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Abstract—Dihydropyridinones (DHP) react photochemically with olefins to form cycloaddition prod-
ucts. The reactions proceed through the lowest excited state 7, of the DHPs, with rate constants
which depend on the olefin and can approach the diffusional limit in the most favourable cases. Intra-
and inter-molecular sensitization and quenching have been investigated, as well as spectroscopic
properties such as absorption and luminescence spectra, and in particular electron energy loss spectra
which have established the energy of the reactive T, state as 295 kJ mol~! (3.07 eV).

INTRODUCTION

The light-induced cycloaddition of many carbonyl
derivatives to olefins is a reaction of considerable
synthetic interest. It results in the formation of oxe-
tanes and/or cyclobutanes which are useful inter-
mediates in further thermal processes. The photo-
chemical addition of enones to olefins has been
thoroughly investigated (de Mayo et al., 1971),
whereas the photochemistry of the pyridinones has
been studied only recently. Some general rules have
been established concerning the conditions for
efficient reaction, and the regio- and stereoselectivi-
ties of the cycloaddition have been described
(Guerry and Neier, 1987).

In order to gain a better understanding of the
primary photochemical process in the cycloaddition
of pyridinones to olefins, we have undertaken a
detailed study of the photophysics and photoreactiv-
ity of a series of substituted dihydro-4-pyrid-
inones, the chemical structures of which are given
in Scheme 1.

It is shown that the reactive state in all these
molecules is the lowest triplet state 7;; in this
respect the dihydropyridinones are similar to the
enones. In the dihydropyridinones the lowest
excited singlet and triplet states have a substantial
charge-transfer character which explains the high
reactivity and regioselectivity towards reaction with
substituted olefins.
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Scheme 1

MATERIALS AND METHODS

General procedures. Steady-state irradiations: silica
cells with solutions degassed by freeze-pump-thaw cycles
were used, and irradiations with a high pressure mercury
lamp (100 W), using a high-aperture grating monochroma-
tor. Absorption spectra were measured with a Perkin—
Elmer Lambda 3 spectrophotometer. Laser flash photoly-
sis experiments have been performed with an Nj-laser
(Oxford Lasers), producing a light output of 0.4 mJ per
flash at 337 nm. The analysis light, set perpendicular to
the laser beam, was produced by a high pressure xenon
lamp (150 W). Solutions were degassed in the same man-
ner as indicated above, and had an optical density of 1 at
the irradiation wavelength. Luminescence measurements
were performed on a conventional apparatus, which has
been described previously (Butty, 1987), using a 200 W
xenon/mercury lamp as excitation source at 313 nm for
each luminescence spectrum.

Proton magnetic resonance ('H-NMR)§ spectra were
recorded with Bruker WP 80 CW and AM 360 spec-
trometers with tetramethylsilane (TMS) as internal stan-
dard; the chemical shifts are indicated in ppm and the
coupling constants are in hertz. Carbon magnetic reson-
ance spectra (**C-NMR) were recorded with a Bruker AM
360 spectrometer at 90.55 MHz with TMS as internal
standard. Ultraviolet (UV) spectra were measured on a
Perkin-Elmer 320 spectrophotometer, and infrared (IR)
spectra on a Perkin-Elmer IR 599 spectrophotometer.



Mass spectra (MS), using EI conditions, were obtained
with a VG instruments 7070 E mass spectrometer. Melting
points (F) were determined with a Reichert Thermovar
(Austria) apparatus and are uncorrected.

Samples and solvents for irradiations. 5,6-Dihydro-4-
pyridinones were synthesized according to the methods
described below. Olefins used for the cycloaddition reac-
tions were used as received: acrylonitrile and methy! acry-
late (puriss.), tetramethylethylene, cyclohexane and
methylvinylketone (purum), fumarodinitrile and 1-hexene
(pract.), and tetracyanoethylene [purum, being further
purified by sublimation (90°C, 5.33 Pa)] were all purchased
from Fluka (Buchs, Switzerland); diethyl maleate was
obtained from Schuchart (Munich, W. Germany) and
maleic anhydride from Merck (Ziirich, Switzerland). Sol-
vents for spectroscopic measurements and irradiations
were of spectroscopic grade (Fluka) and used as received.

Materials. The starting materials were used as received:
4-piperidinone-ethyleneacetal was purchased from EGA-
Chemie (Steinheim, W. Germany), o-methyoxybenzoyl
chloride was obtained from the reaction between o-
methoxybenzoic acid and thionyl chloride and purified
by distillation (Organikum 1974), all others from Fluka
(Buchs, Switzerland): B-naphthoyl chloride (purum), tri-
ethylamine (puriss.), bromine (purum), potassium fert-
butylate (pract.), perchloric acid (60%) (puriss.). The
reaction-solvents were freshly distilled and in some cases
dried as indicated in the text, and the solvents for extrac-
tion were of purum quality (Fluka).

Synthesis of N-(B-naphthoyl)-5,6-dihydro-4-pyridinone (5a)

N-(B-naphthoyl)-4-piperidinone-ethyleneacetal (9a). A
solution of 6.84 g (36 mmol) of B-naphthoyl chloride
(8a) in 20 m¢ methylene chloride (dried over LiAIH,) was
added drop by drop over a period of 1.5 h to a solution
of 4.5 m€ (5 g, 35 mmol) of 4-piperidinone-ethyleneace-
tal (7) and 5mf (3.64 g, 36 mmol) of triethylamine
in 120 m¢ of diethylether (dried over NaH), at room
temperature. After stirring for 2.5 h at this temperature,
the triethylammonium chloride was then filtered and
washed with ether. After the solvent had been removed on
the rotavap, 10.2 g of crude white product were obtained,
which were purified by recrystallization in ether to give
8.6 g (80%) of white crystals. F = 104-106°C; 'H-NMR
(360 MHz, CDCl;): 8 = 7.90[d,J = 1.5Hz, 1H, H-C(9)],
7.89-7.83 [m, 3H, H-C(11), H-C(14), H-C(16)}, 7.55-7.47
[m, 3H, H-C(12), H-C(13), H-C(17)], 3.98 (s, 4H,
OCH,CH,0), 4.1-3.7, 3.7-3.4 [2m, 2x2H, H,C(6) and
H,C(2)], 2.0-1.5 [2m, 2x2H, H,C(5) and H,C(3)]; '*C-
NMR (90 MHz, CDCl.): 3 = 170.2 [s, C(7)], 133.5, 133.2,
132.5 [3s, C(8), C(10), C(15)], 128.2, 128.2, 127.6, 126.9,
126.5, 126.5, 125.0 [7d, C-H (naphthyl)}, 106.8 [s, C(4)],
64.3 (1, OCH,CH,0), 48.3-47.5, 41.0-39.5 [2m wide, C(2)
and C(6)], 35.5, 34.8 [2m wide, C(3) and C(5)]; IR (KBr,
cm™'): 3060w, 2970m, 2930w, 2890m, 1630vs, 1470m,
1433s, 1360m, 1235m, 1150m, 1125m, 1090s; MS (m/z;
intensity in %): 297(M™, 47), 195(11), 172(21), 155(100),
127(85), 99(71).

N-(B-naphthoyl)-3-bromo-4-piperidinone-ethyleneacetal
(10a). To a solution of 20 g (18 mmol) of product (9a)
in 240 m¢ ethyleneglycol (dried over CaH,) at 50°C under
nitrogen atmosphere, 4.95 m¢ (15.35 g, 96 mmol) of bro-
mine were added in three portions in a period of 2 h.
After 2 h stirring at this temperature, the reaction was
complete (TLC control), and the solution was then poured
in a suspension of 13.11 g K,CO; (Fluka purum, 96 mmol)
in 240 m¢ methylene chloride and stirred for 1 h. The
two phases were separated and the ethyleneglycol phase
extracted three times with 150 m¢ CH,Cl,. The CH,Cl,
phases were treated with 200 m¢ of a half-saturated aque-
ous solution of NaCl, and dried over K,CO:/MgSQO,. The
solvent was removed by distillation on the rotavap and

the oily rest dried under high vacuum to obtain 25.2 g
(98% ) of product, which could be recrystallized in benzene
to give a white powder. F = 134-137°C; 'H-NMR (360
MHz, DMSO-d,, 100°C): 8 = 7.97 {d, J = 1.6 Hz, 1H,
H-C(9)], 7.96-7.91 [m, 3H, H-C(11), H-C(14), H-C(16)],
7.59-7.50 [m, 3H, H-C(12), H-C(13), H-C(17)], 4.31 [ddd,
J=764Hz, J=3.7 Hz, J=1.09 Hz, 1H, H-C(3)],
4.31-3.94, {m, 5H, OCH,CH,O, H-C(2) ax or eq], 3.76
[dd, J = 13.73 Hz, 1H, H-C(2) ax or eq], 3.62 [t, ] = 6.1
Hz, 2H, H,C(6)], 2.11 [ddd, J = 13.5 Hz, J = 5.7 Hz,
J = 5,7 Hz, 1H, H-C(5) ax], 1.70 [dddd, J = 13.4 Hz,
J=122Hz,J = 7.09 Hz, J = 1.09 Hz, 1H, H-C(5) eq];
13C-NMR (90 MHz, CDCl,): 3 = 170.6 [s, C(7)], 133.6,
132.5 [2s, C(8), C(10), C(15)], 128.2, 127.7, 127.0, 126.9,
126.6, 124.2 [6d, C(9), C(11), C(12), C(13), C(14), C(16),
C(17)], 106.2 [s, C(4)], 65.7 (t, OCH,CH,0), 52.1 [d,
C(3)], 49.4 (m wide, C(2)], 42.4 [m wide, C(6)], 36.3 [m
wide, C(5)]; IR (KBr, cm~!): 3060w, 2970w, 2890w, 1640s,
1475w, 1430m, 1165w, 1120w, 1085w; MS (m/z, intensity
in %): 377(M*, 12), 375 (M*, 12), 296(9), 155(59),
99(100).
N-(B-naphthoyl)-5,6-dihydro-4-pyridinone-ethyleneacetal
(11a). A solution of 5.13 g (46 mmol) of potassium rert-
butylate in 14 m¢ of THF (dried over K) was added drop
by drop over 30 min at room temperature to a solution of
12 g of product (10a) in 110 m¢ dry THF under nitrogen
atmosphere. After being stirred for 30 min, the solution
was then chilled to 0°C, diluted with 220 m€ water at 0°C
and extracted three times with 100 m¢ CH,Cl,. The
organic phases was dried over K,CO; and the solvent
removed by distillation on the rotavap. The oily residue
was dried under high vacuum to give 3.81 g (40%) of
crude product. It was recrystallized with CH,Cl,/hexane
to give 3.5 g (37%) of white powder. F = 133-136°C; 'H-
NMR (360 MHz, CDCl,): 8 = 7.99 [d, J = 1.5 Hz, 1H,
H-C(9)], 7.91-7.85 [m, 3H, H-C(11), H-C(14), H-C(16)],
7.60~7.52 [m, 3H, H-C(12), H-C(13), H-C(17)], 6.9-6.6
[m wide, 1H, H-C(2)], 5.0-4.7 [m wide, 1H, H-C(3)],
4.1-3.8 [m, SH, OCH,CH,0, H,C(6)}, 2.3-1.9 [m wide,
2H, H,C(5)}; *C-NMR (90 MHz, CDCl,): 8 = 169.8 [s,
C(4)], 134.0, 132.3, 131.4 [3s, C(8), C(10), C(15)], 130.9
[d wide C(2)], 128.5, 128.3, 127.7, 127.5, 126.8, 124.8 [6d,
C(9), C(11), C(12), C(13), C(14), C(16), C(17)], 107.1 [d
wide, C(3)], 103.4 [s, C(4)], 64.5 (1, OCH,CH,0), 40.3
[m wide, C(6)], 32.6 [, C(3)]; IR (KBr, cm~'): 3060w,
3030w, 2980w, 2900w, 1640vs, 1420m, 1360s, 1350s,
1300m, 1250m, 1120s, 1078s, 948m, 938m, 928m, 830m,
770m; MS (m/z; intensity in %): 295(M*, 24), 215(5),
155(100), 127(52), 99(7), 53(8).
N-{B-naphthoyl)-5,6-dihydro-4-pyridinone (5a). To a
solution of 3 g of product (11a) in 88 m¢ CH,Cl, and 26
m¢ THF chilled to 0°C was added to 9 m¢€ of perchloric
acid (60%) drop by drop over a period of 30 min, and the
solution was stirred for 2.5 h at room temperature. The
mixture was then neutralized with 88 m¢{ of an aqueous
solution 1N of NaHCO;. After separation of the organic
phase, the water solution was extracted three times with
50 m¢ CH,Cl, and the combined organic phases were
dried over K,CQO,/Na,SO,. The solvent was removed on
the rotavap and the rest dried under high vacuum to give,
after recrystallization in CH,Cly/hexane, 1.62 g (63%) of
white crystalline product. F = 94-97°C; UV (MeOH):
Amax = 291 nm (e = 20 120), 301 nm (sk, 17 900), 225
nm (41 200); 'H-NMR (360 MHz, CDCl;): 3 = 8.09 [s,
IH, H-C(9)], 7.97-7.88 [m, 3H, H-C(11), H-C(14), H-
C(16)], 7.67 [d.J = 8.24 Hz, 1H, H-C(2)], 7.65-7.55 [m,
3H, H-C(12), H-C(13), H-C(17)], 5.34 [d, J = 8.24 Hz,
1H, H-C(3)], 4.22 [1, J = 7.1 Hz, 2H, H-C(6)], 2.71 s,
J = 7.4 Hz, 2H, H-C(5)]. '"*C-NMR (90 MHz, CDCl,):
3 = 193.2 [s, C(4)], 170.2 [s, C(7)], 144.8 [d, C(2)], 134.4,
132.2, 129.8 [3s. C(8), C(10), C(15)], 129.3, 128.7, 128.1,
127.8, 127.2, 124.7 [6d, C(9), C(11), C(12), C(13), C(14),
C(16), C(17)]. 107.7 [d, C(3)], 43.0 [+, C(6)], 36.0 [1, C(5)];



IR (KBr, cm~!): 3080w, 1665vs, 1592vs, 1395m, 1230m,
1200m, 1185, 1145m, 980w, 840w, 820w, 780w; MS (m/z,
intensity in %): 251 (M*, 12), 155(100), 127(67), 69(13),
57(20), 45(13).

Synthesis of N-(12-bromo-9-methoxybenzoyl)-5,6-dihydro-
4-pyridinone (5¢)

N-(9-Methoxybenzoyl)-4-piperidinone-ethyleneacetal (9b).
The same method was used as for the synthesis of
(9a), with 4.5 m¢ (5 g, 35 mmol) of 4-piperidinone-ethyl-
eneacetal, 6.1 g (36 mmol) of o-anisoyl chloride (8b)
and in the presence of 5.01 mf (3.64 g, 36 mmol) of
triethylamine, producing 7.3 g (75%) of white crystals.
F = 90-93°C; 'H-NMR (360 MHz, CDCl;): & = 7.34
[ddd,J = 8.3 Hz,J = 7.7 Hz, J = 1.7 Hz, 1H, H-C(11)},
7.23 [dd,J = 7.5 Hz,J = 1.7 Hz, 1H, H-C(13)], 6.91 [d,

= 8.3 Hz, 1H, H-C(10)], 6.87 [ddd,J = 7.5Hz,J = 1.7
Hz, J = 0.9 Hz, 1H, H-C(12)], 4.0-3.9, 3.85-3.75, 3.4
-3.25 [4m, 5H, 1H, 2H, OCH,CH,0, H-C(6), H-C(2)],
3.82 (s, 3H, OCH,), 1.85-1.75, 1.75-1.55 [2m, 2x2H,
H,C(5), H,C(3)]; *C-NMR (90 MHz, CDCl;): & = 167.4
[s, C(M)], 155.2[s, C(9)], 130.2 [d, C(11)], 127.6 [d, Cc(13)],
125.9 [s, C(8)], 120.7 [d, C(12)}, 110.8 [d, C(10)}, 106.8
[s, C(4)], 64.3 (r, OCH,CH;0), 55.4 (9, OCH,), 44.8,
39.4 [2t, C(6), C(2)], 35.4, 34.7 [21, C(5), C(3)]; IR (KBr,
cm~1): 3000w, 2960w, 2930w, 2880w, 1625s, 1470m,
1440m, 1245m, 1120m, 1090m, 1030w, 950m, 770m; MS
(M/z, intensity in %): 277(M*, 50), 276(61), 246(8),
135(100), 99(62), 77(48), 55(13), 42(12).

N-(12-bromo—9-methoxybenzoyl)-4-piperidinone-ethylene-
acetal (9¢). To a solution of 6.2 g (22.4 mmol) of pro-
duct (9b) in 80 m¢ ethyleneglycol (dried over CaH,)
at 50°C under N, atmosphere 1.4 m¢ (4.35 g, 32 mmotl)
of Br, was added in three portions over 1 h. After stirring
for 1 h at the same temperature, the solution was poured
on a suspension of 4.4 g (32 mmol) of K,CO; in 80 m¢
methylene chloride, and stirred further for 1h. After
separation of the CH,Cl, phase, the solution of ethylene-
glycol was extracted three times with 100 m¢ of CH,Cl,.
The gathered methylene chloride phases were extracted
once with a half-saturated acqueous solution of NaCl. The
organic phase was then dried over K,CO,/MgSO, and
the solvent removed by distillation on the rotavap. This
produced 6.9 g of (85%) of pure white powder ('"H-NMR),
dried under high vacuum. F = 130-134°C; '"H-NMR (360
MHz, CDCl,): 3 = 7.41 [dd,J = 8.8 Hz,J = 2.5 Hz, 1H,
H-C(11)], 7.32 [d, J = 2.5 Hz, 1H, H-C(13)], 6.76 [4,
J=88 Hz, 1H, H-CQ0)], 4.0-392 (m, 4H,
OCH,CH,0), 3.78 (s, 3H, OCH,), 4.3 -3.8 and 3.8-3.6,
3.4-3.2 [3m, 4H, H-C(6), H,C(2)], 1.9-1.7, 1.8-1.5 [2m,
2%x2H, H,C(5), H,C(3)]; *C-NMR (90 MHz, CDCl,):
8 = 165.7 s, C(7)], 154.3 [s, C(9)], 132.8 [4, C(11)], 130.4
[d, C(13)], 127.8 [s, C(8)], 112.9 [s, C(12)], 112.7 {d,
C(10)], 106.7 {s, C(4)], 64.4 (1, OCH,CH,0), 55.8 (g,
OCH,), 44.9, 39.6 [2t, C(6), C(2)], 35.4, 34.7 [2t, C(5),
C(3)]; IR [KBr, cm™'): 3000w, 2950w, 2930w, 2880w,
1630s, 1490w, 1470w, 1440w, 1260m, 1125w, 1090s, 1020w,
950w, 930w, 820w; MS (m/z, intensity in %): 357 (M*,
19), 355(M*, 26), 276(13), 213(42), 170(7), 135(27),
99(100), 78(42), 55(12), 42(10).

N-(12-bromo-9-methoxybenzoyl)-3-bromo-4-piperidin-
one-ethyleneacetal (10c). 2.2 m{ (6.85 g, 43 mmol) of bro-
mine were added in four portions and in 2 h to a solution of
6.6 g (18.5 mmol) of product (9¢) in 90 mé¢ ethyleneglycol
(dried over CaH,) at 50°C under N, atmosphere. The
solution was stirred for 15 h, then poured on a suspension
of 5.91 g (42.8 mmol) of K,CO; in 70 mé methylene
chloride and stirred for 1 h. After separation of the sol-

*For a certain number of protons (in '"H-NMR spectra)
and carbons (in '*C-NMR spectra), the signals due to
the two rotamers around the amide bond could be
observed.
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ution of methylene chloride, the phase of ethyleneglycol
was extracted three times with 50 m¢ of CH,Cl,. The
gathered methylene chloride phases were extracted once
with 100 m¢ of a half-saturated aqueous solution of NaCl
and dried over Na,SO,. After the solvent was removed
on the rotavap, 7.8 g (97%) of powder could be recrystal-
lized in ethyl acetate to give white crystals.
F = 183-187°C; 'H-NMR (360 MHz, DMSO-d6, hot tem-
perature: 150°C): 8 = 7.52 [dd, J = 8.8 Hz, J = 2.6 Hz,
1H, H-C(11)], 7.36 [d, J = 2.5 Hz, 1H, H-C(13)], 6.40

' [d, J = 8.8 Hz, 1H, H-C(13)], 4.20 [ddd, J = 8.2 Hz,

J =39 Hz, J =09 Hz, 1H, H-C(3)], 4.1-3.9 [m, 5H,
OCH,CH,0, H-C(2)], 3.82 [s, 3H, OCH,), 3.8-3.3 [m,
3H, H-C(2) and H-C(6)], 2.07 [ddd, ] = 13.5Hz,J = 6.9
Hz, J = 3.9 Hz, 1H, H-C(5) ax or eq], 1.66 [dddd,
J=13.5Hz,J = 84Hz,J = 43 Hz,J = 09 Hz, 1H, H-
C(5) ax or eq]; *C-NMR (90 MHz, CDCl,): & = 166.0
[s, C(7)], 154.3 [s, C(9)], 133.3, 131.6 [24, C(11)], 130.4,
130.4 [2d, C(13)], 127.2, 126.8 [2s, C(8)], 113.0, 112.9,
112.7, 112.5 [4s, C(10), C(12)], 108.4, 108.2 [2s, C(4)],
77.4 [d, C(3)], 65.8 (1, OCH,CH,0), 559, 55.8 (29,
OCH,), 51.8, 51.7 [2t, C(6)], 46.4, 44.6 [2¢, C(2)], 39.3,
35 [2t, C(5)], IR (KBr, cm™"): 3000-2700w, 1630s, 1440m,
1270m, 1260m, 1240w, 1170m, 1140m, 1075w, 1030w,
950w, 825w, 750w; MS (m/z, intensity in %): 437(M~,
17), 435(M*, 37), 433(M*, 18), 354(35), 215(56), 157(7),
99(100).

N-(12-bromo-9-methoxybenzoyl)-5,6-dihydro-4-pyridin-
one-ethyleneacetal (1Ic). The same method was used
as for the synthesis of (11a), with 7 g (16 mmol) of pro-
duct (10c), 120 m¢ THF, 2.6 g (23 mmol) of potassium
tert-butylate in 15 m¢ THF. This produced 4.8 g (84%) of
white powder that could be re-crystallized in CH,ClL,/
hexane. F = 102-105°C; 'H-NMR (360 MHz, CDCl,):
$ = 7.5-7.3 [m, 2H, H-C(11), H-C(13)], 6.81 [d, J] = 8.8
Hz, 1H, H-C(10)], 6.33 [d,J = 8.4 Hz, IH, H-C(2)], 5.13,
4.76 [2d, J = 8.4 Hz, 2x1H, H-C(3)], 4.1-3.85 (m, 4H,
OCH,CH,0), 3.82, 3.79 (25, 2x3H, OCH,), 4.2-3.2 [m,
2H, H.C(6)], 2.1-1.55 [m, 2H, H,C(5)]; *C-NMR (90
MHz, CDCL,)*: & = 165.7 [s, C(7)}, 154.7, 153.6 [2s,
C(9)], 133.8. 132.9 [2s, C(11)], 131.1, 127.2 24, Cc(13)],
130.1 [d, C(2)], 126.0 [s, C(8)], 113.9, 112.9, 112.8, 112.7
[4s, C(10), C(12)], 110.0, 107.7 [2d, C(3)], 103.3 [s, C4)],
64.5, 64.4 (2t, OCH,CH,0), 56.0, 55.8 (2q, OCH;), 39.6,
39.2 [2t, C(6)], 32.9, 32.1 [, C(5)); IR (KBr, cm™'):
3000-2800w, 1630s, 1490-1450m, 1420-1390m, 1355m,
1255m, 1120m, 1080m, 950w, 925w, 915w, 655w, 625w;
MS (m/z, intensity in %): 355(M*, 19), 353(M*, 16),
296(24), 294(24), 213(100), 155(10), 157(10), 126(34),
99(22),

N-(12-bromo-9-methoxybenzoyl-5,6-dihydro-4-pyridin-
one (5c). The same method was used as for the syn-
thesis of (5a), with 10 m¢ of a solution of perchloric
acid (60%), 4 g (11.3 mmol) of fourth step product in 30
m¢ of THF and 100 m¢ of CH,Cl,. After recrystallization
in diethylether, 2.73 g (80%) of crystals were obtained.
F = 111-115°C; UV  (MeOH): A, =291.5 nm
(e = 18 500); '‘H-NMR (360 MHz, CDCl,): & = 7.566
[dd, J = 8.8 Hz, J = 2.5 Hz, 1H, H-C(11)], 7.477 (4,
J =25 Hz, 1H, H-C(13)], 7.25-7.1 [br, 1H, H-C(2)],
6.868 [d, J = 8.8 Hz, 1H, H-C(10)], 5.4-5.2 [br, 1H, H-
C@3)], 4.4-3.5 [br, 2H, H,C(6)], 3.83 (s, 3H, OCH,),
2.75-2.45 [br, 2H, H,C(5)]; '*C-NMR (90 MHz, CDCl,):
8 = 193.2 [s, C(4)], 166.2 [s, C(7)], 154.7 [s, C(9)], 144.4
[d, wide, C(2)], 134.8 [d wide, C(11)], 131.6 [d, C(13)],
124.5 [s, C(8)], 113.2, 113.1 [2s, C(10), C(12)], 107.9 d
wide, C(3)}, 56.1 (¢, OCH,), 40.8 [+ wide, C(6)], 35.7 [t
wide, C(5)]; IR [KBr, cm™!): 3060w, 2980-2800w, 1660vs,
1590vs, 1485m, 1465m, 1410s, 1350s, 1305s, 1260m,
1225vs, 1190m, 1165m, 1130m, 1030m, 980m, 960m, 915w,
900w, 825m, 640m, 625m; MS (m/z, intensity in %): 311
(M*, 32), 309(M*, 32), 215(100), 213(100), 172(20),
170(20), 157(20, 155(20), 76(15).



Synthesis

The synthesis of most products used in this work
has been already published (Guerry and Neier,
1987; Guerry, 1983). Nevertheless further different
substituted DHPs were needed for photochemical
investigations, and products 5a and Sc¢ were synthes-
ized according to the methods described in the refer-
ences mentioned above.

As shown in Scheme 2, the starting molecule was
in most cases the piperidinone-ethyleneacetal 7,
which was acylated to give the N-arylcarbonyl-
derivatives 9a and 9b. The following steps involved
bromination in a-position of the carbonyl group,
elimination of HBr and finally deprotection in acidic
conditions to give the product molecules, N-aryl-
carbonyl-5,6-dihydro-4-pyridinones 5a and Sc.

In the case of 9b, the bromination occurred first
in the aromatic ring at the position para to the
methoxy group, followed by bromination at the
desired place. This transformation could be effected
in a one pot procedure or in two separated steps.
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Absorption and luminescence spectra, energy
level diagrams

Compound 1 is the only dihydropyridinone
(DHP) in this series with an electron donor substitu-
ent on the nitrogen atom; it differs from the others
in showing a red-shifted absorption spectrum with
the first absorption band near 310 nm of extinction
coefficient 1.8x10* ¢mol~! c¢cm™'. Dihydropyridi-
nones 2-5 (a and ¢) have an electron acceptor group
linked to the nitrogen and show a first absorption
band near 290 nm.

These absorption bands are solvent sensitive,
both for the wavelength and for the extinction coef-
ficients. A comparison of the six solutes in alcohol
solvents is given in Table 1.

4

Table 1. Comparison of the first absorption band of the
different solutes

1 2 3 4 5a Sc

Solvent EtOH EtOH EtOH EtOH MeOH MeOH
(¢ mol™' 1530016 70018 00025 300 20 100 18 500
cm™')

Amax (nm) 324 286 292 280 291  291.5

Figure 1 shows a plot of the transition energy (at
Amax) for the first observable absorption band of 1
as a function of solvent polarity defined by the
Onsager function fiD) = 2(D-1)/((2D+1) of the
static dielectric constant D (Onsager, 1936). While
the values of extinction coefficients clearly show
that this band corresponds to a w—w* transition, it
must be borne in mind that the much weaker n—n*

* band may be hidden under it.

The dipole moment . of the excited molecule
can then be calculated if the ground state dipole
moment w, is known, according to the usual solva-
tochromic shift equation (Suppan, 1968):

Ahy, = - “—g('};’*g) AD)i-; (1)

where a is the molecular radius ((4/3)w a’ is the
molecular volume V = pM/L for a molecule of
density p and molecular weight M, L being Losch-
midt’s number). This simple equation of solvato-
chromic shifts applies only to a series of solvents
(i,j) of similar refractive index, as it is restricted to
the dipole—dipole orientation interaction between
the solute and the solvent molecules. It yields for 1
an excited state dipole moment p. = 9.5 D, the
ground state dipole moment being estimated as .,
= 4.5 D (from the vector addition of the CO and
NMe bond dipoles) and the molecular radius being
a =3.5x10""m

The anomalous red shift in ethanol is in keeping
with the spectroscopic properties of other carbonyl
derivatives, e.g. benzophenone (Suppan, 1974). It
has been explained as the result of an increased

E 1x103 cm !

33 < D

S)

0'4 0.6 0.8 1.0

3

£(D)

Figure 1. Solvatochromic shift of DHP 1, where CH is
cyclohexane, DE diisopropylether, TH tetrahydrofuran,
AN acetonitrile, and ET ethanol.



charge-transfer character of the w—m* state when
the carbonyl w* orbital is lowered through hydrogen
bonding by the protic solvent to the oxygen atom.

No fluorescence has been detected from these
molecules in solution so that an upper limit of life-
time of 10~'" s can be given for the m—m*/CT singlet
excited state according to the natural radiative life-
time calculated from the integrated absorption
(Parker, 1968) and the sensitivity of our fluorimeter
according to the following considerations. The natu-
ral radiative decay rate constant k,, can be calcu-
lated from the extinction coefficient at the absorp-
tion maxima:

ken = 10* X €max 2)

With
D; = keo/(kin + ka) 3)

provided that

ka = K¢, obs O]

yields

_ kfn _ 104 X €max 104 X €max

kd - q)f - q)f = [ (5 )

where ®; is the fluorescence quéntum yield, @' the
minimal fluorescence quantum yield, which can be
measured with our fluorimeter, taken as 1074, kg,
the natural fluorescence decay rate constant, ky the
deactivation rate constant, k¢ ., the observed fluo-
rescence decay rate constant. Thus, with €. =
1.5x10* ¢mol~!cm~! and ®; = 1073, we obtain k4
= 1.5x10 s71,

For 1, this state is the first singlet excited state in
EtOH; in non-protic solvents the first singlet excited
state is probably of n—~m* type, and this would have
a much longer natural radiative lifetime, so that
fluorescence would not be expected.

A weak phosphorescence is observed in rigid low
temperature glasses from the carbonyl substituted
species 2, 3, 4 and Sc¢ with an onset near 425 nm;
the B-naphthoyl substituted molecule 5a shows a
more intense phosphorescence characteristic of the
aromatic moiety, with an onset at 485 nm (Fig. 2).

The N-methyl derivative 1 shows no phosphor-
escence, but its triplet state energy (Er) could be

Intensity 5¢
{Intensity = 5) 5a
(arbitrary

scale )

435 485 545 605

Figure 2. Phosphorescence of B-naphthoyl substituted
DHP 5a and DHP 5c as an example.

A (om)

obtained from electron energy loss spectroscopy
(Allan, 1982; Labhart and Haselbach, 1984); the Er
value is 295 kJ mol~! (3.07 eV) (Fig. 3). It must be
borne in mind, however, that these are gas phase
values which may need some correction for solv-
ation effects when comparisons are made with con-
densed phase data. These corrections are, however,
quite small in most cases, on the order of about 10
kJ mol™! (tenths of an eV) except when the dipole
moment of the excited molecule is very large
(Suppan, 1968).

The energy level diagrams shown in Fig. 4 are
established on the basis of the spectroscopic data,
and when necessary, by comparison with 2-
cyclohexen-1-one (CHO) (de Mayo et al., 1970). In
particular, it is assumed that the n—m* singlet and
triplet states are the same in CHO, DHP 1 and the
DHPs 2-5 (a and c¢) for which a common energy
level diagram provides a sufficient approximation.

CHO: The n—=* (S;) and 7—=™* (S,) transitions
are observed in the absorption spectrum, and it is
noteworthy that the energy of the former remains
unchanged in the 3,5-dimethyl derivative, whereas
the energy of the m—=* state is lowered by about
2000 cm~!. This is the main justification for the
assumption of the invariance of the n—w* levels in
the DHPs (The Sadtler Handbook of Ultraviolet
Spectra, 1979). The energy of the lowest triplet level
T, of CHO is set at 2.9 eV following the indirect
measurements of de Mayo et al. (1970); this is
assigned as a *m—w* state, similar to that observed
through the phosphorescence of more rigid CHO
derivatives (Jones and Kearns, 1977).

The energy of the n—n* triplet (T5) of the CHO
is not known experimentally; it is estimated accord-
ing to the usually observed small singlet—triplet split-
ting of carbonyl n-n* states (Murrel, 1963), this
splitting being around 2000 cm~!. Indeed, phos-
phorescence polarization measurements have shown
that there is little interaction between w-7* and
n—7* triplets (Jones and Kearns, 1977) in molecules
of this type.

DHP 1: The =—=*/CT states are shown simply as
“CT” in Fig. 4. The singlet state must be a little

| W U W I N
2 3 4 5 6 7

E (ev)

Figure 3. Electron energy loss spectra of DHP 1 (E, is
the residual energy of the scattered electron). (See Allan,

1982; Labhart and Haselbach, 1984 for details about this
method.)
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Figure 4. Energy level diagrams of 2-cyclohexen-2-one
(CHO), DHP 1 and DHPs 2¢-5¢ (see text).

higher in energy than the '(n—m*) state in non-protic
solvents, but reversal of the levels probably takes
place in protic EtOH. This has consequences for
the photophysics and for the photochemistry of 1
which are discussed later (“Photochemical
reactivity”). Note that this reversal of CT and n—m*
levels does not take place in the triplet manifold.

DHPS 2-5¢: Because the N atom is substituted
with an electron-acceptor carbonyl group instead of
an electron-donor methyl group, the CT singlet and
triplet states are substantially higher in energy than
in 1: reversal of the !CT and '(n-w*) levels does
not take place in EtOH.

The lowest excited states are of w—m*/CT type in
these molecules, the charge densities changes being
given as follows by a simple Hiickel calculation:

This agrees qualitatively with the dipole moment
change derived from the solvatochromic shift of the
absorption spectrum. It leads to the conclusion that
the largest decrease of electron density takes place
at C, and the largest increase at C,.

Table 2. Coefficients of the m- and w*-MOs, and
charge—density changes for the m—>w* transition of

DHP 1
Atoms HMO-coefficients Charge-density
changes w—>w*
7-MO a*~MO transition
N 0.40 -0.25 —0.098
G —0.37 0.64 0.273
G -0.62 -0.11 -0.372
G, -0.12 -0.59 0.334
o 0.53 0.40 —0.121

Triplet state absorption spectrum and decay kin-
etics, triplet yields

The transient absorption spectrum of 1 in CH,Cl,
has been measured by laser flash photolysis and is
shown in Fig. 5. The extinction coefficients were
determined by comparison with a benzophenone/
naphthalene standard of the same absorbance at the
excitation wavelength (337 nm). The triplet yield of
benzophenone being unity, the naphthalene concen-
tration (5xX1072M) is sufficiently high to ensure
practically quantitative energy transfer.

The decay of the triplet state of 1 in Ch,Cl,
follows first order Kinetics, with a lifetime of 16 ps
at a concentration [1] = 1.6X107*M. Neglecting
triplet-triplet annihilation in view of the absence of
a second-order component in the decay kinetics,
the apparent first order decay rate constant can be
ascribed to concentration quenching,

SM* + M— M + M (+ heat)

The experimental pseudo first-order rate con-
stants for the decay of the triplet states are given in
Table 3, together with the triplet yields.

The triplet yields were determined by energy
transfer to naphthalene. At high enough naphtha-
lene concentrations to intercept practically all DHP
triplets formed in laser flash photolysis (N, laser at
337 nm), the T-T absorption of naphthalene
observed at 413 nm provides a direct measurement
of the DHP triplet yield. A solution of benzo-
phenone/naphthalene was used as a standard, the
triplet yield of benzophenone being taken as unity.
All solutions were degassed and prepared so as to
have the same absorbance at the laser wavelength.
Note in particular the very low triplet yield of 1 in
ethanol, compared to other solvents.

Photochemical reactivity with and without olefins
in various solvents

The photochemical cycloaddition of the DHPs
1-5 (a and ¢) is observed by the change in the
absorption spectrum and from this the quantum
yield can be determined. These are listed in Tables
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Figure 5. Triplet absorption spectrum of DHP 1.



4a and b for various olefins in different solvents,
for DHPs 1 and 5c.

The following observations can be made from
these results:

(a) The quantum yield @, of pyridinone—olefin
cycloaddition is sensitive to quenching by
oxygen only when the olefin concentration
is low, typically = 1073M;

(b) The quantum yield ®, depends on the olefin
concentration (Table 4a); it reaches a
maximum value as the olefin concentration
is increased. This limiting value corresponds
closely to the triplet yield;

(¢) In the absence of olefins, the reaction quan-
tum yield is very low and is due to the
photodimerization reaction:

o ¥ o R
N hv 11;
) O
1 5 Y
|
R R O

Scheme 3

(d) The solvent has little influcence on &,
except when 1 is irradiated in a protic sol-
vent such as EtOH. The very low quantum
yield is related to the equally low triplet
yield, as shown in Table 3; clearly the protic
solvent quenches the singlet excited state of
1 in competition with intersystem crossing.

Coming back to the energy level diagrams of Fig.
4, this quenching may be related to the reversal of
the '(n—w*) and 'CT levels in a protic solvent. The
red-shift anomaly of the absorption spectrum of 1
(Fig. 1) is evidence for hydrogen bonding of the
carbonyl oxygen atom to hydroxylic solvent mol-
ecules already in the ground-state; in the excited
ICT state protonation at the carbonyl group may
then take place, and this results in its deactivation.
There are indeed many examples of such deacti-
vations of m—n™* states when protonation takes place
in the w-system (Ireland and Wyatt, 1976).

There is no such quenching effect of EtOH on
the N-carbonyl substituted DHPs because the !CT
state remains in all cases well above the (n-w*)
level from which intersystem-crossing takes place to
the reactive *CT state, T;.

Quenching by oxygen and by naphthalene

The quenching effect of dissolved molecular oxy-
gen on the pyridinone—olefin cycloaddition reaction
has already been mentioned above. Naphthalene
shows a similar quenching effect, the reaction quan-
tum yield going to zero as the naphthalene concen-
tration is increased. This observation is conclusive
proof that the photochemical process originates

exclusively from the triplet excited state T, of the
DHPs.

In the case of compound 5S¢, the reaction quantum
yield is 0.25 in the presence of 10~* M tetramethyle-
thylene in degassed acetonitrile; it drops to zero
(=< 107?) when.5x1073 M naphthalene is added.
Assuming a diffusion-controlled quenching rate con-
stant of 10'° M~1s71 the pseudo first-order quench-
ing rate constant is then ~ 5x107 s~! against a
pseudo first-order cycloaddition rate constant of =
10° s,

The B-naphthoyl substituted pyridinone 5a shows
a naphthalene-like phosphorescence and is totally
unreactive towards cycloaddition even at high olefin
concentrations (1072 M), being deactivated intra-
molecularly.

Table 3. Quantum yields (®y), lifetimes (), decay rate
constants (k,) and wavelengths of T,-T, absorption max-
ima of DHP 1, 2, 3, and 5¢ in different solvents

1 1* 2 3 5c
Solvent CH,ClL, EtOH FEtOH EtOH MeOH
. 02  0.03 1 1 1
(us) 16 — 0510 15 1.5
k(s 2x10° — 10°  1.6x10°  10°
Neax 7—1n 455 — 385 370 390
(nm)

*In case of DHP 1 in ethanol, only the quantum yield
could be measured.

Table 4.(a) Quantum yield ®, of photocycloaddition of

5x10-% M DHP 5c with acrylonitrile in a degassed sol-

ution of acetonitrile at an excitation wavelength of 313
nm, as a function of olefin concentration

Concen- 107* 2x10~* 5x10=* 1073 2x107* 5x10~3

tration
(M)

b, 025 0.39 045 064 070 0.78

Table 4.(b) Quantum yield ®, of photocycloaddition of
5x10-> M DHP 1 with methyl acrylate at an excitation
wavelength of 313 nm as a function of olefin concentration

Concentration of Solvent Degassed P,
olefin (M)
Observation a:
6.4x10~* MeCN No 0.015
8.2x1073 MeCN No 0.058
8.8x10-3 MeCN Yes 0.14
7.0x10-* MeCN Yes 0.18
Observation c:
No olefin MeCN Yes 0.0014
Observation d:
2x107! EtOH Yes 0.023
2.7x107% CH,Cl, Yes 0.13
2.8x10~* CH, Yes 0.15




Intramolecular sensitization

The p-substituted molecule 4 provides an example
of intramolecular sensitization such that the cycload-
dition takes place for irradiation at 365 nm where
the pyridinone chromophore does not absorb. As
mentioned above, the phosphorescence spectrum of
4 is characteristic of the pyridinones and shows that
the lowest triplet level is localized on that chromo-
phore.

When 4 is irradiated at 365 nm in the presence
of olefins the absorption spectrum changes towards
that of the saturated pyridinone, while the absorp-
tion of the benzophenone-type chromophore (n—m*
band near 360 nm, m—w* band near 250 nm) remains
unchanged (Fig. 6).

If reaction of the triplet state of the benzo-
phenone chromophore could take place, the 360
and 250 nm absorption bands should gradually dis-
appear as the carbonyl group is saturated through
oxetane formation and/or hydrogen abstraction.

Kinetic scheme and rate constants

Since the photoreactivity can be traced entirely
to the triplet state of the DHPs, the reaction quan-
tum yield can be expressed as follows:

_ kL]
@ = [k,[L] +ky+ 2 ky[Q]

Oy (6)

where ®r is the triplet yield, &, the second-order
rate constant for pyridinone-olefin addition, [L] the
olefin concentration, k4 the pseudo-first order rate
constant for triplet decay in the absence of reaction,
k, the second-order rate constant for any other
bimolecular processes which deactivate the triplet
state (with or without chemical reaction), and [Q]
the quencher concentration.

In the absence of olefins, the only photochemical
reaction is the dimerisation 3M* + M — M, of rate
constant k," and quantum yield:

- k' [M]
@ = [k,’[M] +hky+ 32 kq[Q]] @r

Y

Equation 6 can be rearranged to show explicitly the
dependence of the reaction quantum yield on olefin
concentration:

1_ 1, ke 1
@, &r  k r[L]

®)

from which the reaction rate constant is obtained
as:

©)

Kr = 55 T

[L] [(Pr/P:)—1]

Experimental plots of 1/®, vs 1/[L] are indeed
linear, and yield ® as the intercept; these values
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Figure 6. Decrease of absorption of DHP 4 in acetonitrile
when irradiated at 365 nm in presence of 102 M tetrame-
thylethylene.

are in satisfactory agreement with the triplet yields
obtained from direct flash photolysis measurements,
as shown in Fig. 7 and Table 5.

The reaction rate constants k, are derived from
the slope of the double-reciprocal plots, taking for
kg4 the experimental value of the triplet decay rate
constant measured by flash photolysis in the absence
of olefins.

In the absence of olefins the DHPs disappear
slowly through the process of photodimerisation.
The quantum yield is very low, e.g. 1.3 x 1073 for
[1] = 5x107> M in MeCN; the reaction rate con-
stant is calculated as k' = 10° M~!s™! from the
triplet lifetime of 16 ps.

The effect of the temperature on the reaction rate
constant has been investigated for the case of 1 with
methyl acrylate in acetonitrile, in the temperature
range 0-50°C. The effect is too small to show differ-
ences in the quantum yield within experimental
error, and this confirms the fact that the activation
barrier E, in the Arrhenius equation k, = A
exp(—E./RT) must be very small.

Photoreactivity with substituted olefins

The influence of various electron-acceptor and
donor substituents on the olefin has been investi-
gated with the DHP 5¢ in MeCN. The olefin concen-
tration was Kept low, 5x107* M, so as to stay in
the linear region of the quantum yield vs olefin
concentraton plot. The observed quantum yields are
shown in Table 6.

Electron acceptor substituents such as CN
decrease the reactivity, while electron donors have
the opposite effect.

1/8,
3

1/t

01 05 1 3 § 110 (1)

Figure 7. Plot of the reciprocal of reaction quantum yield
vs reciprocal of olefin concentration.



Table 5. Triplet yields of DHP 1, 2, 3, and Sc obtained

by laser flash photolysis and by reaction quantum yields

for the photocycloaddition of the DHPs with acrylonitrile
at high olefin concentration (=10~' M)

1 2 3 5c¢
Solvent CH,Cl, EtOH EtOH EtOH
&, by flash 0.2 0.95 0.90 1.00
Solvent CH,Cl, MeCN MeCN MeCN
@ by 0.18 0.95 0.80 0.82
reaction

In the case of tetracyanoethylene (Guerry and
Neier, 1987) a non-photochemical reaction takes
place which destroys the DHP in the absence of
irradiation; this system was therefore not further
investigated.

DISCUSSION

Nature of the reactive state—electron distribution
and reactivity

The excited state responsible for the cycloaddition
is the first excited triplet state 7,. This is a w—m*
state which corresponds to the first singlet state Sy,
the electron distribution resulting from a partial
charge transfer towards the carbonyl group. Since
electron-rich olefins react faster than electron-
deficient ones, the primary process can be seen as
a nucleophilic attack at C;, with the formation of a
biradical intermediate, as shown in Scheme 4.

Scheme 4

Table 6. Dependence of the reaction quantum yield on
the substitution of the olefin

o)
oN : 0
T O
OCH;
NC
o (o}
b, 0.03 0.39 0.49 0.98
W ' OCH; (L cH, l(\/\
P, 0.42 0.58 0.69 0.76

Intermediates in the photochemical reaction

Although there is no spectroscopic evidence for
an exciplex intermediate between the DHP and the
olefin, the intermediacy of a non-fluorescent exci-
plex could be postulated. This is not unreasonable
since it would involve the triplet excited state to
form a triplet exciplex. It has been noted, however,
that the polarity of the solvent has little influence
on the cycloaddition quantum yields, and this speaks
against the involvement of a dipolar exciplex.

Electron transfer between the DHP and the olefin
can also be excluded as the primary process. This
would form a radical ion pair which would separate
in highly polar solvents such as acetonitrile, but no
such radical ions have been detected optically in
the laser flash photolysis experiments, nor has a
significant transient photocurrent been observed.
The primary process is therefore most probably the
formation of a single bond between the DHP and
the olefin with production of a triplet biradical.

Unreactivity of pyridinones

The pyridinones, unlike DHP, show no photo-
chemical reactivity with olefins, as shown in Scheme
5.

(¢}
hv
‘ I + olefin  ————mmPp no reaction
N
Scheme 5

The UV absorption spectra of pyridinones are
quite different from those of DHPs, being substan-
tially blue-shifted and showing no solvent depen-
dence. It is likely that their lowest triplet excited
state is of n—m* type, which would not undergo this
type of reaction. Phosphorescence measurements
show that the energy of T} comes to 3.55 eV, with
a short lifetime (<1 ms).
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