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Introduction 

In the last decade, much attention has been paid to the interaction of 

aromatic compounds in the excited state with dienes, olefins, and amines in 

the ground state. A photoexcited molecule may be deactivated by another 

ground state molecule even if the energy transfer from the excited molecule 

to the other molecule is energetically unfavourable. In these deactivation, 

. 1 h b d th' d' 1-9 ht' . exc1p exes ave een suggeste as e 1nterme 1ates. T e erm, exc~-

plex', which was derived from 'exci(ted com)plex' by analogy to 'excimer' ( 

='exci(ted di)mer9 is a stoichiometric molecular complex which is formed 

only in an electronically excited state and is dissociative in the ground 
1 state. The initial work of the chemistry of exciplex has been .spectro-

234 
scopically investigated by Weller, Mataga, and Hammond , who have provided 

a lot of information about the formation and decay processes of emissive or 

non-emissive exciplexes. On the basis of these information, pos s ible 

mechanistic pathways from exciplex and exciplex dynamics are shown as 

following scheme: 

Possible Pathways from Exciplex and Exciplex Dynamics 

kr kc 
k '[Exciplex] ~CYC10addition etc. 

-~ kiS\~ A- + D+ (ionic reaction) 

A A + D + (hV) 3A + D Singlet energy transfer 

(k' = k + k d d e + k. ) 
~s 

a kci + k + k. c ~ 
0F/0F 

1 + k L [D] k = )k 
q q k + k' + k + k. r -r d c 1 

A; electron acceptor, D; electron donor 

In organic photochemistry,la the following evidences are required for 

exciplex intermediacy: as basic requirements; 1) electronically excited 

nature, 2) finite life-time, and as experimental evidence; 3) endothermic 

fluorescence quenching, 4) appearance of new emission accompanied by 3), 5) 

linear relationship between log kq and ionisation potentials or reduction 

potentials of A (EA-lA) of quencher, 6) apparent negative temperature de-

-1-



pendency of k,7 7) selective quenching of exc~plex.8 Based on these 
q 

evidences, exciplex intermediacy has been suggested in 1) photocycloaddition 

reaction, 2) photo-electron transfer reaction, 3) singlet energy transfer 

reaction, 4) other photoreactions such as proton transfer reaction or proton 

addition reaction etc., although direct and confirmative evidences are al-

most lacking. Among these photoreactions, photocycloadditions of un-

saturated compounds to aromatic rings, which are inert in the ground state, 

have been investigated as synthetic routes for novel cyclic compounds and 

recently the stereochemistry, implying synthetically important means, of 

photocycloaddition to aromatic rings has been discussed in terms of exci-

plexes. However, a clear elucidation for the relationship between the 

stereochemistry of the photocycloadducts and the role of exciplexes has not 

been afforded in the present stage. 

The main purpose of this thesis is to investigate the photochemical 

reactions of aromatic nitriles as electron acceptor with some electron 

donating molecules with the view to developing a new synthetic route 

utilizing the advantages of the photochemical reactions and obtaining the 

fundamental information about the relationship between the stereochemistry 

in the photocycloaddition to aromatic rings and the role of exciplexes. 

Moreover, the reaction of cation radicals of aromatic hydrocarbons formed 

in polar solvents with nucleophiles are also investigated. 

In chapter 1, the photochemical (4 + 4) cycloadditions of 9-cyano-

anthracene with furan and methylated furans have been described. The 

mechanism has been discussed on the basis of kinetic results and fluo-

rescence measurements. Chapter 2 deals with the photoreaction of 9-

cyanophenanthrene with electron rich olefins. Excited species of these 

photoreactions have been discussed on the basis of Michler's ketone sensi

tisation, isoprene quenching experiments, kinetic studies, fluorescence 

measurements and solvent effects. In chapter 3, a novel photoreaction 

of 2-naphthonitrile and alkyl vinyl ethers have been described. In order 

to elucidate the mechanistic pathways affording products, photochemical and 

thermal interconversions have been investigated. In chapter 4, the 

stereochemistry on photocycloaddition to aromatic rings have been described. 

Stereoselective and/or stereospecific photocycloadditions to aromatic 

nitriles have been discussed in terms of exciplexes. Chapter 5 deals with 

the photo-Michael reaction of silyl enol ethers with I-naphthonitrile. 

Reductive alkylation of aromatic nitriles has been described. Chapter 6 

deals with the efficient photo-Birch reduction and photo-cyanation of aro-

-2-



matic hydrocarbons by sodium borohydride and sodium cyanide in the presence 

of 1,4-dicyanobenzene in polar solvents have been described. 
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Chapter 1 Photocycloaddition of 9-Cyanoanthracene to Furan 

and Mono- and Dimethyl-furan 

1-1 Introduction 

Photocycloadditions of unsaturated compounds to aromatic rings have 
1-5 been investigated as synthetic routes for novel cyclic compounds and 

have been discussed in relation to exciplexes. l ,3 Recent papers have 

described several new examples of photocycloaddition to anthracene, viz. 

(4 + 2n) photocycloaddition of conjugated dienes
4 

and cycloheptatriene
5 

to anthracene, intramolecular photocycloaddition of 1-(9-anthryl)-3-(1-

naphthyl)-propane,6 and photochemical crossdimerisations between two 

different anthracenes 7 and between anthracenes and tetracene. 8 It has 

been suggested that these photo reactions involve exciplexes, but evidence 

is lacking. 

However, photocycloaddition of heteroaromatic compounds to anthracene 

has not been reported. In this chapter, the author describes the 

photoreactions of 9-cyanoanthracene (9-CA) with fur an (la), the methylated 

furans (lb-d), l-methylpyrrole (1) and thiophene (~) and provide evidence 

for the formation of exciplexes between the excited singlet 9-CA and the 

heterocyclic compounds. 

1-2 Results 

Irradiation of a benzene solution of 9-CA containing a large excess 

of la gave a l:l-cycloadduct (2a) in 50% isolated yield, accompanied by 

20% of 9-CA photodimer (!). The product (2a) was isolated by chromato-

eN R3 hI> 7 Pd-C/H2 

(CO R1QR2- A" 6 
~ 

:-... I ...-: ./ + 

1 2 3 

Rl R2 R3 mp (OC) yield(%) mp (OC) 

a H H H 144-145 50 175-175.5 
b Me H H decomp. (> 90) 164.5-165.5 
c H H Me 165 93 
d Me Me H decomp. () 90) 160.5-161. 5· 
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graphy on silica gel and characterised by spectroscopic methods. The mass 

spectrum of 2a showed no molecular ion but intense fragment peaks at mle 

203 and 68, while the dihydro-isomer (3a) exhibited a molecular ion at mle 

273. The u.v. spectrum of 2a showed similar absorption maxima to that 

of 9,lO-dimethyl-9,lO-dihydroanthracene,9 indicating the presence of the 9, 

10-dihydroanthracene chromophor. The i.r. spectrum showed absorptions 

at 2240(-C;N), 1628 (C=C) , and 1052 cm-l(C-O-C). 
10 N.m.r. spectra were recorded at 60 and 

100 MHz. In the 60 MHz spectra the signals 

of H-14 and -15 appeared as a broad singlet 

( 05.92) at a similar chemical shift to the 

olefinic protons of 2, 5-dihydrofuran [0 5. 78 

b ()] 11 'd' " hI' 1 r s , 1n 1cat1ng t e near y symmetr1ca 

nature of the double bond. 

Photochemical (4 + 4) addition of the 

eN 

Ne 

4 

methyl-substituted furans (lb-d) to 9-CA to give the adducts (2b-d) oc-

curred similarly. 3-Methylfuran (lc) gave a quantitative yield of .the 

adduct (2c). The location of the methyl group in 2c at C-15 was assigned 

from the n.m.r. data; the signal of H-13 is broadened by a small coupling 

(J 1.0 Hz) with H-14 whereas the signal of H-ll appears as a sharp doublet. 

2-Methylfuran (lb) and 2,5-dimethylfuran (Id) at 0-5 DC gave the (4 + 

4) cycloadducts (2b) and (2d) in quantitative yields, respectively. The 

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 0 

Figure 1 N.m.r. spectrum of 2a in CDC1
3 

(100 MHz) 
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adducts (2b) and especially (2d) were thermally unstable and rapidly decom

posed into 9-CA at room temperature, so that they could not be isolated in 

pure form. Irradiation at ambient temperature did not lead to accumu-

lation of the adducts, but only resulted in the gradual formation of !, so 

procedures involving these adducts were carried out at < 0 DC. For 

example, after irradiation of 9-CA and Ib at 0-5 DC, evaporation of vola

tile materials below 0 DC under high vacuum left solid 2b exclusively, 

whose structure was determined from the n.m.r. spectrum of a mixture con-

taining a small amount of 9-CA (Table 1). Since 2d immediately decom-

posed at > 5 DC, the n.m.r. spectrum was not recorded. 

After irradiation at 0-5 DC, however, hydrogenation of the solutions 

over palladium-charcoal gave the dihydrocompounds (3b) and (3d) (Table 1) 

were in accord with the structures assigned. 

In contrast to the photoreactions with furan, irradiation of 9-CA with 

I-methylpyrrole (~) or thiophene (~) gave no crossadduct and resulted in 

quantitative formation of the dimer (!). 

1-3 Discussion 

A singlet mechanism for the photocycloaddition with la was established 

by quantum yield measurements and fluorescence quenching studies. The 

quantum yield measurements are shown in Figure 2. From the slope (44 mol 

dm-l) and the intercept (5.0), the kqT value was calculated as 0.11 drn3 

mol-I, which was in excellent agreement with the value (0.1 + 0.03 dm3 mol- l ) 

obtained from fluorescence quenching studies. In the case of Ib-d, 

quantum yield measurements were not carried out, because of difficulties 

owing to rapid decomposition of the adducts (2b) and (2d). However, 

Prodnrt 

2a • 

2b • 
2c 

3a • 
3b 

3d 

Table 1 

Spectral data of products 
N.m.r.- [3(CDCI.) (J in Hz)] 

4·07 (lH. d, 110.11 6·5).4·71 (lH, dd, In.nl), 4·86 (lH, d,In.u I), 5·88 (IH, dd, 
Iu.16 6), 5·96 (IH, dd), 7·35 (8H, rn) 

1.6
5
4

8
()3H

5 
7· 75), 4

H
'03 (IH, d, Ilo.n 7), 4·68 (lH, dd, In 11 1·6), 5·62 (IH, d, Iu 16 

. . (1. dd). 7-3 (8H, m) • . 

1.57~3~~¥~\~i06 (lH, d, Ilo.n 6·5), HO (lH, d), 4-80 (lH, s), 5-42br (lH, 5), 

1-60 (2H. m), 1·90 (2~, rn), 4·09 (lH, d, Ilo.n 7), 4·42 (IH, t, In.1I 7), 
4·57 (IH, d, In." ,),7·35 (8H, m) 

1-59 (311, 5), 1-60 (4H, m). 4·07 (lH. d. lion 7). 4·40 (lH, t, III 15 7) 
7·35 (8H. rn) . . , 

HO (3H, s), 1-60 (3H, s). 1·70br (4H, 5), 3-84 (lH. s), 7·35 (SH, m) 

vmu.(KBr)fcm-1 

2240. 1628. 1052. 1039 

2245, 1640. 1042 

2240, 1055 

2237, 1045 

2250, 1070 

",!e 
203, 68 

203. 82 

203, 82 

273 Pf+) 
203. 70 
287 pf+) 
203. 84 
301 (JP) 
203. 98 

• 100 1~Hz. • A~ ... (CH3CN) 262 (e 720). 269 (1130). and 277 nm (1640). 
• Contammated with a small amount of 9-CA. • Amu. (CH3CN) 267'£ 487), 271 (403). and 275 nm (;68) . 
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it is reasonable to propose a common singlet mechanism for the photocyclo

addition with la-d, since fluorescence quenching was more efficient with Ib 

and Id than with la. Since the photocycloaddition with furan occurs from 

a singlet exciplex,lb an exciplex mechanism can also be expected to operate 

in the photocycloaddition of 9-CA with la-d. 

80 

60 

ir::x: 
I 

e 40 

I 
1:0 

[la]-1/dm3 -1 mol 

Figure 2 Plots of ~_A-l vs. [la]-l for degassed cyclo-

hexane solutions, where [9-CA] = 1.3 x 10-4 mol dm- 3 

In this regard, it is interesting that kqT values obtained from fluo

rescence quenching increase as the ionisation potentials of the quenchers 

decrease, indicating the charge-transfer nature of the fluorescence 

Figure 3 

III -
..lJ -'Cl 
C 

III 
C ... 
:5 

A/nm 

Fluorescence spectra of 9-CA solutions [9-CA] 

= 5 x 10-4 mol dm- 3 : I, in cyclohexane in the absence 

of quencher; ]I, in cyclohexane in the presence of 1.0 

mol dm- 3 (Id); and Dr, in cyclohexane in the presence 

of 1.0 mol dm- 3 (2) 

-7-



quenching. Moreover, fluorescence quenching by ld and ~ was accompanied 

by enhancement of the longer wavelength (Figure 3). This observation can 

not be ascribed to a solvent effect of the added quenchers on the fluo

rescence of 9-CA, since the fluorescence spectrum of a tetrahydrofuran so

lution of 9-CA exhibited a simple bathochromic shift accompanied by some 

broadening but no new emission. Appearance of a new emission provides 

direct evidence for the formation of exciplexes. 12 Thus, these obser-

vations appear to support an exciplex mechanism for both the fluorescence 

quenching and the photocycloaddition. 

k 
9-CA(Sl) + Q r ') 

( 

k 
c Exciplex ---7) Product 

hv II'I' 
9-CA + Q 

k 
-r 

9-CA + Q 

A; 9-CA 
Q; la-d 

F O/F = 1 + k q T [Q] • • • • • • • • • • • • • • • • • • ( i ) 

l/~ A = (1 + l/k T[Q]) (1 + k Ik ) (li) 
- q n c 

k = k (k + k )/(k + k + k ) 
q r n c -r n c 

As simplified exciplex mechanism is shown in the Scheme from which 

rate equations (i) and (ii) are derived. The decay pathways of 9-CA 

(Sl) and exciplex involve all the unimolecular processes except the product 

forming path. The reversible dissociation of exciplex should be taken 

into account, since exciplex formation of l-naphthonitrile-furan is known 

to be reversible. lb 

Quencher 

la 

lb 

ld 

5 

Table 2 

Values of kqT from fluorescence quenching 

Ionisation 
potential 

(eV) 

9.04c 

8.3lc 

8.0lc ,d 

7.95e 

0.1 :: 0.03 
+ 2.7 0.03 

22.0 

30.6 

10-9kq l 
dm3 mol-l s-l b 

0.03 

0.9 

7.3 

10.2 

a Air-saturated cyclohexane solution; [9-CA] = 5 x 10-4 mol dm- 3 . b The 

value of kq is calculated by estimating the life-time of the excited singlet 

9-CA as 3 ns; see ref. 13. C D. W. Turner, Adv. Phys. Org. Chem., i, 3l( 

1966).d Estimated value from the ionisation potential of 2,3-dimethy1furan. 

e A. D. Baker, D. Betterridge, N. R. Kemp, and R. E. Kirby, Analyt. Chem., 

42, 1064 (1970). 
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The value of kq with each quencher can be calculated by estimating the 

life-time of excited singlet 9-CA as 3-4 ns, from the oxygen quenching 

method. 13 On the basis of the assumption proposed by Hammond et al.,14 

a linear relationship between ionisation potentials and logarithmic kq 

values is obtained (Table 2 and Figure 4), again probably supporting the 

exciplex mechanism. A relatively high value of the limited quantum 

yield for disappearance of 9-CA [~-A = 0.2] would eliminate a tripletmecha

nism, since the fluorescence efficiency of 9-CA is reported to be higher 

than 0.8. 15 

Figure 4 

7·0 -

8'0 8·5 
Vertical LP. (eV) 

5,0 

Correlation of quencher rate constants (kq ) for 

9-CA with the vertical ionisation potentials of the·quencher 

The stereochemistry of this photocycloaddition can be discussed in 

terms of the intermediates. Only (4 + 4) addition took place, unlike 

the photoaddition of 9-CA with acyclic 1,3-dienes4b and of anthracene with 

cyclopentadiene4c and cycloheptatriene,s which were interpreted by the 

sequence exciplex ~ biradical ~ cycloadduct. Moreover, the photocyclo-

additions with Ib and lc were regiospecific. Although it is uncertain 

whether the photoaddition of 9-CA with la-d is stepwise or concerted, these 

observations would appear to suggest a different mechanism from the birad

cal mechanism and to imply important effects of the exciplex-configuration 

on both the addition mode and orientation, such that the exciplexes of 9-CA

la-d possess a finite sandwich type configuration favourable to (4 + 4) ad-

dition. Finally, it should be noted that I-methylpyrrole (~) quenched 

fluorescence of 9-CA in an diffusion-controlled rate via exciplex formation 

but gave no adduct. Since the pyrrole ring is well known to be more 

aromatic than furan, cycloaddition to pyrrole would require a higher acti-

vation energy, and this would disfavour this reaction. Thus, ionisation 

potentials of quenchers are important in exciplex formation, but the exci

plex~ product pathway appears to depend on the chemical nature of quencher. 

-9-



1-4 Experimental 

General. ---- U.v. spectra were measured with a Hitachi 124 and i.r. 

spectra with a Hitachi EPI-S2 spectrophotometer. N.m.r. spectra were 

obtained with a Hitachi-Perkin-Elmer R-24 spectrophotometer (60 MHz) and 

a JEOL JNM JS-lOO instrument (100 MHz) for solutions in deuteriochloroform 

containing tetramethylsilane as internal standard. 

recorded with a Hitachi MPF-2A spectrofluorometer. 

Mass spectra were 

Analytical g.l.c. was 

carried out with a Shimadzu GC-2C machine equipped with a flame-ionisation 

detector using a column of SE-30 (5% on Shimalite W, 0.75 m) at 200 °C. 

M.p.s. were measured for samples in capillaries. 

Irradiation in preparative experiments was carried out with an Eikosha 

PIH 300 W high-pressure mercury arc for benzene solutions (30 ml) con

taining 9-CA (0.3 g) and la-d (5 ml) in test-tube. Column chromatography 

was carried out on silica gel (Merck kieselgel 60). Elemental analyses 

and spectral data are listed in Table 1 and 3. 

Materials. ---- 9-Cyanoanthracene (9-CA) was prepared from anthracene-

9-carbaldehyde according to the reported method and was recrystallised 

three times from glacial acetic acid (80% yield, m.p. 179 oC)16 and lc was 

prepared according to the method described in the literature. 17 Com-

mercial la, lb, Id, ~, and ~ (Tokyo Kasei) were refluxed and distilled 

over calcium chloride under a nitrogen stream prior to use. Benzene 

was purified as described previously:8 and spectrograde cyclohexane (Naka

rai Chemicals) was used without further purification. 

Table 3 

Elemental analyses of products 

Found(%) Required(%) 

Product C H N Formula C H N 

2a
a 

84.1 4.85 5.15 C19H13NO 83.9 4.55 5.0 

2ca 84.2 5.3 4.9 C20H15NO 84.25 5.05 4.7 

3aa 83.5 5.55 5.15 C19H15NO 83.3 5.3 4.9 

3ba 83.6 5.95 4.9 C20H17NO 83.45 5.75 4.7 

3db 83.7 6.35 4.64 C
2l

H
19

NO 83.5 6.15 4.45 

a 
From methanol. 

b 
From methanol-benzene. 
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Quantum Yields. ---- Cyclohexane was used as solvent and the concen-

tration of 9-CA was 1.28 x 10-4 mol dm- 3• Monochromatic light at 365 nm 

was isolated from a high-pressure mercury arc (450 W) by using a combined 

glass filter of Toshiba UV-35 and UV-DIB and the light intensity (10) was 

determined with a potassium ferrioxalate actinometer to be 3.014 x 10-7 

einstein cm-2 min- l • Samples placed in an optical cell (10 x 10 x 45 

mm) were thoroughly degassed by four freeze-thaw cycles under a high vacu-

um ( < 10-3 mmHg) and then irradiated by 365 nm light. Decrease of 

the absorbance at 362 nm (Ecd) during the irradiation was monitored at 

appropriate time intervals (t/min). 

(eEcd - 1) vs. t were linear. 

Plots of natural logarithmus of 

Quantum yields [~-A] for the disap-

pearance of 9-CA were obtained from the slopes or the lines by applying the 

equation In(eECd - 1) = -lOOOE~_AIOt + C, where E is the molar absorption 

coefficient of 9-CA at 362 nm (6.73 x 104 dm2 mol-I) and C is a constant. 

Photoreaction with Furan. ---- After irradiation for 60 h at ambient 

temperature, a precipitate was filtered off to yield the photodimer i (10 

mg, 3.3%). Column chromatography with benzene-hexane (3 : 1) as eluent 

gave 9-CA (70 mg, 23.3% recovered) and then 9-cyano-9,10,11,13-tetrahydro-

9,10[2' ,5']-furanoanthracene (2a) (195 mg, 50%) which was recrystallised 

from methanol, m.p. 144.5 °c (decomp.). Further elution with benzene 

gave the dimer (i) (50 mg, 16.7%). Hydrogenation of a methanolic so-

lution of 2a (50 mg) over Pd-charcoal gave 9-cyano-9,10,11,13,14,15-hexa

hydro-9,10[2' ,5']-furanoanthracene (3a), in quantitative yield. 

Photoreaction with 2-Methylfuran. ---- Irradiation for 40 h at 0-5 °C 

resulted in complete disappearance of the yellow colour of 9-CA, and t.l.c. 

of the solution on silica gel show the formation of a product. Removal 

of solvent and Ib in vacuo at 0 °C left a white solid, which contained ex-

elusively 2b (t.l.c. and n.m.r.). The solid gradually turned yellow, 

owing to formation of 9-CA. Pd-charcoal (ea. 10 mg) was added to the 

irradiated solution and then the solution was stirred under hydrogen at 0-

5 °C for 24 h. Filtration of the catalyst and evaporation of the solvent 

and Ib left a solid which was recrystallised from methanol to yield pure 9-

cyano-9, 10, 11, 13, 14,l5-hexahydro-l3-methyl-9, 10 [2' ,5']-furanoanthracene (3b). 

Photoreaction with 3-Methylfuran. ----- After irradiation at ambient 

temperature (37 h), removal of solvent and unchanged lc in vacuo left a 

solid, which was fairly pure 2c. (n.m.r.). The solid was recrystallised 

from methanol to yield pure 9-cyano-9,10,ll,l3-tetrafydro-15-methyl-9,lO[2', 

5']-furanoanthracene (2e) (390 mg, 93%). 
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Photoreaction with 2,5-Dimethylfuran. ---- After irradiation for 20 h 

at 0-5 QC, the irradiated solution was hydrogenated over Pd-charcoal (10 mg) 

at 0-5 QC for 24 h. Filtration of Pd-charcoal and evaporation of solvent 

and Id left a white solid which was recrystallised from methanol-benzene to 

yield pure 9-cyano-9, 10,11, 13, 14, 15-hexahydro-ll, 13-dimethyl-9,10 [2' ,5']

furanoanthracene (3d). 

Photoreaction of 1-Methylpyrrole and Thiophene. ---- Irradiation of a 

benzene solution containing 9-CA and 1-methylpyrrole (~) gave the dimer (i) 

(270 mg, 90%). 

i (280 mg, 93%). 

Similarly, photoreaction with thiophene (~) afforded 

In both cases, t.l.c. analyses of the irradiated so-

lutions showed only starting materials and 4 and no crossadducts. 
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Chapter 2 Photoreactions of Electron Rich Olefins to 9-

Cyanophenanthrene 

2-1 Introduction 

Photocyc1oaddition to various aromatic nitri1es, occurring across 

aromatic rings,1-5 usually proceed via excited singlet nitri1es, and the 

mechanism are discussed in relation with excip1exes. 1 ,3 However, it 

has been reported that benzonitri1e undergoes photocyc1oaddition to tetra

substituted, very electron-rich ethy1enes at the nitrile function in an 

excited singlet state, whereas that occurs to less electron-rich olefins 

across the benzene ring from TI,TI*-trip1et state. 5a This divergency 

in mechanism depending on olefins is interesting, since excip1exes would 

appear to play important roles. In this chapter, the author describes 

the photoreaction of 9-cyanophenanthrene (9-CP) with methyl vinyl ether 

(la), ethyl vinyl ether (lb), 2-methyl-2-butene (lc), 2,3-dimethyl-2-butene 

(ld), and 2,S-dimethyl-2,4-hexadiene (le) to yield common cyc10butane com

pounds in a stereose1ective manner and show that photoreactions with the 

former three olefins occur from triplet 9-CP, whereas in the latter two 

cases singlet excip1exes play important roles. 

2-2 Results and Discussion 

6 Irradiation of a benzene solution of 9-CP in the presence of 1a-e 

gave a 1:1-cyc1oadduct (2a-e) (Scheme); in each case, only a single isomer 

was isolated. Analytical and spectral data were in accord with the 

~ 
R2 R3 

hv 
R4 

1 CN+ 
'---../ 

) Rl 

I~ 
R1;----'\ R 4 > 280mn 

(5) (6) 

R1 R2 R3 4 mp (OC) Yie1d(%) R 
a OMe H H H 141 80 (60) 
b OEt H H H 117-118 80(60) 
c Me Me H Me 212-213 100 ()90) 
d Me Me Me Me 186",:,188 100 ()90) 
e Me Me H -CH=CMe 

2 
97.5-98.5 100 () 65) 
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assigned structures, and the assignment were based mainly on n.m.r. spectra 
7 

(Table 3 and 4). V.p.c. and n.m.r. analyses of photolysates or crude 

products showed that the stereoisomer of 2a, 2b, 2c, or 2e could not be 

detected to any appreciable extent «1_5%),8 showing the stereoselective 

nature of the photocycloadditions. 

The formation of compounds 2a, 2b, and 2c was not only sensitised by 

Michler's ketone but also quenched by isoprene,9 apparently indicating the 

intermediacy of triplet 9-CP. In contrast, the photoreaction with 2d 

could not be sensitised but was remarkably quenched by Michler's ketone. 

Moreover, quenching by isoprene was not significant up to 1.0 mol dm-
3 

in 

the diene. Thus, these results suggest a singlet mechanism. For the 

photocycloaddition of le to 9-CP, a singlet mechanism was established by 

fluorescence quenching studies and quantum yield measurements,lO which 
-1 3 

gave identical k T values, 162 and 168 mol dm, respectively (Figure 1). 
q 

l/~_A 

6.0 

4.0 

2.6 
2.0 

,--00 
0-0 

o ~ _____________________ ~ ____________ ------~---__________________ ~ 

o 50 100 150 200 

-1 -1 
Figure 1 Plots of ~-A vs. [le] for degassed cyclo-

hexane solutions, where [9-CP] = 1.08 x 10-4 mol dm-
3 

From a mechanistic point of view, it is noteworthy that the fluo

rescence quenching by le was accompanied with enhancement of longer wave

length emission and appearance of an isoemissive point at 427 nm (Figure 
-3 

2). Further increase in concentration of le up to ca. 0.3 mol dm 

resulted in appearance of a new weak, broad emission at A 410-420 nm, 
max 

demonstraing the formation of a singlet exciplex. The exciplex of 9-CP 

and le can be considered to be a charge-transfer complex in nature from 

the solvent dependent shift of the exciplex emission (Table 1). This 

would therefore suggest that the photocycloaddition of le to 9-CP proceeds 
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I I 

~ 9-CP } 

150 400 450 seo 420 460 500 

'"" 

Figure 2 Fluorescence spectra of 9-CP solutions [9-CP] = 
1 x 10-4 mol dm-3 : I, in cyclohexane in the absence of 

quencher; li, in cyclohexane in the presence of 0.3 mol dm- 3 

-3 le; DI, in cyclohexane in the presence of 0.01 mol dm le. 

via a singlet exciplex. Moreover, the k T values obtained from fluo
q 

rescence quenching increase as the ionisation potentials of the quenchers 

including furans and other electron rich olefins decrease, indicating the 

charge-transfer nature of the fluorescence quenching (Table 2).11 A 

linear relationship between ionisation potentials and logarithmic k T 
q 

values is obtained (Figure 3), again probably supporting the exciplex 

mechanism. 

Table 1 The bathochromic shift of the exciplex emissiona 

Solve 

e: 

).max(ex) 415 

3.06 

425 

a [9-CP] = 1.0 x 10-4 mol dm-3 and [le] = 0.3 mol dm-3 in 

air-saturated solutions. 

This exciplex mechanism would be supported by the observation that the 

photoreaction of 9-CP with le in methanol gave 9,10-dihydro-9-cyanophenanth

rene (i> and a solvent-incorporated product (1) in 90% yields which appar-

ently arise from ion radicals. 12 This type of solvent effect could also 
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Values of k T 
q 

Table 2 

a 
from fluorescence quenching 

Ionisation 
Quencher potential 

k T/ 
q 

drn3 mol- l 

la 

lb 

lc 

ld 

le 

vinyl acetate 

dihydropyrane 

furan 

2-methylfuran 

2,5-dimethylfuran 

l-methylpyrrole 

l-ethoxypropene 

indene 

benzofuran 

l-methoxy-2-
methylpropene 

cyclohexene 

(eV) 

8.93 

8.89 

8.53 

7.84 

9.19 

8.34 

9.04 

8.31 

8.01 

7.95 

8.04 

8.81 

8.36 

7.65 

8.72 

0.10(0.10) 

0.16 

0.42(19.8) 

96.5 (l30) 

< 0.01« 0.03) 

0.17(37.8) 

0.06 

0.80(6.18) 

5.40 

5.55 

1.47(50.0) 

3.32(15.3) 

74.7 (94.9) 

15.1 (100.7) 

< 0.01«0.01) 

a Quenching of 9-CP fluorescence by olefins; aerated cyclohexane solution; 

[9-CP] = 5 x 10-5 mol drn-3 ; excitation at 310 nrn. Nurnrnerals in parentheses 

are the values of k T in aerated methanolic solutions. 
q 

logk 
q 

2.0 

1.0 

o 

-1.0 

Figure 3 

8.0 9.0 
IP 

(eV) 

Correlation of quenching constants 

log k T for 9-CP with the IP of the quencher 
q 
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-

~OMe OMe 

(MeO~ 
cN 

H(D) -
A H (D) 

H H 

,_\ /-\ 

4 5 cis-6 trans-6 

be observed in the photoreaction with Id; irradiation of a methanolic so

lution of 9-CP in the presence of Id gave 50% of 4 and 20-30% of solvent

incorporated products ~ (cis and trans isomers) accompanied with ca. 10% 

of 2d. Accordingly, a singlet exciplex mechanism would be favourable 

for the photoreaction with Id, though direct evidence is lacking. In 

contrast, any solvent-incorporated product was not formed by irradiation 

of a methanolic solution of 9-CP in the presence of la, Ib, or lc, suggest

ing again a different mechanism from that of the photoreactions with Id 

and le. 

3
MK _---!Q=--_~) 3 [Exciplex] ) 2a-c 

lA 
/ 
+ Q ) 

'V ~ 
A· + 

+ Q" ( 

\ MeOH 

AH 

! Me OH 
AH2 

'Q-OMe 

~ 
(MeO-Q +. 2 

'" I 
I 

1 I 
[Exciplex] 

_1 + 
(A' ••• Q' ) 

--------7) 2d-e 

-----~) A + Q 

~MeOH 
AH-Q-OMe 

A; 9-CP 

Q; la-e 

MK; Michler's ketone 

Thus the mechanism of these photocycloadditions depends on electron 

densities of olefins, i.e., ionisation potentials. This divergency in 

mechanism would be interpreted in terms of competition between the exciplex 

formation and intersystem crossing as well as efficiencies to final pro

ducts from exciplexes;14 the higher the ionisation potential of olefin, 

the slower the exciplex formation and the lower the efficiency will become. 
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Product 

2a 

2b 

2c 

2d 

2e 

4 

Products 

2a
b 

Table 3 

Elemental analyses of products 

Found(%) Required (%) 

C H N Formula C H N 

82.5 5.9 5.1 C18H
15

NO 82.75 5.8 5.35 

82.95 5.95 4.85 C19H17NO 82.9 6.2 5.1 

87.7 6.85 5.2 C20H19N 87.85 7.0 5.1 

87.5 7.55 4.6 C21H21N 87.75 7.35 4.85 

88.0 7.15 4.55 C23H23N 88.15 7.4 4.45 

87.55 5.25 6.75 C15H
ll

N 87.75 5.4 6.8 

Table 4 

Spectral data of products 

N.m.r. a [o(J in Hz)] 

2.08(lH, dt, J 11), 2.59(lH, dt, J 8), 3.51(3H, s), 3.6(lH, dd), 

4.48(lH, dd), 7.3(6H, m), 8.0(2H, m) 

2b
b

,d 1.24(3H, t, J 8), 2.08(lH, dt, J 11), 2.57(lH, dt, J 10), 3.56 

(lH, dd), 3.7(2H, q), 4.61(lH, dd), 7.3(6H, m), 8.0(2H, m) 

2c
b 

0.84(3H, s), 0.98(3H, d), 1.54(3H, s), 2.0(lH, dq, J 10 and 7), 

3.52(lH, d), 7.3(6H, m), 7.95(2H, m) 

2d
b 

0.54(3H, s), 0.86(3H, s), 1.18(3H, s), 1.63(3H, s), 3.89(lH, s), 

6.95(lH, m), 7.25(5H, m), 7.9(2H, m) 

2e
b 

0.64(3H, s), 1.48(3H, s), 1.62(3H, s), 1.68(3H, s), 3.72(lH, t, 

J 10), 4.29(lH, d), 4.81br(lH, d), 6.9(lH, m), 7.3(5H), 7.95(2H) 

4c ,e 3.13(2H, d, J 7.8), 3.96(lH, t), 7.5(8H, m) 

5c ,f 0.97(12H, s), 1.18(12H, s), 3.03(6H, s), 5.22(2H, d, J 15),5.65 

(2H, d) 

6c ,g cis; 0.42(3H, s), 0.69(3H, s), 1.12(3H, s), 124(3H, s), 3.27(3H, 

s), 3.72(lH, d, J 4.5), 4.24(lH, d), 7.1-7.9(8H, m) 

trans; 0.26(3H, s), 1.02(3H, s), 1.05(3H, s), 1.47(3H, s), 3.18 

(3H, s), 3.29(lH, d, J 15), 3.86(lH, d), 7.1-7.9(8H, m) 

a b c 100 MHz. O(CDC1
3
). O(CC1

4
). 

-1 
(KBr) 2230 (C:N), 1130 cm (C-O-C) ; m/e 

cm-1 (C:N); m/e 205(M+). f V (film) 
max 

d A cyc10hexane 272 nm (t; 12200); V . 
max. max 

275(M+), 203, 72. e V (KBr) 2240 
-1 max 

1650(C=C), 1076 cm (C-O-C); m/e 

141 (M +/2) and observed MW 284 (ca1cd. for C28H3402 282) by vapor pressure 

g V (film) 2250(C~N), 1070 cm-1 (C-O-C); m/e 319 (M+), 203, 115. 
max 

osmometry. 
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In line with this, Ib and lc, possessing higher ionisation potential, are 

very poor quenchers for fluorescence of 9-CP. Finally it should be 

noted that the photocycloaddition of la, Ib, and lc to 9-CP is commonly 

stereoselective, in sharp contrast to that of electron deficient olefins 
15-18 

to phenanthrene which occurs from triplet phenanthrene or triplet ex-

ciplexes to yield mixtures of cyclobutane compounds. Although reason-

able discussion of this stereos electivity requires concrete determination 

of structures of the cycloadducts, a triplet exciplex mechanism would 

d . 1 . 19 f 1· . 1 ren er an attract~ve specu at~on; or examp e, tr~plet exc~p exes of 9-CP 

and la-c might be expected to be more strongly bonded than those of 

phenanthrene and electron deficient olefins. 
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9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

of le, over irradiation led to accumulation of secondary products. 

Endo or exo configuration of C
7
-substituents of 2c and 2e has not been 

determined yet. Endo-location of alkoxy group of 2a and 2b was 

tentatively assigned from comparison of n.m.r. spectra with those of 

similar compounds; see ref. le and chapter 3 and 4. 

In n.m.r. analyses of reaction mixtures obtained by irradiation of 9-

CP and lb or le, difficulties were encountered, since some oligomeric 

and/or polymeric materials of the olefin were formed. However, there 

was observed no signal of epimers in n.m.r. spectra of crude products, 

after such oligomeric materials had been removed by column chromato

graphy on a short column of silica gel. 

-3 The photocycloaddition of benzene solutions' 1.5-2.0 mol dm in la-c 

and 1.0 mol dm-
3 in isoprene occurs at a rate only one-fourth that was 

-1 3 
very inert to quenching of fluorescence of 9-CP(k L < 0.1 mol dm) 

q 
and photoreaction with 9-CP. 

Quantum yield for disappearance of 9-CP was determined for degassed 

cyclohexane solution containing various amounts of le (1.0-0.0042 mol 

dm- 3) at 313 nm, using a potassium ferrioxalate actinometer. 

D. A. Labianca, G. N. TaylOr·, and G. S. Hammond, J. Amer. Chem. Soc., 

94, 3679(1972). 

Ionic nature for the formation of i was confirmed by irradiation of a 

methanol-O-d solution containing 9-CP and Id or le which gave 9,10-di

deuterio-9-cyanophenanthrene in place of 4. 

For review, see M. Ottolenghi, Accounts Chem. Res., ~, 153(1973). 

The exciplex to cycloadduct probabilities are very low for reactions 

of phenanthrene singlet with electron poor olefins; R. A. Caldwell, 

private communication. 

D. Bryce-Smith and B. Vickery, Chem. Ind. (London), 429(1961). 

T. Miyamoto, T. Mori, and Y. Odaira, J. C. S. Chem. Comm., 1598(1970). 

S. Farid, J. C. Doty, and J. L. R. Williams, J. C. S. Chem. Comm., 711, 

(1972) is. Farid, S. E. Hartman, J. C. Doty, and J. L. R. Williams, J. 

Amer. Chem. Soc., 97, 3697(1975). 

R. A. Caldwell, J. Amer. Chem. Soc., 95, 1690(1973); D. Creed and R. 

A. Caldwell, ibid., 96, 7369(1974). 
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19 Alternatively, this stereos electivity could be simply interpreted by 

steric factors. However, the exclusive formation of the sterically 

unfavourable endo adducts 2a and 2b cannot be reasonably interpreted. 

In this regard, it is noteworthy that photocycloaddition of 9-CP to 

trimethyl silyl vinyl ether, containing more bulky group than la and 

lb, gave both endo and exo cycloadducts in a ratio of 3:2; K. Mizuno, 

H. Okamoto, C. Pac, and H. Sakurai, unpublished results, see chapter 5. 
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Chapter 3 Photochemical Reactions of Alkyl Vinyl Ethers 

with 2-Naphthonitrile 

3-1 Introduction 

Photocycloaddition of unsaturated compounds to naphthalenes exhibits 

interesting stereochemical aspects and solvent effects which have been dis-
. 1-7 cussed in terms of exc~plexes. This chapter describes the photo-

cycloadditions of alkyl vinyl ethers to 2-naphthonitrile (2-NN), including 

product distribution under various conditions and a discussion of mechanism. 

3-2 Results 

The product distributions in photoreactions of the nitrile (2-NN) with 

the ethers (l) depend on the filters used, the concentrations of ethers, 

and the reaction temperature, but not on solvent. Irradiation of 2-NN 

containing an excess of la-b at 313 nm afforded a single (2 + 2) cyclo-

adduct (2a-b) in 80-90% yield. 8 When Pyrex was used as filter (trans-

OR 

A....,r313nrn) 

\ 
OR 

---h...., or heat 

2-NN 2a-b 

mission> 280 nm), the adduct (2a-b) was initially produced, and further 

irradiation led to gradual accumulation of compounds (3a-b), (5a-b), (6a-b), 

and (7a-b), with concomitant consumption of 2a-b. Ultimately, when 90-

~CN 

0v 
2-NN 

h....,r>280nm) 

+ ) 

\ 
OR 

la-b 

6 

-23-
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95% of the nitrile (2-NN) had been consumed, the adduct (2a-b) had almost 

disappeared, and 3a-b was obtained in 70% yield. When a large excess 

of la-b was used, the formation of 2a-b was efficient and accumulation of 

the other products was slow. The dihydrobenzocyclo-octene (4a-b) was 

obtaied only in a small amount at low conversion by irradiation through an 

Table 1 

Product distribution of the photoreaction of 2-NN with Iba 

Temp. Conv. Yields(%) 

Filter b (OC) (%) 2b 3b 4b 5b 6b 7b 8 

(A) 20 + 5 70 90(76) c c c c c 

(B) 20 + 5 95 5 70(46) tr 5 15(8) 

(B) 20 ~ 5 50d 60 30 tr tr ca.l. 5 

(C) o + 3 80 65 15 tr tr ca.l 5 (10) 

(C) 20 + 5 40 40 25 15(8) tr ca.l 10 (4) 

a A solution in benzene (4 ml) containing 0.05 g of 2-NN and 1 ml of lb. 

Product distribution was determined by g.l.c. analyses and in parentheses 

are shown the isolated yields based on 2-NN cosumed in the photoreaction 

of 2-NN and la on a preparative scale. b See text. c Less than ca. 5% 

of combined yield; see text. 

0.05 g of 2-NN. 

d A neat solution of Ib (4 ml) containing 

aqueous solution of potassium hydrogen phthalate (transmission > 300 nm) 

at 20 ± 5 °c. On the other hand, irradiation of a methanolic solution 

at 0 ± 3 °c through this filter solution gave a 2:2-adduct (8a-b), formed 

in lesser amounts at 20 ~ 5 °c. Thus, all the products were isolated 

by careful column chromatography on silica gel; the product distribution is 

summarised in Table 1. 

poorly reproducible. 

However, yields of minor products (4-8) were 

The structure of products isolated were determined from their spectral 

properties (Table 2) and analytical data (Table 4) and in some cases by 

chemical transformation. The skeletal arrangement of the adducts 2a was 

readily determined by the n.m.r. spectrum, which shows the olefinic re so

nances as an AB quartet at 05.65 and 6.67 (J 10 Hz) and aliphatic ABCX 

signals at 02.35 (2H, m), 3.4 (lH, dd), and 4.36(lH, dd). The endo-

-24-



7 2 

Figure 1 N.m.r. spectrum of 3a in CC14 (60 MHz) 

structure was assigned from the chemical shift of H-2 (04.34), which is 

similar to that of H-l (04.40) of the endo-adduct rather than that of the 

exo-adduct (04.09) in the photoreaction of l-naphthonitrile (l-NN) and 
4 

methyl vinyl ether (la). The 1,2~dihydronaphthalene structure was 

supported by the u.v. spectrum [A 270(£65l0)and 262 nm(6480) in cyclo-
9 max 

hexane]. 

The mass spectrum of the cyclobutene (3a) showed the parent peak at 

m/e 211 but different fragment peaks from those of 2a. The u.v. spectrum 

[A 280(£380), 268(510), and 260 nm(435)] did not correspond to a 1,2-
max 

dihydronaphthalene chromophore nor 

to an anisole chromophore, but was I:> ~ 

similar to that of benzonitrile. 

Moreover, 3a exhibits i.r. ab

sorption at 1565 cm- l , which is 

assignable to the stretching vi

bration of a cyclobutene double 

bond. 10 I h n t e n.m.r. spectrum 

(Figure 1) the aromatic resonances 

appear as simple ABX signals at 0 

7.10 (d, J 8 Hz), 7.26 (dd, J 8 

and 1 Hz), and 7.65 (d, J 1Hz) 

and the coupling constants between 

the olefinic protons (J 3 Hz) and 

between each olefinic proton and 

the adjacent methine proton (J 1 

Hz) are consistent with a fused 

-25-

Figure 2 The lanthanide-in-
duced shifts (L.I.S.) of 3a in 
CC14 with Eu(fod)3. 



11 cyclobutene structure as shown by molecular medels. Extensive double 

irradiation experiments established that coupling of H-3 with H-4 (J 11.2 
ax 

Hz) and H-2a (J S.6 Hz) are very similar to those of axial-axial and axial-

equatorial vicinal couplings respectively of cyclohexane derivatives, where

as those of H-3 with H-4 (J 4.S Hz) and H-2a (J 3 Hz) are very similar to eq 
values for equatorial-axial and equatorial-equatorial vicinal couplings, 

thus confirming the trans-relationship between H-4 and H-2a. 12 

Addition of the shift reagent Eu(fod)3 caused the signal of only one 

of the aromatic protons to move rapidly downfield (Figure 2)~ 
I 

Since co-

ordination involving both the cyano- and methoxy-groups is expected this 

signal must be assigned to H-S, demonstrating the presence of the cyano-

group at C-6. This structural assignment for 3a-b was further supported 

both by thermal rearrangement of 3a-b to Sa-b and by photochemical formation 

of 3b from 4b. The product (3a) could be that assigned a benzonorbornene 

structure by McCullough. 
7 

The u.v. [Acyclohexane 280(£2S20) and 261 nm(2320)] and i.r. spectra 
max -1 

[V (KBr) 22S0 and l63S cm ] of compound (Sa) showed that it is anitrile max 
possessing a conjugate diene chromophore. The n.m.r. spectra showed 

that Sa and Sb each had three aromatic protons (ABX spin system), three 

olefinic protons, and four aliphtic protons. The structures assigned 

are in good accord with the n.m.r. data. Moreover, irradiation of Sa-

£ gave the cyclobutenes (6a-b) and acidic hydrolysis of Sb occurred ef-

A B 

2.5 1/ 
00 

/6 
0/ ~c 
/0 ,./". 

,,0/ /0 
'10 /0 0- 0 

~ 0/
0 0-0-----

0/0----

2.0 

1.5 

1.0~~---~~------~~~------~~1~------~~1~ ___ __ 
1.5 2.0 

[lb] mol drn- 3 

Figure 3 Stern-Volmer plots of flUorescence quenching 

by lb: (A) in methanol, (B) in acetonitrile, (C) in 

benzene, (D) in benzene ([2-NN] = 1.0 x 10-4 mol drn-3 

for (A)-(C) and [2-NN] = 0.1 mol drn- 3 for (D». 
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ficiently to give the enone (~) in good yield, again supporting the dienol 

ether structure. 
-1 

The ketone (~) shows an i.r. band at 1673 cm and n-

~* u.v. band at 325 nm(E245 in cyclohexane), both characteristic of an aro-

matic ketone. The structure of 9 was established by analysis of its n. 

m.r. spectrum; the chemical shifts of the two olefinic protons are almost 

identical [05.55(2H, m)] and very similar to that of the olefinic protons 

of cyclo-octene (0 5.54), indicating non-conjugation of the double bond 

with the carbonyl group. Double-irradiation experiments supported this 

assignment. The cyano-group was thus considered to be on the aromatic 

ring, and the position was readily determined to be C-3 by the chemical 

shift of the X-proton in the ABX system of ~, which is considerably greater 

(0 7.95) than that of Sa (0 7.71) unlike those of the A and B protons. 

This can be attributed to the deshielding effect of the carbonyl group in 

9 on the peri-proton (X = H-4). 

Spectral data and m.p.s. of compounds (4a), (7a), and (Ba) were es-

sentially identical with those reported by McCullough et al. 7 The author 

accepts the structures assigned by them, which are in good accordance with 

the spectral properties. 

3-3 Discussion 

The adduct (2b) comprises nearly 90% of the primary products. Its 

f6rmation was niether quenched by isoprene and oxygen nor sensitised by 

benzophenone and Michler's ketone, thus it probably occurs via the excited 

singlet of 2-NN. 

~ 15 
I~ 

Figure 4 

I 
& 

10 

5 

3.5 

The singlet mechanism was unambiguously confirmed by 

o 0.5 1.0 1.5 

[lb]-1/dm3 mol-l 

Plots of ~_~l vs. [lb]-l for air-saturated 

benzene solutions in the presence of isoprene, where [2-NN] 

= 1.13 x 10-3 mol dm- 3 and [isoprene] = 0.03 mol dm- 3 
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60 

40 

20 

4.6 

o 0.5 1.0 1.5 2.0 

[lb]-1/dm3 mol-l 

Figure 5 Plots of 02b- l vs. [lb]-l for air-saturated 

benzene solutions in the presence of isoprene, where 

[2-NN] = 0.1 mol dm-3 and [Isoprene] = 0.5 mol dm-3 • 

kinetic results. Fluorescence of 2-NN was inefficiently but signifi-

cantly quenched by lb, the k T values for air-saturated benzene solutions 
- r 

being 0.46 mol- l dm3 ([2-NN] = 1 x 10-3 mol dm-3) and 0.24 mol-l dm3 ([2-
. -3 

NN] = 0.1 mol dm ) (Figure 3). The difference between the k T values 
r 

for dilute and concentrated solutions can be attributed to differentlife-

times of 2-NN at different concentrations, since excimer formation must be 

taken into account in the case of a concentrated solution. In fact the 

fluorescence spectrum of a concentrated solution was markedly different 

from that of a dilute solution. 

The quantum yields of disappearance of 2-NN [0_A] and formation of 2b 

lA 

l/TjlhV 
A 

kr[lb] 
) Exciplex 

kc 
~ products 

kq[I] !kn AI 

A + Ib I; 

FulF = 1 + kr":'[lb] (i) 

/.1. 1/.1. (1 J, If, )(1 I + l~qT[I] (1'1') l,~,_ A ~ ~'~ = + K" {c + J~I,[lb] 

k.1'lI1 = 0.093; kiT = 3.1 mol-1 dm3, [1] = 0.03 mol 
dm-3 for r/>-A 

k",[I] = 0.170; kqT = 3.4 mol-1 dm3, [1] = 0.05 mol 
dm-3 for </>!k. 

-31-
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[~2b] for solutions in benzene in the presence of isoprene
13 

at 313 nm were 

determined with varying concentrations of lb. Thus, linear plots of 1/ 

Y:l_A and 1/Y:l2b vs. l/[lb] were obtained, from which the slopes and the in

tercepts were determined respectively as 8.7 mol dm-3 and 3.5 for Y:l_A runs 

([2-NN] = 1.13 x 10-3 mol dm- 3) and 23.7 mol dm-3 and 4.6 for Y:l
2b 

runs ([ 

2-NN] = 0.1 mol dm- 3) (Figure 4 and 5). When these values and the 

Table 3 

Values of k T from fluorescence quenching 
r 

Quencher Solventa k T/ 
r 

Adiabatic 
. ionisation 
potential dm3 mol- l 

lb 

2,3-Dimethyl
but-2-ene 

benzene 

benzenec 

methanol 

acetonitrile 

benzene 

methanol 

0.46 

0.24 

3.88 

2.98 

acetonitrile l67 f 

a Air-saturated solution,. [2-NN) = 1.1 x 10-3 mol dm-3 • b . M. P. N~emczyk, 

N. E. Schore, and N. J. Turro, Mol. Photochem., i, 69(1973). c [2-NN) = 
-3 d 

0.1 mol dm. G. N. Taylor, Chem. Phys. Lett., 10, 355(1971). 
e d" f Measure ~n th~s work. See ref. 17a. 

quenching constants of isoprene (k T[I) were applied to 
q -1 3 

k T values were calculated as 0.44 mol dm for Y:l A and 
r -

equation (ii), the 
-1 3 

0.23 mol dm for 

Y:l
2b

, in excellent agreement with the values obtained from the fluorescence 

quenching studies on the corresponding solutions. 

Fluorescence quenching in polar solvents is much more effective than 

for a solution in benzene (Table 3), showing that k is greater in polar r . 

solvents, since life-times of 2-NN in methanol and cyclohexane are known 

to be almost identical.
14 

This solvent effect can be reasonably 

interpreted by assuming the intervention of an intermediate possessing 

charge-transfer character as suggested in a previous paper. 4 Since 

such an intermediate {probably an exciplex)15 is expected to be more stabi-

-32-



lised in polar solvents than in less polar solvents, it would be predicted 

that values of k would increase of solvent polarity. The exciplex 
r 

intermediacy is further supported by the greater effectiveness of fluo-

rescence quenching with 2,3-dimethylbut-2-ene, which possesses a lower 

ionisation potential (Table 3). Moreover, we observed that the fluo-

rescence quenching by 2,3-dimethylbut-2-ene in a dilute solution in benzene 

was accompanied by enhancement of longer wavelength emission, due to the 

appearance of a new weak emission (exciplex emission) at longer wavelength 

(390-440 nm). 

In relation to solvent effects on mechanistic pathways from exci
la,16 

plexes, however, it is of interest that the systems 2-NN-la-b and 2-NN-

2,3-dimethylbut-2-ene reveal differnet solvent effects. In the latter 

case, the photoreaction of a methanolic solution gives solvent-incorporated 
17 

adducts, and moreover the fluorescence quenching in methanol is one 

hundred times more effective than that in benzene, suggesting occurrence 

of a rapid electron-transfer reaction as established for some exciplex-
16 forming systems. In contrast, the former system does not show such 

drastic solvent effects on both product distribution and fluorescence 

quenching rate, implying negligible importance of electron-transfer re-

actions, even in polar media. The solvent effects can rather be inter-

preted in terms of solvation of a 2-NN-la-b exciplex depending on solvent 

polarity. In this regard, it is notable that the quantum yield (0.046) 

for disappearance of 2-NN in a dilute methanolic solution in the presence 

.py=) 
NC~ 

OR 
4 

Nc(i0 
~ 

6 

E-~ 
NC~ 

IN --heat 

OR 
3 

~ heat 

(10 
·NC~ 

OR 

5 

+ 

H· «J -- /1 .1 
NC ~ 

o 
9 

a ; R : Me b; R = Et 
SCHEME 2 
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of 2.0 mol dm-
3 

of Ib was significantly lower than that in a benzene so

lution (0.123), probably owing to solvation of the exciplex by methanol 

which leads to faster decay (greater k ) in comparison with the decay in 
n 

benzene. Alternatively, the lower quantum yield in methanol could be 

interpreted in terms of hydrogen bonding of a 1,4-diradical intermediate as 

has been discussed for Norrish type llphotoelimination of ketones. 18 

However, the intermediacy of a diradical is not consistent with the se

lective formation of the thermodynamically less stable 2b in both methanol 

and benzene. 

The change of the product distribution in irradiation through Pyrex 

is of mechanistic interest. This is shown dramatically by the u.v. 

spectra (Figure 6; irradiation at 313 nm of a dilute solution of 2-NN in 

cyclohexane containing Ib resulted in a spectrum essensially identical with 

that of 2b, which rapidly collapsed to a spectrum similar to that of 3b on 

further irradiation of the solution through Pyrex. The author previously 

ascribed this change to the photorearrangement of 2a-b; this has been now 

found to be erroneous, since 2a-b are quantitatively decomposed into 2-NN 

Figure 6 Spectral Change of a cyclohexane solution 

containing 2-NN (4.0 x 10-4 mol dm-3 ) and Ib (2.0 

mol dm- 3); solid line spectra: 313 nm irradiation 

for 0 (1),20 (IT), and 80 min(DI); dotted line 

spectra: irradiation of mixture (DI) through Pyrex 

for 50(1V), 110(V), and 180 min(V1) 
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and la-b by either direct irradiation through Pyrex or sensitisation with 

benzophenone, Michler's ketone, and 2-NN, but do not give compounds 3a-b 

and the other products at all, even at -60°C. 

The change in product distribution is now thought to be due to con

tinuous accumulation of the minor products during irradiation through Pyrex, 

as 2a-b is decomposed in competition with its formation by light of longer 

wavelength than 280 nm. This interpretation is in good accor~ with the 

observations that irradiation at 313 nm or in the presence of a large ex

cess of la-b through Pyrex resulted in no appreciable or only a small 

change in product distribution, since 2a-b is not appreciably photolysed at 

313 nm or accumulates faster than it decomposes in the presence of a large 

excess of la-b even during irradiation through Pyrex. 

In order to elucidate the mechanistic pathways affording the minor 

products (ca. 5% of the primary products), photochemical and thermal inter

conversions were investigated; the results are shown in Scheme 2. Details 

of these reactions will be published elsewhere, but some significant points 

will be discussed in relation to the mechanism of formation of these 

products. 

None of the products i, ~, and 2 is formed by secondary photoreactions 

of the other products. Compound ~ is evidently an artefact formed by 

photocyclisation of 5 since irradiation of the latter gave ~ in quantitative 

yield. Likewise, 1 and ~ are formed by photochemical ring closure and 

dimerisation of i; this was confirmed by irradiation of 4 in solution 

through Pyrex, giving 1 and ~ in good yield. Moreover, there is a re-

markable temperature dependence of the ratio of the product 1 and~: 0.5: 

1 at 0 ± 3 DC, 1.0:1 at 20 ± 5 DC, and 2.0:1 at 70 ± 5°C, in good accord 

with the observation that the yield of 8 is higher at 0 ± 3 °C than at 20 

! 5 DC. However, it is doubtful that all the product 1 formed from th~ 

pnotoreaction of 2-NN with 1 is obtained by pnotocyclisation of i, since 

the expected yield of 1 based On the l:~ ratio never exceeds 50% at best 

(at 20 ± 5 oC);9 and the observed yield is 70%. Therefore, 1 appears 

to be formed by another route as well. Since the products l-~ have 

similar skeletons, their formation could be interpreted in terms of a 

common transient compound 10, which is formed by the photoaddition of 1 to 

the C(8)-C(8a) bond of 2-NN; the intervention of vibrationally excited 4 

arising from cleavage of the remaining single bond at this position in 10 

provides a reasonable route to i and~, since i thermally rearranged to 5 

and/or the cis,trans-diene 11 generated by the bond cleavage wouid be a 
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O)CN O,R 

[1,3] shift PUCN I .,/ • h~ or heat 

10 3 

. ~ h~(lt ~? t hent 
conrctatory 

[~CN <PCN
] and I or :--.. 1/ 

4* 11 

1 { heat 

4 + 5 8 
SCIIE~IE :1 

possible precursor of 1 and ~ by analogy with the thermal cyclisation and 

dimerisation of cis,trans-cyclo-octa-l,3-diene.
20 

Alternatively, for-

mation of 1 could be explained in terms of a [1,3] sigmatropic shift of 

the naphthalene 8,8a-bond in 10. The mechanism for formation of 7 can-

not be reasonably discussed at present. However, formation of compounds 

1, i, ~, and 2 is not sensitised by benzophenone and Michler's ketone, sug

gesting the intermediacy of the excited singlet state of 2-NN, though it 

is not clear wheather or not these products are formed via an exciplex. 

In summary, the (2 + 2) photocycloaddition of 1 to 2-NN occurs in a 

stereoselective manner unlike that to I-NN, but both the systems 2-m~-1 

and I-NN-~ reveal similar solvent-dependent behaviour of quantum yields and 

fluorescence quenching rates, implying the intervention of exciplexes which 

have a similar charge-transfer nature but different configurational stabili-

ties. Moreover, the photoreactions of 2-NN with 1 could be of use for 

the preparation of various cyclic compounds, by suitable choice of filters 

and thermal or photochemical rearrangement of the photoproducts. 
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3-4 Experimental 

Materials. ---- Commercial thiophene-free benzene was washed with 

sulphuric acid until no further colouration of the acid layer took place, 

then with water, and distilled from sodium. Reagent grade methanol was 

distilled from calcium hydride. Ethyl vinyl ether (Nakarai Chemicals) was 

distilled over calcium chloride under nitrogen before use. Methyl vinyl 

ether (Tokyo Kasei) was distilled from a gas cylinder before use. 2-

Naphthonitrile (Tokyo Kasei) was purified by vacuum distillation and sub

sequent re crystallisation from hexane (m.p. 66-67 °C). 

General.---- N.m.r. spectra were obtained with a Hitachi-Perkin-Elmer 

R24 spectrophotometer (60 MHz) and a JEOL JNM JS-IOO instrument (100 MHz) 

for solutions in carbon tetrachloride or dueteriochoroform containing 

tetramethylsilane as internal standard, i.r. spectra with a Hitachi EPI

S2 spectrophotometer, u.v. spectra with a Hitachi 124 spectrophotometer, 

and fluorescence spectra with a Hitachi MPF-2A spectrofluorimeter. Yields 

and product ratios were determined by g.l.c. with a Shimadzu GC-2C machine 

equipped witn a flame-ionisation detector (column of 5% Ucon Oil LB-550X 

on Celite 545; 0.75 or 1.5 m; 160°C). M.p.s. were measured for samples 

in capillaries. 

Quantum Yields. ---- (a) The solutions were prepared by dissolving 

the nitrile (2-NN) (1.13 x 10-3 mol dm-
3) , the ether (lb) (0.8-4.0 mol 

dm-
3), and isoprene (0.03 mol dm- 3) in benzene ormethanol. Monochromatic 

light at 313 ntn was obtained from a high-pressure mercury arc (450 W) by 

passage through a Toshiba OV-D25 glaSs filter and aqueous potassium chro

mate (0.2 9 dm- 3 , 10 mm path length). The light intensity (la) was de

termined by potassium ferrioxalate actinometry to be 2.01 x 10-7 einstein 
-3 .-1 cm m~n Sample solutions placed in an optical cell (la x la x 45 mm) 

were irradiated and the decrease of absorbance at 316 nm (A) was moni

tored. Plots of In (eA - 1) vs. irradiation time (t/min) were linear. 

Quantum yields for the disappearance of 2-NN [~-A] were obtained from the 

slopes of the lines by applying the equation In (eA - 1) = -1000E0_Alot + C, 
2 where E is the molar.absorbtion coefficient of 2-NN at 316 nm (8.9 x 10 

dm
2 

mOl-I) and C is a constant. In all the runs, conversions were less 

than 10%. 

(b) The quantum yields for formation of 2b ,(02b) were determined for 
-3 -- -3 

solutions in benzene 0.1 mol dm in 2-NN, 0.05 mol dm in isoprene and 

0.5-4.0 mol dm-
3 in lb. Relative quantum yields were obtained by using 

a 'merry-go-round' apparatus immersed in water at 20 ~ 2°C. Light 
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filtered through the filter (A) (see later) was used to irradiate samples 

(4 ml) in matched Pyrex tubes. After irradiation, p-methoxybenzophenone 

(internal standard) was added to each irradiated solution and the amounts 

of 2b formed were determined by g.l.c. analysis. The absolute quantum 

yield in the presence of 4.0 mol dm-
3 of Ib was 0.097. In all the runs, 

conversions were less than 5%. 

Photoreactions of 2-Naphthonitrile with Alkyl Vinyl Ethers. 

General procedures. Irradiation was carried out with an Eikosha PIH 300 

W high-pressure mercury arc at room temperature. The following filters 

were employed: (A) 5.0 x 10-4 mol dm- 3 aqueous potassium chromate in a 

Pyrex vessel (l0 mm path length; 313 nm), (B) Pyrex (> 280 nm), and (C) 

2.4 x 10-2 mol dm-3 aqueous potassium hydrogen phthalate in a Pyrex vessel 

(10 mm path length; > 300 nm) • In control runs, a solution in benzene 

(4 ml) containing the nitrile 2-NN (0.05 g) and the ether lb (1 ml) or a 

solution of 2-NN (0.05 g) in Ib (4 ml) was irradiated and the photolysate 

was analysed by g.l.c. Oxygen-free nitrogen was bubbled through the 

solutions for 30 min before irradiation. In preparative experiments, a 

solution in benzene or methanol (200 ml) containing 2-NN and la-b was 

. irradiated for 20-50 h. The solvent and the excess of la-b were re-

moved, and the residue was subjected to column chromatography over silica 

gel (Merck Kieselgel 60) with benzene-hexane as eluant. After elution of 

unchanged 2-NN with benzene-hexane (1:3), compounds 7a-b, 4a-b, 2a-b, 

5a-b, and 6a-b were isolated in sequence by elution with 1:2, 1:1.8, 1:1, 

3:2, and 4:1 solvent mixtures, respectively. since the procedures for 

the photoreactions of 2-NN with la and with lb were almost identical, only 

the former reaction is d~scribed. 

(a) With filter (A). A solution in benzene containing 2-NN (1.0 g) 

and la (30 g) was irradiated at 20 + 5 QC for 40 h. Column chromatography 

afforded starting materials 2-NN (0.3 g), endo-2-methoxy-l,2,2a,8b-tetra

hydrocyclobuta[a]naphthalene-2a-carbonitrile 2a (0.73 g, 76%), m.p. 71.5 

-72.5 QC (from hexane), and small amounts of other products (ca. 0.1 g). 

(b) With filter (B). A solution in benzene containing 2-NN (2.0 g) 

and la (30 g) was irradiated at ambient temperature for 50 h. Column 

chromatography afforded the nitrile 2-NN (0.1 g), 3,3a,4,8b-tetrahydro-2-

methoxycyclopent[a]indene-~arbonitrile 7a (0.2 g, 8%), m.p. 89.5-92 QC 

(from hexane), 2a,3,4, 8b-tetrahydro-4-methoxycyclobuta [a]naphthalene-6 -

carbonitrile 3a (1.2 g, 46%), m.p. 50-51 QC (from hexane), 5,6-dihydro-

10-methoxybenzocyclo-octene-2-carbonitrile Sa (ca. 0.02 g), m.p. 106.5-

108 QC (from methanol), 2a,3,4,8b-tetrahydro-8b-methoxycyclobuta[a]naphtha-
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lene-7-carbonitrile 6a (0.1 g, 4%), m.p. 92-93 °c (from hexane), and a 

mixture of adducts. 

(c) With filter (C). A methanolic solution containing 2-NN (2.0 g) 

and la (30 g) was irradiated at ambient temperature for 20 h. During 

irradiation a solid was precipitated, and was filtered off to yield the 

cyclobutabis(benzocyco-octene) 8a (0.05 g, 4%), m.p. 290-300 °c (decomp.) 

(from benzene). After evaporation of methanol and the excess of la, 

column chromatography gave the nitrile 2-NN (1.1 g), compound 7a (ca.O.l g), 

9,10-dihydro-lO-methoxybenzocyclo-octene-2-carbonitrile 4a (0.1 g, 8%), 

m.p. 108-110 °c (from hexane), and compounds 3 (ca. 0.25 g) and 2a (ca. 

0.4 g). 

Photolyses and Pyrolyses of the Adducts (2a and ~). ---- A solution 

in methanol or benzene solution of 2a-b (0.1 g in 4 ml) in a Pyrex tube 

was irradiated with a high-pressure mercury arc (300 W) • During the 

irradiation, g.l.c. analyses of the photolysate were carried out 1 h 

intervals for the initial 5 h; it was found that the amount of nitrile 

2-NN increased linearly with desappearance of 2a-b and no other compounds 

were formed at 100% conversion. 

Irradiation of a solution in benzene of 2a-b (0.01 g) in the presence 

of 2-NN (0.03 g), benzophenone (0.03 g), or Michler's ketone (0.03 g) for 

less than 2 h also resulted in complete decomposition to 2-NN. Pyrolyses 

of 2a-b at 230-250 °c again gave 2-NN. 

pyrolyses of the Adducts (3a and b). ---- On heating crystalline 

3a-b (0.1 g) at 200-210 °c for 1 h under nitrogen, a brownish materials 

was obtained, which was chromatographed on silca gel. Elution with 

benzene-hexane (1:2; 500 ml) gave the benzocyclo-octene 5a-b (ca. 70 mg, 

70%), and further elution afforded brownish glassy materials shich were 

not identified. 

Pyrolyses of the Adducts (4a and b). ---- Crystalline 4a-b (0.01 g) 

in a Pyrex tube was degassed and heated at 280 + 5 °c for 15 mini the 

n.m.r. spectrum of the resultant mixture showed formation of 5a-b in 

ca. 70% yield. 

Irradiation of the Adduct (4b). ---- A solution in benzene of 4b 

(0.01 g in 5 ml) in a Pyrex tube at 0 ± 3 °c for 6 h, at 20 + 5 °c for 

3 h, or at 70 + 5 °c for 30 min was irradiated with a high-pressure 

mercury arc. During the irradiation, g.l.c. analyses of the photolysate 

were carried out at 20 min intervals; it was found that compound 3b was 

formed linearly with disappearance of 4b but the total yields were de-

creased. After irradiation, removal of solvent left a solid which was 
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shown to consist of 3b and 8b by the n.m.r. spctra ca. (ratios 1:2, 1:1, 

and 2:1 respectively). 

Irradiation of the Benzocyclo-octenes (5a and £). ---- An ethereal 

solution of 5a (0.2 g in 100 ml) in a Pyrex vessel was irradiated with a 

high-pressure mercury arc for 5 h. After irradiation, removal of solvent 

left an oil containing 6a and a small amount of 5a; subsequent chrornato-

graphy afforded pure 6a (0.18 g). Similarly, irradiation of 5b afforded 

6b quantitatively, but the product did not solidify, even on storage in a 

refrigerator for 2 months. 

Acid-catalysed Hydrolyses of the Benzocyclo-octene (5b). ---- To 

ethanolic hydrochloric acid (0.1 N; 100 ml) was added an ethanolic solution 

of 5b (0.2 g) and the solution was left for a week at an ambient tempera-

ture. After removal of two-thirds of the solvent, the solution was 

extracted with ether. The extract was washed with saturated aqueous 

sodium hydrogen carbonate and saturated aqueous sodium chloride, dried 

(Mgs04), and evaporated. The brownish residue was chromatographed on 

silica gel to afford 3-cyano-9,10-dihydrobenzocyclo-octene-5(6 H)-one ~ 

(0.12 g), m.p. 106.5-107.5 °c (from methanol). 
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Chapter 4 Stereochemistry on Photocycloaddition to Aromatic 

Rings 

4-1 Introduction 

Recently, the stereochemistry of the photocycloaddition to aromatic 
. 1-3 rings has been discussed in terms of exc1plexes. The configuration 

of exciplex can be expected to reflect the stereoselectivity of the 

cycloaddi tion and addition modes, i. e., (2 + 2), (2 + 4), (4 + 4) additions 

and so on, if it is an intermediate which has some rigid configuratiori. 

In this chapter, the stereochemistry on photocycloaddition to aromatic 

rings via exciplexes is described. 

4-2 Substrate Selectivity of 9-Cyanoanthracene and 9-Cyano

phenanthrene 

4-2-1 Introduction 

previously, Sakurai et al. have reported that the photoreaction of 1-

naphthonitrile (l-NN) with alkyl vinyl ethers (la-b) affords only (2 + 2) 

adducts (l) and (3),2 whereas that with furan (!) gives only (4 + 4) 
4 adducts (~). If 9-cyanoanthracene (9-CA) and 9-cyanophenanthrene (9-

CP) having the reactive sites fixed on the C9 and CID positions are used 

:-... I. OR ~" 
NC' . 

2 

Q~ R=Me b; R-et 

instead of I-NN though the photocycloaddition of 9-CA with 4 and 9-CP with 

la-b wtU'e described in chapter 1 and 2, the possible photocycloaddition 

will be expected to occur ih (4 + 4) and (4 + 2) types for 9-CA and in (2 

+ 2) and (2 + 4) types for 9-CP. In order to investigate the addition 

modes, the author carried out, in this section, the photoreaction of 9-CA 

with la-b and 9-CP with 4. 

4-2-2 Results and Discussion 

Irradiation of a benzene solution of 9-CA containing a large excess 

of la-b through a glass filter ( >300 nm) with a high-pressure mercury 
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no cross adduct <: \\ hV 

~ ~( ___ hV ____ __ 

ai R=Me, bi R=Et 

CN 

~ 
~ 

CN 

~ 

) 

hv 
------~h~/-)~ no cross adduct 

arc gave no cross adduct, but only resulted in the quantitative formation 

of the dimer of 9-CA under the same conditions in the photoreactions of 

9-CA with i in chapter 1. The photoreaction of 9-CP with 4 also re-

sulted in the formation of the dimer of 9-CP (20%)5 and the recovery of 

9-CP (70-80%). 

The present results are in sharp contrast to those of the photore-

action of l-NN with la-b and 4. Since the fluorescence of 9-CP and 9-

CA was quenched by both Ib and i, 6 it is surprising that 9-CP and 9-

CA have the distinct and reverse substrate selectivity in the photore-

actions with la-b and 4. -- - At the present stage, therefore, thesubstrate-

selectivity may be possibly interpreted as being caused by the lifetimes 

and/or the configuration of exciplexesi in the case of the exciplex between 

9-CP and i or 9-CA and la-b, the life time is too short for the reaction to 

occur and/or the configuration is unfavourable for the cycloaddition. 

4-3 Stereoselective Photocycloaddtion of Indene and Phenyl 

Vinyl Ether to l-Naphthonitrile 

4-3-1 Introduction 

The photoreaction of I-naphthonitrile (l-NN) with la-b affords both 
2 

the endo-cycloadduct (2a-b) and exo-isomer (3a-b), whereas the (4 + 4) 

photocycloaddition of i to l-NN is highly stereoselective and remarkably 
4 

dependent on solvent used. The difference between the above two photo-

reactions may be interpreted by the stability and/or the configuration of 

exciplexes, since such planar molecule as i can be expected to form more 

stable and rigid exciplexes than linear la-b. If this is the case, 

more conjugated olefins will undergo the photocycloaddition to I-NN with 
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an enhanced stereoselectivity. 

4-3-2 Results and Discussion 

Irradiation of l-NN in the presence of an excess of indene (~) gave a 
7 

single product (2) at an initial stage. The structure of 7 was de-
-1 

termined by the following data: V (nujol) 2240 (C=N) and 1640 cm (C=C); 
max 

Aacetonitrile (E) 302 (sh) 273(7690), and 265 nm(7690); m/e 269(M+, very 
max ' 

weak), 153, and 116; 0 1 (60 MHz) 2.75(endo H-3, dd), 3.1S(exo H-3, dd), 
CC 4 

3.S5(H-2, dddd), 4.1(H-7, ddd), 4.36(endo H-6, dd), 5.3S(H-S, dd), 6.0(H-9, 

d), and 6.6-7.3(aromatic protons, SH, m); J 3 ,3 19, J 2 ,3 3.2, J 2 ,3 

J 6 ,7 S, J 7 ,S 4.5, J S,9 10 and J 2 ,7 1.5 Hz (Figure 1). 

H 

Figure 1 

6 5 4 

i 

! 

I 
Hs'! 

3 

N.rn.r. spectrum of the photoadduct (2) in CC1
4 

The complex n.m.r. signals at 03.7-4.6 consist of a downfield triplet 

and two triplets with further splittings. Upon irradiation at 02 •. 95 

(or 5.3S), the triplet at 03.S5 (or 4.10) collapses into a doublet with 

spli ttings. This spin decoupling results and the first order analysis 

in cmparison with 100 MHz data establish the vicinal couplings of H-2 with 

H-6, H-3, and H-3' and of H-7 with H-6 and H-S and a long range coupling 

between H-2 and H-7. Thus, all the spectral data support the skeletal 

arrangement for 2 figured in Chart. It is interesting to note that 7 

is not an expected product derived from a stable 1,4-biradical. 
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The fact that H-8 and H-9 exhibit the signals at unusually high field 
8 

than the corresponding protons in any similar compounds can be reasonably 

interpreted in terms of anisotropic effect of the endo-located benzene ring 
9 of the indane part as being observed in a benzotricyclic compound. In 

fact, molecular models of 7 with the endo-configuration show that the 

benzene ring is just located over the C8-C
9 

bond. 

~ .. 

00 h\l ©9f> ....., ,- + CHa=CHOR + 
7.1' 

r Ne • 

h\l Indene 
OR 

2a; R= Me, mp 86-87 °c 3a 

2b; R= Et, mp 57-58 °c 3b 

2.; R= Ph, mp 115.5-116.5 °c 

7 mp 146-147.5 °c 

Irradiation of I-NN in the presence of phenyl vinyl ether (~) gave a 

sole (2 + 2) cycloadduct (2.) in 70-80% yields along with the formation of 
7 10 2:2-adducts. ' The spectral data for 9: V (KBr) 2220(C~N), 1630 

(C=C), and 1240 cm-1 (Ar-O-C); Aacetonitrile (c) 30~~~60), 273(78~O), and 
max 

H-s 

Figure 2 

H-B 

4 

Ju~ 4 Hz 
J',~= 3 Hz 
:r,;t!.: 11Hz 

1:1'5.6 t 1.741:: 7 Hz 

ft6 H-711 ft7S 

H-S; ft7a H-7s; 

~~."'" 
2 . 1 b(PPI1) 0 

N.m.r. spectra of 2b, 3b, and 9 
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+ 265 nm(8900); mle 273(M , very weak), 153, and 120; 0CDC1
3 

(60 MHz) 2.27(H-

7, ddd), 2.7(H-7, ddd), 3.2(H-6, ddd), 5.22(H-8, dd), 5.72(H-5, dd), 6.36( 

H-4, d), and 6.75-7.5(aromatic protons, 9H, m); J 4 ,5 10, J 5 ,6 6, J 6 ,7 

J 7 ,8 = 8, J 6,7 = J 7 ,7 = 10.5 and J 7 ,8 8.5 Hz. N.m.r. spectra of 2b, 3b, 

and 9 were shown in Figure 2. 

Figure 3 A stereoscopic view of 9 11 

The spectral data support the skeletal arrangement for ~ figured in 

Chart. For structural elucidation, it is notable that the n.m.r. 

spectrum of ~ (Figure 2) is very similar to that of 2b rather than that of 

l£ except the signals of ethoxyl group and aromatic protons and downfield 

shifts in the signals of 9. The spectral similarity may suggest the 

endo-configuration for 9. Moreover, the structure of ~ was decided on the 

d f ' 'b hI' 11 , 3 h en o-con ~gurat~on y t e X-ray ana ys~s. F~gure sows a stereo-

scopic view of ~ and a view of the packing arrangement along 010 is shown 

in Figure 4. At any rate, ~ and ~, more conjugated olefins than la-b, 

undergo the photocycloaddition to I-NN in a stereoselective manner. 

Figure 4 

ON 
00 
QC 

11 A view of the packing arrangement along 010 
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In contrast to the photoreactions of benzene solutions, irradiation of 

methanolic and acetonitrile solutions of l-NN containing ~ or ~ gave complex 

mixtures. The fluorescence from cyclohexane solutions of l-NN was 

quenched by indene (~) with a diffusion controlled rate. The results 

obtained may suggest exciplex intermediacy and may support the author's 

prediction. 

4-4 Stereospecific Photocycloaddition of l-NN withcis- and 

trans-Phenoxypropenes and Methoxypropenes 

4-4-1 Introduction 

In the preceding section, the author described the stereoselective (2 

+ 2) photocycloaddition of l-NN with phenyl vinyl ether (~) which gave ex

clusively an endo-adduct, unlike-that with alkyl vinyl ethers (la-b). This 

endo-selective orientation would imply a stereospecific nature of the photo-

cycloaddition. The author describes in this section the stereospecific 

photocycloaddition of cis- and trans-l-phenoxypropenes [(lOc) and (lOt)] 

and cis- and trans-l-methoxypropenes [(llc) and (llt)] to l-NN. 

4-4-2 Results and Discussion 

Irradiation of a benzene solution containing l-NN and an excess of 10c 

through Pyrex by a high-pressure 

°c and 13c (10%), mp 101-102 cC. 

lOt gave 12t (85%), mp 97.5-98.5 

Me H 

& )( hv 
\ ~ CN 

+ .) 

PhO H 

iOt 

H Me 

~ +pJ( h~ 

\~ N 
) 

lOt 

mercury arc gave 12c (80%), mp 138.5-139.5 

Similarly, irradiation of l-NN and 

°c and 13t (5%) an oil. Products were 

H Me 

Me H 
+ 

OPh H 

lli ( ..... 80%) 13c (-v10%) 

mp 138.5-139.5 °C 101-102 °c 

Me H 

H Me 
OPh 

H 

12t( .... 85%) 13t (",5%) 

mp 97.5-98.5 °C 
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isolated by column chromatography on silica gel. 

Analytical and spectral data were in accord with the assigned structures, 

and the assignments were based mainly on n.m.r. spectra (Figure 5 and Table 

1); close analyses of chemical shifts of the aliphatic and olefinic protons 

of the four adducts allowed to determine endo or exo configuration of the 

phenoxy and methyl groups of each adducts by considering anisotropic effects 

Figure 5 N.m.r. spectra of 12c and 13c 

of dihydronaphthalene ring and the substituents. These structural as-

signments were also supported by retro-grade thermolyses and photolyses of . 

the adducts. Thermolyses of 12c and 13c to 10c at 300-350 °C took place 

in 90 .~ 5% specificity, whereas 12tand 13t were decomposed into lOt in 70 

± 5% specificity. Among these adducts, 12c was least stable. On the 

Table 1 N.m.r. data of photoadducts (0 ppm in CDC1
3

) 

Compd. H-4 H-5 H-6 H-7 H-8 Me 

12t 6.31 5.90 2.75 2.75 4.73 1.21 

13t 6.45 5.75 3.45 3.45 4.55 1.21 

12c 6.48 5.57 3.60 3.06 5.32 0.95 

13c 6.35 5.75 3.05 2.75 4.80 1.43 

RI R2 
OPh 

Rl=Me, R =H 
2 12c 13c 

R =H 
1 ' 

R =Me 
2 

12t l3t 
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H 

Me h" PhO, /Me 
OPh ) C=C 

Ferrocene H/ 'H 

10c 

12c " 300 °C (95%) ) lQ.£ + lOt (5%) 

Me 

H hv PhO, /H 
OPh ) /C=C, 

Fer"rocene H Me 
lOt 

13c '" 300°C 

" 10c (23%) + lOt (77%) 

other hand, irradiation of acetonitrile solutions of the cis- and trans-
12 adducts in the presence of ferrocene resulted in complete stereospecific 

formation of 10c and lOt respectively. 

In a similar manner, photoreaction of l-NN and llc afforded the stereo

specific (2 + 2) cycloadducts (14c) and (lSc) , and irradiation of I-NN and 

lIt also gave the stereospecific cycloadducts (14t) and (lSt).13 These 

adducts were isolated by column chromatography on silica gel and these 

structures were assigned by spectral properties. 

~' ...... + "- .... 
N 

1 2 11c; R =H, R =Me 
1 2 11t; R =Me, R =H 

14c(55%) 

14t(60%) 

15c (45%) 

15t(40%) 

It is noteworthy that l2c and 12t possessing the endo-located phenoxy 

group are much more favourably formed than l3c and l3t respectively, though 

this endo orientation is sterically unfavourable. The endo-seleetive 

orientation of the phenoxy group can be interpreted by assuming the inter

vention of exciplexes possessing fairly rigid configuration between excited 

I-NN and the phenoxy ring of the olefins, as previously speculated. The 

formation of the exo-adducts 13c and 13t apparently arises from the exo 

approach of olefins which can intervene in competition with the endo one, 
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even in minor importance, by added steric effects of the methyl group to 

the exciplex formation and the subsequent process. Thus, the orien-

tational selectivity in the photocycloaddition of l-NN with vinyl ethers 

appears to be affected by both electronic and steric factors of the sub

stituents of vinyl ethers, though the former would be important with 

olefins containing a phenoxy group. In this regard, it is of interest 

to note that the photocycloaddition of l-NN with cis- and trans-l-tri

methylsiloxybut-l-enes, having no planar TI-electron system conjugated with 

double bond as well as llc and lIt, occurs stereospecifically but leads to 

the complete loss of such orientational selectivity, such that two stereo

specific cycloadducts are formed in equal amounts with each 01efin. 14 ,15 

The stereospecificity would therefore be maintained independently of the 

nature of the substituents. 
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Irradiation was carried out through a glass filter () 300 nm) with a high· 

pressure mercury arc. Over-irradiation led to the formation of un-

tractable materials in substantial amounts. 

The normal chemical shifts of the protons corresponding to the C
8

- and 

c
9
-protons of 7 are in the range of 0 5.7-6.32 and 6.2-6.63 respective

ly. For example, see ref. 2; "VARIAN NMR spectra Catalog" compiled by 

N. S. Bhacca, L. F. Johnson, and J. N. Shoo1ery, Varian Associates (l962) , 
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9 

Chart No. 592; W. Herz and G. Caple, J. Amer. Chem. Soc., 84, 3517(1962); 

J. J. McCullough, C. Carlo, and C. W. Huang, Chem. Commun., 1176(1968). 

H. E. Simmons, J. Amer. Chem. Soc., ~, 1657(1961). 

10 The 2:2-adduct melts at 268-269 °C. Although the structure has not 

11 

12 

13 

14 

15 

been firmly established yet, it appears to be a dimer of 9 as judged 

from the spectral data. 

N. Kasai et al., unpublished results. 

In the absence of ferrocene or 1,3-dienes, irradiation of 12c and 12t 

gave 10c and lOt in 95 ~ 1% and 98 + 1% specificity at zero time ir

radiation, respectively. 

Similar stereospecific photocycloadditions were also observed in the 

photoreactions of 2-naphthonitrile (2-NN) and llc and Ilt and 9-CP and 

llc and Ilt; K. Mizuno, C. Pac, and H. Sakurai, unpublished results. 

1 2 
llc; R =H, R =Me(70%) 

Ilt; R1=Me, R2=H(80%) 

(30%) 
(20%) 

9-CP 

(80%) 
(95%) 

(20%) 

« 5%) 

See chapter 5; K. Mizuno, H. Okamoto, C. Pac, and H. Sakurai, un-

published results. 

Speculated exciplex configuration of I-NN - 8 and 9-CP - 2,5-dimethyl-

2,4-hexadiene (chapter 2). 

<C>< __ 
«\§> 

N"C' 
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Chapter 5 The Photo-Michael Reactions. Photoreactions 

of l-Naphthonitrile with Silyl Enol Ethers 

5-1 Introduction 

In previous chapters, it is shown that the photoreactions of aromatic 

nitriles with alkyl vinyl ethers give the regioselective (2 + 2) cycload-

ducts in excellent yields.
l 

These regioselective photocycloadditions 

eN 

¥+ ~ OR 

hV + 

R = Me, Et 

are appreciable to the photo-Michael reactions using silyl enol ethers in 

the place of alkyl vinyl ethers, since silyl enol ethers as both electronic 

equivalent of alkyl vinyl ethers
2 

and synthetic equivalent of enols 2
,3 are 

d h 11 dd d o ° h 1 ° 2,4 h O use as t e exce ent a en 1n some M1C ae -type react1ons. In t 1S 

chapter, the author describes the photo-Michael reactions of silyl enol 

ethers with I-naphthonitrile (l-NN). 

Michael reactions 
o 

A/\-
B 

+ 

photo-Michael reaction 

.....-/"" OsiMe 3 

+ "-X 

5-2 Results and Discussion 

o 

A~ 
B X 

The trimethyl silyl enol ethers (la-c) were prepared from the corre-
5 

sponding ketone and aldehydes. The typical procedure is described for 

+ + DBU + 

+ + 

znC1
2 

o °C, 4 h 
in n-Octane ) 

60-80 °C, 4 h ) 
in DMF 

-../R 

----...... OSiMe
3 

la; R = H 
Ib; R = Me 

~ 

I~ 
Et OSiMe

3 
cis- and trans-mixture(lc) 
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the photoreaction of l-naphthonitrile (l-NN) with the silyl enol ethers. 

Irradiation of a benzene solution of l-NN and the trimethyl sily enol ether 

of acetone (lb) through Pyrex by a high-pressure mercury arc gave l:l-cyclo-

adduct (2b) in 90% yield. 6 2b is a mixture of two isomers. One of 

them was isolated by column chromatography on silica gel and the structure 

is confirmed by i.r., u.v., mass, and n.m.r. spectra (Table 1). 2b was 

readily hydrolyzed by a methanolic solution containing 5% acetic acid at 

CN RI " 

00 + 
~OS~Me3 

hV ~2 ) .... ". R ) 280nrn 
la-c 

RI R2 yield (%) * 
3 

a H H 47 (80) 
b H Me 94 (90) 
c Et H 66(85) 

4b 

50 ~ 5 °C to give Michael product (3b) in 94%. 

isomers and chromatography afforded each isomer. 

2 
R 

~o 

5b 

3b is a mixture of two 

More conveniently, 3b 

was obtained in similar net yield even by direct hydrolysis of the reaction 

mixtures without isolating 2b. 

Similarly, irradiation of l-NN and the silyl enol ethers (laY and (lc)8 

and subsequent hydrolyses gave again the Michael product (3a) and (3c) in 

good yield; yields are listed in Chart. 

These photoproducts (2a-c) and the Michael products (3a-c) were decom

posed to l-NN in the case of the hydrolyses by strong acids or bases. The 

hydrogenation of 2b and subsequent hydrolysis by 0.1 N hydrochloric acid 

afforded 5b in good yield. 

Synthetic advantages of this method would be provided by (1) neutral 

conditions of the photoreaction, (2) efficient hydrolysis of the photo

product by either acids or bases even under mild conditions and (3) se

lective alkylation. 2 It is well-known that the Michael reaction is a 

synthetic method for bond formation between activated carbons and Michael 

t d b " dOt' 9 H th h b t accep ors un er aS1C con 1 10ns. owever, ere as een no repor , 

to the author's knowledge, using aromatic rings as the Michael acceptors. 

The present results suggest that the aromatic nitriles are good Michael 

acceptor in some Michael-type reactions. 
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2b 
mp 74-75 °c 

eN 

~H 
3a 

mp 78-79 °c 

eN 

3a' 

3b 
mp 79-80 °c 

eN 

«Y'< 
5b 

mp 72-73 °c 

Table 1 

Spectral data of products 

mle 283(M+), 153; V (film) 2240 (C;N), 1240,840, 
-1 max 

750 cm (C-O-Si)· AEtOH 265 nm(E5930)· C (CCl) -0.16 , max '4 
(3H, s), 1.72(3H, s), 2.l3(lH, dd, J 8 and 11),2.32 

(lH, dd, J 9.5), 3.02(lH, ddd, J 6), 5.8l(lH, dd, J 10) 

6.32(IH, d), 7.4(4H, m); Found: C, 71.95; H, 7.55; N, 

4.95. Calc. for C
I7

H
21

NOSi: C, 72.05; H, 7.45; N, 4.95. 

+ -1 
mle 197(M), 153; V (KBr) 2240 (C:N) ,1745 cm (C=O); 

EtOH max 
A 260 nm(E7760); C(CDCI

3
) 2.62(lH, dd, J 8 and 18 

max 
Hz), 2.83(lH, dd, J 6 Hz), 3.2br(IH, m), 3.93(lH, d, J 

8.5 Hz), 5.90(lH, dd, J 4 and 9.5 Hz), 6.56(lH, dl, 

9.76(IH, s); Found: C, 79.45; H, 5.35; N, 7.1. Calc. 

for C
13

H
11

NO: C, 79.15; H, 5.6; N, 7.1. 

C(CDC1
3

) 2.56(lH, dd, J 6 and 18), 2.88(lH, dd, 8), 

3.4(IH, m), 4.l(lH, d, J 6), 5.9l(lH, dd, J 4 and 9.8), 

6.46(lH, d), 7.3(4H, m), 9.62(IH, s) 

+ -1 mle 211 (M ), 153; V (film) 2240 (C:N) , 1710 cm (C=O); 
EtOH max 

A 260 nm(E7230); C(CCI
4

) 2.13(3H, s), 3.2(IH, m), 
max 

4.14(lH, d, J 5.5), 6.00(lH, dd, J 4.5 and 10),6.55 

(IH, d), 7.3(4H, m); Found: C, 79.85; H, 6.05; N,6.7. 

Calc. for C
I4

H
13

NO: C, 79.6; H, 6.2; N, 6.65. 

+ -1 , EtOH 
mle 213 (M ); V 2240 (C;N), 1710 cm (C=O); /\ . max max 
271(E300), 263 nm(E295); C(CCI

4
) 2.15(3H, s), 4.00(IH, 

d) 
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It should be noted that an important point of this method is regio

selectivity of the photoreaction of l-NN and enol ethers and that silyl 

enol ethers can be used as both the electronic equivalent of alkyl vinyl 

ethers and the synthetic equivalent of enols.10 

5-3 References and Footnotes 

1 See chapter 2-4. C. Pac, T. Sugioka, K. Mizuno, and H. Sakurai, Bull. 

Chem. Soc. Japan, 46, 238(1973); K. Mizuno, C. Pac, and H. Sakurai, J. 

C. S. Perkin I, in press(1975); J. Amer. Chem. Soc., 96, 2993(1974); Chem. 

Lett. 309(1973). 

2 Michler's ketone-sensitised photoreactions of silyl enol ethers of 0.-

3 

4 

tetralone and o.-indanone with electron deficient olefins gave photocyclo

adducts, hydrolyses of which lead to the Michael adducts of the corre

sponding ketones in good yields, under very mild conditions; K. Mizuno, 

H. Okamoto, C. Pac, H. Sakurai, S. Murai, and N. Sonoda, Chem. Lett., 237 

(1975) • 

(I) n=2 
(II)nai 

(IIIa) R=C0
2

CH
3 (IIIb) R=CN 

(IIle) R=COCH
l 

(IV) n=2 
(V) n"'l 

R 

.' eased on unrecovered (I) or (11). *. The formation of polymeric materials 

yield(\) * 
(VX) a; 79 
n=2 b; 86 

Cl 51** 
(VII) a; 72 
n=l bl 40** 

is reltlarJcable. c ; 30** 

s. Murai, T. Aya, T. Renge, I. Ryu, and N. Sonoda, J. Org. Chem., 39, 858 

(1974) and references cited therein. 

K. Narasaka, K. Soai, and T. Mukaiyama, Chem. Lett., 1223(1974). 

5 (a) S. Murai, N. Sonoda, K. Mizuno, H. Okamoto, C. Pac, and H. Sakurai, 

unpublished results; (b) H. O. House, L. J. Czuba, M. Gall, and H. D. 

olmstead, J. Org. Chem., 34, 2324(1969). 

6 A benzene solution(150 ml) containing l-NN(2 g) and a sily enol ether (15-

20 ml) was irradiated for 20-30 h under a nitrogen atmosphere through 

Pyrex by a high-pressure mercury arc. 
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7 

8 

Similar photocycloadducts were obtained in the photoreaction of 9-cyano-

phenanthrene with la and spectral properties of cyclobutane compounds 

were obtained as follows; 

IR .JJ 

mass 

NMR 

60MHz 

CC1 4 

2250(-CN), 1260,1155,S40 -1 cm 

254(-Me),153,116,101 

©QtSi 

4 5 

C8Q>7 
eN (a) .~ 8. 

(b) CN bSi 

C4-H 

n 
C5-H 

(a) r:n ~H 

2210(-CN) ,1250,1150,840 

304(-Me),203,116,101 

~ OSi 

...... N 
'", (a) 

CS-H C
6
-H 

(a) n;, r1n 

-1 cm 

Irradiation ofl-NN with cis-lc and trans-lc afforded the stereospecific 

photocycloadducts respectively; cf. K. Mizuno, C. Pac, and H. Sakurai, 

J. C. S. Chem. Comm., 648(1974) and see chapter 4. 

2c were shown in next page. 

EtCH=CHOSiMe3 

Et 

~Os' ~iMe3+ 
eN . 

N.m.r. spectra of 

Similarly, irradiation of 9-cyanophenanthrene with eis-le andtrans

lt afforded stereospecific photocycloadducts respectively. 

9 (a) E. D. Bergmann, K. Ginsburg, and R. Pappo, Org. Reactions, 10, 179 

(1959); (b) H. O. House, 'Modern Synthetic Reactions', 2nd edit. W. A. 

Benjamine. Inc. California(1972), p. 595. 
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10 The photo addition of enolized acetylacetone to an alkene was reported; 

P. de Mayo and H. Takeshita, Canad. J. Chem., 41, 440(1963). 

4 

~~: 7 Et 
eN 

osi 

~t 
CN OSi 

©QJ;i 
eN Et 

i i i 
7.0 5.0 4.0 3.0 2.0 J 

©GP 
C4 Cs Cs 

..... 1 Et b a Cl b a,b . 
~ n C6-b C-b , 

CN C -a 7 
7 

~ CN 6SiEt 
i i i i 

6.0 5.0 4.0 3.0 2.0 J' 

N.m.r. spectra of ~. 
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Chapter 6 The Photo-Birch Reduction and the Photo-cyanation 

of Aromatic Hydrocarbons in the Presence of 1,4-

Dicyanobenzene 

6-1 The Photo-Birch Reduction 

6-1-1 Introduction 

The Birch reduction~ a welrknownsynthetic method for the reduction 
1 

of aromatic rings via anion radicals and dianion of aromatic compounds. 

Such anionic species can also be generated by photoreactions of some donor 
2,3 . acceptor pairs in polar solvents, thus lead~ng to a Birch-type of photo-

A + 

d 
. 3 re uct~on. 

D 
hV 

) A + in polar solvents 

A; Electron acceptor, D; Electron donor 

Similar photoreductions of aromatic compounds have been ac-
3-7 complished in low yields by other reductants such as sodium borohydride 

and sodium sulphite. 5 In the case of sodium borohydride, the direct 

attack 6f hydride3 or electron trasfer from the borohydride6 to excited 

aromatic rings has been suggested as the mechanism. In this section, 

the author describes an efficient photo-Birch reduction of phenanthrene, 

anthracene, and naphthalene by sodium borohydride in the presence of 1,4-

dicyanobenzene, possibly via the cation radicals of the aromatic hydro

carbons, which is different from the previous borohydride reduction. 

6-1-2 Results and Discussion 

Irradiation of a 10% aqueous acetonitrile solution (200 ml) containing 

phenanthrene (1) (2.77 g), sodium borohydride (2.7 g) and 1,4-dicyano

benzene (DCB) (1.92 g) through Pyrex by a high-pressure mercury arc for 8 

h gave 9,10-dihydrophenanthrene (i) (1.7 g, 71%),1 (0.3 g), and DCB (0.3 
8 

g) • 

1 

+ 

eN 

Q 
CN 

DCB 

hv 

') 

x = H or "'H 

-59-

)-

4 



In a similar way, the photoreaction of anthracene (~) and naphthalene 

(3a) gave 9,10-dihydroanthracene(2) mp.l04-l06 °C (70%) and 1,4-dihydro-

naphthalene (~) (30%) respectively. In the case. of 2-methyl, 2,3-di-

methyl-, and 2,6-dimethyl-naphthalenes (3b-d), the photoreductions gave a 

mixture of dihydronaphthalenes. 

CN H 

© ©GO + hv 
~ " ./ /' CH3CN-X2O/NaBH
4 CN H. X 2 

5 70% 

CN H H 

00 + © hv 
-> ©Q "I /' CH3CN-X2O/H 

CN H X 
3a 30% o,m,p 

X = H or 2H 
6 

The photoreduction requires the co-existence of sodium borohydride, 

water, and DCB, the absence of each leading to only low yield or lack of 

reduction. In place of DCB, 1,2- and 1,3-dicyanobenzenes can also be 

effectively used this photoreduction. 

When the photoreduction of 1 or ~ was carried out in the presence of 

deuterium oxide instead of water, a monodeuteriated compound was produced 

predominantly, ([2H21 0%, [2Hll 70-80% and [2HOl 20-30%) demonstrating the 

involvement of one proton from the water in the reduction pathway. 

hv ) - X20 
A + D Ao + Dt H 

) AO + • DH----? A + DH A + DHX ) 

(X = H or 2H) l: o + DH2 

Since the photoreaction in the absence of DCB is very slow, direct 

attack of hydride on the excited hydrocarbons is very unlikely. Since 

formation of 3a-DCB exciplex is known
9 

and moreover some exciplexes dis

sociate into ion radicals in polar media, 10 initiation by electron-trans

fer from the excited hydrocarbons (D) to DCB would give a possible mecha-
11 nistic pathway; nucleophilic attack of hydride on the cation radicals 
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(Dt) generates the radicals (·DH) which are either reduced by electron re

versal from DCB anion radicals (DCB") and subsequent protonation, or under

go bimolecular disproportionation to give the reduced compound DH2 to a 
o (0 ) 12 m1nor extent equat10n. 

6-2 Photochemical Cyanation 

6-2-1 Introduction 

The photochemical nucleophilic substitution of aromatic compounds, es-

o 11 0 d h b 0 1 0 0 dl3 d b pec1a y n1tro-compoun s, as een extens1ve y 1nvest1gate an can e 

used for the preparations of aromatic compounds. However, photoaddition 
14 of nucleophiles to aromatic hydrocarbons is not so well known. This 

section shows the efficient photo-cyanation of phenanthrene (1) and naphtha

lene (3a) with cyanide anion in the presence of 1,4-dicyanobenzene (DCB). 

6-2-2 Results and Discussion 

Irradiation of an NN-dimethylformamide (DMF)-water (3:1) solution con

taining 1 (600 mg) and NaCN (3 g) in the presence of DCB (120 mg) through 

Pyrex by a high-pressure mercury arc gave §~cyanophenanthrene (9-~P), mp 

107-108 °C (40 mg, 6%), 9-cyano-9,10-dihydrophenanthrene (2), mp 82-83 °C 

CN 

+ rQ 
eN 

hv . ~ 

1 

CN + 

6% 249% 

·H 

CN 

(315 mg, 49%), and a mixture of the dimer of 9-CP and dicyanated compounds 
15 

(150 mg). The presence of both water and DCB is essential for the 

photo-cyanation as in the photo-Birch reduction of aromatic hydrocarbons 

with sodium borohydride in the presence of DCB; in the absence of DCB, the 

eN 

ArH + tQ 
CN 

hv 
DMF or CH

3
CN/) 

H20/NaCN 

ArCN + ArH2 (CN) 

ArH = Naphthalene, Phenanthrene, Anthracene 
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photo-cyanation occurs only with < 1/15th efficiency in comparison to 

that in the presence of DCB, and 2 is not formed in the absence of water 

though a small amount of 9-CP was produced. In the absence of NaCN, 

moreover, irradiation gave no products, and 1 and DCB were completely re

covered. 

Similarly, irradiation of a DMF-water (3:1) solution of naphthalene 
16 and NaCN in the presence of DCB afforded mono-cyanated compounds (30%) 

and dicyanotetrahydronaphthalene (15%). Aromatisation of the mono-

cyanated compounds with Pd-charcoal gave l-naphthonitrile (l-NN) in excel-

lent yield, while 2-naphthonitrile was not detected. Photo-cyanation 

or anthracene (~) also occurs to give 9-cyanoanthracene (9-CA), mp 179°C. 

+ ArH· _____ C_N ____ ~> 0ArH-CN 

'-----R-O-H-.....,}f,I-~/~> ° ArH-OR 

Ao 
----~R~O~H--~) H-ArH-CN 

ArHi Aromatic Hydrocarbons, Ai DCB 

The essential role of DCB in the photo-cyanation suggests that nucleo

philic attack of cyanide anion on the excited hydrocarbons is unfavourable; 

the photocyanation could reasonably be interpreted in terms of nucleophilic 

attack of cyanide anion on cation radicals of the aromatic hydrocarbons 

which are generated by electron transfer from excited hydrocarbons toDCB. l1 

6-3 References and Footnotes 

1 

2 

3 

4 

5 

6 

A. J. Birch, Quart. Rev., i, 69(1950); N. J. Holy, Chem. Rev., 74, 244 

(1974) and references cited therein. 

C. Pac and H. Sakurai, Tetrahedron Lett., 3829(1969). 

J. A. Bar1tropi Pure Appl. Chem., ~, 179. 

o. Yonemitsu, P. cerutti, and B. Witkop, J. Amer. Chem. Soc., 88, 3941 

(1966); G. Balle, P. Cerutti, and B. Witkop, ibid., p. 3946. 

T. Tokuyama, S. Senoh, T. Sakan, K. S. Brown, Jr., and B. Witkop, J. 

Amer. Chem. Soc., 88, 1022(1966). 

D. H. Paskovich, A. H. Reddoch, and D. F. Williams, J. C. S. Chem. Comm., 

1195 (1972) • 
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7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

D. Bradburyand J. Bar1trop, J. C. S. Chem. Comm., 842(1975). 

Percentage yields are based on unrecovered hydrocarbons. As the con-

version increased, DCB was consumed and benzonitri1e was formed to some 

extent. 

H. Beens and A. We11er, Acta Phys. Po1on., 34, 593(1968); the author 

also observed the excip1ex emission of 1 and DCB in benzene ,solutions. 

M. Otto1enghi, Accounts Chem. Res., ~, 153(1973) and references cited 

therein. 

U.v. spectral measurements showed no indification of the formation of 

charge-transfer complexes in the ground state. 

A referee of J. C. S. Chem. Comm. pointed out alternative mechanistic 

pathways, i.e. electron transfer from borohydride to the excip1ex or 

direct attack of,borohydride to the excip1ex, which cannot be ruled out. 

E. Havinga and M. E Kronenberg, Pure App1. Chem., 16, 137(1968); J. A. J. 

Vink, P. L. Verheijdt, J. Corne1isse, and E. Havinga, Tetrahedron, 28, 

5081(1972); G. G. Wubbe1s and R. L. Lestinger, J. Amer. Chem. Soc., 96, 

6698(1974); J. Corne1isse and E. Havinga, Chem. Rev., 22, 353(1975) and 

references cited therein. 

J. A. J. Vink, C. M. Lok, J. Corne1isse, and E. Havinga, J. C. S. Chem. 

Comm., 710(1972); S. Ni1son, Acta Chem. Scand., 27, 329(1973). 

Percentage yields are based on unrecovered hydrocarbons. DCB was 

also consumed as the conversion increased. 

Composed of 1-cyanodihydronaphthalene isomers, 1-naphthonitri1e and 

other compounds. 
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Conclusion 

The results obtained from the present investigation may summarised as 

follows; 

(1) In the photoreactions of 9-cyanoanthracene (9-CA) with furan, 2-

methyl-, 3-methyl-, and 2,S-dimethyl-furan, the (4 + 4) cycloadducts, 9-

cyano-9,10,11,13-tetrahydro-9,10[2',S']-furanoanthracene and its methyl 

substituted derivatives, have been obtained in good yields. Irradiation 

of 9-CA in the presence of thiophene or I-methylpyrrole gives no cyclo-

adducts. An exciplex mechanism was suggested for these reactions on the 

basis of fluorescence measurements and kinetics. 

(2) In the photoreactions of methyl vinyl ether, ethyl vinyl ether, 2-

methyl-2-butene, 2,3-dimethyl-2-butene or 2,S-dimethyl-2,4-hexadiene to 9-

cyanophenanthrene (9-CP), only one (2 + 2) cycloadduct have been obtained 

in good yields. The photoreactions with the former three olefins were 

established to occur from the triplet nitrile by the Michler's ketone-

sensitisation and isoprene quenching experiments. In the latter two 

cases, however, singlet exciplexes were suggested to be the intermediates 

from the observation that an exciplex emission appeared in the fluorescence 

spectra of 9-CP in the presence of 2,S-dimethyl-2,4-hexadiene" and the 

photoreactions of methanolic solutions gave solvent-incorporated products, 

apparently arising from ion radicals. 

(3) Irradiation of 2-naphthonitrile (2-NN) and an alkyLvinyl ether at 

313 nm gave only a single (2 + 2) cycloadduct, endo-2-alkoxy-l,2,2a,8b

tetrahydrocyclobuta[a]naphthalene-2a-carbonitrile (~) in 80-90% yield. On 

the other hand, irradiation through Pyrex (> 280 nm) ultimately afforded 

a cyclobutene, 4-alkoxy-2a,3,4,8b-tetrahydrocyclobuta[a1naphthalene-6-

carbonitrile (1) 

ducts (~) - (2) • 

(70%), as a main product, accompanied by various 1:1 ad

Pyrolyses of the products (1) and (1) afforded 10-a1koxy-

5,6-dihydrobenzocyclo-octene-2-carbonitrile (~) in good yields; irradiation 

of ~ gave 8b-alkoxy-2a,3,4,8b-tetrahydrocyclobuta[a]naphthalene-7-carbo

nitrile (.§.) in quantitative yield •... From akinetic study, the formation 

of the adduct (2) is established as occurring from the lowest excited 

singlet state of 2-NN. 

(4) In thephotocycloaddition of I-naphthonitrile (l-NN) with indene, 

phenyl vinyl ether, and cis-, and trans-l-phenoxypropenes, endo-selective 

(2 + 2) cycloadducts have been predominantly obtained in good yields. 

Moreover, stereospecific photocycloadditionshave been observed in the 

photoreactions of I-NN and the latter two olefins or cis-, and trans-l-
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methoxypropenes. It was suggested that the configuration of exciplexes 

might play important roles in these endo~selectivity and stereospecificity. 

(5) In chapter 5, the photo-Michael reactions via cyclobutane compounds 

obtained from the photoreactions of l-naphthonitrile and silyl enol ethers 

have been described with the view to developing a new synthetic reaction. 

(6) In chapter 6, the efficient photoreduction andphotocyanation of 

aromatic hydrocarbons such as phenanthrene, naphthalene, and anthracene by 

sodium borohydride and sodium cyanide in the presence of l,4-dicyanobenzene 

in polar solvents have been described • 
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