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The photochemistry of a series of 5-aryl-3,3-diphenyl-2(3H)-furanones, containing electron-releasing as well 
as electron-withdrawing para substituents on the phenyl group at the C5 position, has been investigated by 
steady-state photolysis, product analysis, and laser flash photolysis. While photodecarbonylation to l-aryl- 
3,3-diphenylprop-2-en-l-ones dominates in the course of direct photolysis in methanol and benzene, triplet 
sensitization by p-methoxyacetophenone results in C3 - C4 phenyl group migration leading to 5-aryl-3,4-di- 
phenyl-2(5H)-furanones and, in certain cases, in the formation of photodimers. Under exhaustive photolysis, 
the 5(H)-furanones undergo electrocyclic reactions to dihydrophenanthrene-type products which, during workup, 
become oxidized to 3-arylphenanthro[9,lO-c]furan-l(3H)-ones (isolable final products). The laser flash photolysis 
(337.1 or 355 nm) of aromatic ketones in the presence of 5-20 mM 2(3H)-furanones leads to the observation of 
their triplets (XmruT = 335-440 nm); data concerning absorption spectra and kinetic behaviors of these triplets 
are presented. From the observed triplet lifetimes, the phenyl group migration rates are estimated at 51 X lo6 
d; apparently, these rates are slowed down by both electron-releasing and electron-withdrawing para substituents 
on the phenyl group at the C5 position. 

Introduction 
In  earlier papers, we have described various photo- 

chemical and thermal transformations of aryl-substituted 
2 (3H) - fu ranone~ .~  T h e  observed processes include de- 
carbonylation, aryl group migration, fragmentation, elec- 
tron-transfer-mediated bond cleavage, and rearrangement 
from [1,3]-sigmatropic shift. Some of these processes have 
been noted in the  earlier studies of unsaturated lactones 
and related systems.* In the present work, we have varied 
the nature of para substituents on the phenyl group at the 
C5 position of a series of 5-aryl-3,3-diphenyl-2(3H)- 
furanones (Scheme I) and  examined whether the relative 
stabilization of the  radical and/or  carbocation center a t  
the C5 position by the substituents affects the phenyl group 
migrating rate in the  triplet state. 

Results 
1. Preparative Photochemistry and Product Iden- 

tification (Scheme I). Direct photolysis (Rayonet, RPR 
3000 A) of solutions of 2(3H)-furanones lb-g in benzene 

Scheme I 

- 1 a-g  - 2 a - g  
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gave the decarbonylation products l-aryl-3,3-diphenyl- 
prop-2-en-1-ones 2b-g in high yields (87-96%). When the 
photolysis was performed in benzene in the  presence of 
p-methoxyacetophenone, rearrangement products resulting 
from C3 - C4 phenyl group migration ( that  is, 5-aryl- 
3,4-diphenyl-2(5H)-furanones, 4b-g) as well as 3-aryl- 
phenantrho[9,10-c]furan-l(3H)-ones 5b-g were obtained 
in 12-52 % and 9-40% yields, respectively. Photodimers 
3b-d,f were also obtained under sensitized irradiation 
conditions. Except for the photodimers, the structures of 
the products were established by spectral da ta  and com- 
parison with authentic samples prepared through well- 
defined routes. The spectral characterization of the dimers 
was not possible because of their insolubility in suitable 
solvents; apparently, these are products of (2 + 2) -. 4 
reactions from the  triplet states of 2(3H)- or 2(5H)- 
furanones. Interestingly, while the  photosensitized irra- 
diation of lb in hexane gave the  dimer 3b (70%) as the  
major product, t ha t  in acetonitrile did not produce even 
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Table I. Absorption Spectral Data and Kinetic Properties of Triplets of 5-Aryl-3,3-diphenyl-2(3H)-furanones in Benzene at 
295 K 

kqT,d lo9 M-’ s-l 
substr X-..T.a nm L . , ~ , ~  lo3 M-I cm-I 7T,C us 0, DMHD ferrocene 

lae 335 13 0.92 (1.03) 1.6 0.98 5.0 
lb 350 15 1.4 (1.9) 1.7 0.84 4.5 
I C  355 13 1.9 (2.6) 2.2 0.73 4.6 
Id 360 14 1.8 (1.8) 2.2 0.73 3.6 
le 440 39 7.7 (17) 1.4 0.40 5.1 
I f  350 15 2.1 (2.1) 1.4 0.93 4.2 
1g 365 21 3.0 (3.4) 1.1 1.2 5.0 

“f5 nm. bf20%. C f 1 5 % ;  the data in the parentheses are in methanol; substrate concentrations were 12.5 mM in benzene and 10 mM 
in methanol; sensitizers were acetophenone in benzene and p-methoxyacetophenone in methanol. f15%;  k Ts for oxygen were calculated 
from observed triplet decay rate constants in air-saturated and degassed solutions. e Data taken from ref 3aJ; 7T in benzene was obtained 
from extrapolation to zero substrate concentration. 

a trace amount of the dimer. 
The sensitized irradiation of lb and lg in methanol gave 

only the corresponding methanol addition products 10b 
(83%) and log (62%), respectively. Similarly, lb in a 
mixture (9:l) of benzene and methanol gave 10b (86%) as 
the only isolable product. 

In order to ascertain the intermediacy of the 2(5H)- 
furanones 4b-g in the formation of the phenanthro- 
furanones 5b-g and possibly of the dimers 3b-d,f, the 
irradiation of 4b,d was carried out separately. The direct 
irradiation of 4b,d gave the corresponding phenthro- 
furanones 5b,d in high yields (83, 91%). The p-meth- 
oxyacetophenone-sensitized irradiation of 4b, however, did 
not yield the dimer 3b; the phenanthrofuranone 5b arising 
through partial absorption of light by 4b was isolated as 
the only product (66%). This result suggests that the 
dimer 3b originates from the triplet state of lb, although 
its structure and stereochemistry remain undetermined. 

2. Laser Flash Photolysis Studies. Upon 308-nm 
laser flash excitation of benzene solutions of lb-g, pro- 
nounced absorbance changes are observed at 300-400 nm 
within nanoseconds of the laser pulse; these show prac- 
tically no sign of decay over our longest time scale (- 150 
ps) of observation. Based on their “permanent” nature and 
their spectral similarity with the difference absorption 
spectra of the l-aryl-3,3-diphenylprop-2-en-l-ones 2b-g 
vs the corresponding starting substrates lb-g, we attribute 
these spectral changes to prompt two-bond photocleavage 
resulting in the loss of CO. Employing benzophenone 
triplet formation in acetonitrile for actinometry (@T = 1.0, 
tmmT = 6.5 X lo3 M-’ cm-l a t  520 nm),6 and using the 
ground-state extinction coefficients of the isolated pho- 
toproducts 2b-g, we have determined the quantum yields 
of decarbonylation (@p) of lb-g in methanol. In these 
experiments, the solutions were optically matched at  the 
laser excitation wavelength (absorbance = 0.2 at  308 nm 
in 2-mm cells) and the absarbance changes as a result of 
laser excitation were noted at  320-330 nm. The photo- 
product difference absorption maxima in nm and @p data 
are as follows: lb: 305,0.23; IC: 315,0.20; Id: 315,0.21; 
le: 320, 0.12; I f  305, 0.26; lg: 325, 0.10. 

Transient absorption spectra and decay kinetics at- 
tributable to the triplets of lb-g were investigated by 
337.1-nm laser flash photolysis of acetophenone or p -  
methoxyacetophenone in benzene and methanol in the 
presence of 10-15 mM lb-g. Representative triplet ab- 
sorption spectra and decay profiles are shown in Figure 
1. The data concerning absorption maxima (XmmT) and 

(6) Bensasson, R. V.; Gramain, J.-C. J. Chem. SOC., Faraday Trans. 

(7) Benaasson, R.; Land, E. J. Photochem. Photobiol. Rev. 1978, 3, 
1 1980, 76, 1801-1810. 
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Figure 1. Triplet-triplet absorption spectra of (A) IC, (B) le, 
and (D) lg  observed at 1.0 bs following 337.1-nm laser flash 
photolysis of acetophenone (absorbance = 1.0 at 337.1 nm in 2-mm 
cells) in the presence of 12.5 m M  substrates in benzene. The insets 
show representative decay traces for the triplets of the three 
systems in benzene. 

lifetimes ( T ~ )  are compiled in Table I. In a previous 
studgb on related 3,3,5-triaryl-2(3H)-furanones7 we have 
shown that the quenching of their triplets by the respective 
ground states (i.e., self-quenching) is insignificant (ksgT 

in any detail in the present systems. 
In order to confirm the triplet identification of the 

transients, their quenching behaviors toward oxygen, 
ferrocene, and 2,5-dimethyl-2,4-hexadiene (DMHD) were 
studied in detail. The bimolecular rate constants for triplet 
quenching and triplet-triplet extinction coefficients ob- 
tained by methods described earlierkbrd are given in Table 
I. 

3. Triplet Yield Enhancement and Fluorescence 
Quenching by I-. The quantum yields of triplet forma- 
tion (4T) are negligible for lb-g in methanol and benzene 
(<1%). However, the triplet formation in the case of le  
and lg is induced by the presence of heavy atoms. Among 
the 2(3H)-furanones la-g, le and lg are the only systems 

- < lo’ M-’ s-l in benzene). This aspect was not pursued 
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Figure 2. Absorption and fluorescence spectra of (A) le and (B) 
lg in methanol. 

for which weak fluorescence (& = 0.009 and 0.014, re- 
spectively) is observed under steady-state lamp excitation. 
The fluorescence spectra in methanol are presented in 
Figure 2. Upon oxygen saturation, the intensity of 
fluorescence from a methanolic solution of le remains 
practically unchanged, while that in the case of lg  un- 
dergoes a small decrease (-8%). On the basis of a typical 
value of 2 X 1Olo  M-l s-l for diffusion-controlled singlet 
quenching by oxygen in methanol: the singlet excited state 
lifetimes for le and lg  are estimated to be <0.5 ns. 

The effects of varying concentrations of KI (0-0.2 M) 
on fluorescence intensity (steady-state), triplet yield, and 
decarbonylation yield of le and lg  were investigated. 
From the slopes of linear Stern-Volmer plots for fluores- 
cence quenching, the quenching constants (KsVF) are es- 
timated to be 1 f 0.5 and 2 f 0.5 M-' for le and lg, 
respectively. The absorbance changes (UT) due to triplets 
were monitored a t  435 and 380 nm for le and lg, re- 
spectively, following 337.1-nm laser flash photolysis of 
methanol solutions (absorbance = 0.2 in 2-mm cells a t  
337.1 nm) containing varying [I-]. The slope-to-intercept 
ratios from the double reciprocal plots of l/AAT vs l/[I-] 
gave 2 f 1 and 3 f 1 for Stern-Volmer constants (KsVT) 
for triplet yield enhancement for le and lg, respectively. 
Similar laser experiments for the decrease of photoproduct 
absorbance changes at  325-330 nm at increasing [I-] gave 
Stern-Volmer constants (Ksvp) for product quenching. 
KSVP's were comparable to KSVF's, except that the exper- 
imental errors were much larger for the former. The sim- 
ilarity of the values of KSVF, KsVT, and Ksvp suggests that 
the triplets and the decarbonylation products originate 
from the same fluorescing states. 

Discussion 
The triplet-mediated photorearrangement of the 2- 

(3H)-furanones to 2(5H)-furanones can be explained in 
terms of the pathway shown in Scheme 11. The quantum 
yields of the phenyl group migration processes from the 
triplet states are necessarily 51.0; therefore, the reciprocals 
of the observed triplet lifetimes represent the upper limits 
of the migration rates. From the TT data in Table I, these 
limits of migration rates are shown to be in the range (6 

(8) (a) Chattopadhyay, S. K.; Das, P. K.; Hug, G. L. J.  Am. Chem. SOC. 
1982,104,4507-4514. (b) Patterson, L. K.; Porter, G.; Topp, M. R. Chem. 
Phys. Let t .  1970, 7, 612-614. 
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garajan, V.; Fessenden, R. W. J.  Phys. Chem. 1985, 89, 2330-2335. 

electron 
demotion 

I 

CH30H 

i + 

- 9 1Ab A r  =C6H&CH3-p 

log A r  =C6ii&CN - p 5 - 

x lo4) - (1.1 x lo6) s-l. Interestingly, compared to the 
unsubstituted system la, both electron-releasing groups 
(e.g., p-methoxy) and electron-withdrawing groups (e.g., 
p-CN) cause lengthening in triplet lifetimes. The radical 
center at  the C5 position in the intermediate produced as 
a result of C3 - C4 phenyl group migration is expected to 
be stabilized by both electron-withdrawing and -releasing 
groups a t  the para position of the phenyl group a t  this 
position. Thus, one would expect a resultant enhancement 
in the migration rate. Since, in practice, we observe a 
decrease in the observed triplet decay rate upon substi- 
tution, we conclude that the enhancement (if any) in the 
migration rate is more than compensated for by a decrease 
in the intersystem crossing rate, T1 - SO. It is, however, 
more plausible that the migration rates are slowed down 
upon introduction of the para substituents. This is par- 
ticularly true for le. 

The fact that the rate constants for triplet quenching 
(kqT, Table I) by the diene, DMHD, are well below the 
limit of diffusion control suggests that the triplet energies 
(ET) of the 2(3H)-furanones are lower than, but close to, 
E T  of DMHD (59 kcal For le, kqT by DMHD is 
significantly smaller; this suggests relatively large lowering 
in ET upon p-phenyl substitution, which in turn may very 
well be responsible for the decreme in the phenyl migration 
rate. Note that the XmmT and emmT are also much higher 
for le, suggesting a pronounced difference in the electronic 
make-up of its triplet. 

The phenyl and cyano groups also lower the efficiency 
of singlet-mediated decarbonylation From the onset 
of the lowest energy band systems of la-g, no significant 
variation is noted in their singlet energy (Es -89 kcal 
mol-'). Since the fluorescence and intersystem crossing 
are both negligible for these systems, the smaller value of 
+p must be due to the competing of "nonradiative" pro- 
cesses from the singlet state. The stabilization of the 
incipient product of initial bond cleavage (biradical I) by 
the p-phenyl or p-cyano substituent should render the 

I 
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photodecarbonylation process facile for le,g. The exper- 
imental observation, contrary to this expectation, suggests 
that the substituents in question enhance the internal 
conversion more than the bond cleavage process. 

Experimental Section 
The equipment and procedures for melting point determination, 

spectral measurements, solvent purification, laser flash photolysis, 
and direct/sensitized photolyses are described in previous pa- 
p e r ~ . ~ ~ ~  

Preparation of 5-Aryl-3,3-diphenyl-2(3H)-furanones lb-g. 
The 5-aryl-3,3-diphenyl-2(3H)-furanones lb,'O mp 152-153 "C, 
IC," mp 170-171 "C, and le,12 mp 193-194 "C, were prepared 
by the adaptation of the procedure reported for la,"j mp 120-121 
"C. A general p r ~ c e d u r e ~ ~ i  for the preparation of ld,f,g involved 
the neat heating of the appropriate l-aryl-3,4-diphenylbut-2- 
ene-l,4-diones in glass tubes sealed under nitrogen at  270-280 
"C for 'Iz to 3/4 h and workup of the thermolyzate by extraction 
with chloroform and chromatography over silica gel. The product 
thus obtained was purified by recrystallization from a mixture 
(1:3) of chloroform and ethanol. 

Id: mp 95-96 "C; IR u- (KBr) 3080,3040,2960,2900,2860, 
(CH), 1770 (M), 1630 and 1600 (C=C) cm-'; W A- (CH30H) 
306 nm ( t  6500, sh), 281 (22700), 267 (17400, sh), 247 (10400, 

CH3), 4.20 (2 H, q, J = 7.5 Hz, CH2), 6.30 (1 H, s, vinylic) and 
7.50 (14 H, m, aromatic). 

Anal. Calcd for CUHzoO3: C, 80.90; H, 5.62. Found C, 80.68; 
H, 5.81. 

I f  (76%); mp 173-174 OC;13 IR v,, (KBr) 3100,3040,3020 
(CH), 1770 (C=O), 1635 and 1580 (C=C) cm-'; UV A- (CH30H) 
299 nm ( t  4600, sh), 275 (18900), 268 (17800) sh), 261 (15200, 

H, s, vinylic) and 7.50 (14 H, m, aromatic). 
Anal. Calcd for CZHl5C1O2: C, 76.30; H, 4.34. Found C, 76.43; 

H, 4.42. 
lg: (78%); mp 188-189 "C; IR U, (KBr) 3080,3050,3010 (CH), 

2220 (C=N), 1790 (C=O), 1650 and 1600 (C=C) cm-'; UV A,, 
(CH30H) 286 nm (e 24600), 220 (28700, sh); 'H NMR (CDC13) 
b 6.50 (1 H, S, vinylic) and 7.55 (14 H, m, aromatic). 

Anal. Calcd for CZH15N02: C, 81.90; H, 4.45; N, 4.15. Found 
C, 82.05; H, 4.50; N, 3.95. 

Irradiation of la.*b A benzene solution of la (320 mg, 1 mmol 
in 200 mL) was irradiated in the presence of p-methoxyaceto- 
phenone (150 mg, 1 mmol) for 2 h. Workup of the photolyzate 
yielded 30 mg (9%) of the dimer 3a, mp >360 "C, 75 mg (23%) 
of unchanged la, mp 120-121 "C (mixture melting point) (elution 
with a mixture (1:9) of benzene and petroleum ether and re- 
crystallization from methanol), 30 mg (9%) of the phenanthro- 
furanone 5a, mp 259-261 "C (mixture melting point) (elution with 
a mixutre (1:l) of benzene and petroleum ether and recrystalli- 
zation from methanol), and 155 mg (48%) of the 2(5H)-furanone 
4a, mp 124-125 "C (mixture melting point) (elution with a mixture 
(7:3) of benzene and petroleum ether and recrystallization from 
methanol). 

3a: IR Y, (KBr) 3060,3020,2920 (CH) and 1765 (C=O) cm-'. 
Anal. Calcd for C44H3204: C, 84.62; H, 5.13. Found: C, 84.48; 

H, 5.27. 
Irradiation of lb. Irradiation (RPR, 300 nm, quartz vessel) 

of a benzene solution of l b  (165 mg, 0.5 mmol in 100 mL) for 6 
h yielded 140 mg (93%) of the decarbonylated product 2b, mp 
92-93 "C14 (mixture melting point), after recrystallization from 
ethanol. In a repeat run, the irradiation of a solution of l b  and 
excess piperylene in benzene yielded 2b in 95% yield. In a 
separate experiment, a benzene solution of 1 b (325 mg, 1 mmol 

sh), 222 (19600, sh); 'H NMR (CDC13) 6 1.50 (3 H, t, J = 7.5 Hz, 

sh), 222 (21700, sh), 214 (26900, sh); 'H NMR (CDC13) 6 6.30 (1 

(10) Yates, P.; Betta, M. J. J. Am. Chem. SOC. 1972, 94, 1965-1970. 
(11) Tsuruoka, H.; Kasai, S.; Takebayashi, M. Chem. Lett. 1976,4, 

(12) Ried, W.; Mender, H. Ger. 1189987 (Cl. C 07 C) (1965): Chem. 
315-316. 

Abstr. 1965, 62, 16146;. 
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S. USSR SU 1, 018, 943-0tkr i t i~a~ Izobert.: Prom. Obraztsv. Tovarnvl 
zmaki, 19, 67-68 (1983); Chem. hbstr .  1983, 99, 176678r. 
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in 400 mL) was irradiated in the presence of p-methoxyaceto- 
phenone (150 mg, 1 mmol) for 2 h and worked up to separate 40 
mg (12%) of 3b, mp >360 "C, 75 mg (23%) of unchanged lb ,  mp 
152-153 "C (mixture melting point) (elution with a mixture (1:4) 
of benzene and petroleum ether), 58 mg (18%) of 5b, mp 254-255 
"C (elution with a mixture (1:l) of benzene and petroleum ether 
and recrystallization from a mixture (1:l) of chloroform and 
ethanol), and 130 mg (40%) of 4b, mp 119-120 "C" (mixture 
melting point) (elution with a mixture (7:3) of benzene and pe- 
troleuim ether and recrystallization from ethanol). 

3b: IR Y, (KBr) 3020,2960,2920 (CH) and 1760 ( C 4 )  cm-'; 
mass spectrum, m/e (relative intensity) 652 (M', I), 326 (loo), 
207 (48), 178 (73), 119 (80) and other peaks. 

Anal. Calcd for CMH304: C, 84.66; H, 5.52. Found: C, 84.60; 
H, 5.12. 

5b: IR u, (KBr) 3040,3020,2960,2910 (CH) and 1750 (M) 
cm-'; W A- (CH30H) 311 nm (e 5700, sh), 300 (6850), 274 (8400), 
256 (29500), 250 (28400, sh), 299 (28600); ' NMR (CDCl,) 6 2.35 
(3 H, s, CH3), 6.70 (1 H, I, CH), 7.60 (10 H, m, aromatic), 8.80 
and 9.30 (2 H, m, H7 and Ha); mass spectrum, m/e (relative 
intensity 324 (M', 36), 295 (12), 205 (loo), 176 (28), 119 (22) and 
other peaks. 

Anal. Calcd for CZH1602: C, 85.19; H, 4.94. Found: C, 85.31; 
H, 5.01. 

In separate experiments, solutions of l b  and p-methoxy- 
acetophenone in hexane and acetonitrile were irradiated under 
analogous conditions. Workup as in the earlier case yielded 3b 
(70%), 5b (11%) and unchanged l b  (3%) in hexane, and 5b 
(31%), 4b (23%) and unchanged l b  (29%) in acetonitrile. In yet 
another experiment, a solution of l b  (325 mg, 1 mmol) and p -  
methoxyacetophenone (150 mg, 1 mmol) in methanol (200 mL) 
was irradiated for 4 h. Removal of the solvent under reduced 
pressure gave 300 mg (83%) of lob, mp 126-127 "C, after re- 
crystallization from a mixture (1:4) of benzene and petroleum 
ether. Similarly, sensitized irradiation of l b  in a 9:l benzene/ 
methanol mixture for 4 h gave 10b (86%) as the only isolable 
product. Attempted direct photolysis (RPR, 350 nm) of l b  (325 
mg, 1 mmol in 200 mL) in methanol for 5 h and workup of the 
photolyzate gave 295 mg (91%) of unchanged lb. 

lob: IR vmm (KBr) 3060,3030,2990,2960,2940,2920, (CH), 
1775 (C=O) and 1600 (C=C) cm-'; UV A,, (CH30H) 273 nm 
(t 1900) 238 (18700, sh), 226 (29300, sh); 'H NMR (CDC1,) 6 2.20 
(3 H, s, CH,), 3.20 (3 H, s, OCHJ, 4.25 (1 H, d, J = 8 Hz, CH), 
5.00 (1 H, d, J = 8 Hz, CH) and 7.05 (14 H, m, aromatic). 

Anal. Calcd for CUH22O3: C, 80.45; H, 6.15. Found C, 80.81; 
H, 6.23. 

Irradiation of 4b. A benzene solution of 4b (65 mg, 0.2 mmol 
in 50 mL) was irradiated for 4 h (RPR, 300 nm). Workup in the 
usual manner yielded 58 mg (90%) of 5b, mp 254-255 "C (mixture 
melting point). In another experiment, the sensitized irradiation 
of 4b in benzene for 4 h gave a mixture of 5b (66%) and unchanged 
4b (25%). 

Irradiation of IC. A solution of IC (170 mg, 0.5 mmol) in 
benzene (100 mL) was irradiated and worked up in the usual 
manner to yield 150 mg (96%) of 2c,15 mp101-102 "C, after 
recrystallization from ethanol. 

2c: IR Y,, (KBr) 3060,3030,2980,2950 (CH), 1640 (C=O) 
and 1595 (C=C) cm-'; UV A,, (CH30H) 305 nm (t 16900), 229 
(19800); 'H NMR (CDCl,) 6 3.85 (3 H, s, OCH,) and 7.40 (15 H, 
m, aromatic and vinylic). 

Anal. Calcd for CnHlaO2: C, 84.07; H, 5.73. Found C, 84.35; 
H, 5.47. 

In a separate experiment, a solution of IC (350 mg, 1 mmol) 
and p-methoxyacetophenone (150 m, 1 mmol) in benzene (200 
mL) was irradiated for 2 h. Workup in the usual manner yielded 
120 mg (34%) of 3c, mp >360 "C, 105 mg (30%) of unchanged 
IC, mp 170-171 "C (mixture melting point) (elution with a mixture 
(7:3) of benzene and petroleum ether), 30 mg (9%) of 5c, mp 
238-239 "C (elution with a mixture (7:3) of benzene and petroleum 
ether and recrystallization from a mixture (1:l) of chloroform and 
ethanol), and 65 mg (19%) of 4c, mp 112-113 "Cle (mixture 
melting point) (elution with benzene and recrystallization from 
ethanol). 

(15) Iyer, R. N.; Gopalchari, R. Indian J. Pharm. 1696, 31, 49-54. 
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3c: IR u,, (KBr) 3060,3030,2980,2840 (CH), 1775 (C=O), 
1610 and 1580 (C=C) cm-'; mass spectrum, m/e (relative in- 
tensity) 342 (M+/2,60), 207 (12), 179 (26), 135 (100) and other 
peaks. 

Anal. Calcd for CaHBBO6: C, 80.70; H, 5.26. Found: C, 80.60; 
H, 5.08. 

5c: IR U, (KBr) 3080,3060,2960 (CH), 1750 (C=O) and 1600 
(C=C) cm-'; UV A,, (CH30H) 314 nm (e 5900, sh), 301 (6600), 
276 (SOOO), 257 (28 goo), 251 (27 600, sh), 237 (31 800); 'H NMR 
(CDClJ d 3.80 (3 H, s, OCH3), 6.67 (1 H, s, CH), 7.40 (10 H, m, 
aromatic), 8.80 and 9.35 (2 H, m, I-€' and HE); mass spectrum, m/e 
(relative intensity) 340 (M', 52), 311 (14), 205 (loo), 177 (331, 176 
(35), 135 (80) and other peaks. 

Anal. Calcd for C23H1603: C 81.18; H, 4.71. Found: C, 81.42; 
H, 4.93 

Irradiation of Id. Direct irradiation of a benzene solution 
of Id (180 mg, 0.5 mmol in 100 mL) followed by workup in the 
usual manner yielded 155 mg (95%) of 2d, mp 103-104 "C, after 
recrystallization from petroleum ether. 

2d: IR u,, (KBr) 3040,3020,2970,2920 (CH), 1640 (C=O) 
1590 and 1560 ( ( 2 4 )  cm-'; UV A,, (CH30H) 222 (c 19600, sh), 
247 (10400, sh), 267 (17400, sh), 281 (22700), 306 (6500, sh); 'H 

7.5 Hz, CH2) and 7.30 (15 H, m, aromatic and vinylic). 
Anal. Calcd for C23H2002: C, 84.15; H, 6.10. Found C, 84.38 

H, 5.95. 
In a separate experiment, a solution of Id (355 mg, 1 mmol) 

and p-methoxyacetophenone (150 mg, 1 mmol) in benzene (200 
mL) was irradiated for 2 h. Workup of the photolysate in the 
usual manner gave 215 mg (61%) of the dimer 3d, mp >360 "C, 
35 mg (10%) of unchanged Id, mp 95-96 "C (mixture melting 
point) (elution with a mixture (2:3) of benzene and petroleum 
ether), 23 mg (6%) of the phenanthrofuranone 5d, mp 219-220 
"C (elution with a mixture (3:2) of benzene and petroleum ether 
and recrystallization from a mixture (1:4) of chloroform and 
ethanol), and 43 mg (12%) of the 2(5H)-furanone 4d as a waxy 
material that could not be crystallized (elution with benzene). 

3d: IR U, (KBr) 3070,3040,2980,2940,2890,2840 (CH), 1770 
(C=O), 1610 and 1590 (C=C) cm-'; mass spectrum, m/e (relative 
intensity) 711 (M' - 1, l), 356 (84), 206 (lo), 178 (22), 149 (loo), 
121  (28) and other peaks. 

Anal. Calcd for C48H4006: C, 80.90; H, 5.62. Found: C, 80.81; 
H, 5.38. 

5d: IR v,, (KBr) 3060,3030,2970,2030 (CH), 1750 (C=O) 
and 1600 (C==C) cm-'; UV A, (CH30H) 314 nm (e 5150, sh), 302 
(5850), 275 (7900), 257 (25800), 251 (23900, sh), 231 (28400); 'H 

= 7.5 Hz, CH,), 6.63 (1 H, s, CH), 7.73 (10 H, m, aromatic), 8.80 
and 9.25 (2 H, m, H' and HE); mass spectrum, m/e  (relative 
intensity) 354 (M', 73), 325 (17), 205 (loo), 176 (33), 149 (100) 
and other peaks. 

Anal. Calcd for CaH1803: C, 81.36; H, 5.08. Found C, 81.30; 
H, 5.00. 

4d: IR Y,, (thin film) 3060,2980,2930, (CH), 1745 (C=O), 
1600 (C=C) cm-'; 'H NMR (CDCl,) 6 1.66 (3 H, t, J = 7.5 Hz, 
CH3), 3.95 (2 H, q, J = 7.5 Hz, CH2), 6.20 (1 H, s, CH) and 7.25 
(14 H, m, aromatic). 

Irradiation of 4d. A solution of 4d (70 mg 0.2 mmol) in 
benzene (50 mL) was irradiated for 4 h. Removal of the solvent 
followed by crystallization of the residue from a mixture (1:4) of 
chloroform and ethanol gave 60 mg (89%) of 5d, mp 219-220 "C 
(mixture melting point). 

Irradiation of le. Irradiation and workup of a solution of le 
(1.95 mg, 0.5 mmol) in benzene (100 mL) in the usual manner 
gave 165 mg (92%) of 2e, mp 121-122 "C, after recrystallization 
from ethanol. 

2e: IR Y, (KBr) 3040, 3020 (CH), 1654 (C=O) and 1590 
(C=C) cm-'; UV A,, (CH30H) 307 nm (c 16900), 229 (20600); 
'H NMR (CDC13) d 7.60 (m, aromatic and vinylic). 

Anal. Calcd for CZ7Hm0: C, 90.00; H, 5.56. Found C, 90.30; 
H, 5.84. 

In a separate experiment, a solution of l e  (390 mg, 1 mmol) 
and p-methoxyacetophenone (150 mg, 1 mmol) in benzene (200 
mL) was irradiated for 6 h. Workup as in the earlier cases yielded 
150 mg (38%) of unchanged le, mp 193-194 "C (mixture melting 
point) (elution with a mixture (1:4) of benzene and petroleum 

NMR (CDC13) 6 1.40 (2 H, t, J = 7.5 Hz, CH3) 3.95 (2 H, q, J = 

NMR (CDCl3) 6 1.40 (3 H, t, J = 7.5 Hz, CH3), 4.03 (2 H, 9, J 
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ether), 155 mg (40%) of 5e, mp 284-286 C (elution with a mixture 
(1:l) of benzene and petroleum ether and recrystallization from 
chloroform), and 45 mg (12%) of 4e, mp 169-170 "C (elution with 
a mixture (7:3) of benzene and petroleum ether and recrystalli- 
zation from ethanol). 

5e: IR Y,, (KBr) 3060,3020 (CH) and 1750 (C=O) cm-'; UV 
A,, (CH30H) 315 nm (e  6000, sh), 301 (7100), 275 (8500), 257 

(1 H, s, methine), 7.65 (15 H, m, aromatic), 8.85 and 9.35 (2 H, 
m, H7 and HE); mass spectrum, m/e (relative intensity) 386 (M', 
25), 357 (5), 340 (14), 252 (13), 205 (loo), 181 (18), 176 (15) and 
other peaks. 

Anal. Calcd for C2sH1802: C, 87.05; H, 4.66. Found: C, 86.63; 
H, 5.04. 

4e: IR u,, (KBr) 3060, 3020 (CH), 1740 (C=O) and 1590 
(C=C) cm-'; UV A, (CH30H) 269 nm (c 22 200, sh), 245 (25300); 
'H NMR (CDC13) d 6.35 (1 H, s, CH) and 7.48 (19 H, m, aromatic); 
mass spectrum, m/e  (relative intensity) 388 (M', 33), 360 (27), 
359 (40), 207 (26), 181 (79), 178 (loo), 176 (loo), 153 (55) and other 
peaks. 

Anal. Calcd for CBHm02: C, 86.60; H, 5.15. Found: C, 86.75; 
H, 5.26. 

Irradiation of If. Direct irradiation of a benzene solution of 
If (175 mg, 1 mmol in 100 mL) gave 150 mg (94%) of the de- 
carbonylated product 2f, mp 1OC-101 "C, after recrystallization 
from ethanol. 

2f IR v, (KBr) 3060,3040 (CH), 1650 (C=O), 1590 and 1580 
(C=C) cm-'; UV A,, (CH30H) 311 nm (e l l O O O ) ,  291 (11 100, 
sh), 264 (14300), 231 (15600, sh); 'H NMR (CDCl,) 6 7.53 (m, 
aromatic and vinylic). 

Anal. Calcd for C21H15C10: 79.25; H, 4.72. Found: C, 79.61; 
H, 4.51. 

In a separate experiment, the sensitized irradiation of If (350 
mg, 1 "01) in benzene (200 mL) followed by workup in the usual 
manner yielded a mixture of 3f (30 mg, 9%), mp >360 "C, un- 
changed If (95 mg, 29%), mp 173-174 "C (mixture melting point) 
(elution with a mixture (1:4) of benzene and petroleum ether), 
5f (55 mg, 16%), mp 25-256 "C (elution with a mixture (1:l) of 
benzene and petroleum ether and recrystallization from a mixutre 
(1:l) of chloroform and ethanol), and 4f (135 mg, 39%), mp 
132-133 "C (elution with a mixture (7:3) of benzene and petroleum 
ether and recrystallization from ethanol). 

3f IR Y, (KBr) 3050,3020 (CH) and 1765 (C=O) cm-'; mass 
spectrum, m/e  (relative intensity) 693 (M', l), 691 (M' - 2, l), 
346 (80), 207 (68), 179 (loo), 139 (23) and other peaks. 

Anal. Calcd for C44H30C1204: C, 76.19; H, 4.33. Found: C, 
76.56; H, 4.64. 

5f IR v, (KBr) 3060,3020 (CH) and 1750 (C=O) cm-'; UV 
A,, (CH30H) 314 nm (e  4500, sh), 301 (5100), 275 (10900), 257 

(1 H, s, CH), 7.55 (10 H, m, aromatic), 8.80 and 9.25 (2 H, m, H' 
and HE); mass spectrum, m/e (relative intensity) 344 (M', 22), 
315 (5), 265 (ll), 263 (ll), 205 (loo), 176 (33), 139 (5) and other 
peaks. 

Anal. Cacld for CzzH13C102: C, 76.74; H, 3.78. Found C, 77.06; 
H, 3.90. 
4f IR u,, (KBr) 3020 (CH), 1570 (C=C) cm-'; UV A,, 

(CH,OH) 277 nm (c 2500, sh), 264 (25900), 232 (46600); 'H NMR 
(CDC13) 6 6.33 (1 H, s, CH) and 7.40 (14 H, m, aromatic); mass 
spectrum, m/e (relative intensity) 346 (M', 24), 207 (48), 179 (loo), 
178 (60), 139 (20) and other peaks. 

Anal. Calcd for CZHl5C1O2: C, 76.30; H, 4.34. Found C, 76.25; 
H, 3.98. 

Irradiation of lg. A solution of l g  (170 mg, 0.5 mmol) in 
benzene (100 mL) was irradiated for 6 h. Workup of the pho- 
tolyzate by preparative TLC over silica gel yielded 10 mg (6% 
of unchanged lg, mp 188-189 "C (mixture melting point), and 
135 mg (87%) of the decarbonylated product 2g, mp 141-142 "C, 
after recrystallization from ethanol. 

2g: IR u, (KBr) 3050,3020 (CH), 2220 (C=N), 1650 (C=O), 
1600 and 1570 (C=C) cm-'; UV A, (CH30) 321 nm (e 9800), 300 
(9800), 254 (19600, sh), 247 (19900); 'H NMR (CDC13) 6 7.50 (m, 
aromatic and vinylic). 

Anal. Calcd for CzzH15NO: C, 85.44; H, 4.85; N, 4.53. Found 
C, 85.11; H, 4.63; N, 4.51. 

(26 600), 252 (25 900, sh), 233 (28 300); 'H NMR (CDC13) 6 6.80 

(22000), 251 (20600, sh), 236 (22100); 'H NMR (CDClJ 6 6.67 
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In a separate experiment, a solution of lg (340 mg, 1 mmol) 
and p-methoxyacetophenone (155 mg, 1 mmol) in benzene (200 
mL) waa irradiated for 2 h. Workup in the usual manner yielded 
60 mg (18%) of unchanged lg, mp 188-189 OC (mixture melting 
point) (elution with a mixture (1:l) of benzene and petroleum 
ether), 35 mg (10%) of 5g, mp 235-236 "C (elution with a mixture 
(7:3) of benzene and petroleum ether and recrystallization from 
a mixture (1:l) of chloroform and ethanol), and 177 mg (52%) 
of 4g, mp 117-118 OC" (mixture melting point) (elution with 
benzene and recrystallization from ethanol). 
5g: IR v,, (KBr) 3060,3040 (CH) 2240 (C=N), 1750 (C=O) 

and 1610 (C=C) cm-'; UV v, (CH30H) 313 nm (e  6200, sh), 301 
(6750), 275 (MOO), 257 (25800), 251 (23900, sh), 231 (28400); 'H 
NMR (CDC13) 6 6.77 (1 H, s, CH), 7.35 (10 H, m, aromatic), 8.85 
and 9.30 (H7 and Ha); mass spectrum, m / e  (relative intensity) 
335 (M+, 23), 305 (5), 291 (3, 252 (lo), 205 (loo), 176 (72) and 
other peaks. 

Anal. Calcd for CBH13N02: C, 82.39; H, 3.88; N, 4.18. Found 
C, 82.01; H, 4.13; N, 4.27. 

In another experiment, a solution of lg (340 mg, 1 mmol) and 
p-methoxyacetophenone (150 mg, 1 mmol) in methanol was ir- 
radiated for 3 h. Workup of the photolyzate in the usual manner 

yielded 70 mg (31%) of unchanged lg, mp 188-189 "C (mixture 
melting point) (elution with a mixture (1:l) of benzene and pe- 
troleum ether), and 230 mg (62%) of log, mp 152-153 C (elution 
with a mixture (3:2) of benzene and petroleum ether and re- 
crystallization from carbon tetrachloride). 

log: IR vmar (KBr) 3060,3020,3000, 2930, 2900 (CH), 2215 
(C=N), 1770 ( C 4 )  and 600 (C-C) cm-'; W v, (CH30H) 292 
nm (t 2000), 278 (2250), 254 (19600, sh), 244 (22800); 'H NMR 
(CDC13) 6 3.25 (3 H, s, OCH3), 3.30 (1 H, d, J = 8 Hz, CH), 5.07 
(1 H, d, J = 8 Hz, CH) and 7.20 (14 H, m, aromatic). 

Anal. Calcd for C%Hl9NO3: C, 78.05; H, 5.15; N, 3.79. Found: 
C, 78.21; H, 5.01; N, 3.93. 

Registry No. lb, 36165-25-0; IC, 1955-40-4; Id, 117252-11-6; 
le, 1955-55-1; If, 87575-49-3; lg, 117252-12-7; 2b, 106552-37-8; 
2c, 24845-42-9; 2d, 117252-13-8; 2e, 117252-14-9; 2f, 106552-38-9; 

4e, 117252-17-2; 4f, 117252-18-3; 4g, 68727-72-0; 5b, 117252-19-4; 
2g, 117252-15-0; 4b, 68727-79-7; 4 ~ ,  56258-96-9; 4 4  117252-16-1; 

5c, 117252-20-7; 5d, 117252-21-8; 5e, 117252-22-9; 5f, 117252-23-0; 
5g, 117252-24-1; lob, 117252-25-2; log, 117252-26-3; I-, 20461-54-5; 
DMHD, 764-13-6; ferrocene, 102-54-5; oxygen, 7782-44-7; p- 
methoxyacetophenone, 100-06-1. 
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A series of new clathrate hosts characteristic of a roof-shaped molecular backbone and specifically attached 
functional groups have been synthesized and studied with regard to their inclusion behavior (68 different inclusion 
species). Formation, stoichiometries, and selectivities of the clathrates depend in a systematic manner on the 
structural features of the hosts including the number, the nature, the flexibility, and the geometry of functional 
groups. X-ray structure analyses of two inclusion compounds [la-1-BuOH (l:l), PI, a = 11.979 (8) A, b = 10.233 
(9) A, c = 8.974 (6) A, a = 84.79 (4)O, @ = 76.68 (SI", y = 68.06 (5)O, 2 = 2; and la.DMF (l:l), R 1 / c ,  a = 10.889 
(8) A, b = 9.126 (3) A, c = 19.005 (13) A, @ = 98.53 (4)O, Z = 41 illustrate that cyclic H bonding between host 
and guest and dimer ciustering of the host molecule play a fundamental role in clathrate binding. The free host 
la shows infinite H-bonded zigzag chains in its crystal structure [PI, a = 14.346 (11) A, b = 12.496 (15) A, c = 
9.432 (6) A, a = 113.76 (7)", @ = 78.76 (8)O, y = 107.48 (8)O, 2 = 41. 

In the last years, the collection of compounds that show 
the unique property of clathration has increased consid- 
e r a b l ~ . ~  Unfortunately, many of these new host molecules 
have remained individual examples rather than suggesting 
some structural analogy or fitting in a particular class of 
substances. They reflect the clathrate chemistry as being 
rather complex. On the other hand, host compounds 
having a structural relationship are more conducive to 
throwing light upon the problem by making a thorough 
discussion of inclusion properties possible, e.g., based on 
a designed structural m o d i f i ~ a t i o n . ~ ~ ~  

~ ~~ ~~ ~~ 

(1) Weber, E. Presented in part a t  the 4th International Symposium 
on Inclusion Phenomena, Lancaster, England, July 1986; Abstract 1.8. 
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address: Central Research Institute for Chemistry of the Hungarian 
Academy of Sciences, H-1525 Budapest, Hungary. 

(3) (a) Inclusion Compounds; Atwood, J. L., Davies, J. E. D., Mac- 
Nicol, D. D., Eds.; Academic: London, 1984; Vols. 1-2. (b) Molecular 
Inclusion and Molecular Recognition-Clathrates I and ZI; Topics in 
Current Chemistry; Vols. 140 and 149; Weber, E., Ed.; Springer Verlag: 
Berlin, 1987 and 1988. 

(4) (a) Weber, E.; Ahrendt, J.; Czugler, M.; Csoregh, I. Angew. Chem. 
1986,98,719; Angew. Chem., Znt. Ed. Engl. 1986,25,746. (b) Weber, E.; 
Csoregh, I.; Stensland, B.; Czugler, M. J. Am. Chem. SOC. 1984,106,3297. 
(c) Czugler, M.; Stezowski, J. J.; Weber, E. J. Chem. Soc., Chem. Com- 
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Here we report on such a family of new clathrate hosts 
whose common feature is a roof-shaped rigid overall 
structure;6 we give a demonstration of their inclusion ca- 
pabilities and support by X-ray crystallographic evidence 
two isolated inclusion compounds and a free host. 

Results and Discussion 
Design Strategy. In a former paper we developed the 

design principle for a new host type called 
"coordinatoclathrand".4b~7 The procedure involves a 
molecule with both a bulky basic skeleton (BS, see Figure 
1) and suitably positioned (coordinating) functional groups 
(FG), i.e., a specific combination of topological and coor- 
dinative host-guest interactions in the solid state. Se- 

(5 )  (a) MacNicol, D. D.; McKendrick, J. J.; Wilson, D. R. Chem. SOC. 
Rev. 1978, 7, 65. (b) Bishop, R.; Dance, I. G. J. Chem. Soc., Chem. 
Commun. 1979, 992. (c) Vogtle, F.; Lohr, H. G.; Puff, H.; Schuh, W. 
Angew. Chem. 1983,95,424; Angew. Chem., Znt. Ed. Engl. 1983,22,409. 
(d) Hart, H.; Lin, L. T. W.; Ward, D. L. J. Am. Chem. SOC. 1984, 106, 
4043. (e) Toda, F.; Tagami, Y.; Mak, T. C. W. Chem. Lett. 1986, 113. 

(6) Czugler, M.; Weber, E.; Ahrendt, J. J. Chem. SOC., Chem. Com- 
mun. 1984, 1632. 

(7) Nomenclature, see: Weber, E.; Josel, H.-P. J. Inclusion Phenom. 
1983, 1, 79. Weber, E. In ref 3b; Vol. 140, p 1. 
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