role on its stabilization

[2].

*Corresponding author.

In this communication we are able to show for the first
time that the photochemical reaction of 1,2,3-indanetrione
(1) with electron rich olefins leads to product formation by
both photocycloaddition and allylic hydrogen abstraction
reactions.

2. Experimental
2.1. Materials

The solvents employed were Aldrich Spectrograde and
were used as received. The olefins 2,4,4-trimethyl-1-pentene
and 2-methyl-2-butene were purchased from Aldrich.
2,3-Diphenyl-1,4-dioxene was synthesized according to
reference [4]. Maleic anhydride, dimethyl fumarate, 1,1-
diphenylethylene, acenaphthylene, and diastereoisomeri-
cally pure cis- or trans-stilbene were purchased from
Aldrich.

1,2,3-Indanetrione was synthesized by heating ninhydrin
(Aldrich) in the presence of excess thionyl chloride under
reflux [5]. Alternatively, 1 was prepared by sublimative
dehydration of ninhydrin [6]. In both cases a melting point
of 254-255°C was measured (Ref [5] = 255°C). After pre-
paration, the red-violet crystals were kept in sealed
ampoules under reduced pressure.
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2.2. General techniques

GC analysis were carried out on a Varian model 2400
capillary gas chromatograph employing a 15m J and W
bonded phase vitreous silica FFAP column, and under the
following conditions: T.oumn from 50°C to 240°C, at
40°C min ™"} Tyerector = 300°C; Tinjector = 250°C. GC/MS
analysis were carried out on a Hewlett-Packard model
5970/5890 employing a 50 m J and W bonded phase vitreous
silica HP-54 column. Main peaks were obtained by electron
impact with the spectrometer operating at 70 eV.

'H- and '*C-NMR spectra were recorded in a Bruker AC
200 spectrometer (*H: 200 MHz; '3C: 50.3 MHz) in CDCl;
and using tetramethylsilane as the internal standard.

Infrared spectra were obtained in a model 1420 Perkin-
Elmer spectrophotometer in CCly liquid film.

Melting points were determined on a Mel-Temp apparatus
and were not corrected.

2.3. Product studies

The irradiations were done in a Rayonet with 9 RPR-3000
lamps, at room temperature. Typical samples were 100 ml of
a 1072 M solution of 1 in dichloromethane containing a
large excess of the olefin. Samples were contained in Pyrex
tubes and deaerated by bubbling oxygen-free nitrogen in a
dark room due to the high photochemical reactivity of the
triketone. The solution containing 1 and the corresponding
olefin was irradiated until the green color of the original
dichloromethane solution became pale yellow (less than 1 h
irradiation). The products were isolated by preparative thin-
layer chromatography (silica, and chloroform : acetone —
9 : 1 —as eluent). In the case where cis- or trans-stilbene was

the olefin employed a set of 16 RPR-3500 lamps were used.
At this wavelength these two olefins have molar extinction
coefficient close to zero [7]. For quantum yield determina-
tion, the photofragmentation of valerophenone in benzene
was used as an actinometer, with product distribution being
analyzed by GC and using n-dodecane as an internal stan-
dard (¢ = 0.3 for acetophenone formation [8]).

Low temperature irradiations (at ~—10°C) were per-
formed in an Ace Glass immersion well by using a
450 W Hanovia immersion lamp. The same product dis-
tribution was observed when irradiations at room tempera-
ture were compared with those at ~—10°C.

2.3.1. Spectroscopic and spectrometric data for products 6,
7, E-8, 9 and 12

6: 'H-NMR (200 MHz, CDCl5): 6 (ppm): 8.07-8.02 (m,
aromatic protons); 7.56—7.24 (m, aromatic protons); 4.19—
4.16 (m, CH,); 4.13-4.10 (m, CH,). 3C-NMR (50.3 MHz,
CDCly): 6 (ppm): 133.52; 133.12; 130.47; 129.67; 129.18;
128.66; 128.07; 125.55; 65.72; 62.70. IR (KBr): v (cm™}):
1719 (C=0); 1602; 900; 720. MS m/z (rel. int.): 398 (M ™',
absent); 148 (23); 106 (79); 105 (100); 77 (98).

7: '"H-.NMR (200 MHz, CDCly): 6 (ppm): 7.84-7.44
(m, aromatic protons); 1.94 (quartet, CH, J=7.1 Hz);
1.29 (s, CH3); 1.14 (s, CH3); 1.01 (d, CH3, J =7.1 Hz).
BC-NMR (50.3 MHz, CDCl3): § (ppm): 201.56 (C=0);
140.79; 136.90; 124.06; 89.64; 86.22; 48.65; 27.96;
23.94; 7.92. IR (KBr): v (cm !): 1748 (C=0); 1701
(C=0); 1260; 984. MS m/z (rel. int.): 230 (M™*", 100);
215 (70); 172 (20); 162 (17); 161 (61); 160 (40); 133
(21); 132 (21); 105 (59); 104 (50); 77 (28); 76 (17).

E-8: 'H-NMR (200 MHz, CDCl5): § (ppm): 7.96-7.89
(m, aromatic protons); 7.89-7.82 (m, aromatic protons);
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5.27 (m, olefinic proton); 2.56 (s, CH,); 1.39 (d, CH3); 1.38
(s, CH;). 3C-NMR (50.3 MHz, CDCl3): é (ppm): 199.86
(C=0); 143.76; 141.13; 136.28; 126.66; 123.48; 78.03;
46.65; 16.90; 13.50. IR (KBr): v (cm™'): 3445 (OH);
1741 (C=0); 1721 (C=0); 1647 (C=C). MS m/z (rel.
int.): 230 (M, absent); 162 (93); 160 (23); 133 (21);
132 (61); 105 (71); 104 (100); 77 (35); 76 (88).

The E assignment for product 8 was made by NOE
(Nuclear Overhauser Effect) experiments. Irradiation of
H-3" at 5.27 ppm clearly shows its interaction with H-1’
(2.56 ppm) and H-4' (1.39 ppm), evidencing the close proxi-
mity between protons H-3’ and H-1'.

9: 'H-NMR (200 MHz, CDCl3): § (ppm): 7.96-7.89
(m, aromatic protons); 7.89-7.82 (m, aromatic protons);
4.79 (s, =CH,); 2.80 (q, CH, J = 7.2 Hz); 1.54 (s, CH3);
1.07 (d, CHs, J = 7.2 Hz). 3C-NMR (50.3 MHz, CDCl;): §
(ppm): 199.53 (C=0); 143.59; 140.38; 136.28; 123.48;
116.21; 79.46; 47.59; 20.21; 13.14. IR (KBr): v (cm™'):
3445 (OH); 1741 (C=0); 1721 (C=0); 1647 (C=C). MS m/z
(rel. int.): 230 (M ™", 100); 212 (14); 162 (23); 161 (19); 160
(10); 133 (14); 132 (64); 105 (22); 104 (42); 77 (26); 76 (20);
69 (45).

12: '"H-NMR (200 MHz, CDCls): 6 (ppm): 8.05-7.92
(m, aromatic protons); 4.73 (m, vinylic proton); 4.54 (m,
vinylic proton); 2.72 (s, CH,); 1.64 (s, CH,); 0.80 (s, CH3).
BC-NMR (50.3 MHz, CDCl5): § (ppm): 201.33 (C=0);
141.87; 141.63; 137.29; 123.84; 118.94; 78.32; 50.03;
44.44; 32.04; 29.80; IR (KBr): v (cm™'): 3459 (OH);
1748 (C=); 1714 (C=0); 1636 (C=C). MS m/z (rel. int.):
272 (M, absent); 162 (93); 160 (12); 146 (63); 134 (26);
133 (19); 132 (37); 112 (28); 105 (63); 104 (81); 77 (34); 76
(53); 57 (100).

3. Results and discussion

Photochemical irradiation of 1,2,3-indanetrione (1)
(Er =42 kcal mol™") [2,9] in the presence of 2,3-diphe-
nyl-1,4-dioxene, a considerably electron rich olefin, leads to
the formation of the oxetane 6 with quantum yield close to

> < CH;C];

unity. This product results from a [2 4 2] photocycloaddi-
tion reaction between the excited triketone and the olefin,
probably through the 1,4-biradical formed by the attack of
the electrophilic-excited carbonyl oxygen to the olefin dou-
ble bond (Scheme 2).

When the irradiation was performed with diastereoisome-
rically pure cis- or trans-stilbene, only olefin isomerization
could be observed. In this case the same cis/trans ratio was
obtained, independently of the starting isomer. Direct energy
transfer from triplet triketone to the olefin is not possible due
to considerably large difference in triplet energy between 1
and cis- or trans-stilbene, making this energy transfer
process endothermic by at least 15 kcal mol ™" for the cis
isomer and 8 kcal mol ™! for the rrans [7].

The quantum yield for oxetane formation in the irradia-
tion of 1,2,3-indanetrione and 2,3-diphenyl-1,4-dioxene was
measured in solvents of decreasing polarity (acetonitrile,
dichloromethane and benzene) and in all cases a value close
to unity was found. This seems to indicate that a radical
anion/radical cation intermediate mechanism probably is not
involved in this reaction. It is worth noting that quantum
yields close to unity were also measured for the reaction
between 1,2,3-indanetrione and 2-methyl-2-butene in the
same solvents. These results are fully in accordance with
laser flash photolysis experiments, from which rate con-
stants for the reaction of triplet 1,2,3-indanetrione with
these olefins were obtained and with the same order of
magnitude (k. =7 X 10°M~'s™! for the dioxene and
k.=4 x 10° M~ s7! for 2-methyl-2-butene) [10].

To account for these results we can suggest the formation
of an exciplex prior to the intermediate 1,4-biradical
(Scheme 2), despite the fact that the involvement of this
kind of reactive intermediate in Paterno—Biichi reactions is
still controversial. Such an exciplex is usually considered to
possess a rather small amount of charge transfer character,
which is in agreement with the results described above [11-
13]. However, this CT character appears to play a significant
role in the decay of the exciplex to ground-state olefin
and ketone as well as in its collapse to a radical pair or
to a 1,4-biradical.

Photolysis of 1 in the presence of olefins containing
electron acceptor substituents such as maleic anhydride or
dimethyl fumarate did not result in product formation. A
similar result was found with di-substituted olefins bearing
no allylic hydrogens, such as 1,1-diphenylethylene or ace-
naphthylene.

On the other hand, irradiation of 1 in the UV region and in
the presence of the tri-substituted olefin 2-methyl-2-butene,

1,4 biradical 6

Scheme 2.
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in dichloromethane, leads to formation of the oxetane 7
(18%), as well as to products formed by an initial hydrogen
abstraction from the olefin, i.e. E-8 (47%) and 9 (35%)
(Scheme 3). Product 9 was formed through a coupling
reaction between the ketyl radical derived from 1,2,3-inda-
netrione, by hydrogen abstraction from 2-methyl-2-butene,
and the 2-methyl-2-buten-1-yl radical, a resonant form of the
initially formed 2-methyl-1-buten-3-yl radical. Alterna-
tively, 9 could also be formed through a hydrogen abstrac-
tion reaction by triplet 1 from the methyl group in C-2.
Howeyver, in this case formation of Z-8 should also be
observed.

It is worth noting that products arising from hydrogen
abstraction of the allylic hydrogen bonded to C-4 in 2-
methyl-2-butene were not detected by the spectroscopic and
spectrometric methods employed in this work. Similarly, the
main product expected from a hydrogen abstraction from the
methyl group in C-2 and anti to the vinylic hydrogen of 2-
methyl-2-butene, i.e. Z-8, was not observed. This can be due
to a strong steric interaction between the C-1 (or C-3)
carbonyl oxygen in 1 and one of these two methyl groups.
Fig. 1 clearly shows that in the approach topology depicted
in (a) there is a weak interaction between the vinylic
hydrogen and the C-1 carbonyl oxygen. However, in
Fig. 1(b) the strong steric hindrance caused by the proximity
of the C-4 methyl group of the olefin and the C-1 carbonyl
oxygen makes this an unfavorable approach. Thus, the
complete absence of products resulting from hydrogen
abstraction from the methyl group at C-4, as well as the
diastereospecificity for the formation of 8, definitely rule out
the approximation for the interaction between 1,2,3-indane-
trione and 2-methyl-2-butene depicted in Fig. 1(b). A simi-
lar steric effect was invoked to explain the difference in
reactivity and in regioselectivity in the thermal ene reaction
between 1 and olefins [14].

(a) (b)

Fig. 1. Possible approximations for the interaction between 1,2,3-
indanetrione triplet and 2-methyl-2-butene.

As for the previous case, product formation can be
explained by considering the involvement of an initial
exciplex which decays either to give a 1,4-biradical, pre-
cursor of the oxetane 7, or to form a radical pair by an
intramolecular hydrogen abstraction, which is responsible
for the formation of products E-8 and 9 (Scheme 3).

It is important to note that in this case oxetane formation
did not follow the established mechanism that predicts the
involvement of the more stable 1,4-biradical (Scheme 4)
[15]. The formation of the less stable biradical, i.e. 10, could
be associated to the severe steric hindrance between the
excited triketone and the olefin, as described above
(Fig. 1(b)). This would prevent the more common symmetry
allowed perpendicular approximation carbonyl-double bond
to occur, leading to biradical 11, and consequently to the
unexpected regiospecificity of the corresponding oxetane 7.
Thus, it is proposed that the same topology approach is
responsible for both oxetane formation and hydrogen
abstraction reaction.

To confirm that steric hindrance is controlling the way
cyclic vicinal triketones interacts with olefins leading to
allylic hydrogen abstraction reactions, the photochemistry
of 1,2,3-indanetrione (1) in the presence of a less hindered
di-substituted olefin was investigated. Thus, irradiation of a
dichloromethane solution of 1 and 2,4,4-trimethyl-1-pen-
tene leads to the formation of 12 as the only product
(Scheme 5), which arises from an allylic hydrogen abstrac-
tion reaction from the primary center. The absence of
[2 + 2] photocycloaddition products clearly indicates that
only electron-rich olefins, i.e. substituted at least by three
alkyl groups or containing electron donor substituents, are
able to lead to oxetane formation.

The fact that hydrogen abstraction from the secondary
allylic hydrogen was not observed is again probably due to
steric factors preventing the approximation between the
excited carbonyl and the center bearing this hydrogen.
Fig. 2 shows possible approximation modes between
excited 1,2,3-indanetrione and this olefin, from which one
can conclude that topology in (a) strongly favor the primary
allylic hydrogen abstraction.

Cyclic vicinal tricarbonyl compounds can react thermally
with olefins through an ene addition reaction [14,16]. These
reactions are done at moderate temperatures (~100°C) and
products are structurally similar to those obtained by allylic
hydrogen abstraction in the photochemical reaction. To
confirm that the products obtained in our case are only
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Fig. 2. Possible approximations for the interaction between indanetrione
triplet and 2,4,4-trimethyl-1-pentene.

derived from the photochemical reaction, low temperature
experiments were performed. Thus, the irradiation of 1 in
presence of olefins bearing allylic hydrogens, i.e. 2-methyl-
2-butene and 2.4,4-trimethyl-1-pentene, was performed at
~—10°C. In both cases the same products were obtained,
and for the case of the former olefin, in the same ratio.
Therefore, these experiments confirm the photochemical
nature of these reactions. Furthermore, the formation of
product 9 on the irradiation of 1 in the presence of 2-
methyl-2-butene clearly indicates the involvement of the
2-methyl-2-buten-1-yl radical in this reaction, which is not
compatible with a concerted reaction such as the ene addi-
tion.

Unlike o-quinones such as phenanthrenequinone [17] or
1,2-naphthoquinone [18], no evidence was found for the
formation of products arising from a [4 + 2] photocycload-
dition in any of the reactions between triplet 1 and olefins.
On the other hand, the regioselectivity found in a-diketones
is usually a consequence of the difference on the electro-
philicity between the two groups belonging to the a-dicar-
bonyl system [18].

It is well known that cyclic vicinal tricarbonyl compounds
show very unfavorable electrostatic interactions between
their carbonyl groups [19]. The observed exclusive reactiv-
ity of the central carbonyl in the photolysis of 1,2,3-indane-

trione (1) in the presence of olefins must be a consequence of
the relieving to some extent of such interactions.

In conclusion, it was clearly shown for the first time that
the cyclic vicinal triketone 1,2,3-indanetrione (1) has a
photochemical behavior towards olefins similar to that of
monoketones. Moreover, product formation in the photo-
lysis of 1,2,3-indanetrione (1) and olefins, either from
hydrogen abstraction or [2 + 2] photocycloaddition, is
strongly dependent on steric effects. Further work is cur-
rently in progress aiming to show the generality of this
behavior with this and other cyclic vicinal tricarbonyl
compounds.
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