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Abstract-Several derivatives of 3-ketocoumarins were prepared and are shown to have many of the photophysical 
criteria required for efficient triplet sensitizers. These compounds include 3-aroylcoumarins (1) and 3,3’carbonyl- 
biscoumarins (2). The aryl groups in 1 are either phenyl and substituted phenyl derivatives or heterocyclic groups 
such as thienyl and benzofuryl. The substituents on the coumarin moiety in 1 and 2, if any, are alkoxy or 
dialkylamino. These compounds, with absorption maxima between 330 and 450nm. have extinction coefficients in 
the range of lo’ to almost ld, which is an important criterion for efficient sensitization of thin films of polymers as 
those used in photoresists and lithography. The singlet-triplet intersystem crossing (isc) efficiencies of several 
derivatives approach unity. In others, however, a radiationless decay process competes with the isc. The decay 
process is particularly dominant in the asymmetrically substituted derivatives of 2, but seems to be considerably 
suppressed in polymeric matrices. The triplet energies of these compounds range from ca. 48 to 60 kcai/mol. Some 
of these ketocoumarins show phosphorescence spectra that suggest the presence of “frozen-in” rotamers. 

Sensitization via triplet-triplet energy transfer not only 
broadened the scope of organic photochemistry but is 
essential for some industrial applications. The triplet- 
sensitized photodimerization and the mixed addition of 
olefins have allowed easy access to numerous cyclo- 
butane derivatives and are also the basis for crosslinking 
many polymers used for lithography and photoresist 
applications. 

The photosensitization of crosslinking of poly(vinyl 
cinnamate) with several compounds, a process now 
recognized’ ** to be predominantly if not entirely via 
cyclobutadimerization of the cinnamate moieties, was 
first reported by Minsk3 in 1952. This technically im- 
portant discovery, however, did not lead to the realiza- 
tion of its potential in organic photochemistry. Schenck 
and Steinmetz recognized the potential of the photosen- 
sitized cycloaddition reactions when they discovered that 
the cycloaddition of maleic anhydride to benzene can be 
sensitized by benzophenone! The many examples of 
such reactions reported by Schenck et al.’ and the 
countless related reactions studied by others”*’ point to 
the importance of this discovery. Primarily through the 
work of Hammond et al. it is now accepted that the 
mechanism of most of these sensitized reactions involves 
triplet-triplet energy transfer from the sensitizer to the 
substrate.7*8 This applies also for the sensitization of 
crosslinkable polymers.‘***’ 

More efficient sensitizers have been needed for pho- 
toreactive systems. Also, systematic studies of energy 
transfer and related processes in fluid solutions as well as 
in polymeric matrices require the use of sensitizers with 
various triplet energies. Preferably these sensitizers 
should be selected from one class of compounds. This 
work deals with the preparation and pertinent photo- 
physical properties of a new class of efficient triplet 
sensitizers ranging in triplet energy from co. 48 to 
60 kcal/mol with absorption maxima ranging from ca. 330 
to 410 nm. 

Synthesis 
The ketocoumarin sensitizers are easily prepared by 

the condensation of salicylaldehyde derivatives with /I- 
ketoesters” [eqn (l)]. 

piperidine 
+ RtOOCCHgCOAr (_RIOH)* 

‘Ar 

The carbonylbiscoumarins (2) are analogously pre- 
pared from the ketodiester [eqn (2)]. The symmetrical 
compounds (2, R = R’) are prepared in one step, whereas 
the asymmetrical derivatives (2, R#R’) are obtained in 
two-step reactions. 

+ MeOOCCHgCOCHgCOOMe 
piprrldinr 

The aryl group Ar in 1 can be widely varied. Several 
derivatives have been prepared with Ar being phenyl, 
methoxyphenyl and cyanophenyl as well as heterocyclic 
groups such as thienyl and benzofuryl. The substituents, 
if any, on the coumarin nucleus in 1 and 2 are I-alkoxy, 
5,7dialkoxy, or 7dialkylamino groups. 

Absorption spectra 
As shown in Tables 1-4, the ketocoumarins have ab- 

sorption maxima ranging from 330 to 470 nm in benzene. 
The absorption spectra of several derivatives in EPA 

at 77K are considerably sharper’ than those at room 
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Table 1. Absorption data> triplet energies: and intersystem crossing quantum yields’ of unsubstituted and 
alkoxy-substituted 3-aroylcoumarins 

0 \ nr :&y 8 0 
Meow r 

x ETC 0isc Amax, nm ETA @isc Xmas, nm ET’ Oisc 
(E, 103) M, 103) (6, 103) 

3’ 
OMe 

2 -330. sh 59.4 0.29 -344 58.4 0.59 -352 574 0.88 
(I I.0 [-SO.91 

- le 
(2 1.1) r-59.71 

k 
(19.7) r59.21 

lb -320. sh 59.2 0.28 338 58.3 0.71 347 573 0.92 
y (12.2) 

L.! 
(20.3) 

IJ 
(21.2) 

k -3;;;s;” 58.9 0.92 $j “f;;, 58.0 0.94 2 351 56 8 0.96 
(19.5) L-58.31 

z 58.3 0.86 IL 352 57.2 0.96 ! 364 560 0.90 

CN 

-3:;; sh 

(18.6) (19.5) 

‘In benzene. bFrom the phosphorescence spectra in EPA at 77’K 

‘In Kcal/mol; the values in brackets are from different 
rotamers (see tertl. 

Table 2. Absorption data> triplet energies) and isc quantum yield9 of unsubstituted and alkoxy-substituted 
carbonylbiscoumarins 

x 
RI R2 R3 R4 !?I? E(I03) ETC 0isc 

2,o Ii H H Ii 350 24 57.9 0.90 

2,b H Me0 H Me0 375 41 57. I 065 

2,c Me0 Me0 l-l H 377 33 56.0 0.46 

GJ Me0 Me0 H Me0 383 43 56.3 0.65 

2,e Me0 Me0 Me0 Me0 392 43 56.2 070 

‘In benzene. bFrom the phosphorescence spectra in EPA at 77°K 

’ Kcol/mol 

temperature. As shown in the example of 2h, the ab- 
sorption spectrum at this temperature shows some 
vibrational structure with a vibrational frequency (Av) of 
C(I. 1320 cm-‘. At ,this low temperature, there is also a 
strong enhancement in the intensity of the O-O tran- 
sition, E - 137,ooO (Fig. 2).” 

Intersystem crossing 
The isc yields were determined by the Hammond- 

Lamola” trip&counting technique by measuring the 
quantum yields of stilbene isomerization sensitized by 
the ketocoumarins. To conlirm the values obtained in 
this way, other energy acceptors were used. These in- 

cluded trons-methyl p-methoxycinnamate (at O.OSM), 
which gave 40% cis isomer at the photostationary state 
when high-energy sensitizers were used. We also used 
the dimerization of methyl 1,2diphenylcyclopropene-3- 
carboxylate’3 as an energy acceptor to determine &a 
The dimerization (0.M) efficiency’” of this compound is 
0.8. The values for 4i.c obtained by using these reactants 
were within a few percent of those obtained by using 
stilbene. One exception, however, was compound In. 
For this sensitizer an isc yield of 0.225 0.02 was 
measured by using the methoxycinnamate isomerization 
or the cyclopropene dimerization, but only cu. half this 
value was obtained when stilbene was used as energy 
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Table 3. Absorption data,’ triplet energies! and quantum yields of fluorescence and isc of dialkylamino-substituted 
3-aroylcoumarins 

1205 

x m0x nm 
ETC 

@fl 
Ar (C, lo+ 

Oisc 
(Cell,) (CeHe) 

‘,m ‘0 :I 415 
(38) 

50 8-52 3 0.35 0.45 

405 52.6-53 2 0001 0.22 

NMQ (40) 

416 515-525 0 IO 0.83 
(35) 

430 50 2-52.1 0.04 0.87 
(38) 

‘In benzene. bFrom Ihe Phosphorescence epecfro in EPA ot 77OK 
CKcal/mof. 

Table 4. Absorption data,’ triplet energies) and isc quantum yields of dialkylamino-substituted 
biscoumarins 

3,3’ Carbonyl Biscoumarin 
Amax Ofl 0isc @ix 

“Ill (lg3) ET” (CeHe) (CeHel (Polymers) 

2,f .,.& 446 62 498tO.2 +-0001 0.03 0 18 

2,s ,,,&U, 441 54 50.4 ~0001 0.3 075 

2,h &&N,,z 449 92 50.8 -0.01 092 (092) 

0 

462 70 486 ~0.001 042 06 

0 

468 83 48.5 -0.005 0.62 d - 

carbonyl- 

‘In benzene bFrom the phosphorescence 

CKcal/mol. dlnsufficient solubillty 

acceptor. There is precedence in the literature for such a 
phenomenon, namely, in the fhtorenone-stibene reac- 
tion,” where a decay of a triplet exciplex intermediate is 
postulated as the source of ine5cient energy transfer. 

The derivatives of 1 and 2 having alkoxy or no sub- 
stituents on the coumarin moieties exhibit virtuahy no 
fluorescence in benzene at room temperature or in EPA 
at 77K. 

The dialkylamino derivatives, however, show various 
degrees of fluorescence. The isc efficiency of the dialk- 
ylamino derivatives of 1 is strongly dependent on the 
substituent Ar (cf Table 3). Compound lm has an isc 
e5ciency of only 0.45 and relatively strong fluorescence 
(&I = 0.35). With Ar being thienyl (lo) or benxofuryl (lp), 
however, the isc efficiency reaches 0.85 + 0.02 as the 
fluorescence quantum yield drops to 0.1 and 0.04, res- 
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Fig. 1. Absorption spectra of 2a, 2b and 2b in benzene. 

zh (tn EPA) ; 

ou,../ , ( 
300 350 400 450 500 

1 
Wovelength, nm 

Fig. 2. Absorption spectra of 2h in EPA at 20°C and ca. - 190°C. 

pectively. The efficiency of these compounds to sensitize 
the crosslinking of light-sensitive polymers can be used 
as a measure for 4r.c in such rigid matrices. From these 
measurements, the isc efficiencies of lm, lo and lp are 
estimated to be very similar to the values obtained in 
benzene. 

In contrast to these three compounds, with & + 4~ 2 
0.8, the dimethylaminophenyl derivative (In) shows very 
low isc efficiency (0.22) and virtually no fluorescence in 
benzene; i.e. a nonradiative process dominates the fate 
of the singlet-excited state of this compound. This 
process, however, seems to be readily suppressed in the 
polymeric matrices, as the efficiency of crosslinking of 
several polymers indicates that in these media disc is CL 
0.85, i.e. about four times that in benzene. It is possible 
that such an energy-wasting, radiationless process 
requires the attainment of certain rotamers, a process 
which could easily be slowed down in a rigid matrix. If 
we assume that the reaction constant for isc is not 
dependent on the medium rigidity, then we can estimate 
from the quantum yields of isc that the reaction constant 

for the radiationless decay in the polymeric matrix is ca. 
20 times slower than that in the fluid medium. 

Similar behavior is observed in the series of dialkyl- 
amino-substituted carbonylbiscoumarins (Zr-21). With the 
substitution pattern of the latter changing from 7- 
diethylamino (2b) to 5,7dimethoxy (2g) to no sub- 
stituents (2f), & in benzene drops from 0.92 to 0.3 to 
0.03 (Table 4). Again, the radiationless decay from the 
singlet excited state seems to be partially suppressed in 
polymeric matrices. This is inferred from the increase in 
hsc of 2g and 2f in these rigid media to 0.75 and 0.18, 
respectively. Again, on the assumption that the reaction 
constants for isc are not dependent on the medium 
rigidity, one can estimate from these quantum yields that 
in both cases the rates of radiationless decay in the 
polymer matrix are 7-8 times slower than those in ben- 
zene. The isc efficiency of these two compounds seems 
to be even hiiher in EPA at 77K, as their phosphores- 
cence intensities are similar to that of 2b. 

Triplet energies 
The triplet energies of these ketocoumarins were 

determined from the O-O transition of the phosphores- 
cence spectra at 77K in EPA. Some measurements in 
methyltetrahydrofuran and in methylcyclohexane- 
toluene gave similar results. Some of these ketocou- 
marins show phosphorescence spectra that suggest the 
presence of “frozen-in” rotamers. This phenomenon is 
more obvious with the thiophene derivatives (la,e,i), 
especially in the spectrum of li (Fig. 3), which shows two 
similarly structured vibrational bands separated by 
630 cm-‘. Extensive purification did not alter the ratio of 
the components (a) and (b) in the phosphorescence 
spectrum of this compound. Excitation at the long- 
wavelength edge of the absorption spectrum leads to a 
decrease in the proportion of the high-energy component 
(a). These data are best rationalized in terms of two 
frozen-in rotamers with only a slight difference in their 
absorption spectra. The proportion of the higher-energy 
rotamer seems to be lower in less polar glasses. The ratio 
a/b is IX. 30% lower in 2-methyltetrahydrofuran than in 
EPA and is considerably diminished in methylcyclo- 
hexane-toluene. The corresponding high-energy com- 
ponents in la and le are less pronounced. There is also 

(in EPA, 77°K) 
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Fig. 3. Phosphoresence spectra of li in EPA at 77K. 
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indication that compound lk behaves similarly, although 
the higher-energy component in this case appears only as 
a weak shoulder. The vibrational structure of most of the 
derivatives in Table I is not as well resolved as that of 
the carbonylbiscoumarins (2). A typical example is that 
of lg (Fii. 4). 

The phosphorescence spectra of the unsubstituted and 
alkoxy-substituted carbonylbiscoumarins show very 
sharp and well-resolved vibrational structure (cf. Fii. 5). 
The sharpness of these bands and the presence of only 
one component in the phosphorescence spectra of these 
compounds can be attributed to hi&her molecular sym- 
metries compared to those of the derivatives of 1. 

The dialkylamino-substituted derivatives of 1 showed 
phosphorescence spectra which varied with the excita- 
tion wavelength (Table 3). However, contrary to the case 
of li, which seems to phosphoresce from just two dis- 
tinct conformers (Fig. 3). the dialkylamino derivatives 
apparently can be frozen into several rotamers (EPA, 
77K) which give rise to a gradually varying phosphores- 
cence spectrum. Of these derivatives, lp showed the 
widest range in phosphorescence and excitation spectra. 
Changing the excitation wavelength from 465 to 42Onm 
by 5 nm increments gave phosphorescence spectra with a 
gradual variation in onsets and maxima of both the O-O 
and O-1 transitions. Three of these spectra are reproduced 
in Fii. 6. Since irradiation at the longest wavelength 
excites predominantly one rotamer, this gives the shar- 
pest spectrum. At shorter wavelength, however, where 
the absorption spectra of several rotamers overlap, 
broader phosphorescence spectra are obtained (Fig. 6). 
The O-O transitions in these phosphorescence spectra 
vary over a range of co. 2 kcal/mol. A similar difference 
in energy is observed in the excitation spectra monitored 
at different wavelengths of emission (Fii. 7). The excita- 
tion spectra monitored at the short-wavelength edge of 
emission should reflect primarily the absorption spec- 
trum of the highest-energy rotamer (the dashed curve in 
Fii. 7). The excitation spectra monitored at longer 
wavelengths of phosphorescence reflect, however, a 
complex sum of several overlapping absorption spectra 
of different rotamers. 

The carbonylbis(dialkylaminocoumarin) derivatives 
(2f-j) show relatively sharp, well-resolved vibrational 

(m EPA, 77°K) 

500 560 

Wovelength, nm 

Fig. 4. Phosphorescence spectrum of lg in EPA at 77K (&x.-it = Pig. 6. Phosphorescence spectra of lp in EPA at 77K at different 
330-380 nm). wavelengths of excitation. 

structure in their phosphorescence spectra with O-O 
transitions ranging from 48.5 to 50.8 kcal/mol (Table 4). 

The singlet-triplet gap of the ketocoumarins was 
measured for those compounds, which show some 
fluorescence, from the difference between the O-O tran- 
sitions of the fluorescence and phosphorescence bands in 
EPA at 77K. This gap is M. 9 kcal/mol for 2h and 
10 kcalfmol for lp. 

Sensitization of light-sensitive polymers 
The potential of these ketocoumarins as sensitizers for 

photocrosslinkable polymers such as poly(viny1 cin- 

I 1 

I Jn 
500 550 600 

Wavelength, nm 

Fig. 5. Phosphorescence spectrum of 2b in EPA at 77K (&a = 
310-390 Nn). 

iC 550 600 

Wavelength, nm 
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400 450 

Wavelength, nm 

Fii. 7. Excitation spectra for the phosphorescence of lp in EPA 
at 77K. 

namate)” (3X the diphenylcyclopropene polymer’6 (4), or 
the phenylene diacrylate polyester b (5) can be demon- 
strated with a few derivatives which cover a wide range 
in spectral response. 

If it is desirable to have a colorless polymeric film, a 
compound such as lg can be used. This compound would 
be most effective with the 366-nm line of the mercury lamp. 
A compound such as Zc (or preferably the more soluble 
tetraethoxy analogue 2e’) is most effective with the 405-nm 
and to some extent with the 436-MI mercury line. Com- 
parison of this compound and the widely used sensitizer 
BN2b.C.l’I revealed that at 405 nm, where both compounds 
have equal absorbance, BN has only 65-7096 of the 
et%ciency of 2e’. This dilTerence is almost certainly due to 
the higher isc efficiency of the latter compound. 

-+CH2 -CH+, 

b 
A0 

fCH2-FH iO.4 : CH2 -CH+% 

0 4 

t0 LO 

- 

,,A 
6h 

Ph 4 

Finally, the carbonylbiscoumarin 24, with an extended 
absorption in the visible range, very efficiently induces 
the crosslinking of polymers such as 3-S when irradiated 
with broad spectral lamps (e.g. xenon arcs) and in parti- 
cular with lasers emitting in the visible region (e.g. HeCd 
laser, 441.6nm; argon-ion laser, 488 nm). We are not 
aware of any compound which can sensitize the cross- 
linking of such polymers in the 480-500 nm range with an 
efficiency anywhere close to that obtained with 2b. The 
small singlet-triplet gap, high isc efficiency, and high 
extinction coefficient are undoubtedly the reason for this 
efficient sensitization. 

8: 

’ 1 >cqc - 
1 ; AH3 o// \ / -0 (BN) 

In conclusion, the ketocoumarins described in this 
work are excellent triplet sensitizers ranging in energy 
between 48 and 60 kcal/mol. The carbonylbiscoumarin 
derivatives 2 are particularly attractive for kinetic studies 
of energy transfer both in solution and in polymeric 
matrices because of their w&defined triplet energies. 
Except for a few derivatives with low isc etliciency, such 
as 2& most of these ketocoumarins are efficient sen- 
sitizers for photocrosslinkable polymers. 

In cases where there might be doubt about inter- 
ference from electron transfer or complex formation in 
competition with energy transfer, compounds such as lj 
and lb, which have almost the same triplet energy but 
d8erent redox potentials, could be used to distinguish 
between the different possibilities. Compounds l] and lb 
have oxidation potentials (vs SCE, in CHPCN) of 1.68 and 
1.94 V, respectively; their reduction potentials (vs SCE, 
in CHXN) are - 1.40 and - 1.16 V, respectively. 

Although the unsubstituted coumarin molecule shows 
extremely low is? and virtually no fluorescence, some 
coumarin derivatives are among the best known optical 
brightenersI as well as laser dyes,” i.e. highly fluoresc- 
ing compounds. We have now shown that by proper 
substitution, primarily by an aroyl group in the 3-posi- 
tion, coumarin derivatives can have very high isc yields 
and can be used as efficient triplet sensitizers. 

ExPEuIMWTAL 
M.ps were taken on a Mel-Temp m.p. apparatus and are not 

corrected. The H’ NMR spectra were recorded on a Varian 
EM-390 instrument with tetramethylsilane as an internal stan- 
dard. Mass spectra were determined using an LKB type %JOO 
mass spectrometer. The absorption and phosphoresence spectra 
were recorded on Cary 15 and Spex Fluorolog instruments, 
respectively. Elemental analyses were performed in our Micro- 
analytical Laboratory. 

The following compounds are commercially available and were 
used without further purification: salicylaldehyde, 2-hydroxy-p- 
anisaldehyde, ethyl benzoylacetate (Kodak Laboratory Chem- 
icals); 4,6dimethoxysalicylaldchyde, dimethyl 1,3_acetonedicar- 
boxylate (Aldrich Chemical Company); p-diethylaminosalicyl- 

0 P 
+c-CH-CH cH=cH-!e-0-CH,--CH,-cH2-0 j-” 

5 
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aldehyde (Lachat Chemicals, Inc); ethyl Zthenoylacetate 
(Chemical Procurement Laboratories, Iac). 

p-N,N-Dimefhylaminosalicylaldehydc. Dimethylformamide 
(45 ml) was stirred in an ice bath as PO& (30.6 g) was added 
dropwise. The mixture was allowed to stand at room temp for 
30 min. mDimetbylaminophenol(24 g) dissolved in the minimum 
amount of DMF was added dropwise with stirring. After the 
addition, the mixture was heated on a steam bath for 3Omin, 
cooled, poured into water and stirred for several hr before the 
product was collected. The materii was used without further 
purification: m.p. 12-15”. 

9-Fonnyl~hydroxy-2,3,6,7-tetmhydro_1H 
irinc. POCIs (10.7 g) was added dropwise to 20 mL DMF with 
stirring; the temp was kept at 20-25” with an ice bath. The mixture 
was stirred at room temp for 15 min. 8-Hydroxyjuloliclme (l2g) 
dissolved in the minimum amount of DMF was added dropwise 
with stirring: the temp was kept at 2tU5’with an ice bath. After the 
addition, the mixture was stirred at room temp for 30min, then 
heated on a steam bath for 30 min. The mixture was cooled, poured 
into water, and stirred for several hr. The product was collected, 
washed with water, dried, and recrystallii from 700 mL hexane: 
yield 10.9 g, m.p. 70-12”. 

Ethyl (p-dbnethylaminobenzoy/)acetate A suspension of 16.8 g 
of 57% NaH mineral oil dispersion in 1OOmL of dry I& 
dimethoxyethane was stirred, heated under regux on a steam 
bath, and kept under Nr. p-Dimethylaminoacetophenone (16.3 g) 
was added as a solid. Diethyl carbonate (29Sg) was added 
dropwise. After - 5 mL of diethyl carbonate had been added, an 
exothermic reaction began. Heating and addition of diethyl car- 
bonate were stopped until the reaction subsided, then continued 
as before. After the addition, the mixture was stirred and heated 
at retlux for I hr, then stirred at room temp for 2hr. EtOH 
(25 mL) was added dropwise to decompose the excess NaH. The 
mixture was poured into 1000 mL water containing 38 mL 37.7% 
HCI and stirred for IOmin. The product was collected, washed 
with water, dried and recrystallixed from a mixture of 950 ligroin 
and alcohol: m.p. 90-93” (Lit.2’ 64’). 

Ethyl p-anisoylacetate. A suspension of 58g of 57% NaH 
mineral oil dispersion in 200mL dry lfdimethoxyethane was 
placed in a 2OtMI-mL, 3-neck, round-bottom flask equipped with a 
dropping funnel, a mechanical stirrer, and a reflux condenser. 
The flask was flushed with Ns, and the reaction was carried out 
under Ns. A soln of 100 g of methyl anisate in 100 mL dry 
12dimethoxyethane was added all at once. The soln was stirred 
and heated to retlux on a steam bath. The heat was removed, and 
a soln of 106 g of EtOAc in 100 mL dry lfdimethoxyethane was 
added dropwise. After the addition, the mixture was stirred and 
heated at reflux for 4hr. After the mixture was cooled to room 
temp, the excess NaH was decomposed by the cautious addition 
of EtOH. The soln was poured into 2500mL water containing 
14OmL of 37.7% HCJ and stirred for 1 hr. The oily product was 
pipetted from the bottom of the tlask and dissolved in ether. The 
ethereal soln was dried with MgSO4 and evaporated. The product 
was used without further purification. 

Ethyl p-cyanobenzoylacetaf A suspension of l2g of 50% 
NaH mineral oil dispersion in 40mL dry L2dimethoxyethane 
was placed in a SOO-mL, 3-neck flask equipped with a dropping 
funnel, a mechanical stirrer, and a reflux condenser. The flask 
was flushed with Nr, and the reaction was carried out under Ns. 
A soln of 251 of methyl pcyanobenxoate in 40mL dry 1,2- 
dimethoxyethane was added all at once. The soln was stirred and 
heated to reflux on a steam bath. The heat was removed, and a 
soln of 15.7 g EtOAc in 20 mL L2dimethoxyethane was added 
dropwise. After the addition, the mixture was stirred and heated 
at reflux for 3 hr. After the mixture was cooled to room temp, the 
excess NaH was decomposed by the cautious addition of EtDH. 
The soln was poured into 1200 mL water containing 25 mL 37.7% 
HCI and stirred for I hr before the product was collected. The 
product was washed with water, dried, washed twice with 950 
ligroin, and used without further purification: yield 22g; m.p. 
61-64’. 

Ethyl coumaritoylacetate. A suspension of l4Jg 59% NaH 
mineral oil dispersion in 45 mL dry 1,2dimethoxyethane was 
placed in a SOO-mL, 3-neck flask equipped with a dropping 

funnel, a mechanical stirrer, and a reflux condenser. The flask 
was tlusbed with Ns, and the reaction was carried out under Nr. 
A soln of 25 g methyl coumarilate in 40mL dry l,2- 
diiethoxyethane was added all at once. The soln was stirred and 
heated under reflux on a steam bath. The heat was removed, and 
a soln of 17.2 g EtOAc in 25 mL 1,2diiethoxyethane was added 
dropwise. After the addition, the mixture was stirred and heated 
under reflux for 3 hr. After the mixture was cooled to room temp, 
the excess NaH was decomposed by the cautious addition of 
EtOH. The soln was poured into I2OOmL water containing 
30mL 37.7% HCI and stirred for I hr. The oily product was 
pipetted from the bottom of the Bask and dissolved in ether. The 
ethereal soln was washed with water, dried with MgSO,, and 
evaporated. The material was used without further purification. 

Preparation of the ketocoumarins 
Procedure A. The salicylaldehyde (0.01 mol) and the g-keto- 

ester (0.01 mol) were dissolved in 2OmL warm alcohol. Piperi- 
dine (2040 drops) was added, and the mixture was heated at 
refhtx on a steam bath for 10min to 2hr. The mixture was 
chilled, and the product was collected, washed with a little 
alcohol, and recrystallized. 

Procedure B. The salicylaldehyde (0.02 mol) and dimethyl 1,3- 
acetonedicarboxylate (0.01 mol) were dissolved in - 20 mL warm 
alcohol, acetonitrile, or a mixture of the two solvents. Piperidine 
(20-40 drops) was added, and the mixture was heated at refhtx on 
a steam bath for IO min to 2 hr. The mixture was chilled, and the 
product was washed with a little alcohol and recrystallized. 

Procedure C. The salicylaldehyde (0.01 mol) and dimethyl 1,3- 
acetonedicarboxylate (0.01 mol) were dissolved in l&20 mL 
warm alcohol. Piperidme (IO drops) was added, and the mixture 
was heated at reflux on a steam bath for IOmin to 2hr. The 
mixrure was chilled, and the monocondensation product was 
collected, washed with a little alcohol, and recrystallized from a 
mixture of alcohol and a&o&rile. 

The monowndensation product (6.01 mol) and a second sali- 
cylaldehyde (0.01 mol) were dissolved in 25 mL warm alcohol, 
acetonitrile, or a mixture of the two solvents. Piperidine (l-2 mL) 
was added, and the mixture was heated at reflux on a steam bath 
for 10 min to 2 hr. The mixture was chilled, and the asymmetrical 
biscoumarin was collected, washed with a little alcohol, and 
recrystallized. 

3-Thenoylcoumarin (la) (Procedure A), m.p. 148-150” from al- 
cohol. NMR (CDCls) S 7.10 (d, d, H4’, part of ABX system, 
J,r_~=4.8Hz, Js:,v=4.1 Hz, Js,.=O.BHz), 7.50-7.75 (m, H- 
6,7,8,3’,5’), 8.03 (s, H4). (Found: C, 65.7; H, 3.3; S, 12.6. 
C&sOsS Requires: C, 65.6; H, 3.1; S, 12.5%). 

3_(44fethoxybenzoyl)coumarin (lb) (Procedure A), m.p. 174- 
175” from alcohol/acetonitrile. NMR (CDC5) 6 3.86 (s, -0CH3, 
6.90 and 7.82 (AA’BB’ system, H-3’, H-2’, respectively), 7.17-7.70 
(m, H-5,6,7, B), 7.95 (s, H-4). (Found: C, 72.7; H, 4.5. CtrHtsO~ 
Requires: C, 72.8; H, 4.3%). 

3-Benzoykoumarin (14 (Procedure A), m.p. 137-139” from al- 
cohol/acetonitrile. NMR (CDCls) 8 7.16-7.69 (m, H- 
5,6,7,8,3’, 4’). 7.81 (m, H-2’), 7.99 (br, s, H-4). MS: m/e (%Rel. 
int): 250 (M+, BO), 249 (9), 222 (24). 221 (48), 194 (B), 173 (20), I45 
(B), I05 (100). (Found: C, 76.7; H, 3.9. ClsHloOs Requires: C, 
76.8; H, 4.0%). 

3-WCyanobenzoyl)coumurin (ld) (Procedure A), m.p. 240- 
242“ from alwhol/acetonitrile then toluene. MS: m/e (%Rel. int.): 
275 (M+, JO@, 274 (9), 247 (48), 246 (92), 219 (l4), 173 (48), 145 
(36). 130 (75), 102 (86). (Found: C, 74.2; H, 3.3; N, 4.9. Ct7HsN03 
Requires: C, 74.2; H, 3.3; N, 5.1%). 

3-Thenoyl-I-methoxycoumarin (le) (Procedure A), m.p. 205- 
206” from alcohol/acetonitrile. NMR (CDCIs) 8 3.91 (s, -0CH3, 
6.82 (br, d, H-8). 6.87 (m, H-6), 7.09 (part of ABX system, q, HA’, 
J4r.r = 5.1 Hz, Js,,d* = 3.9 Hz), 7.W7.74 (m, H-5,3’, 5’), 8.03 (s, 
H-4) (Found: C, 62.7: H, 3.3; S, 11.0. C,sHt&S Requires: C, 
62.9; H, 3.5; S, 11.2%). 

7-Methoxy-3_(dmethoxybenwyl)coumati (If) (Procedure A), 
m.p. 227-229“ from alwhol/acetonitrile. MS: m/e (%Rel. int.): 
310 (M’, 79). 295 (lo), 282 (ll), UIl (9), 279 (14), 278 (a), 267 (7), 
251 (13), 239 (5), 203 (13). 155 (B), 135 (100). 107 (12). (Found: C, 
69.6; H, 4.7. CtsHtdOs Requires: C, 69.7; H, 4.5%). 
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3-Benzoyl-7-methoxycoumarin (lg) (Procedure A), m.p. 152- 
153” from alcohol/acetonitriJe. NMR (CDCIs) S 3.89 (s, -OCHs), 
6.82 (br, d, H-8), 6.85 (m, H-6), 7.28-7.64 (m, H-5, 3’,4’), 8.01 (s, 
H-4). (Found: C, 73.0; H, 4.2. C17Hrs01 Requires: C, 72.9; H, 
4.3%). 

3-(4-Cyanobenzoyl)-7-methoxycoumatin (lh) (Procedure A), 
m.u. 227” from alcohollacetonitrile. MS: mle (%Rel. int.): 305 
(M’, lOO), 277 (28) 276 (49), 262 (7), 246 (I$, 234 (8), 203 (69) 
175 (17) 130 (34), 119 (21) 102 (48). (Found: C, 70.8; H, 3.9; N, 
4.5. CrsHrrNOd Requires: C, 70.8: H, 3.6: N. 4.6%). 

5,7-Dimethoxy-3-kenoylcoumarin (li) (Procedure A), m.p. 
195-l%” from alcohollacetonitrile. NMR (CDCkIDMSO-L 3 : 1) 
S 3.90 and 3.92 (2CH&, 6.38 (d, H-6, Jsx = Z.lHz), 6.48 (br, d, 
H-8), 7.17, 7.70, and 7.81 (ABX system, H-4’, H-3’, H-S’, respec- 
tively, Js,,d, = 3.9, Jdf~=4.9, J~=T = l.lrHz), 8.36 (H-4, weak 
coupling between H-4 and H-8 broadens their signals). (Found: 
C, 60.5; H, 3.7; S, 9.9. CrsHrzOrS Requires: C, 60.8; H, 3.8; S, 
10.1%). 

5,7-Dimethoxy-3-Wmethoxybenzoylkoumatin (11) (Procedure 
A), m.p. 186-187” from alcohdl/acet&&riJe. NMR (&Cl,) 6 (3.86 
(s, -OCHs), 3.88 (br, s, 2 overlapping -OCHs), 6.28 (d, H-6, 
JQ = 2.1 Hz), 6.43 (br, d, H-8) 6.91 and 7.83 (AA’BB’ system, 
H-3’, H-2, respectively), 8.34 (d, H-4, JQ = 0.6 Hz). (Found: C, 
66.9; H, 4.9. CrsHrsOs Reqmres: C, 67.1; H, 4.7%). 

3-Benzoyl-5,7-dimethoxycoumarin (lk) (Procedure A), m.p. 
178-179” from acetonitrile. NMR fCDCl3 S 3.88 Is. ZOC&). 
6.27 (d, H-6), 6.41 (br, d, H-8), 7.27-7.6<(m, H-3’,‘4’), 7.79 (m, 
H-2’) 8.36 (d, Jls = 0.6 Hz). 

3-(4-Cyanobenzoyl)-5,7-dimethoxycoumarin (II) (Procedure A), 
m.p. 271” from acetonitrile/pyridine. MS: m/e (%Rel. int.): 335 
(M+, 100) 334 (6) 320 (4) 310 (lo), 307 (22), 306 (22) 304 (6) 292 
(ll), 264 (7), 234 (lo), 233 (69), 205 (7). 177 (6) 167.5 (S), 135 (14) 
130 (30), 102 (35). (Found: C, 67.9: H, 4.1; N, 4.1. CrsHrsNOs 
Requires: C, 68.1; H, 3.9; N, 4.2%). 

3-Benzoyl-7-diethylaminocoumarin (lm) (Procedure A), m.p. 
150-151” from alcohol. NMR (CDCls) 6 1.23 (t, -CHs), 3.45 (q, 
-CH&, 6.4 (br, d, H-8), 6.58 (q, H-6), 7.24-7.60 (m, H-5, 3’,4’), 
7.76 (m. H-2’). 8.01 (s. H-4). (Found: C. 74.8: H, 6.1: N, 4.1. 
Czr,Hrs.NOs Requires: c, 74.7; H, 6.0; N, 4.4%). 

7 - LXethylamino - 3 - (4 - dimethylambtobenzoyl)coumarin (la) 
(Procedure A), m.p. 194-195” from alcohol/acetonitrile. NMR 
(CDCls) S 1.23 (t, (&CH&N-, J = 7.1 Hz), 3.07 (s, (CHsbN-), 
3.46 (q, (CHs-CCbN-), 6.51, 6.58, and 7.30 (ABX system, H-8, 
H-6, H-5, respectively, J5.6 = 8.8 Hz, J&s = 2.4 Hz), 6.63 and 7.79 
(AA’BB’ system, H-3’, Hi2’, respectively), 7.91 (H-4, broadened 
bv weak couoline with H-8). MS: m/e (%Rel. int.): 364 (M+. 100). 
350 (22), 349’(81j, 321 (8), 320 (ll), .174.5 (19), 14.5 (7); 160 (13j; 
148 (59). (Found: C, 72.5; H, 6.7: N, 7.9. CaHuN201 Requires: C, 
72.5; H, 6.6; N, 7.7%). 

7-Diethylamino-3-thenoylcoumarin (lo) (Procedure A), m.p. 
140-141” from alcohol. NMR (CDCIs) 6 1.23 (t, -CHs), 3.45 (q, 
-CHr), 6.46 (br, d, H-8), 6.59 (q, H-6), 7.06, 7.61 and 7.70 (ABX 
system, H-4’, 5’. and 3’, respectively, Jy.4 = 3.9 Hz, J4e.r = 4.8 HZ, 
JssY = 0.9 Hz), 7.30 (d, H-5), 8.01 (s, H-4). (Found: C, 66.1; H, 5.2; 
N, 4.6; S, 10.1. C1sH17N0sS Requires: C, 66.0; H, 5.2; N, 4.3; S, 
9.8%). 

3-(2-Benzofuroyl)-7-diethylaminocoumarin (lp) (Procedure A), 
m.o. 125-127” from alcohol. NMR (CD(&) 6 1.22 (t, (CHs- 
CH2)2N-, J =7.2Hz), 3.45 (q, (CH&?sbN-), 6.48, 6.61xd 
7.36 (ABX system, H-8, H-6, H-5, respectively, JJ.s = 9.0, J6.s = 
2.4 Hz), 7.65 (d, H-3’, J,,.r = 0.8 Hz), 7.17-7.77 (multiplets, H-4’- 
H-7’), 8.22 (HA). A weak coupling between H-4 and H-8, 
broadening their signals, is detected by decoupling. (Found: C, 
73.4; H, 5.0; N, 3.8. Cz2HrsN0, Requires: C, 73.1; H, 5.3; N, 
3.9%). 

3,3’-Carbonylbiscoumorin (2a) (Procedure B), m.p. 251-252” 
from acetonitrile. NMR (CDCls) S 7.15-7.75 (m, 8H), 8.25 (d, 
J = 0.53 Hz). (Found: C, 71.5; H, 3.3. C,sH,cOs Requires: C, 71.7; 
H, 3.2%). 

3,3’-Catbonylbis(7-methoxycoumarbt) (2b) (Procedure B), m.p. 
270-272” from acetonitrile. MS: m/e (%Rel. int.): 378 (M+, 94), 
363 (9) 351 (13), 350 (54). 335 (5), 322 (9), 307 (14), 204 (13) 203 
(lOO), 175 (IS), 161 (14). (Found: C, 66.8; H, 3.5. CrrH1407 
Requires: C, 66.7; H, 3.7%). 

5,7-Dbnethoxy-3,3’-carbonflbiwoumarin (2c) (Procedure C), 
m.p. 248” and 263-264” (different crystalline forms) from 
acdtonitrile/pyridine. MS: m/e (IReI. int.) : 378 (M+, l&t), 363 
(3). 351 (9). 350 (41). , 335 (6). 322 (11). , , 234 (13). 233 (85). 218 , , (8). , 
205 (8) 189 (8), 172 (25). (Found: C, 66.7; H, 3.8. CsrHr& 
Requires: C, 66.7; H, 3.8%). 

5,7,7’-Trimethoxy-3,3’-carbonylbiscoumarin (2d) (Procedure 
C), m.p. 258-262” from acetonitrile. MS: m/e (%ReI. int.): 408 
(M+, MO), 393 (5), 381 (12), 380 (SO), 365 (5). 352 (7), 337 (IO), 234 
(9)s 233 W), 218 (6), 205 (8), 204 (10). 203 (42). 176 (20). 119 (16). 
(Found: C, 64.5; H, 3.9. &H,sOs Requires: C, 64.7; H, 3.%). 

3,3’-Carbonylbis(5,7-dimethoxycoumarin) (Zc) (Procedure B), 
m.p. 2922%” from acetonitrilelpyridine. NMR (CDCls) 6 3.88 
and 3.92 (2CHsO-), 6.27 (d, H-6, Jss = 2.1 Hz), 6.42 (br, d, H-8) 
8.58 (d, H-4, Ls-0.6Hz). MS: m/e (%Rel. int.) 438 (M+. 100). 
423 (3); 411 (iii; 410 (47j, 395 (4), 382 (5), 367 (5). 234 (12). 233 
(79), 219 (a), 218 (8) 205 (11) 191 (21). (Found: C, 63.0; H, 4.0. 
CzsHrsOs Requires: C, 63.0; H, 4.1%). 

3,3’-Carbonylbis(S;I-diethoxycoumarin) 0’) (Procedure B), 
m.p. 236-237” from alcohol/acetonitrile. NMR (CDCIr) S 1.44 and 
1.49 (overlapping triplets, 2mCHrO_, J = 7 Hz), 4.09 and 4.13 
(overlapping quartets, 2CH+X-O-), 6.27 (d, H-6, Jss= 
2.1 Hz), 6.46 (br, d, H-8), 8.62 (d, H-4, 4s = 0.6 Hz). (Found: C, 
65.5: H, 5.4. CnH~09 Requires: C, 65.6: H, 5.3%). 

7-Diethylambto-3,3’-carbonylbiscoumarin (Z) (Procedure C), 
m.o. 280-282” from acetonitrile. MS: m/e f%Rel. int.): 389 (M’. 
58j, 375 (27), 374 (lOO), 360 (II), 244’ (6j, 200 (loj, 173 (35): 
(Found: C, 70.7; H, 4.8: N, 3.6. CrsHrsNOs Requires: C, 70.9; H, 
4.9; N, 3.6%). 

7-Diethylamino-5’,7’-dimethoxy-3,3’-carbonylbiscoumarin (2g) 
(Procedure C), m.p. 253’ from acetonitrilelpyridine. NMR 
(CDCI,) S 1.24 (t, (CH-CHzbN-, J = 7.1 Hz), 3.45 (q, (CHs- 
C&&N-), 3.87 and 3.91 (2CHsO-), 6.27 (d, H-6’, J6t.s = 2.1 Hz), 
6.43 (br, d, H-8’), 6.48 (br, d, H-8, Jss = 2.4 Hz), 6.60 (dd, H-6, 
Jr1 = 8.8 Hz), 7.37 (d, H-5), 8.22 (H-4), 8.48 (H-4’). The last two 
signals are broadened by weak long-range coupling with H-8 and 
H-8’, respectively. 2g (CDClsCFsCOOH 3: 1) 6 1.24 ((CHr 
CH&N-), 3.77 ((CH&&bN-), 3.97 and 4.00 (2CHsO-), 6.43 
(H-6’), 6.53 (H-8’), 7.59 (H-6), 7.62 (H-8), 7.95 (H-5) 8.32 (H-4’), 
9.08 (H-4). MS: m/e (%Rel. int.): 449 (M+, 77), 434 (lOO), 420 (6). 
419 (7), 406 (7), 233 (30), 200 (13). (Found: C, 66.5; H, 5.4; N, 3.1. 
CZHvN@ Requires: C, 66.8; H, 5.2: N, 3.1%). 

3,3’-Carbonylbis(7-diethylaminocoumarin) (221) (Procedure B), 
m.p. 214-217” from alcoholiacetonitrile. NMR (CDCls) S 1.22 (t, 
(C&-CH&N-, J = 7 Hz), 3.43 (q. (CHs-CCbN-), 6.45,6.56, and 
7.34 (ABX system, H-8, H-6, H-5, respectively, Js.6 = 8.8, J6.s = 
2.4Hz), 8.12 [H-4, broadened (half bandwidth = 1.6Hz) by a 
weak couplingwith H-81. MS: m/e (%Rel. int.): 460 (M+, 99) 446 
(72). 445 (100). 401 (15). 281 (13). 244 ,. (21). 215 (32). 207 .,. ._. (20). 200 
(21). (Found:‘C, 70.7; H, 6.2; N, 6.1. CnH=NzOs Requires: C, 
70.4; H, 6.1; N, 6.1%). 

9 - (7 - LXethylamino - 3 - coumarinoyl) - 1,2,4,5 - tetrahydro - 
3H,6H,lOH[l]denzopyrano[9 ja,l-gh]quinoluzine - 10 - one (21) 
(Procedure C), m.p. 250-253” from acetonitrile/pyridine. NMR 
(CD&) 6 1.21 (t, -CHs), 1.8-2.1 (m, b, b’), 2.7-3.0 (m, c, c’), 3.31 
(m, a, a’), 3.43 (q, N-CCz-CHs, J = 7.0 Hz), 6.44 (d, H-8), 6.55 (q, 
H-6). 6.91 (s. H-5’). 7.31 Id. H-5), 8.04 and 8.06 (s, H-4.4’). 
(Found: C, 720; H,5.9; N, 6.6. C&sNsO~ Requires: C, 71.9; H, 
5.8; N, 5.8%). 

C 

a’ 
b’ 

9,9’ - Carbonylbis(l,2,4,5 - tetrahydro - 3H,6H,lOH[l]ben- 
zopyruno[9,9a,l- gh]qubwlazine - 10 - obe) (21) (Procedure B), m.p. 
332” from acetonitriJe/pyridine. NMR (CDCI,) 6 1.75-2.15 
(m, b, b’), 2.60-3.05 (m, c,c’), 3.30 (m, a, a’), 6.89 (s, H-S), 7.99 (s, 
H-8). (Found: C, 73.0; H, 5.7; N, 5.7. CsIHzsN20s Requires: C, 
73.2; H, 5.5; N, 5.5%). 
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