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Phot~~ysis or a -solution containi a S ~ t i t ~ t e d  naphthalene (-7 

= 1- and 2-CO Me, - 1- and 2-C02Et, 1- and 2-OMe arid 1- and 2-CN) and 2 -. - 
- 

acetylacetone (acacH) induces [2+2] photocycloaddition to, give 1,s-diketone 

products. ?h,e electron donating quenche;, tributylamine. that does not 

quench the excited state of acacH, intercepts the singlet excited state' of 

-1 -1 
2-NpC02Me giving k df 3.6 x lolo M s and retards the pholocycloaddition 

9 '4 , -a. -1- 3 giving k 6f 3.3 n dQ K s , indicating ;hat the singlet excitrst3tr 
9 -  

of 2-NpCO Me is reacting. An eiciple* formation befween '~-N+o;M~ and 
2 

- t 

acacH is proposed and reg'iochemistry of addition products is discussed. The a 

- 

-22- 

triplet sensitization by xanthone and benzophenone does not induce t e 
91 

photocycloaddition supporting the singlet mechanism. 1,3-sentadiene (PD) - 
? 

enhances the quantum yield of compound 16 ( 

carbmethoxy-1,2-dihydronaphthalene) in the.concentration range OFT-0.10 M 

'38 probab'ly via a termolecular mechanism, but retards- it 'in the concentration 
, 

ran* of 0 .lo-0 .so M due to ' the predominance of a competing reaction of PD - 
1 and 2-NpC02He. 

The photocycloaddition of 2-NpR (R = C02Me and C02Et) with acacH 
I d 

catalyzed by lithium acetylacetonate [~i(acac) 1, sodium acetylacetonate 
f - 

[~a(acac)] and potassium acetylacetonate [K(acac)l. The flu9 scence of 3 ' 
2-NpR is quenched by Li(acac) giving k' of 2.2 x 10 10 M-l s-l 

9 (kqro Of 205 

H-') for R = C02Me and karo of 209 M-l -for R = C02Et. The catalytic aid 

non-catalytic processes coexist un&r the experimental conditions and the 

quantum yield dependence curve 'on concentration of Li(acac) from 

experimental data matches that 'from the calculated data in the ~i(acac) 

iii 



I \ 

concentration range of 0.001-0.0045 M. The observations are  interpreted as  - 
\ 

, -----------_ L p  - - -  - -- - - -  - - - _-_ - -- - 
# ' A  

the  interception of the -single&-excited s ta te  of 2-NpR by E i ( a c a c ~ ,  

fG~lowed by the addition of acacH t_o the naphthalene moiety of t he ,  exciplex , '. 
1. , . 

giving t h e  f i na l  p r d u c t  and Li.(acac). 1n1 T t r a s t ,  ~ i f a c a c )  does not show r 
Y , ' . 

a cata lyt ic  effect  on .the reaction systems of ~ - N + H -  and 2-NpOMd ihclicati-ng: 
-,\ " 4 .  

the involvement of a different  mechanism. 

- 

'L The photoad i t i on  of NpR ( R  =I-C02Me or 2-CO Me) with acacH i s  -j.. 
2 - -  J .. * '-, 

catalyzed by sulfur ic  acid, phosphori-c acid, hydrochlcs t - ic la+d~-- - -  - 

- h .  P -  r 
\ 

bxontr i f luor ide .  NpR fltorescende i s  quenched by H2S04 giving k of 1.01 x 
tl 

\ 

-1 -1 . - . , 
10'' M S (kqr of 35 .3  M-I) for R = ~-co*M; and R r of 8.7 M - ~  for R = 

q 
c 

, .d 
Q 

1-CO Me and a new broad erhission a t  470 nm i s  observed. This emission i s  . 
2 * * 

- assigned t o  emission from protonated ' ~ - N ~ C O ~ M ~  The quenching of 2-NpCO Me 
2 - 

- 

fluorescence i n  the presence of H2S04 (0.0935 M )  by acacH i s  accompanied by 

the  of the new broad emission giving k r of 63.4 14-l for t h e '  . 
q 

- 

9 
monomer quenching and k r of 128 M-' for t h e  new broad emission- quenching. + 

-- - 
\ q 

The catalytic \-xataG.tific processes coexist undei t h e  experimental 

conditions. The resul  

excited - s ta te  of 2-N 

- \ 
&otonated ' ~ - N ~ C O ' M ~  t o  a ground s ta te  acacH giving the f ina l  product. 

- 2 - 
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1 INTRODUCTION I 
, 

1.1 Photocycloaddition of aromatic coapounds - 

- 
- 

- - - - 

1.1.1 dhphthalde derivatives 

photocycloaddition pho tor eac tions 

1 
1 

2,3 2 1 ,  on theoretical, mechanistic and synthetic gkounds . The reaction leads . -. 
I. - 

to -the formation of four membered rings providi6g an important' roqte for ' \-I;-- 

4 
C 

I -- 
orgqic . synthesis. , - -  --- 

1 I 

3. 
\ 

, The current active interests in photocycloadditions of naphthalene . --I . 
5-7, 

systems are still focused- on th'e mechanistic Apects such as the 
/ 8-11 - 

int esmediat es in the reactions, and the factods controlling %ie 

~tereo<~ehficity ' l3 No single mechanism ias been ' propos-&d which ih 

capable of ekplaining all of the observed results fo; the photocyclo- 
- 

additions involving aromatic compounds. ' ' 14y20 The photocycloaddi tion of 
- 

unsaturated compounds to 1 - ~ y a n o n a p h t h a l ~ ~ r i e ~ h a s ~  been studied extensively. - - - 
- - . A 

The stereoselectivity of the addition depends on the electronic nature bf -. 
- - 

the olefin: more highly conjugated planar olefins such as phenyl vinyl 
J 

- - 21,22 
ether and indene undergo endo-selective photocy~loadditio~. Such 

stereoselectivity is lacking in the photocycloaddition of alRyl vinyl 
\ 

ethers, and both endo- and exo-cycloadducts 1 and 2 are formed in 

23 
approximately equal amounts. 



- - 
- --. 

- . 
- 

L 

# - 
~hese observations &ve been i-~.terpreted in terms of _differences in 

I 
- - -  - - - -  - -- -- 

stability between exciplex configurations: th8 former type of olefinmay be 
- .---- - 

ex~ected to form more stable excip9exes possessing a -  s-andwich-type - -  
-- 

~tru~ture. However, the stereochetnical course of photocycloadditions to 
. 

- 
naphthonikriles is -'also affected by the position of the .cyan0 group: the -- 

addition of f ~ran to- l-cyanonaphthalene gives 14+4] cycloadduct 3 with . 
. \ 

anti-config~ration,~~ but that to 2-cy&nonaphthalene occurs in the - dv 

- 

syn-direction to give,eventually cage-lik; compound 4 A negaXive -. - - - -- -- - -- - . , f -- 
temperature dependence for the- quantum yield df addition was interpreted _in 

- 26 
terms of an- exciplex intermediate. 

- 

T-ution - of pmducts 'can depend on the* wavelength of 
/ - 

irradiation. For ex=toadd-c;y_anm_aphtha'lene and methyl 

vinyl ether gives a complex mixture of products. Irradiation at 313-nm _ 
' 

affords mainly the cyclobutane 5,  but with light of- 'shorter wavhengths (Hg 

- 

arc, pyres filtered) additional praducts 6-10 are formed. Although 
-7  

- rT 

mechanistic details of this reaction have not been determined, it is likely 
- 

that products 6-10 predominate with shorter wavelength light becausethey- - 
- 

9 

are more stable to irradiation than cyclobutane The- cyclobut ees qra 
--- 

undoubtedly formed. by secondary phot,olysis of cyclooctadiene 6 m d  8. The 

additions of an olef in to naphthalene derivatives of ten occur- at the 



- \  
- 

substifuted. ring,%iE-smetimes bg h e  unsubstituted ring, in*a manner 

- -1 - 

'\ The reactions of naphthalene derivatives with al'venes involve the --I- 

1 single? pxcited slates ( S) of naphthalene 
h 

i 

discussed !n terms of exciplexes. 

- 
"are observed for 1-cyanonaphthalene, 37-40 laethyl- or/(-methyl-1-cyano-. 

1 k 

naphthalene27 and alkylethylene in nonpolar solvents . The photocycloaddi- 
', 

tion of olefin and furan de~ivatives .to, 1- and 2-cyanonaphthalenes are . '  
reviewed9 in terms bf the chemistry of exciplexes that are either totally 

non-emissive or very weakly emissive. indirect 'and direct evidence for the 
- 

intermediate of the exciplexes is described on ike basis of kinetic data, 
1- 

- - -- -- - - - - -- - - - - - 

involving an apparent temperature effect on kinetics, and - - 

quenching .of the excipi& by pyridine. 6 - 

C 

d 



F 

. ,  / 
F -7 

C' 1 '  8 .  - 
2' The photocycloaddi tions of naphthalen\derivatives to 1,3-dienes also - . . ' 

-C 

- -_ experiments in o u ~  labbratory 44r45 have shown that -- \ 
1- -.. 

irradiation of a 3iaht&%+ontaining 2-methoxynaphthalene and acacH gives -a ' 
-\- ""-* 

1, &iketone product -.__ (equation 2%>@fF-311 
. _ . - . 

1.1.2 Phenanthrane - 

- - - -  - A- 

On irr,adiation, phenanthrene ( PN) adds tg dimethyl f umarat dimethyl 'BZ 
maleate, maleic anhydride, methyl, vinyl ether, ethyl .vinyl 

1, 1 

2,'-dimethyl-2,4-hexadiene. 53 Additions always occur at the 9,lO-double bond 

and, except for the oxetane formation, 46-48 the products are cyclobutaries . 
-- 

- v 

The reactions occur both on direct and triplet sensitizetl irradiation, 

'although oxetane formation is only observed on kiirect irradiation. 
47 

- 

- The photocycloaddition of 9-cyanonaphthdlene (CN-PN) to substituted 
/ - 

P-methylstyrenes (MS'~)  -(equation 1-1) is noteworthy in that lt is the first 
\ 

case inW,hich_ an emitting shown to be the precursor of 
\ - 

54155 Rn-exciplex fluorescence from CN-PN and MST is 

observed at hmax nm in benzene. This f luoresceke is quenched by 

64 M The formation of 

the reaction products is k r = 62 M-l, indicating - 

4 

that exciplex formation .- 



. - ? n .  - - 
1.2 Pho$ocycJoaddition bf acdtylacatbna 'to olef ins 

- 

One of t h ~ '  ear lies t examples --he ' p h ~ t a a d d i P n ~ ~ ~ U c L a l k e n = '  
- - 

was the reaction between, acetylacetone (acaoH) - and several alkenp to -give 
- ' t 3  

56 - ,  1, S-diketones as shown in equation 1-2. This reaction is of ten rbf erred , 
' 

- - 

\ 4 
1, 

2 

to as th'e'de Mayo reaction and it proceed? through the hydrogen 
, --, bonded '. 

\ 
enbLtautamer of acacH. The presence of acetophenone (E = 74 kcal/mol) 5 8 

7 1 
- 1. 

\ - T - 
, rentarlcably accelerates the h-ee-@yo reaction (equation 1-2) indicating the 

. \,, '4 # 

iplet exited state of acacH is thelr+active species. On the other hand, 
\ 

e presence of benzophenone does not show & h  rate enhancement, 
. 

, 
\ 

iridicating the ipefiiciency of its triplkt energy (ET = 69 kcal/~noll~~ for 
", . 
\ 

sensitizatibn-of the reaction, and giving the lowest triplet ehrgy of 
a < 

WacH to be . in the range of 69 to 74 kcal/mol . 59 The re&on is alway* - - 
, /& 

- \ 

- - - -  

run in a non-polar solvent md is report& t o d F W l v e n t d e p e ~ e ~ ~ w i t h ~  , 
'-, 

d 

* " 

the reaction rate decreasing in order of ether, ethyZ acetate andp 

a~etonitrile.'~ Presumably such solvents lead to weakening of the 

intramolecular hydrogen bond in the more polar media. 



\ - %'he 'reaction of acacH with alkenes -cBn be W n d e d  .to 1,s-c~clbocta- - 
9 , .  1- 

- - - - A - - - --- 

diene or 1,s. 9-cfclodod&a%rie&, but not to conju~ta &we~. 5C ~or-: 
i 

I 
v 

- N.. L 
-- exampre. €Tie ~otocycloaddition of acacR and cyclohexene is suppre'ss@ 

\ 

totally i$ the presence of 1f3-pe&adiene. skt:'fact4 is ascribed to the 

J 
% \ 

quenching e fect oi l,+pentadiene (E ' =  59.2 k~al/mbl)~~ on the triplet 
T . -  

statepf Bcac~.'~ Reaction ok cyclic 1,3-diketones With .alkenes is - also ' , - , 

possible. 59-62 A major part of the :syntheti= interest in this reactiom 
- - 

stems from the ready formation of *cycloliexenones on exposure of the , 
- -I3 -diketrsrre motopraducts TO -a~~-~rnderrsati~~ 

- 

The potential utility of this reaction is shown in a- simple synthesis of 
.A. 

d 

the steridd skeleton59 (equation 1-3). F '  
- -  - 

J * 4 
- * 

- . Tr 

- 
- 

5 

- 
1.3 Catalysis of excitad states 

' +Fhe increase of a reaction rate in the presence of a catalyst 'is due 
- - -- -- - - - -- - a 

to the availability of @ new .reaction pathway involving' an intermediate of 
-- 

which the catalyst ingredient. 1n' a thermal reaction, a substance is . 



- 

said to act as a catalyst when it appears in the rate equation but not in- 

- -  - the stoichiome$rLc equation, or to putit in other words "when its' 
* ,.; 

-- - B r a t i o r r  a p p e a ~ ~  iff'* v e - e  t'o a hiqheqmw& tlnannf;tt 
- 

*- 

does in the stoichiometric equation. "" Accordingly, ~ubbles'* prop~& a - , . -*: 9 
i ( - m 

- - 
5 

a defihi,tion of a catalyst in a photochemical reaction in 1981 fqr the fiq,sf 
. . '- - 

time by saying tfidt "a photoche@ical catalyst is define3,aS a substance. - - 
- <: 

.I 
h 

that appear?.-in the quantum yield expression for ,the reaction -fr ' 
C P" '"- 

\, , 
-v b 

--\ 

--\ 
, - particular excited state to -a power greater than its coeff iciefit in the -- -. 



'3 
- 

~(hotochemical kinetic expressions can be derived by using 4 h e  steady 

state assumption for excited states or reactive intermediates.   he quantum 

yiela expression' 

equation 1-4 gives a 

for Scheme 1-1 is shown Tn &jja~io*-~7 Inversion of 
- 

convenient working expression, equation 1-5. If k4 >> 

k5[C~], equation 1-5 becomes equation 1-6, which indicates that the quantum 

.yield will not vary with changes in the concentration of catalyst; i.e. no 

catalytic effects. 

gdi-cates a linear 

If k < k [c], equation 1-5 becomes equation 1-7, which 
4 5 

relationship between 1/+ and 11' [c] . 



u 

Scheme 1-2 represents a case ln whlch the prqduct-formlng step 1s 

blmolecQlar and the catalyst complex A-C may decay to startlng materials-. 

C 
- -- 

r' 
The quantum yield expression is shown in equatlon 8 When fk3[c] >> 

k [B], the inverted quantum yield expression is given by Guation 1-9. When 
* 2 

the confentration of B is fixed, 'the plot 1/@ vs l/[~] should be a 

straight line. . , 

I It is noteworthy that the key step for the catalysis of an excited 

state of a molecule is the interception of the excited state by the 

catalyst according to the definition by Wubble. A typical exainple is the 

. photohydration of aromatic alkene~ and alkynes 66-69 catalyzed by acid. - 
Fornatic alkehes are significantly polarized in their srnglet excited state 

and these undergo protonation -by acids and hydration under general acid, 
1 

catalysis. The fluorescence of 2-vinyl-naphthalene is quenchd by aqueous 

6 -1 -1 sulfuric acid giving a k value of 4.6 x LO M s which is in a good 
9 b 

6 -1 -1 _agreement with the k value of 6.2 x 10 M s obtained from product 
4 

quantum yield measurement of the reaction, thus indicating the catalysis of 

drfferent frw the catalysis of an excited state has a better chance to -- 

e r h n c e  the eff iciency of the overall photochemical process. For example, 
- Z 

Lewls acid complexes of methyl cnnamate 70-73 or coumacin 70~71.75 Undergo 



efficient [ 2+2 ]  photocycl~baddition or dimerization. Irradiation of E-methyl 
- - 

cmnamic ester with simple alkenes results in ineff'icient formati& of the 

f 2+Z 1 photocycLoGdi tion product and 2-methyl -cinnSmic- ester T f n the 

presence of BP30Et2 and after prolonged irradiation, a better yield of the 

[2+2 1 cycloaddition-prcduct is obtained. - 70171173 The piesence of the Lewis 

acid BP causes a change in regiochemistry of coumarin photodimerization to 
3 -. 

give syn head-to-tail dimer 12 only (rather than_ a mixture of 12 and l 3 r  

s and enhancement of the quantum yields'of 12 formation f ~ o m  iith no. 

f BF3 to 0.16 with 0.i25 equi&ent of BP - - 

3 ' 

In these cases, the Lewis acid catalyst does not modify the reaction of an 

excited state of the original substrate, but forms a ground state complex 

with 'a dif f etent absorption spectrom. The groundr state complex "A..  .B" is 

irradiated (Scheme 1-3). * 

* * 
A ( A .  ..B) 4 Products 



- - -- ---- 
Another possibility of accelerating the overall phot-tioil - - 

is catalysis of the reaction of a primary photoproduct "B" rather than that 

-- - 

, of an excitedrtate as shown in Scheme 1-4. - - 

- 

Scheme 1-4 
- 

Preliminary experiments carried out in this laboratory 4 4 1 4 5  showed' that 
I 

' a  novel photocycloaddition of naphthalene derivatives to acacH can occur - 

(equation 2-10). In order to expan& the 'reaction to other substfates and to' 

gain more insight into the mechanism of the addition a5 we'll as the 

mechanism of catalysis, we have chosen acacH and a series of naphthalene 

derivatives  able 1-1 and Table 1-2). to study for the following reasons : 
'I 

- 

1. Such photocycloadditions are still unexplored. - 

2. As different excited states of the starting materials could be 
- 

involved, the photocycloaddition is mechanistically interesting. 
- 

3. Such photocycloaddition has - considerable potentla1 ~n synthesis 
-- -- - 

'OI 
(equation 2-10, page 31). 

4. Catalysis of the phatoreactions is rernarkab'l~ and their mechanism is of 
- 

, - 
great interest. 

5 -  
- - 

Th4 aim of this research can be outlined as follows: 
- 

1. To synthesize new products from the photocycloaddition of naphthalene 

derivatives with . acacH - as well as from the photoproducts. ~ 



. - 
2. To investigate and differentiate the reactive species and to investigate - 

-- 
-% -- - - --- 

9 the m u l t i p l i c l t y ~ o f - t h e - W x ~ e x c i t e d  species invkved in the- 
--\ 

- 
\ ---_ ,_ 

- - - - -  - 

photocycloaddi t ion,. 
- - = = z - -  

3. To establish the general reaction pattern of the photocycloaddition in 
# 

. the presence of dimes, electron donating quenchers and heavy atom 

solvents . 
q .  

4. To investigate the kinetics of the photocycloaddition by using - 

9 

fluorescence quenching and quantum yield measurements. 
2 - 

- 

5. To investigate and establish the mechanism of Li(acac) catalysis of The 

1 
photocycloaddition by fluorescence quenching and quantum yield 

measurements. 

To investigate the mechanism of sulfuric acid cataly-sis of the 

photocycloaddi tion hy quantum yield measurement and absorption and 

emission spectral studies. 



-1 -1 Table 1-1: The molar axtinction coefficient E (a M ) values of 
- 

- 

naphtha-lcne derivatives and others 

\ 

Compound 300 nm 310 nm 320 nm 330 nm 340 nm 350 nm Solvent 

L i  ( acac ) 

Na ( acac ) 

-- - 
.. 

a .  From Figure 2-2. 
b. From Figure 2-24. 
c From experimental resu l t s .  
G 



Table 1-2: The, f i r s t  singlet and triplet excited-state energies (ES and ET) 
- -- - - -  - 

of naphthalene 'derivatives obtained from, fluorescence and phosphorescence 
- - - 

a spectra 

2 - ~ # 0 ~ ~ t  83.6 , 342 58.8 - 486 2 and 3 
5 

1-NpCN 86.9 329 56.7 504 1 '4.4 
h 

- 

338 60.9 474 2 and 3 

f 
*5 9 

a. Fluorescence spectra were taken at room temperature and phosphorescence 
spectra were taken at 77 K. Error: + 1 kcal/mol. b.Calculated from 
experimental results -(Section 4.11). c .  1 is methylcyclohexane, 2 is 
acetonitrile and 3 stands for isopropano1:ether f :3. - - k T h -  leetime - - -  

of the singlet excited state. e .  Cited from ref. 82. - f ,  Cited 
- - . ,' from ref. 58. g. From Table 2-9. h. Cited from ref. 138. - 

- - 

- 
- - 

- 
-- - -- 

' 



6 2 . 1  n + 2 ]  photocycloaddition of naphthalene derivatives and acatyfacatone 
- 

-- - - - 

- 

Photolysis of methyl 2-naphthoate (2-NpC02Me, 1 4  and acetyfacetone - 

fl 

- 
1- 

- (acacH, 15) in acetonitrile at 3 0 D - q J R P R  lamps; for output of the 
, 1 

--I = 
- 

relative egerqy, see Figure 4-1) fbr 15 hours -40 a: major pqoduct 16 -.. . 
a. - * 

(isolated yield of 33 - % )  and a trace amount of 17 (less than -2  3 of 16, 

ignored) as shown hy equation 2-1. The structure of 1'6 'was  identified as 
4 - 

t 

l-acetyl-2-acetonyl-2-carbmethoxy-l,2-dihydronaphthalene based on its -- -A-- - - 

spectroscopic data (Tables 4-1 to 4-4). The IH NMR spectrum (in TDC13) 

show an &I quartet at 5.81 pprn and 6.51 ppm with a coupling constant of 
& 

9.5 Hz indicating two adjacent olefinic protons conjugated - - - -  to an - -  aromatlc - 
- 

ring, one- singlet at 4.47 ppm for H and an AB quartet at 3 .I9 ppm and a' - -- 

3.03 ppm (J = 18.5 Hz) for the diastereotopic methylene protons. The - 

existence of unconjugated carbonyl groups is suppdrted by resonances at 
r 



P 207.5 ppm and 205.8 ppm in the 13c-~MR spectrum (Table 4-2> and a strong 
* 

- - -.t LT - - 

absorption at 1738 cn-' in the infrared spectrum (Table-4-31. 

- - - - 

' II 
* - 

For 16, there gre two possible conformers in /cis addition and two in 
- 

\ 
- , - 

I runs  additiun. The Newman projections at C1-C2* of these conformers are 
- 

\ 

shown by A, 8, C and D. - Dihedral angles of <Ha-C-C-CH2C@e or Ha-C-C-Cq Me * 

2*,, , 
.a 

were obtained by MM2 calculation from energy minimized conformers and are .. -t, - 
- 

shown -in the pro3ec t ions. NOE experiments of 16 shoHed that irradiation of 

..--- H at 4.47 ppm caused enhancements of H (CH3) at 3.59 ppm, H (Cff3) at a - 

- -- X Y 
2.12 ppm and Hc at 3.19 ppm. ~rradiation of Hc caused enhancements at Hd . 

I I (3.03 ppm) and H . Irradiatio~ .of H caused enhancement at H ; Trans 
Y d c 

- 

addition could be ruled out due to the following reasons: i) the energy of 
- - -- - - - - - - - - - - - - - - 

?= 

conformer C is extremely high and Xi) enhancement of Hx by irradiation of 
- - 

H is present. Conformer B is- probably the most *stable conformer for 16. a- 

., NOE: experiments of 20 showed that irradiation of Ha at 4.46 ppm cauJed 
- 



enhancement of Hx -(CH of E t )  a t  4.04 ppm'and H a t  2.11 ppm. Irradiation 2 Y -  - - -  - - 

of Hx (CB2 of Et) caused enhancement of Hal Hc, Hd and Hi (CH3 of Et ) . 
- - 

Since the structure of 20 i s  similar to that of 16, a similar dihedral 
-.. 
I.. 

angles from MM2 calculation for 20 i s  assumed. Trans addi t im could 'be - * 3 " 

ruled out since enhancetaents of H and H by irradiation of H 'were , 
c d a 

absence. - - - 

Photo'lysis of 2-NpC02Me (300 mg) and acacK (500 mg) i n  the prbence bf 
- 

a trace amount of fulW€ acid in acetonitrile aL XK-nm for 19 how*- - 

1 

afforded not only t h e  1,s-Qetone 16 (isolated yield of 8 3) but also the 

1,s-diketone 17 (isolated yield of 16  
- '-- 

1 

%) as shown by q u a t i &  

\ 

\\ 
\ 

.L 
The H NMR spectrum (in C6D6) of 17 shows an AB ~ u a r - t e t  W =plOEHz) a t  - - -- -- 

6 . 4 1  pprn +d 6.50 pprn indicating two olefinic protons conjugated wlth an - 

aromatic ring, a ABX pattern .at 4 . 7 1  pprn (J = 5.5, 7.5, and X . 5  Hz), a t  -. . - 

- 
2.28 pprn (J = 18 and 7 . 5  Hz) and 2.56 ppm (J = 18 and 5.5 Hz). The ABX 



I - 

padern of these protons conf iims 17 to have an additiqn patterh opposite 
* / 

/' - 13 ' - - -- - - -  
,/ to that of 16. C HHR, IR and GC-MS (both EI and CI) spectrosco~y clearly ' 

/ . > - - - - - -- -- -- - - , indicated the functional groups similar to 16. Prolonged irradiation of the , .. . 
- 

above reaction solutiqn gave two GC peaks at Rt 4.83 min, (17) and at -Rt 
- 

' -\ 
\ 

6.07 min ( 18) in addition. to the peak of ' 16. In an ' independent experiment, 

photolysis of 17 at 300 run under comparable conditions led to the formation - . 
. - 

of 18. (61%) indicating 18 to be a secondary photochemical product (equation 

2-2 or 2-3). The structure of $8 was determined by extensive 5t-n-f- 
-- 

1 - - -- -- 
- its spectrqscopl data. Two signals with chemicgl shifts at 207.3 and 202..1 -"a- . 

B 

- 

' . 
ppm. assigned to\carbonb.ups were observed in the 13c -NME? spscfrum. Two 

\ 

\ methyl singlets at. 1.99 akFi,28 -- pp in the 'H NMR spectrum (in CDC13) 
- 

1 
indicated that the two ketone side chains remained in 18. The H NMR 

* \ '-. . 
spectrum shthd the diastereotopic signals assigned 

protons at 3.19 ppm (dd, 3 = 18 and 8 Hz) and at 3.15 pprn ( d d h <  18 and 
. , 

4.5 Hz) as part of the ABX system. Decoupling &periments clearly 

established that Hb (dl 3.17 ppm, J = -9 Hz) was coupled with He (d, 3.06 

@ 49 
ppm, 3 = 9 Hz). The NOE results revealed that &radiation of the signal at 

- 
5 

2.28 pprn assigned to H (s) or the signal assigned to H (dd, 4.63 ppm, J 
f . a 

r 

= 8 and 4.5 Hz) caused enhancement 05 Hc aid Hd, while irradiation - - of H 
b 

and H is, 1.99 ppm) resulted in the mhancem~t of He, supporting the 
9 

assign-& stereochemistry. Compound 18 may be formed via an oxa-di-n-methane 

rearrangment as shown in equation 2-2. On the basis of the structure- 
B 

efficiency rules for the di-n-methane rearrangement, 58 the rearrangment is 

- - - - -- - 

most ' p r o ~ ~ y  induced by the singlet &cited state 3 compoundPl7T- 
- 

Alternatively, the oxetane formation- followed by bond rearrangments my, -- 

also explain the formation of compound 18 (equation 2-3). 



Photolysis of solutions (5 mL) containing 2-NpC02Me, (0.02 M, 0.1 - 
- - - - - - . 

mmol), acacH (0.08 MI 0.4 mmol) and octadecane~ (as I .S. ,  0.005- M, 0.025 
- - - -- 

, m l )  in various- solvents using 300 nm lamps for 9 hours resulted -in the - 

yields of 16 to be 0% in cyclohexane. 10% in benzene, 9.3% in THF, 19.5% 

in acetonitrile and 19% in methanol. Compound 17 was not formed -in the? ' 

solvents . 
- 

a Photolysis of the mixture of ethyl 2-naphthoate (2-NpC02Et. 19)) and 

, acacH in acetonitrile at 359 nmL (for the output of the relativ*_enagy L 
I -\ 

see Figure 4-1) for 13 hours led to a single prcduct identified as 

1-acetyl-2-acetonyb-2-carbethoxy-3. 4-dihydronaphthalene 20 (isolated yield 

P 1 of 35%, equation 2-1> based on 'its spectroscopic data. The H NMR and 13c 
F. - 

NMR spectra were very similar to those of 16 except the difference in the 
, 

' ester side chain and support the proposed structure (Tables 4-1 to 4-4). - 
- 



L 

Photolysis of the mixture of methyl 1-naphthoate -(l-NpC02Me, 21) and 
-, 

- acacH acetonitrilerat 300 &n for 8 hours led to a &ngle$roduct. + 
- - - 

Cecp&ion 2-43 idenaied- s ~ - s a r ~ h o - x y - - 7 - i e d ~ ~ ~ y l  - - tyL7,8- . - 

1 - 
dihydronaphthalene (22, isolated -yield p f  30%) on .the basis of the .. 

\ '. 
\ 

f ollcviin'g spectroscopic data. The 'H NMR spectrum shod& ' three aromatic 

protovs at 7.3-7 .l8 ppm indicating the addition to the unsubstituted ring, 
- 

coupling experiments showed that H (dd, 5.78' ppm, J = 9.5 and 2.5 Hz) 
C 

- 

with I$, (dd, 6.51 ppm. J = 9.5 and 3 Hz) @ He (m, 3-33-ppm), 

id, 4 3 2  ppm, J = 7 Hz) and H ~ *  NDE - -- -- - 
, 

. experiments supported t results. The existence of two unconjugated .. 
1. 

carbony-f -5roups was indicated by resonances at 208.27 .ppm and 206.97 ppm in . .. / 

t 

, the 13c NNR spectrum (Table 4-2) and a strong broad ak+orption at 1736 . 
- 1 

x .L 

-cm in the IR spectrum (Table 4-31.. .Prolonged photolysis of the above - 

solufion with 200 watt Hanovia medium pressure mercury l&np through a Pyrex 
-\-... 

filter resulted in a new caged cornpoury! 23, 1.8-dimethyl-2,9-dioxa-5,6- - 

- 

[3'-carbomethoxybenzo]tetra 2, 2 , x 1 1 ,  ~~!~']~ndecane. In an, 
- ji . v r 

independent experiment, photolysis' of 22 through a &rek filter gave 23 * 

(46%) and irradiation of 22 at 300 nm resulted in M e  formation 
> \ 

an unknown product 24 (39%). The.-latter compound showed 
, - 

(CI) pattern as follows: 243 (~+1, 475), 211 (100%) suggesting a 

1-carhethoxy-7-acetonyl-naphthalene structure as shok in equation 2'4. ,The 
& 

spectroscopic data of 23 are given in Tables 471 to 4-4. The lack of , 

chaq+cteristi~ peaks -for ketones in 'the IR and 13c NMR sgkctra and the . 
absence of two methyl singlets adjacent to carbony1 grQupoarouURdRd2ppmrin9~~ Rd -- 

the 'H NWt spectrum indicated that both b n y ~  groups have d=sappeared as 
- - 

- 

1 
- a consequence of photolysis. The H NMR spectrum also 'showed the absence of 

' * . , B  - 
1 

olefinic protons around 5-6 ppm indicating the disappearance of 'the-double 

f .  

'I 
. 



"\ 
-. +-A - . '. - .ha 

- 

4 .  -1% '. . < -  ' 9 5  

1 a 
i - 

1 - bond .in 23. Two singlets in the H 6 spectrum_ at 3.13 an< 3 . 7 b p p m  were -, 
\ i 

- - -  - -  - -  - - - 1 
difficult to assign. Multiplicity sorting in the I3c -$I%? spectrum Ashow&'- r -.. 

T t  
- 

- '--\, - 
six quaternary c a r h s  indicating aPGged structure. h a  ,structure could' -.' 

- 

not be decided by spectroscapic .data and was eventually determined by means - 

of x-ray crystallography4s (Figure 2-1). Compound 23 could be formed by a , 

stepwise intramolecular cyclization from compound 22 (equation 2-4) .  Such a 
- 

[2+2+2] cycloaddi tion involving- two carbonyl groups has not been" 
v - 

' . demonstratd~sbefore-. It is also possible that the formation of 23 was , - _  - pr- . . - ,  
, s, - - 4*  

mediated by wafer through an oxetane intermediate as sXom ii eqGSEi.0~2-5; ' 
* 

this requires that the oxetane is readily hydrolyzed undek the reaction 

conditions to open up a pathway for the formation of 23. The possible 

pathway via the oxetane formation is y the formation og compound - t 

34 (equation 2-7, page 27) and sure of compound 34 to 
f - 

, hydrolysis conditions. It is st mpound 33 did not h v e  

a caged compound under the same conditions as compound 22.' The cis P . - 
orientationaof Hd and He (with J = 7 Hz) in compound 22 is required for 

the f -mat ion of caged cornpound&3. 

0 
H C02M% hu rw ] ,$yyJ * 

\ 0 0. 0 

2 2  - I Hydrolysis 



- 

- 

Photolysis of the mixture of ethyl -1-nlphthoate (1-NpC02Et, 25) and -. 

acacH in acetonitrile'at 350 nm for 16 hours and at 300 nm for 6 hours led - 
- 

- - --- - 

/ to a single product identified as 1-cqrbethoxy-7-acetonyl-8-acetyl-73- 

dihydro~phthalene (26) based on its spectroscopic -data (equation 2-4). The 

'H NMR and 13c NMR spectral data are similar to those of 22 (Tables 4-1 to - 

~hotolysis of a solution of phenanthrene (PN, 27) and acacH in 

methanol at 350 nm for 10 hours two major products (equation 
' 

I .  

- 

2-6) identified as c i s-9-acetyl-16-acetonyl-9, lo-dihydrophenanthr~e (28, 

27%) and t rans-9-ac&yl-10-acetonyl-9,10-dihydrophenanthre (29, 22%) based 

9n their spectroscopic data (Tables 4-1 to 4-4) and one minor prduct (30, 

13%). The existence of the earbmyl groups in 29 was indicated by a Strong ' 

1 . -  
'Uacac 

- 

-1 . 
- absorption at 1715 u n  ln the IR spectrum (Table 4-3) and two methyl 

' singlets at 1.40 "ppm and 1.69' ppm in the 'H NMR spectrum (table 4-1, in 



45  Pigura 2-1: S t r u c t u r e  of compound 23  d e t e r m i n a  by X-ray c rys ta l lography .  - 



C D 1 .  A doublet at 3.62 ppm (J = 1.7 Hz). for H and a doublet sf doublets 
6 6 a - - - - - 

of doublets at 4.22 ppm for -Hb (J = 8, 6 and 1.7 Hz) clearly indicat-ed-the 
b - 

- 
_ -  

9,lO-addition. Decoupling experiments showed that H was coupled with the b 
_ 

methylene idd, 2..10 ppm, J = 18 and 6 Hz; ad, 2.71 pprn,. J = 18 and 

8 HZ) and Ha. The 'H NMR spectrum of 28 showed 91 10-addition based on a 

/ similar argument as above. Two sets of double doublets at 2.86 ppm (J = 18 
& 

Hz and 6 Hz) and 3.03 ppm (J = 18 and 6.5 Hz) were assigned to the . 

diastereotopic methyiene 'protons that were further coupled to H as a part b 
, 

7 f  ABX system. Stereochemical assignments of 28 ( C i s )  and 29 (trans) were 
- 

made on the basis of a comparison of the vicinal coupling constants (Table - 

2-1) for protons of Ha and Hb with literature values77 for - 

9,lO-disubstituted 9,lO-dihydrophenanthrenes. The assignments were also 

consistent with the fact that 28 underwent aldol condensatibn and 
B 

' 

dehydration in acidic medium - ,  while. 29 did not .. , 
- 

Photolysis of PN (300 mg) and. aeacH (500 mg) in the presence of 
- 

Licacac) (53 mg) in methanol at 350 nm for 21 hours Coverirradiated) showed 

99% PN consumed and formation of four products: 28 (Rt 5.21 mint 9.4%), 29 

t Rt 6 min, 27%), 30 (Rt 4 .4O loin, 36%) and 31 -(dt 6.72 min, 18.8%). The 
0 

structures of the last two compounds were not firmly established. The GC-MS 

i - C I )  of 30 gave a parent peak at m/e = 221 (M+1, lOO%t suggesting a 

9-acetyl-phenanthr&e structure. It is not likely that compound 30 still 

possesses an acetonyl group which is lost in the mass spectrometer by a 

McLaf fsty rearrangement, If it does, it should be identical to _compound 28 -- - - 

or 29 and should not show its own GC peak. The GC-MS (CI) spectra of 28 -- 

and 29 clearly showed then parent peaks at m/e = 279 '(M+1, 100% f_or 28; 

M+:, 15% for 29; Table 4-4) which are different from the parent peak of 



- - 
- -  - - - - - -  

- 

~able7-1: ~icinal coupling constants for 9.10-disubst~tut~-- 
1-. 

Compound 

dihydrophenanthrene b 

9-Acetyl-10-acetonyl-9m- 5.0 1 .7  
B 

d 
dihydrophenanthrene 

b 
? 

C 

a. From Ref. 77. 

b. From Ref. 78. ' 

c. From Ref. 79. 
, 

d. From Table 4-1. - - 
- - 



30.   he GC-MS -(CI) of 31 gave 
- 

178 (26%) suggesting an aldol 
- 

2-6. 31 was_ confirmed to be a 

sulfuric acid, of a mixture of 

- \ 

peaks at mfe = 261 (M+l, 100%) and at m/e = 

condensation product as shown in equation - 

secondarG prduct by a treat ~ i r r d f i u t r  
- 

\ 

28, 29, 31 and PNl in a ratio of 0.90, 0.16, 

- 0  and.1. This gave the final ratio of 0.34, 0.16, 0.23 and 1 for these ' 

, compounds using PN as _the internal standard. a a x  

Photolysis of an acetonitrile solution containing PN (0.02 M) and 28 
- 

(0.01 M) at 350 nm for 5 hours showed that the ratio of PN-over 28 (1 : 
1 - -- 

0.62 before and 1 : 0.64 after irradiation) did not change-within the 

-ental error, and neither 29 nor 30 could be detected by GC analysis. 

qeriments, photolysis of 28 (0.01 M) in acetonitrile with .. - .  
1, 

350 nrn lamps for 5 hours d- not show the formation of 29 and 30, and 
\ - 

photolysis of '29 (0.01 M) under thekconditions did not show the 

formation of 28 and 30. These results 

were not interconvertible under the conditions used, and 30 was not a 

secondary product formed by Norish type I1 fragmentation. Further studies 

on the product distribution are required. 
- 

- 

Photolysis of a solution of 1-cyanonaphthalene (1-NpCN, 32) and acacH 
- - 

at RPR 300 nrn for 18 hours in acetonitrile gave one major prcduct 

identified as l-cyano-7-~etonyl-8-aketyl-7,8-dihydronaphthalne (33, 
*> 

isolated yield of 14%, equation 2-7) as well as several small peaks which 
#' 

were not studied. The 13c NMR signals at 206.3 pprn and 204.7 ppm ;~'~ble- 
- 

4-21 and a strorig IR absorption at 1715 an-' (Table 4-31 clearly-indicated - - - 

- 

the exrstence of two carhnyl groups in 33. The two 'H NMR signals of - - 

- 

conjugated olefinic protons appeared at 5.87 ppm (dd, J = 10 and 2 Hz) and 

6.44 ppm (dd, J = 10 and 3 Hz) as expected. Decoupling experiments showed 



_, 
/ 

- 

- 

that H (dl 4.06 ppm, J = 6.5 Hz) was coupled with Ha (m. 3.43 ppm) which - - h - 

- - -- - - 

was coupled with < (m, 2.83 ppm, J = 2.5 Hz) and Hb. The two Hc pmtons 

- 
2.03 ppm 

- 2.21 ppm 

hu 
7, 

N2 /' 
0 

- 
- 

2.83 ppm 

'REX 

---- - - -- - 

magnetically e q ~ S i € 7 l y - c h a m - ~ o ~ ~ e w ~ t  s were- in agreement with 
--- - __ - 

___1 -------; 
\ -  structure 33 since the irradiation oi H showed 15.4% enhancement for Hf 

e 
-.v 

and 15.7% enhancement for H The irradiation of Ha showed 17.7% 
* d' 

enhancement for H and 7.1% for H and the irradiatLion of H showed 13.4% 
b d b 

c" 

enhancement for H . Similar to the _case of compound 16 (page l6), there a , 

are two possible conformers in cis addition and two in 'trans for 33. - 

Coupling constants of H and Hb for these four conformers were obtained by 
a - - 

MM2 calculation from energy minimized conformers. The coupling constants 

are 4.3 HZ (E = 51.71 kJ/mol) for cis/axial-Hb; 4.4 HZ (E = 58.88 kJ/ml) 
I *  

b; for ci s/equatorial-H 0.8 HZ (E = 50.03 kJ/mol) for tranv'axial-Hb and 
- - - 

, 

12.2 HZ (E =-64.17 kJ/mol) for t rans/equatoria The coupling constants 

of the two cis conformers are close to the value (J = 6.5 & 

HZ) supporti'ng a cis addition model. Qs/axial-Hb has a over energy and is 1 -  



- 
@4 

thus probably the most stable conformer of 33. 
, - - - 

Photolysis of 33 through a Pyrex filter pa-ve an intramolecular \ 

photoaddition product 34, l-methyl-2-oxa-8-acetonyl-5,6-[3'-cyanobenzo] 

tricyclo [3 ,  2, 13t70] octane. A sttong absorption at 1718 cm-l, in the IR 
. , 

~ectrum, a 207.2 ppm signal in the 13C NMR spectrum and single methyl 

- 
resonance at 2.18 Oppm in the 'H NMR spectrum indicaf ed oniy one carbonyl 

- group in 34. 'H NMR decoupling experimenss revealed that H ( d t t  0 6 7  ppm, d 

J = 3.5 HZ) war coupled with He (dd, 3.91 ppm, J = 3.5 and 1'.5 Hz), - 
L - 

/ 

- that H (dd, 1.91 ppm, J = 5.5 and 9 Hz) was coupled with both H (dd, 
j g 

3.02 ppm, J = 9 and 18.5 Hz) and Hh (dd, 2;87 ppm, J = 5.5 and 18.5 HZ). 
> 

The acetonyl group in 34 was assigned based on the following arguments: 
1 - 

- 

-. - 
-- ---__ '1 . firstly, for 33, the signal at 2.93 ppm 'in-Che--H NMR Spectrum was 

- --_ --- -. -- 
-\ 80 assigned to a methyl resonance in the acetyl group with reference-tojg____ 

-- ----- 
and that at 2.21 ppm to the acetonyl group with reference to 3681. The - 

, 

methyl group with 2.18 ppm in compound 34 was therefore assigned as 

acetonyl group. Secondly, the methylene protons in 34 have chemical shift 

2 at 2.87 ppm and 3.02 ppm which are ve , close to that in 33 (2.83 ppm, 2H) 
--- - -- -- - 

but far from that in the cage compound of 23 (1.87 and 2.05 ppm). The 
- 

rnethylene protons are theref ore mol'st probably adjacent to the carbonyl 

group. 



Photolysis of a solution of 2-cyanonaphthalene ( 2 - N ~ C N , .  37) and acacH 
, 

at 300 nm for ,16 hours in methanol afforded one major prcduct 38, 

l-acetyl-2-cyano-2-acetonyl-1,2-dihydronaphthalene (isolated' yield of -10%) - 

. and a minor product 39 (38 : 39 = 4 : 1) as shown in,equation 2-8; in 
- 

addition, several very small GC peaks werq not studied. The existence of 
7 

- 
the two carbonyl groups in 38 was clearly indicated by the resonances at 

204.38 ppm a*d 204.11 ppm in the 13c NMR spectrum (Table 4-2). and a 
- 

strong absorption at 1728 crn'l in the IR spectrum (Table 4 3 .  The two 

rnethylene protons at 3.06 ppm (dl J = 17.5 Hz) and 3.46 ppm (dl J = 17.5 fl 

- 4 

Hz) showed a typical AB quartet and were not coupled with any other 

protons. This data, together with a s3nglet proton at 4.49 ppm for H 
a 

(Table 4-11, unambiguously indicated that addition occurred at the 1 and 2 

psi<ions as shown in 38. Compound 39 was different from 38, as  showed by 

its own GC peak at Rt 5.88 min. The structure of 39 was not firdly ' 

- established. The GC-MS spectrum of 39 showed peaks at m/e 195 (43%,); 180 
l--- -___ 

(103%~-- (51%), which is different from that of 38 suggesting a -- 
--\_ 

\_ 

structure as shown by 39~~Fi~--~kn@ddition was proposed via a singlet - 

mechanism, so the formation of a t r a n s  

The possibility that 39 possesses an 

mass spectrometer by a McLaff erty rearrangement is not likely. 

Alternatively, 39 may be a secondary prduct formed by the ~orish type I1 



fragmentation. These possibilities remain to be clarified. . I - 

1 I - - 

Photolysis of 1-NpOMe (40) and acacH in acetonitrile at 300 nm for 48 

hours resu-lted in one major product identified' as 1-methoxy-3-acetonyl- . .. 
1 , 

4-acetyl-3,4-dihydro-hthalene ( 41, isolated yield of 15% ) and on'e-minor - 1 

product identif i d  as 1-acetonyl-2-acetylnaphthalene (42) ,' as well as. 
1 

several small peaks which were not studied (equation 2-9). The H M 
- 

spectrum of 41 showed one proton of a. conjugated olef in at 5.77 pprn (dd, J 
, -- ---_ _ 

= 9.5 -and 2.5 Hz) and four aromatic protons in the range 7.17-7.58 pprn (m) - i -- - - - - 

(Table 4-l), indicating that the addition had occurred at the \j - 

3, 4-positions. The diastereotopic methylene protons appear& at 2.57krn . 
(dd, J = 18 and 7 ~ z r a n d  2.8, pprn (dd, J = 18 and 8 Hz) as a part of& 

ABX system. A doublet with- J = 6.5 Hz at 3.78 pprn was "assigned as Ha - 
suggesting the cis orientation of H and H A strong absorption at 1730 

a b ' 
- 1 cm in the IR spectrum (Table 4-3) as well as two methyl singlets at 2.01 

1 pprn and 2.18 pprn in the- H NMR spectrum (Table 4-1) indicated the 

1 existence of two carbonyl groups. The H NHR spectrum of 42 showed six 
- 

aromatic protons around 7.58-8.03 ppm, and a singlet at 4.48 pprn for the 

a 4 - - - -- - - - - - - - - - - - 

methylene protons indicating a naphthalene type structure. The positions of 

the two side chains -in 42 and 44 (vide in fra ) were indicated by the CH 
1 ,+ 

2 
3. 

\ 

H HMR signals - 4.48 ppm in 42, 3.87 ppm in 44. The existence of the 
1. 



I 
functional groups of 42 was .indicated by IF! (Table 4-3) and 13c NMR (Table 

# 

4-2) spectroscopy. 

Ph~tolysis of a solution of 2-methoxynaphthalene (2-NpOMe, 43) and 
- 

acacH at 300 nm for 15 hours in acetonitrile afforded one major product of 
- 

1-acetyl-2-acetonyl-naphthalene (44, isolated yield of 38%, equation 2-10) 

as well as some small GC peaks which were not studied.' GC-MS of 44 
- 

- 

showed a parent peak of 227 (M+l, 100%1. The presence of the functional >. 
--\ 

- \.. groups yas clearly iadicated by IR and 13c NMR spectroscopy. Six aromatic 
- A . 

prot'bnsbetween 7.. 28-7.87 pprn 'and the lack of con jugit& olefinic protbns 
- \ 

% '  

revealed a haphthalene type structure for 44. A singlet at 3.87 ppm was 
- - . . . .. 

. - -ass&gned as CH which w& 'at higher field than that of 42 (4.48' ppm). 
2 

\ 

'\, Heating of diketone 44 in the presence of a trace amount of an acid,in 
\ 
4 ' 

aqetonitrile led to an aldol condensation product, 1-hydroxy-3-methyl- 



-\ 
phenanthrene (45). In methanol, the corre nding ether, 1-methoxy-3-methyl- 

- -3 - - - - - - 

phenanthrene (46, equation 2-10) was obtained. The - spectrum of 45 
L,. 

- - 

did not "show any signal corres@ding to ketone carbonyls, i .e .  no signals 

- \the 20.0-210 ppm region. NOE experiments showed, ;hat irradiation of Ha 

(dd,\3 58 ppm, J = 8:S.and 1 Hz) resulted in-enhancement on the OH proton. 
\ 1, 

( s ,  5 . 6 2 k )  and irradiation caused enhancement ,of H ' 
4 - - a  

\ '  

indicating the location>F-h@roxy group instead of 
i L. '-.- 

methyl group at wition 1. The IR absorption at 3641 cm hdicated the 

4 --A 

OH functional group, the MS gave a parent peak at m/e '= 208, ' 

1 consistent with the For 46, the H NMR spectrum was 
t 

similar to that of 45,  except the presence of an extra signal due to 
I , 

the methoxy group at 4.13 ppm the absence of the hydroxy group , - 

resonance. In NOE experiments, irradiatihq of the methyl protons of the 
'\ 

methoxy group (s, 4.13 ppm) caused enhancement of the H (dd, 9.64 ppm, J \ a 

' =  8 .s  and 1 Hz) and H (st 7.0 ppm) signals, of H showed 
9 a 

/ 

enhancement of the methoxy protons. GC-MS showed a paren eak at m/e- = , \  
222 supporting the proposed structure (Table 4-4). 

AcetonitpJe solutioqs r . 9  of acacH containing 1-acetd- or Z2acetyL- 

naphthalene and lL or 2-naphthoic acid were irradiated-with RPR 300 nrn 
1 

\, - 
'lamps but no new products were detected by GC analysis. Tlie starting 

1 

materials were recovered almost quantitatively in each case. 

- 

Photolysis of I-methylnaphthalene and acacH in,,acetonitrife gave four 

major prduct peaks, with 69% (GC%) of 1-meaylrrapm1ene-consum& after - ------ 

18 burs of irradiation at RPR 300 m. One of the peaks has GC-MS - - -- 

, 

fragmantation pattern as 'follows: 242 (I%), 142 (loo%), 115 (20%) and 43 

t60%),  suggesting an addition product of 1-methylnaphthalene and acacH. 
- 



Attempts to separate the prcduct s by fiash chromatography and preparative 
I 

GC failed. 

5. 

After irradiation for 18 hours at 300 nm, the solutions of acac~ - 

- containing 2; 3-dihydrox~ 1,4-dihydroxy, 1,8-dihydroxy, I-nitro or " 

1-aminonaphthalene turned brown and .a large amount of starting_.materials 
1 

(NpR) were lost with no new products detectable by GC analysis-. . '  
I _I 

\ 
. 

, , 
2.2 Sensitization and quenching oY,-, the photocycloaddition 

2.2.1 Triplet sensitization . 
A '\ 

. '-. 
. TO inYestigate the possibility of a tri~let-~athwa~ in'photocyclo- .\L 

addition of 2-NpR (E = 59.3 kcaljmol fql- R = C02Me, 58.8 for R = C02Et, 
T 

60.9 for R = OMe and 58.4 for R = CN, Table 1-2 ) and acacH (ET = 69-74 

5 9 82 
kcal/mol ) , xanthone, (ET = 74.1 kcal/mol ) and benzophenone iET = 69.2 

82 A - 
kcalhol ) were us* as triplet. sensitizers. In these experiments, enough 

, sensitizer (0.05;~) was added to an acetonitril6 solution of 2-NpR (0.02 M) 
< ' ua 

and acacH (0 .O8 M) to absorb more than 94% of incident light (350 nrn) . In 
-1 

all of the above reactions' with sensitizer present, GC analysis ~f the 
> 

, photoiysates showed no detectable cycloaddition productw while the 
- 

e. 

corresponding control reactions (i;e. in the absdce of a sensitizer) 
- 

showed product formation-of 18-40%. 
. 

2.2.2 Quaaching of the photocycloaddi tion 

- 

It has been well established that electron donating quenchers, such as ---  

tributyiamine (TBA), N,N-dimethylaniline (DMA), can quench the fluorescence I - 
- 

of aromatic compounds. or that of their exciplexes with alkenes; these have 
- 

' led to the suggestion that the photoreactions proceed via a singlet 



- 

exc ip lex  mechanism. 
83,84 

2-WpC02Me (0.02 M) and acacH (0.08 M) i n  a c e t o n i t r i l e  were determined as a . 
a -3i 

func t ion  of t h e  concen t ra t ion  .of TBA (0.0015-0 .OO6 MI. The r e a c t i o n s  were 
- * C T -  - 

.I - - 

repea ted  and the p l o t s  of 9 O / @  ( t h e  quantum y i e l d s  of 16 without  TBA oyer - 

\ - 
t h a t  with TBA) v s  [TBA], based on* equat ion 2 ~ 1 1 ,  y i e l d e d  s t r a i g h t  l i n e s  

with kTBAr of 237 M-l' and 230 \ M - ~  f o r  two s e t s  experiments. iBA was 

c a l c u l a t e d  to be 3 . 3  I l o l o  and 3.15 x 10 
10 f 1  

(Table.,2-2) ,_ The _quantum -- 

- 

y i e l d  of 16 i n  t h e  presence  (0.01 M )  and absence of DMA was c a l c u I a t e d  t o  
\ - 

be  0&3QQand 0i0043. S imi la r  experiments were c a r r i e d  o u t  on t h e  6 . 
I --- 

- p h o t o c y c l o a d d i t & l n ~ 2 - ~ p ~  ( R  = C 0 2 E t ,  OMe and CN) with  acacH with t h e  - 
\ 

quencher a t  a s i n g l e  concentr-ion. The quantum yields of t h e  product f o r  

t h e  photocycloaddi t iuns  i n  t h e  presence  (0.01 M) of t h e  quenchers were 

smal ler  than i h a t  in t h e  absence of t h e  quenche;s f o r  a l l  cases and are 

-1- \-u 

given i n  Table 2- -- / 

- 

where, r = l / ( k a  [acacH-1 + Zk ) k represen t s  k i n  Table 2-25. 
d '  a q 

< -  

The photocycIoaddit ion of acacH c0.05 M )  and cyclcrhexene (Q.5  M) ( i  .e. 
* - - - - -- - - - - - - - - - - - 2 ,  

t h e  d e  Mayo r e a c t i o n ,  56 t85 r86 )  was run  (equat ion 2-12) a t  300 nm i n  t h e  
- - -- - - -- 

presence  of TBA and DMA a t  0.01 M g iv ing  r e l a t i v e  y i e l d  (GC% ratio of 47 

over 1;s .') of p r ' d u c t  47 a s  fol lows:  11.8% without DMA or TBA; 9.4% wi th  



Table 2-2: ~ u e n c h i n ~  of 

- .  
k 

photocycloaddi t ion . of 2-NpC02Me and acacH 
- -- 

'acatonitrileap 

a. The solutions containing 2-NpC02Me (0.02 M) , acacH (0 .O8 M), octadecane 
U d 

7 

(as I. S. ,  0.005 M) and TBA (0-0.006 H) were irradiata (N2 purged) at 350 

nm for two hours *in Apparatus 11. 

b. Results from the first run. 
, 

c. ~esults from the second run. 

d. k was calculated by using r of 7.3 ns 
4 'I 

+ 

which was _obtahned from equation 
i 

adopting k of 2.47 x 10' M - ~  s -2 
a 

See t ion 



DMA and 10.7% with TBA. The slightly lower yield of the reaction with IlMA 

was believed to be due to competing absorption of the incident light by 

DMA. The results indicated that DMA and TBA did not quench the excited 

state' of acetylacetone. 

- 

a 82 
Biacetyl, which has Es = 65.3 and ET = 57.2 kcal/rnol and is often 

energetically favorable for both singlet and triplet energy transf err was 
. . 5 

used as a quencher for the photocycloaddition of 2-NpCO Me and acacH. 
2 

Biaketyl suppresskd the formation of 16 from 24% (control) to 20% at 

[biacety-11 = 0.002 M and from 17% (control) to 1% at [biacetyl] = 0.02 M. 

Oxygen also quetlched the reaction: from a quantum yield of 0.0043 to 2' 

0.0013. Similarly, biacetyl (0.002 M) quenched the photocycloaddition of 

2-NpR 4(R = C02Et i d  OMe) wit5 acacH from 0.0033 and 0.036 to 0.0027 and 

0.0026 as shown in Table 2-4. Oxygen showed similar quenching: from a 
- 

quantum yield of 0.636 to 0.009 when R = 2-OMe and 0.030 to 0 when R = 
7 

=. 

2-CN. 
- 

t, ' 

The quenching of the photocycloaddition in acetonitrile by 
- - - - - - - -- - - - - -- - - "- -- 

1,3-pentadiene (PD, 0.02 M) in the presence of sulfuric acid (0.001 M) was 
- -  

attempt& for the system of 2-NpC02Me (0.02 M)/acacH (0.08 M) at 300 nm. 
L 

The yields of 17 and 16 were 38% and 18% without the dime and 34% and 1~7% - 

with the diene. Similarly, the photoreactions were run in the presence and 



6 

Table 2-3: The effects of electron donating quenchers 6 quantum yields of 

photocycloaddition of 2-NpR and acacH in acetoni trilaa 
. 

Control 
/ 

DMA TBA 

(0.01 M) (0.01 M) c Hour ) 

a ,  The solutions containing 2-NpR 10.02 MI, acacH (0.08 M )  and ~~tadecane . 

[as I .S . ,  0.005 M) with either DMA fN,N-dimethylanlline, .O:OI MI or TBA 
\ 

4 i trlbutylamine, 0.01 M! were irradiat@ il N purged) agalnst those solutions 2 

nitaout a quencher in Apparatus I1 at 350 nm. Errors: + IS% 
- 

b. The quantum .-yields of prcduct formation were determrned f rorn Methcd I1 



Table 2-4: me quantu~ yields of products of tie photocycloaddition of NpR 

Control oxygenC B~iacetyl t (hour) 

35 min 

a .  ~ c e t o n l t r i l e  s o l u t l o k  containing NpR (0.02 M), acacH (0.08'M), biacetyl 

10.002 M I  and octadecane 10.005 M I  as  I.S.) were i r radia ted  i n  Apparatus I1 

at-  31•‹C a t  350 nm. 

b .  E'rrors: f 15%.- 

c .  The solution was purged with oxygen for 10 min .  

- - 
2 .  The percentage ylelds for the reaction with (0.002 M) and without Nm-~L 

uetc 33% a n d - 2 ~ U r - - 6 - - n o u ~ s ~ ~ i r r a d i a t i o n .  The percentage y ie lds  for  the 
-- 

------ - -- 

-~ - -  -- 
- - -  -3 

reaction wlth 4C).rJ02 M, and without biacetyl were 20% and 24% for 6 ho"rs 
-, 

3f l r r ad l a tmn  a t  309 .m.  he percentage yields for t h e  reaction with (0.02 

8 -  a i i  w;t;?ct.c, S i a t e y l  xere i% and 17% for 7 Fiours of irradiation-at 300 



absence of b i a c e t y l  (0.002 M) . The y i e l d s  of 17  and 14 were 48% and 22% 

without  b i a c e t y l  and 47% and 22% with b i a c e t y l ,  i n d i c a t i n g  t h a t  b i a c e t y l  
- - - - -- - - - - 

d i d  not  quench t h e  r e a c t r o n  i n  t h e  presence of s u l f u r l c  a c i d  (D.OQlM).. 
/ 

- Experimental e r r o r s  were es t imated t o  be 5-10%. 
1 

- 
2.3 The quenching of - f l i i o ~ e s ~ c e  of naphthalene derivatives 

- 2.3.1 Acetylacetone quenching 1 

Quenching - - of f luorescence  of 2-NpCO Me (0.0005 M) by acacH 
2 . . f 

(0.0005-4.006 M )  i n  methylcyclohexane, a c e t o n i t r i l e  and methanol was 

determined at  room temperature ( n i t r o g e n  purged) . Since  both 2-NpC02Me and 

a c a c ~  absorbed l i g h t  around 300 nm (F igure  2-2),  t h e  percentage  of l i g h t  

absorbed by 2-NpCO Me and ]f luorescence intensity were c o r r e c t e d  according 
2 

- - 

t o  equat ions  4-6 and 4-7 ( S e c t l o n  4 . 6 ) .  The Stern-Volmer correlations 
* 

- 

between 1•‹/1 and [acacHf , based on equaticxP"-13, were ab ta ined  from t h e  

s l o p e  of t h e  p l o t s  and k i were c a l c u l a t e d  (Table 2-51 from l e a s t  square  
q 0 

- 1 *. 
analysis: 7 5 . 5  M {ln met,hylcyclohexane, c o r r e l a t i o n  coefficient y = 0.993, 
L 

- 1 
r b u t o r i n g  a t  352 run,, 28.7 M 
- i i n  a c e t o n i t r i l e ,  y = 0.992, monitoring a t  

-1 
3 5 8  nm) and 24.4 M ( i n  methanol, 7 = 0.997, monltorlng a t  363 nm) . 

- 2  

I n  equat lon 2-13, P -and a r e  t h e  f luorescence  quantum y r e l d s  of , 
f f 

2-NE>C02Me r n  t h e  absence and presence  of varrous  concen t ra t ion  of acacH; I0 
- 

1 7 - - -  

u 1 a r e  t h e  f l u o r e s c e x e  i n t e n s i t r e s  a t  t h e  maxlmwp emlssron wav- 
-- 

3f 2-HpC02Me i n  t h e  absence and presence of acacii, c o r r e c t e d  f o r  th'e 

a h s ~ r p r ~ a n  o: 2-NpCO He according t o  equations 4-6 and 4 - 7 .  T i s  t h e  
2 0 



Figure 2-2: W spectra of a) acacH (0.0002 H) , b) 1 - N p C O p e  (0.0002 M) in - = 

acetonitrile and c )  2-NpC02Me (0.0002 M) in acetonitrile. 



- 

fluorescence lifetime of 2-NpCO Me without acacH and oxygen. 
2 

, 

Quenching of f luorescesce of 2-WpR ( R = €e202Me, e t i  fX& and--%- 

M) in acetonitrile (nitrogen purged) was 
- 

-1 
determined according to the above method to give kqsO: 28.7 M for 

- 1 -1 ' *  
2-NpC02Me with y = 0.992, 28.4 M for-2-NpC02Et with y = 0.998, 38:6 M 

6 1  

for 2-NpOMe with 7 = 0.96 and 57 for 2-NpCN wlth 7 = 0.996 (~i&lre 2-3 and 

Table 2-6). 
- 

\ - 

, ~uenching of 2-NpC02Me (0.0005 M) fluorescence by acacH (0.004-0.020 

M) using various excitation wavelength (h = 330 nm, 340 nm and 350 nm) ex 

was examined in acetonitrile at room temperature rnon-purgea7. The - * 
Stern-Volmer plots of 1•‹/1 3 against [acac~] gave straight lines with k s: 

9 
- 1 

11.8 M - ~  for h = 330 nrn (7 = ba.993),-14.3 M for hex = 340 nun ( y  = 
ex- 

0.996 and 11.9 for A = 350 nm (7 = 0.994) (Table 2-71. T is the 
ex 

f luclrescence lifetime of 2-NpC02Me in thq absence of acacH (not purged- by 

N ) .  Quenching of 2-NpCO Me (0.0005 M) fluorescence by acacH (0, 0.0027, 
2 2 - 

0.0053, 0.0079, 0.0106 and 0.0132 M) in methanol (not purged by N2) at 
. 

-1 
room temperature gave k 7 of 10.1 M with y = 0.989. 

q 

2.3.2 Lithium acetylacetonate quenching 

The absorption spectruin of 2-NpCO Me was not affected by Li(acac) or 
2 

by sulfurie acid (Section 2.8), but its fluorescence was affected. 
- - 
~ ~ e n c h h g  M fluor_escence of - 2 - ~ p ~  (R = C02Me, C02Et, OMe, CN and OH) In 

- - -- - - -  

methanol by Li (acac) (0.0002, 0.00~4, O .Q€lO6,-- 0.0008, 0.0010 and 0.0012 M) 
,-' - - 

\ . .- -- 
\ 

were determined at room temperature under nitrogen purged ~ ~ n i i t - i o n s ,  The 

fluorescence intensity was corrected according to equation 4-7. The 
-\ 



'i - - - 

Table 2-5 : The quenching of methyl 2-haphthoate Lluorercence by acac~' 
- 

- - A - - - --- 

- 

? 

a. Solutions of 2-NpC02Me (0.0005 M) and acacH (0-0.006 M) were purged with 
nitrogen and their fluorescen~es were recorded with excitation wavelength - 
at 330 rim at room temperature. - 

b. The intensity at 352 nm was used for calculation in MCH 
in CH3CN and that 363 nm in CH30H. 
c . Met hylcyc lohexane . 

r )  

, that at 358 nm 



IacacH] (M) 

\. 
Figure 23: Fluorescence quenching of 2-NpR by acacH in acetonitrile (N2 

k' 
. < -  

---/ 

purged, Table 2 - 6 )  a) 2-NpCN, b) 2-NpOMe, c) ~ - N ~ C O ~ M ~  and d) 2-NpCOpt . 



in acetonitrile at . Table 2-6: The quenching of NpR fluorescence by acacH 

a room temperature 

- \ 
5 

a. The solutions of 2-NpR (0.0005 M) and acacH (0-0.006 M) were "quged 

with nitrogen for 10 min. b. The excitation 'wavelength, . 
. 

c . Correlation coef f ieient -of 'the Stern-Volmer plots. 

9 d. k is calculated to be 3:4 x 10 M - ~  by adopting r of 
q 0 

8.5 ns-in 

acetonitrile (Section 



, \ - 

, 
1,. - 

.. -, 

(Figure 2-41 205 M-' for 2-NpC02~e. 209>2-NPC02Etr. 
- ---- - - -- -- 

a 80.4 M-l for M-l for ~ - N ~ C N  ;nd 1100 l4-l for 2-NpOH (Table 
. 
I. 

- - - -- - I 

2 In the 2-NpOH case, a new emission 'peaking at 500 nm appeared ,and . -. 
increased in intensity with increasing concentrations of Li(acac), . - 

indicating that a different mechanism was involved (Figure 2-5). There was 

no new emission observed even with high concentration of Li(acac) (0.01, 

.a 

0.02- and 0.04 M)in the 2-NpC02Me/Li(acac) case. 

i "- 

Quenching of 2-NpCO Me fluorescence by sodium acetylacetonate 
2 

- 

/' 

[~a(acac), 0.0015, 0.003, 0.005, 0.008, 0.010 and 0.013' M] was determjned 
- 

* 
in nitrogen purged methanol. The plots of 1•‹/1 against [~a(acac) ] showed 

curvature.   his was most probably caused by an impurity in. Na!acac) which - 

was very difficult to purify. 

2.3.3 Other quencher s 

, The fluorescence of non-purged solutions of 2-NpC02Me (0 .OOOS M),A~ 
I 

- 4  / 
acetonitrile and methanol was quenS&Tby.biacetyl (0-0.00464 >, .y+lding 

-1 _ - d -&ern-~olrner plots with k r of 95. M-I ( 7  = 0.997, Table 2-9) a, d 70 8 M-l 
q - . -. \ 

\ 

\-L0.992, Table 2-%.?'~irel@etirne r of the singlet exciied stafe of ._ 
I. \-. 

2-NpCO b t e d  Me was ca to be 3.5 nE by adopringk of\2.7 x 10" W1 s - 1 - 

+/ 
lo ~1 -1 I 

in acetonitriles2 and 3.9 ns by adopting k of 1.8 x 110 s in 
q - 1 

methanol.82 The lifetime r (N purged) of the singl& excited-state of 
0 2 

2-NpC02Me was calculated to be 8.5 ns in acetonitrile according to equation - 



- 
- 

\ - 

1 . , 
, 

- - 

Table 2-7 : The quenching of methyl 2-naphthoat e fluorescence by acacH- in 
. 

\ 
-- - -- . , 

/ 

. 
. . ;=etoni trile at various excitation 
. . . . . 

1. - .  
1. -.. . 

a. The fluorescence of a sblution containing 2-NpCO $ (0.0005 M) and acacH 2 7  
/ 

( 0-0.02 M) were measured under non;-purged condition /at room temperature. 
* 

I values _were obtained 

equation 4-6 and l"2, 4- 

Excitation wavelength> 

Correlation coefficient 

from _observed OD values by 
- - 

correction according 



[Liacac] (M) 
\ 

Figure 2-4 : -Fluorescence quenching of 2- (0 .'0005 - M I  by Li (acac'l 
a 

methanol (nitrog& purged) with excitatibvelength at 330 nm a) 

b) P-N&, C )  2-NpCO2Et, d )  2-NpC02Me and e) P-NpoMe - 



\- a 
Table 2-8: The quenching of 2-NpR fluorescence by,Li(acac) 

- OMe CN - O H  

= - 

a. The solutions containing 2 - N ~ R  (0.0005 M) and Li(acac) (0-0.0012 M) yere- 
L 

purged with nitrogen for 10 m i r i  and their fluorescences were measured in 

-methanol with exci'tation navelength at 330 nm it room temperature. 
b 

t 

b. 1 values weye bbtained from obser&d OD' values by correction according 

methanol (Section 2 . 3 . 3 ) .  



Figure 

- 
3 

# 
d 

Fluorescence quenchi-nd ( N i  purged), of 2-NpOH (0.0005 M) by - 
- 

8 0; b, 0.0002; c, 0.0 04; dl  0.0006; e, 0.0008; f, 0.001 and 

g, 0.0012 M) at toom temperature in methnol with eqcitation wavelength at 
. 



where z8.7 and 11.8 are values obtained from 2-NpC0,Me fluorescence 
L 

quenching by acacH with h' purged and rged' respectively (Table 2-7 2 

and Figure 2-3), 7 is the lifetime of the singlet excited state of 

2-NpC02Me (non-pur&i) obtained from biacetyl- quenching (~ail@ 2-9). 
- 

- 

Similarly, 7 (N purged) in methanol was calculated to be 9.4 ns (k T = . 
0 2 q 0 

24.4 in Table 2-5; k r = 10.1 in Sectip 2.3.1; T = 3.9 ns in Table 2-9)., 
9 

/ 

The same quenching by biacetyl - (0-0.006 M) in non-purged methylcyclohexane 

gave kdr of 65.3 M-' (y = 0.997. Table 2-10).  he -fluorescence of 

2-NpC02Me (0.0005 M) was quenched by oxygen after purging by 0 for 10 min 2 

as shown in Figure 2-6. Quenching of 2-NpR (R = C02Me. C02Et,- OMe and QI, 
I 

0.0005, M) fluorescence in acetonitrile by- tributylamine (TBA, 0.0014-010084 
\ 

2 
M) was investigated in a similar manner (Table 2-11, non-purged) to afford 

k r :  127 M-l (k of 3.6 x 10 10 M-l -1 
4 .  q 

S using 7 of 3.5 ns in Table 2-9) 
- 

-1 for 2-NpC02Me (y = 0.991). 117 M-I for 2-NpC02Et (y' = O.995), 26.8 M 
for. 

2-NpOMe (7 ='-0.991) and 177 M-' fo; 2-NpCN (y = - 0.996, Figure - 2  . The. ' 
IdP* 

fluorescence of 2-NpC02Me (0.0005 M) was strongly quenched by 

N,N-dimethylaniline (DMA, 0.002-0.01 M, non-purged). k T can not be 
9 

calculated due to the overlap of the emissions from -excited DMA and - 

2-NpC02Me. The 2-NpR (R = CU2Me and CN, 0.0005 Y)  fluoresc~nceras affected- - -  
- 

3. 
by lodomethane (CHJI, 0.0053-0.0267 M, non-purged) and 1. 2-dihromethane - 

IDBE, 0.0193-0.171 M, non-purged). The Stern-Volmer plots of 1•‹/1 against 

[CH I] or [DBE] yielded straight lines with k r 39.9 M - ~  for ~ - N ~ C O ~ M ~ / C H ; ~  
3 q 



Tabla 2-9: ~uenching of 2 - & C o p  (0.0005 PI) f luorescylce b y  biacetyl at 
- - --- -- pp - 

roan temperature lundegassed) 

2 2 . 2 3  22.79 + 1 . 1 2 -  k 1.78 

f 

a. The fluorescences were measured In non-purged acetonltrlle wlth 
excitation wavelength at 330 nm. 7 was c%lculated to be 3 . 5  ns 2 0.08 by 
adopting energy transfer rate constant of 2.7 x 1 0 l o  M-I s - l  1n 

acetonitrile from Ref. 82 as kq. 
b.The fluorescences were measured In non-purged methanol wrth excltatlon 
wavelength at 300 m. r xas cafcttfated to be 3 . 9  rts 2 0.323 by adoptlng 
energy transfer rate constant of 1 . 8  x lo1@ K1 s-l in methanol from Ref. 

c. 82 as The 7. luorescences were measured In the presence of H2S04 10.0935 M) w i t h  
excitation wavelength at 330 MI (non-purged). - 

- d. Monitormg wavelengtn. 



The q u ~ ~ h i n g  of methyl 2-naphthoate ( 0 . 6 0 5  

(non-purged) at room tcnperature 

M) fluorescence 

[ma I O / I  [ ~ a  ( acac ) I 1•‹/1 

0 

0. OOOS 

9.08  r 0.32 Curve 65.3 2 2.39 

a. The f luorescences were taken 

at 330 .rim. 

b. The fluorescences were taken 

333 nm. 

The 

333 

fltlorescences were, raken 

*m . 

acetonitrile with excitation wavelength 

methanol .with excitation wavelength at 

cyclohexane with excitation wavelength 



WAVELENGTH ( ~ n )  - 

- 
Figure 2-6 : Fluorescence quenching of 2-NpC02Me (0.0005 M) by oxygen in 

acetonrtrile with excitation wavelength at 330 nm a) nitrogen purged for 10 

min; b) non-purged and c) oxygen purged for 10 min. 



ic  

TabFe 2-11: The quenching of -2-NpR fluorescence by tributylamine (TBA) in 
-2 - - - - - 

I" 

\ 

a. The f luorescences of the containing 2-NpR, (0.0005 M) and ?BA 

to-0.0251 M! were measured non-purged at room temperature. 

B was calculated to be 3 . 6  + 0.083 x 10 lo, M-' 5-I by adoptinb - r of 3.5 
q 

(Table 2 - 9 ) .  

Correlation coefficient. d. Excitation wavelength. 



- 

d 
2-12: The quenching of NpR fluorascence by heavy atom solvonts i n  

a. The f luorescences of the solutions containing NpR- (0.0005 M) and CH I 
3 @ 

(0-0.0267 M) or.BrCH2CH2Br (0-0.171 M) were taken non-purged with 

- 
excitation wavelength at 330 nm. * 

\ 
- -  - 

b. Correlation coefficient. 



- 1 - - 
-1 . (7 -= 0.948), 44.4 M for ~-N~cN/CH~I ( yl= 0.998) and 2.64 M for - 

- - 

~-N~&~M~/DBE (7 0.984. Table 2-12) : 2-NpC02Me fluorescence was quenched - 

- 

- - 

by 1, 3-pentadiene (0.0099-0.0626 M) in non-purged acetonitrile yielding a 

straight line with k r of 9.08 M-' (7 = 0.995, Table 2-10). 
'3 

- 
- 

45- The fluorescence .of 2-NpCo2~e (0 .OD05 MT was ?quenched by sulfuric acid 
' -  

(0 .OO63-0.0375 MI nun-purged) giving k r of 35.3 M 
-1 

- q 
(Table 2-13). k ' was 

q 
-1 -1 

calculated to be 1.01 x lolo M S using r bf 3.5 ns (Table 2-9). A new 
9 

- 
- - 

broad emission" at 470 nm appeared with an isosbastic point at 414 ngi and , 
- - 

' increased in intensity with increasing concentration of H2S04 (Figure 2-7 

and Figure 2-8). Similar quenching of 2-NpC02Me (0.0005 M) fluorescence by 
. 

H\S0 (0-0.0562 M) in non-purged methanol occu&ed giving k r of 6.5 M - ~  (y 
2\4 . 9 

= 0.995)- and a new broad emission at 470 nm (Figure 2-9). The fluorescence 

of 2-NpC02Me (0.0005 M, at 359 nm) and the new band (at ,470 nm) were 

quenched in non-purged acetonitrile at [H~SO~] ol 0.0935 M-by acacH 

(0-0.0081 M) yielding two straight lines with k r = 63.4 M-' for monitoring 
q 

at 359 nm and k r = 128 M - ~  for monitoring at 470 nm (Table 2-14, Figure 
9 

2-10 and Figure 2-11). \ 
w, \ 

\ 

The fluorescence of 2-NpC02Me h.0005 M, at 359 nm) and 
' \  \ 

tat 470 nm, [ H ~ S O ~ ]  = 0.0935 M1 were qu'enched,,in n~n-~urged 
\ 

biacetyl (0-0.00396 M) giving k r of 74.0 M-' (An=toringe at 470 nm) 
q 

' 41.1 M-I (monitoring at 359 nm, Table 2-9). The quenching of 2-NpCO2~g 
, -- 

t 0.0005 M I  non-purged) fluorescence by sulfuric acid (0.0124-0.0496 M) in 
\ 

the presence of acacH (0.08 M) gave k r of 13.2 whenmonitoring at 359- :---'t 
51 

nm l n  acetonitrile; the broad aission at 470 nm appeared when H2SO4 was - - ."' 

added and increased in intensity with increasing coneentration'of H\SO 
2 \4 

(Table 2-13 and Figure 2-12). However, the same quenching in the presence - 

A 
\ 
-- 

56 



of low concentrations- 0.g sulfuric acid (0.00017-0.00165 M) was not 
. - - 

significant enough to be r8corded. Similarly , the f horescence of 1-NpC02Me - 

. - - - - - - -- 
(0.0005 MI at 362 nm) . was quenched by H~sO*-  (0-0.0362 MI non-purged giving 

. - 

k r of '8.7 M - ~  (Table 2-13). '~uring the course of quenching, a new broad 
q \ 

emission, at 470 nrn appeared 

inc~eased in intensity with 

-. 
with an isosbestic point at 423 nm and , 

C 0 

.. 
increasing concentration of,H SO (Figure 2-13 - 

2 4 \. 

and Figure 2-8 ) . The fluorescence of 1-NpC02Me ( 0.0005 M) and the new band . - 
(at 470 nm) were quenched - by-acacH (0-0.0064 M) in non-purged 

L ace ton it rile/[^^^^^] (0.0935 M) .solutiong. Two curves were plotted (Table 

2-14, ~igure. 2-14 and Figure 2-15). The fluorescence of 2-NpOMe (0.0005 M) 

:I 

in non-purged acetonitrile was not quenched by sulfuric acid (0.0063 and 

, 
2.3.4 Temperature e=t on the f luorescencs gu&ching: 

Quenching of 2-NpC02Me (0b0005 M) fluorescence lntenvty bysacacH 

(0.003-0.015 M, N2 purged) was examined at 70C1 22OC and 50•‹C. The 
- 

St ern-Volmer plots of I ~ / l *  against [acac~] yieldA straight lines ( Fiaur e 

2-16). The k r values, 31.~-l for T = 7OC . 24 M - ~  for T = 22OC and 8.5 
- q 0 

&for T = 50•‹C (Table 4 5  decrease with iicreasing temperature, 
l-.. 
1. 
l. 

consistent with t3esxistence of a reversible exciplex 1311 132. . The plot of 
----L. - 

Log k against 1/T yielded a stra' 
q 

line with a posltive slope typical- 

of a negative temperature effect \tenrr 131, 13Zon the quenching 

2.4 Heavy atom aff act on the photocycloaddition ' 



6 

- 

- 

Table 5-13: Quenching of NpCO2Me 

( non-pur gad ) by 

. . - 
(050005 H) fluorescence i n  acetortitrile . 

t -  
- - \.- - 

intensity a. Quenching of ~ : N ~ C O ~ M ~  fluorescence 

excitation wavelength at 300 run. 

intensity 

excitation- wavelength at 320 run. 

c . Quenching of 2-NpC02Me f luoresce,&e 

the presence of acacH (0.08 M) with excitation wavelength af 300 nm. 
- - - - - - - 

-1 -1 d .  k was calculated to be 1.01 5 0.032 x 10Io M S by adopting r 'of 



WAVELENGTH (nm)  

Figure 2-7 < Quenching - , of fluorescence of 2-NpC02Me (0.0005 M) by sulfuric , 

acid (0, 0.0063, 0.0125; 0.025 and 0.0375 M) Ln nokpurg.d acetonitrile at 
, 

> .  

room temper=ture with excitation wavelength at 300 nm. 



T 

0.00 0.01 0.02 0.03 0.04 0.05 0.00 

[H,so;~ (H) - 

- 
- 

, 
P --', '., 1 

- - - 

" .\_- 
\-L 

\. 
Figure 2-C: Quenching-of NpC02Me (0.0005 H) fluorescence -. by sulfuric acid 

(0-0.0562 M) in non-purged acetonitrile at room a) 2-NpC02Me 

- \ with excitation wavelength at 300 nm and b) 1-NpC02Me with ex tation - 

I 

- I wavelength at 320 nm. p- - -. 
- -'\ - -  

\ 
\ ,- 

. - 
i , 

- 

3 

- 

- 

* 
- 

6 0 e 

s7 - 



WAVELENGTH (nm) 

Figure 2-9: Quenching of fluorescence of 2-NpC02Me (0.0005 M) by sulfuric , 

acid (0, 0.0063, 9.0188, 0.0313, 0.0437 and-0.0562 M) in non-purged - 

methanol at room temperature with excitation wavelength at 300 nm. 
- 

? ,  - - -- 



a, - 

Table , - 2-14: Quenching o f  NpCO Me (0.0005 M) f lu&essence i n  non-purgd- 
2 

i -- - 

a s a t o n i t r i l e  - i n  the  p r e m x e  o f .  H2S04 (0.0935 H) by acacH-at room 
- 

,- - - -- 
i. temperature - - 

- 1 

- 

0 

f luorescences of solutions containing Z-N~CO Me,, H SO (0.0935 M) 
2 2. 4 

a. The 

and acacH (0-0.0081 M) were measured with -excitation wavelength at 330 nm. 

b. The fluorescences of solutions containing 1-NpC02Me, H2SO0 (0.0935 M) 
r - - - /  

and acacH (0-8.0064 M) were measured with ~ c i t a t i o n  wavelength at 320 nm. 

Monitoring wavelength. 



kL 

Figure 2-10: ~uenching of . 2-NpC02Me ( 0  .OOOS M) fluorescence by acacH (0, 
/ 

04 . 
0 

16, 0.0032, 0.0048, 0.0064 and 0.0081 M) in the presence of H SO 
2 9  L 

(0.0935 M) a t  room temperature-(non-purged) with excitation wavelength at 

330 nm a) Lluorescence-of, 2-N&?go2~e and b) emission of protonated 
-- - - - - - - - - - - - - - - - - - 

1 2 - w ~ Z ~ e .  91 1 
- - - , - L  - 

z 

- 

r 

, 6 3 
P ' 

t 

, * I  . 



0.002 0.004 0.006 

. [acacHJ- (M) 

Figure 2-11: Quenching of 2%@0~~e (cur;e bl 0.0005 MI monitoring at 359 
, , 

NO) and @rotonat& '~-N~CO Me (carve a, monitoring at 470 nm) fluorescence 
2 

in the presence of sulfuric acid (0.0935 M) by acacH (0-0.0081 M) in 

excitation wavelength at' . nan-purged acetonitrile at f o o m  t-erature with 
- 

330 MI. . 



WAV El.ENG'I'H (nw) 

Fimre 2-12:. Quenching of fluorescence of 2-NpC02Me f0.0005 M) in the 

presence of acacH (0.08 M) by sulfuric acid (0, 0.0124, -0.0248, 0.0372 and 

room temperature with excitation 0.0496 M) in non-purged acetonitrile at 

wavelength at 330 nm. 
~ % 



WAVELEIIGTII (nm) 

Figure 2-13: Quenching of l-NpC02Me (0 .OOOS M) f luorescenee by sulfuric 
- 

acid (0, 0.0063,'0.0125, 0.0250, 0.0375 and 0.0562 M) in non-purged. 

acetonitrile at room temperature with excitation wavelength at 320 nm. 



r 

Figure 2-14: Quenching. cf 1-NpCOZMe (0.0005 M) and protonat& 11-ffp~02~e 

fluorescence in the presence of sulfuric acid (0.0935 M) by acacH (0, 

f- - 0.0016, O,C032,. 0.0048 and 0.0064 M) in non-purged acetonitrile at room 

temperature with excitation wavelength at 320 nm a) fluorescence of 
- 

1-NpC02Me and b) emission of protonated ' ~ - N ~ C O ~ M ~ .  



[acacHj (M) 
3 .  

7 

4 
Figure 2-15: Quenching of 1-NpCO Me (curve a, 0.0005 M, monitoring at 362 - 

2 
1 

nm) and protonated l-NpC02Me (curve b, monitoring at 470 run) fluorescehce 
- 

in the pr.e*nce of sulfurlc acid (0.0935 M) by acacH (0-0.0064 M) in 
\ 

non-purged acetonitrile at room temperature with excitation wavelength at- 
P 

- - 

/' 





The effects of methyl iodide on photocycloaddition of methyl - " Tabla 2-15: 

Format ion Form t ion 

a. The solutions containing 2-NpC02Me (0.02 M) , acacH (0.08 MI, octadecane 
- 

(as I.S., 0.005-M) and CH31 (0--0.004 M) were irradiated for 4 hours in 

apparatusp I1 at 7350 nm. Errors: f 15%. 

format ion of compound 
. - 

16' and 17. conversion of b. Repotted in yield of 

2-NpC02Me: - 17-23%. 



- - 

-++ 

the - photocyc1oadd"ltion of -' Table 2-16: Effects  of 

2 -naph t hoa t a (14) and acacH i n  

octadecane 'a. The solution containing 2-NpC02Me (0.02.M), 

purged) for 4 (as I.S., 0.005 M) and DBE (0-0.005 irradiated were 

hbqrs using apparatus TI at 350 nm. 

and method I1 (Section 4.3). 
- 

Quant urn yields 17 were determined by 



, 

The dependence of the' formation o f  16 a@ +l? in the photocycloaddition 
- 

of 2-NpC02Me (0.02 M) and acacH (0.08 M) on the concentration - - - of the - heavy - -- 

L., d- "--., atom compound, i omethane (0.001-0 .OO4 M) , was examined at 350 m in. , 
IT., 

- - & - - - - .-- , 

yield of 16 slightly decreased, within exper&ntal 

of CH31 was increased. The yield of 17 
1.. 

increased from 1% to 5.50-.when the concentration of C H ~ I  was increased 
- 

'1 
- 

. 
1 

(Table 2-15). ~fter GC analysis, the irradiated solutions and ether (20 mL) 
'1 

were combined together and, extracted with water (6 mL) . The water layer . - - 
I , 

, 

showed a pH value of 4.5-5 by pH test paper ind=&+in;ng y the formatibn of an 
--- -- 

acid during the-irradiation. 

Under the same conditions, the above reaction was run using I 

l,2-dibromoethane (0.001-0.005 M) instead of CH31 as a heavy 'atom compound. - 

_ The quantum yields of 17 were essentially constant, within experimental 

error, with the increasing concentration of DBE. The quantum yields of 16 _ 

showed a slight decrease from 0.0043 to 0.0034 with increasing 
- -t 

- concentration of DBE (Table 2~16). "\ - 

Similarly, the phot&ycloaddition o ; h N  (0.02 M) and acacH (6.08 
\ 

M) was examined in the presence of CH31 (0.001\04 M) . Product 38 was : 
the only product obtained and the quantum yield sli& decreased from 

0 -030 to 0 .O25' with increasing concentiation of CH31 (Table -17). 
\ ,  

- 
- 

2.5 Catalytic effects on the photocycloaddition 

J. 

2.5.1 The effects of lithium and sodium acetyLacetonat~ - -- - - -- - -  - 

, 

Comparat ive photocycloaddi t Lons of 2-I?p2o2~e ( 0.02 M) in methanol were 
- 

@ 

carried out under the same conditions in apparatus 11; the first solution 



.. - - 
4 

1. - 
-', . , 

\contained only acacH (0 .Q5 M) , the second only Li (acac )- (0.05 M) and the . 
- - - - - -- - 

third ~i(acac) (0.001 M) and 'acac~~ (0.05 M), in addition to 2-N$02Me. ".aorn 7 

- Octadecane (0.&5-&Q, was added as the internal standard in the beginning 

1.. - and the yields of 16 are lis,ted in Table 2-18. Remarkably, Li(acac) did 
- 

'-1 
not undergo ~hotocycloaddi tion ~ ~ ~ Q - N ~ C O ~ M ~  at all3 but it did assist- or 

cataiAe the photocycloaddition of ~-N>~;HP. th acacs. Yield o? the "\ 
product was increased fr 2% to 18%. A similar ef&on the product - . ' 

0 

- 
\ -  

yield of 16 was also pbservq in the presence of Z n ( a c a c h  , 
- 

- Teases -. 
from 8% to 41%. -- 

9 

'- The photocycloadditions of 2-NpC02Me (0.02 M) and acacH (0.08 M) at - 
1 

350 nm were carried out in the absence [as a control) and in the presence 

of Li(acac) ('0.001 M) in methanol. The quantumn yields of 16 in the 
- 

- presence and in the qsence'of Liiacac) were 0.6235 i d  of8043 
/ 

- 

respectively, indicating the acceleration of the reaction by Li(acac) . - 

'-. 
Similar experiments were carried out on systems of 2-NpR, (R = CO2Et1 OMe, 
-- 

CN, OH and COMe)/acacH (Table '2-19) . 
- 

'-. 

\ 
\ 

~hotol~sis of solutions containing PN (0; 02 M) , acacH *M) and 

C16H34 (as I . S . ,  0.005 M) in the presqe of Li(acac) (0: 0.001, 
-. 

0.006 and 0.01 M) resulted in yields <GC%) of products 29, 28 -ad 30 (31 
. 

' ignored) as follows: GC% of irans-fused 29 increased from 18% to 38% with . 
- 

increasing concentration of Litacac) (0-0.01 M). At the same time, that of 

cis-fused 28 dropped from 14% t~ 7% and that 'of 30 increased from 4% to 

16%. The conversion of PN incraased from 59% to 79% (Table-230) - -- -- 

d - 
-- 

Solutions containing 2-NpR (0.02 MI R = 1-Me and HI, dcacH (0.08 M)- 
e 

with (0.01 M) and without (as a control) Li(acac) were phofolyzed a t  350 
- 

nm for 7 hours for the 1-NpMe system, 28 hours for the Np system and-6 



- ~ a l e  2-'17: ~ f f  icts of iodoslethane on photocycloaddition of 2-NpCN and . . - 
acacH ' jn  acetonitrile at room teqeraturea 

'.. 

a. Acetonitrile solutions (0.02 M), acacH (0.08 !I), 

octadecane (as I.S., 0.005 were irradiated in 
%. 

- 

+ ,  --. 
apparatus I1 for 3 hours at 350 run. 

- 

, kt. Reported in -relative yield which was the GC area ratio of the product 
- 

over the I.S. 

' c. Quantum yields were determined by Method I1 (section 4.3) based on 38 

formation. 



-- -- --,- - 
Table 2-18: Metal acetylacet.onate catalysis on 'photocycloaddition of methyl 

- 

2-naphthoat et and acacH i n  methanola .. - 

- 

- 
- 

a. The solutions containing 2-NpCO Me (0.02 M) , octadecane (as 11 .S., 0.005 
2 

M) and a c a c ~ ~  (0.05 M') or/and Macac (M = Li and Zn, 0.08-M or 0.001- M) were 

irradiated (N2 purged) for 3 .hours in apparatus I1 (at 300 nm f ~ r  the . 

Li(acacS case, and, at 350 nm for the Z n ( a c a ~ ) ~  case). 

- - 

b. Concentrations of 16 were determined wl'th-tke I . 5 .TSing  quation 4-2- - 

and +eld % was cafeufated accordingly. Errors:Pf 5-7%. - - -- 



- - - - - - 

lithium acetylacetonate on photo~ycloaddifion k Tabla 2-19: The effects of 

of 2-NpR and, acacH in methanola . - quantum yields 

: OMe. 

a .  The solutions contained 2-NpR (0.02 M), acacH (0.08 M ) ,  octadecane (as  

I.S., 0.005 M ) ;  one  a l s o  contained Li(acac)- (0.001 M) and the  other no 
'1 

Li(acac) served as  a control were. i r r a d i a t k  (N2  purged) inlapparatus I1 a t  ' 

350 m. Errors: 2 15%. 
, 

b* Quantum yields of formation were determined by24eth&- ~IL-Csecti'on .- - 

c .  Rebr ted  i n  GC, % without I.S. 



- % 

catalytic effect on tga photocycloaddition ralatlva - . Table- 2--20 : 

yields of phananth-ne (PN) and acacH in rndtxanola 
- 

a. The solutions 
7 - 

M )  were irradiated ( N 2  purged) 0.005 M )  and Li(acac). (0-0.06 

i n  apparatus 11 a t  350 nm. . 
for 4 Hours 

area ratio of b. Reported i n  relative 

over the 1.S.-Errors: f 

which was the GC the' product 

c. suggest-&I structure: 

consumed ,-, yield of d .  Relative 



-. 
Y 

, . 
% ,  . 4 ' '  ' 

, t 
I - 

i ' 
? -. > 

J 

hours For the 9-hydroxyphenanthrene : system. No new products ,were detected . 
(s 

by GC analysis of the controi and samPPPi'e solutions$ -- -: 

- 

L .  * - -- - -- 
, . L- . . Solutions -of 2-NpOMe (0.02 M) &d acacH (0.45 M) m' acetonitrile were 
. . - ,  

irradiated at '300 nm in the absence (& a controi),'and in the presence of 
e 

n G 

sodium hydroxide (a.001 M). The percentage yields of 1.5-c$lketoneL.,44 were 
- 1 

r l  

21% and 26%; respectively,' indicating little acceleration of. .the >eaction ' 
Y Q 

L 

, 

2' by. the base. In contrast, the photdcycloaddition of 2-NpC02Me (0.02 M) and - 
- 

-. 
L 

. 
' .  . 

acacH (0.05 M) was accelerated by NaOH (0.001 MI. -The produc< 16 W a s  the - 

< 
- - - t *  - -- - - - - -- 

only product a,nd its formation was 27% and 3% for the solutions with and 
. . 

wlthout the base; respectively. - . , I _  

3 -  

, 

Sylutlons' of ~ - N # O ~ M ~  (0.02 M) and acacH .( 0 .O8 H) :In 4 : 1 
- > 

.- 
methano1:water were irradiated at 350 nm in the abrence (ai a control) and - .+ 

~n - the presence of sodium chlorlde 10.005 k) . The ylelds of 16 were 13.3%. 
- 

and 13.5% respectively. 
C - -  

.. . 
2.5.2 Acid effects" , - - . . 

. . 
f , ' - ' - 

Photolysis (at 300 phj of acetonitrile solutions of 2-NpCO ~ e '  (0.02 M) 
/- 2 

- 

1 .  .and acacH (0.08 M) .confaining: a)/sulfuric ac7jd (0.0003 M), bJ phosphoric 

'4r 

acid 1P.0003 M) , c) hydrochlgric acid (6.0063 M) , d) bo,rontrifluoride in 
. I  

'ether (0.0003 M) a~?d e) trifluoroacetic acid (0.0005 M) were carrled out 

for 3 hours (6 hours for .trif*luoroacetie acid). compound 17,' in addition to 
- .  - -. - 

16 (equation . 2 - ~ >  was for-med in much higher yields (GC%, Table 2-212. The, 

results showed that' all the acids-catalyzed the .&action no matter whether 

the acid was a Brmsted acid or Lewis acid. Among these acids, sulfuric - 
acid enhanced ;he fordtion af 17 and 16 from 0% to 20.8%' and 2%. to 24.4%) 

. - - - 
respectively. Borontrifluoride h n c e d  the formation from 0% to 9.2% and 

a c 



, r 4' 
a~etdnitrile in. the presence of sulfuric a c y  (0.0001, 0.0003, 0.0006 and 

0.001 M) led to product- 33 increasing from 7.7% (GC%) to 47.3% as shown in 

Table 2-22.. Similarly, photolysis of 2-NpCN (0.02 M)/acacH. (0.05 -M) and . 
- 

1-NpC02Me (0.02 Mj/acac~ (0.05 M) systems in the presence of sulfuric acid . . . 
(0.0001, 0.0003, 0.0006 and 0.001 M) resulted in a simiLar .trend of product 

distribution (GC%: 5% to 14% 'fur 2-NpCN and 5% to 23% for l-ElpC0per -TaBLe- 

contrasting wlth the above observations, the photulysis (300 m,- 3 

hours) of 2-NpOMe (0.02 M) and acacH (0-05 M) in acetonitrile in the 

- 
presence of sulf-uric acid (0.0001-0.001 M) shqwed a decrease of 

'1,~diket~ne 44 from 21% to 5% (Table 2-22). Under the same cqnditions < .  

except that 350 nm lamps were used, the presence of sulfuric acid (0.02 M) 
- 

also retarded the photocycloaddition of phenanthrene (0.02 M) and acacH 

(0.08 MI in methanol. The yield; of - 29 - and 28 dropped significantly , 

, 

from 22% ,and 27% to 4% and 3% respectively (Table 2-23). This results were 

obtained with H2S04 at single concentration and need to be confirmed. The 

photolysis of ~ ~ N P C H ~  (0.02 M)/acacH ' (0.08 -M) and Np (0.02 M)/acac~ (0.08 

MI systems in methanol resulted in no product formation either in the - 
prese&e or in the absence of sulfuric acid. - 

P 
Photocycloadditlons of 2-NpCOpe (0.02 M) and acacH (0.05 M) were 

- - - - - - - - - -- -- 

.. carri@ out with 300 nm lamps in the presence of sulfuric acid (0, 0,.0001, 
-- - - 

- f 
0.0003, 0.0006 and 0.001 M) in acetonitrile and methanol, rkspectively.   he 

- 

acid acceleratd the reaction in b t h  solvents, but with more efficiency in 

acetonitrile (Table 2-24 and Figure 2-17). 



C 

. Table 2-21: Acid- catalysis on the photocyeloaddition 

and acacH in acatonitrilaa 

/ 

Acid . G C % ~  C . 
- - -  - -  

Conversion Format ion Format ion 
. "- 0 

of 14 + of 17 
r- of 16 - 

Control 

a. The solutions 
. . 

2-NpC02Ke (0.02 M), acacH (0.05 M) and one of containing 

irradiated above acids ,were 
- .  

(N2 purged) for 3 hours ( 6  hours for CP3COOH) 
- 

in apparatus I1 at 300 nm. 
/ 

b. The results were reported in Gt% from print out without 



- 

Tabla 2-22: Acid effect on yield (GC%) of the photocycloaddition of 

- - 

t (hour) 3 3 1 .  3 
- 

. f  ' 
v .  - 

- 3 = 

- 

a .  The so lu t ions  contained NpR (0.92 M), acacH 60.05 M) an\d ff SO 
2 4 

, - 

(0;OQOl-0.001 M} were i r r a d i a t e d  (N2 purged) i n  Apparatus I1 with 300 
, 

, lamps. E F F O ~ S :  + 5-7%. 

b. ~ e p o r t e d  i n  GC% from p r i n t  out -without I .S. 
2 



Table 2-23: Acid effect on .yield (GCS la of photocycloadditio~ bf 

plienanthrme (PN) and k a c ~  in acetonitrile b 
- 

[H2SO4I (MI 
- 

a. Results were reported in GC% from print out without 1.5. Errors: * 

b. The ' solutions contained PN ( 0 . 0 2  M), acacH 10.08 M) anda H2S04 (0 and 

0.02 M) were irradiated (N purged) for 7 hours in apparatus I 1  at 350 &I. 
2 -  - 



atih affects 

and acacH 
b 

in acetonitrile and methanol 
- 

/ 

trace 7 . 3  

'I 

were out from p r i n t  a .  Resu l t s  
V 

5-7%. 

repor ted  without  Errors: - f 

M), acacH (0.05 M) .and sulf-uric b. The s o l u t i q n s  conta ined 2-NpC02Me (0.02 

acid (0-0.001 MI- 

a t  300 nm. 

were irradiated (N purged) for 3 hou-in -appara tus  -11---I 
2 



4 
[H2S0*1 x 10 (M) 

Figure 2-17: Sulfuric acid effects on yield (&%) of photocycloaddition of , 
C 

2-NpC02Me and acacH; a) in acetonitrile and b) in methanol. 
I 



2.6 Kinetic studies  of the photocythoaddtion 

- - - - ,- - -- - - -- - 

- , -a 
-- - 

2.6.1  In the absence of a catalyst  - 

1 ---  
- c .  

- - - -  - 

\ 
\ P 

A basic reaction mechanism for the photocycloaddition of 2-NpR and - 
- 

1 
, acacH is proposed- in Scheme 2-1 (2-NpC02Me will be used as a modei 

- -- 'I , 

compound) based on the findings which will be discussed in Discussion pait. 
2 "  

3 - 
c - 

- . _  
--. . .- 

- 

In Scheme 2-1, 12-~pC02e-acac~ is an exciplex assumed to be formed irom 



. 
-. :-- - A - - * .  

6 '  0 the -collisional interaction 'df 'N~CO~M~ with acacH. It couli dissipate 
- - -- - --  - -  - - - -  L - - - - - -- 

rily by four pathways, i.e., by collapsiag to the final product . 
- 

- - L 

u. - 
- -- --- - 

(equat'ion' 2-20) ,, to the starfing mterials (equation 2-21)", to. its triplet.- ' - 

- 

exciplex (equation 2-22) or back to 'N~R and acacH (equation 
I 

kinetic equations 2-23 and 2-25 were derived from Scheme 2-1 . ' 

state approximat ion for 'N~R and 12-~p~~2~e-acac~. 

Where; P =.Qlimiting ='k /(kp 
P 

+ R  + k  +kb) 
P *  q 

1 _ B 
Whereto = 2' limiting = (kp + k')/ P (kp + P k + k,+ $ )  

L 

* 

2-19). The 
1 

using steady 

If the proposed Scheme 2-1 is valid, a plot of e2ther 1 v  (on product 
p p- - 

formation) or 110 (on NpR disappearance) ,against l/ [acac~] ~hould$e 
NP 

linear -based on equations -2-23 3. an4 2-25. For each reaction, the k r value 
q 0 

and the .limiting quantuh yield Olimiting may be obtained. 
- 

$. 

.. - 
The quantum yielps @J of 16, (Table 2-25) for the photocycloaddition of - 

P 
t .  

8 2-Npco2de (0.02 M) ''in acetonitrile were determined at 350 nm as a function 
- - - 

of [acac~] (0.98'-0.3 M) . The plot' (Piguf e 2-18) of 1/0 against l/ [acac~l- 
P 

yield4 a straight line with-slope and inter~ept of 14.2 and 30, ' T 

- - r .--- - - - -  - 
. - 

respect~ively, f rorn which .k T and 'limi t ing were calculated to be -2.1 (2,05 - 'I!' - -- - . 
for the second run) M - ~  and 0.033 (0.032 for the second run), based on . = 

."Q 

equations 2-23 and 2-24. - 
i c , . 



C1 

j* 
- 

Theequantumyields 4) 'of 20 and 44.for the photocycloaddition of 2-NpR 
d P 

- -- 

(R = C02Et and OMe) and the O - of 2:NpCN disappearance f 6f R-?TE~ were - 
NP 

as a ~ r i c t i o r r o ~ ~ ~ ~ ~ s i m i ~ . a  - . . 
a & 

in Table 2-25. The observed data are listed in Tables 4-6, 4-7' and 4-8 and 
\ 

'the plbtsr of 1/O or 1/O against l/[acac~] yielded straight lines with 
$ P NP - 
reasonably good correlations (7 = 0.980-0.997. Figure 2-18). indicating 

* 
that -the mechanism proposed in Scheme 2-1 can reasonably represent the 

P 

reactions of these naphthalene derivatives. The calculatp limiting quantum - 

yield Qli~it ing- -an& k T are w m r  ized in Table 2-26 .- ?%e@ots-of-lt/4--v s------ e 0 
t 

i 
i .  4 

l/[acac~] are shown in Figure 2-18. *. 
'4 

2.6 - 2  1n- the presence of metal +acetylae'etonate 
I 

1 

'% 
* - 

/ - -  
4 ye,. 

A basic mechanism for the photocycloaddition of ,NpR ( 2-WpC02Me i-s used - 

as a model compound) and acacH catalyzed by Li(acac) is pro 

2-2 (reaction 2-15, 2-16, 2-17, 2-21 and 2-22 sh'odd be incl 

Scheme) based on the definition of a photocatalysis reaction 
. 

as the following findings : i) the ph~to~~cloaddition was catalyze& hy 
- . . +. 

Li(acac> and ii) 2-NpR fluorescence was quenched by Li(acac). In Scheme 

2-2, '2-~pC0 Me-Li(acac) is -a catalytic intermediate and is formed by 
2 

Litacac) intercepting 'the 10we~t excited singlet state of ~ - N ~ C O ~ M ~ .  

12-w~2~e-~i (ac ) cbuld rest by 7tbo pathways, i.e: by interactian with a ' .. *- 

ground state acacH to give the product and Li(acac) (equation 2-27) or by 
- 

decay to the starting materials (equation 2-28) . Further, it .is' assumedJ- 
1 

- 

that the '~-N~CO Me-acacH complex does not react with the catalyst, . 
2 -- - - 

- - - - - - - - - 

' 6 4 , 6 5  
, (Lilacac) to give the product. The kihetic equation 2-29 was derived 

--- - - -  - - A -- - - - - - -- -- - 

f * 

from Scheme 2-2 using the steady state approximation' for ' ~ - N ~ c o ~ M ~  arid 
- 

' ~ - N ~ C O ~ M ~ - L ~  (acac) ( see. Appendix). ~~uaiion 2-29 predicfs a* curve for .. 



- 
Table 2-25: Quantum yields of photocycloaddition of methyl 2-naphthoata and ' 

I I + , 0.033 + 0.0086' 0.032 + 0.0042~ 
. limiting' 

L 
gY 

.. * 

- 
e - 

I ,  

I 

a; The solutions contained 2-NpC02Me (0.02 M), octadecane (as I.S., 0.005 
mt M? and acad~ (0.3-0.08 M) were irradiated (N> purged) for 2-4 hours in 
apparatus I1 at 350 nm. f- 
b. Quantum yields of 16 formation were determined by Method 11' (section 
4 -3) . 

8- 
- 

- 

c. The first run with eonversionsr of 2-NpC03Me range of 16-229. 
d. The second run with conversions of 2-NpC03Me range of 7-17%. * 

e. % was calculated to be 2.47 x. lo8 M - ~  s-l by adopting r of 8.5 ns in % 

acetonitrile (Nz purged.6ection 2.3 $3) a n h 2 3 - m 8  *yL-<t by adopting- - - - 
70 of 9.4 ns in methanol (N2 purged, Section 2.3.3). 



) -  L Y  - -  
- z ,  

* - - 

Tabla 2-26: Sunsnary of kinetic data of photocycloaddition of 2-#pR and 
- - 

. . 

acacH - 

NPR k T  (MY 
q 0 ' l i r n i  t ing 

Intercept \ Slope 

a .  From Table 2-25. 

b. From Table 4-6. 
, $ 

c. From Table 4-7. 
Y 

d-. horn' Table 4-8.  

,- 
~pp~ - -  ~ - -- - 



. Figure 2-18: The plot of 1 v s  l/ [acaLl] for photocycloaddition of 

(0.02 M) and acacH in acetonitrile (N2 purged) a) 2-NpC02Me, (i: first run; 
- .- 

ii: second run) bT 2-NpC02Et, c) ~-N$N and -d) 2-NpOMe. 
e 





I - - 

where! ' ' '~lmiting 

The quantum ylelds of the photocycloadduct 16 from 2-NpC02Me (0.02 M) 

7 . - .  
, and acacH (0 .O8 MI in methanol were det&rrnined as a function of .[li(acac) ] 

- e 
3 - 

10.0001-0.001 M) 'at 350 nm. The dependence of the quantum yleld of 16 on 
> 

- 
.., 

[~i(acac)] is given in Figure 2-19. The theoretical curve b in Figure 2-19 
-- -- 

* 

-' , ( b a s h  on,'equation 3 - 7 )  matches the experimental curve well over.. the i> . . - >  
- 

--- 
2 ,  

, 

$ .  Ll(acac1 concent~atl-on range of, 0.0061-0.00045 u M (for details,- see Sectlgn 
d - I .  

3.9, page 133). Under the same condltlons, -quantum ylelds of 16 from the 

- photoaddition of 2-NpC02Me (0.02 M) and acacH (0.08 M) were etermined as a 
% . - 

* I .  
function of [~(acac)] (0.0001-0-.001 MI.  he dependence of yield of , 

16 on [~(acacj] is giyen in l?igu;k 2-20.> Similarly, 4 v s  [~(acac)l (M = ~a - J 
. or K) correlations were d studied by monitoring NpR di$appearance at 300 nm 
, 
,- in the following systems: 1-HpC02Me (0.02 M)/acacH (0.05 M)/Na(acac) # .  

d r  
- 

(0.0001-0.001 M) and 1-NpC02Me (0.02 M)/acacH (0.05 M)/K(acac) . 
r l  - - 

f 

. 10.0001-0.06& M) . The dependences of the quantum yield of 22 on [~(acac) ] 
D 

- 
r 

- 

are given in 'Figure 2-20 & Table 2-27. The-pbt of L/4 Y E  l/I~(a~-a~) 1 $ 5  - .--- 

_ glven in Figure 2-2i for abve react~ons, - -- 

2.6.3 In the .presence of sulfuric acid .I - 



Figure 2-19: Plot ,of Q (16) v s  [~i(acac)] for p h o t o & l o a d d i t i ~  . 
P 

2-HpC02Me (0 .02  M) -and aca;~ ( 0 . 0 8  M) In methanol i n  :he presence of . 
Ll(acac1 a) experimental results; b) calculated curve from etluation 3-7; c) * 

calculated curve from equation 3-8 'ad d) calculate& curve-from-equation 
4' 

3-9 (Sect ion 3 . 9 3 .  , 



2-20: Plot. of 4 ( the quantum yield NpR disappearance, curve a and 
NP , 

+ (curve c, produkt 16 formation) vs [~(acac)] (M = Na and K) for ' 
P 

the phqtocycloaddition of NpR (0.02 M) and acacH (0.05 M for a and b and 



k 

f . 

Tabla 2-27: Quantudl depu;dence of photocycloaddition of NpR and acacH 

on cokentrhtion of metal acetylacatonate in 

x104 .(M) Na( acac ) K l acae) Li (acac) (acac ) 

Conversion 5'19% 8-18% 7-302% 7-35%- 
4 

a. The solutions contained N~R' (Q,02 M), acacH (0.05 M; 0.08 M in d cases) 
and M(acac) (0.0001-0.001 M) were irradiated (N2 purg&) in apparatus 11. 
Errors: f 10-15%t. 
b. Unles -specified, the quantum yield of NpR disappearance was us@. 
c. For these two experiments, light source at 300 nm were used for 3 hours 
of. irradiation. - =-,_ 
d. For. these two experiments, the quantum yield of 16 formation was used 
and irradiation was at 350, nm [loo-f80 min for &i(ac=$ case aid -3 -hour 20- - --- 

mln to 5 hour 30 min for K(acac) case]. 
C 

-- 



V[Wacca) 1 x (1,") t 

4 

, 

e 
\ 

Figure 2-21: The plots of A/@ (If@ for c .and d) vs l/[~(acac)] (M = ~ i , '  
N P P ,  

. - Na and K) for photocycloaddition of NpR (0.02 M) and acacH (0.05 M for, a 

and b and 0:08 M, for c and d) in methanol a) ~ i ( a c a c ) / Z - ~ p ~ ~ ~ ~ e ;  b) 



Figure 2-22: Plot of gumturn' yield of 16 and 17 v s  [ H ~ S O ~ ]  Lor 

photocycloaddition ok 2-NpCO2He (0..02 M) and acacH (0.08 H) in acetonitrile * 



2-23: Plot of 1/@(16 + 1 )  vs ~ / [ H ~ s o ~ ]  for photocycloaddition of Figure 

2-NpCOgMe .(0.02 M) and acacH (0.08 ~j in acetonitrile at 350 Nn. 



5 

The quantupl yields of the formation ~f 16 'and 17 for the 

- addition O~;Z:N~CO~M~ (0.02 M) and acacH (0.08 ,MI- at 350 nm -were - - 

1 

(0.000+l-0.001 M) .' The -dependence of the quantum yieyds of 16 and 17 on 
* 

* t 

[ H ~ S O ~ ]  are given in Table 4-9 and Figure 2-22.  he plot of 1/0(16+lj) v s  
- 

1/[~ SO ] is given in Figure 2-23; 
\ 

a 4 
I / - 

2.7 €ff&ts of diems on the photocycloaddition 
1 

- 

- 
The quantum yields of the photocycloaddition 05 2-NpCO Me (0.02-M)_ toL----- 2 

acacH (0.08 M) were determined in acetonitrile at 350 nm in the presence 

(0.02 M) and absence (as a control) of dienes such as l,37pentadiene (PD) , . 
- . 

2,s-hexadiene (HD) and 1,.3-cyclohexadiene (CD). The results show& that ,the , 

reaction was catalyzed by dienes to give quantum yields of 16 of-0.0077 

with PD, 0.0059 with HD, 0.0051 with CD and 0.0043 for the control. 
' .  

Similar experiments weie carr,ied out on the photocycloadditions of 2-NpR (R 

= C02Et, OMe and CN) with acacH. The quantum yields of product formation - 
- 

in the presence bf a diene yere greater than in the absence bf a diene 'for 
' 

all cases, as shown in Table 2-28? 
I 

- 

The quantum yield of 16 was investigated as a function of - 

concentration of 1,3-pentadiene (0.02-0.1 M) under similar ccinditions 'at 

350 m. The relative yields and quantum yields of product 16 first . % 

increased in the PD concentrati~n range of 0-0.02 M, then decreased with ' 

i?rreasing PD concentration (0.02-0.1 M): The relative yields and quhtum * *  

- --- 

yields of 16 in the presence of PD were alwaysgreater~t~in -mePabsence 
- ., 

of PD (Table 2-29) except when [PO] = 0.10 M. In the photolysis, an -- 

I u 

iddition product 48 of 2-NpC02Me and PD was formed as shown by GC-MS (CI) 

with a parent peak at m/e = 255 (M+1, 100 %). The attempt to isolate th'is 
A.  . 



compound fails and its structure is not deteimined. The relative yields of 
- - - - 

1 
h, " the unknown product '8 increased 'with the increasing concentration of- 

- - -  - - 

1.3-pentadiene. The results suggesta the exiqten?e of two competing 
< >  , 

processes between the addition of 2-NpC02Me with acacH and the addition of 

~-NPCO;M~ with +,3-Gtadiene as well as a diene-catalyzed photpaddition of 

2-NpCO Me with acacH, i.e. a termolecular procegs'. 87-89 
. , 2 

a 

Under the same conditions as above, the reaction of_ 2-NpC02Me ,with 
- 

acacH was-carried out using higher concentrations -of I-, 3-pentadiene + 

- 

C 

(0.1-0.3 M) . The quantum yield of product 16 decreased and the yield of 
- 

- 

product 48 increased-rapidly with increasing concentration of 

113-pentadiene (Table- 2-30). The quantum yield of 16 in the presence of PD 

(0.1-0.3 M) were smaller than in the absence of PD, suggesting the 
CJ 

existence of two competing processes, i.e. a 2-NpC02Me/acacH addition and a 
: 

I 

2-NpC02Me/PD addition. l' * 

, 

. x  

To investigate the possibility of a termolecular process in the 

2-NpC02Me/PD addition reaction, the relative yields of 48 in the 
- # 

photoreaction of 2-NpCP2Me (0.02 M) with 1,3-pentadiene (0.08 M) at 350 nm 

were determined as a function of the concentration of acacH (0.02-0 .O8 M) .. 
- In the photolysis, 16 was also formed. No acceleration of the formation of 

48 was observed, indicating the absence of effect due to acacH. The 

relativ; yield of 16 increased and that of 48 decreased with increasing 
I - 

concentration of acacH, indicating competing processes in the 
,- -- - -  

photoreact-ioKs of 2-NpC02Me with acacH and 1 I 3-pentadlCfi~bbie -4-10 j . 

2.8 Phosphorescence and UV studies 



- , - d "  - - -  - -- - 

Table .2-28: The " eff acts of 'dl-e on photocycloaddition of 2-NpR and ,acacH 
x - -- - -- - -- 

OMe 

CN 

a. The solutions contained 2-NpR (0.02 M), acacH (0.08 M), octadecane (as 
P - 

I.S., 0.005 M) and also with (0.02 M) and without (as a control) diene 
r * 

were irradiated in Apparatus 11 at 350 nm (4 hours for R = C02Me, 6 hours 

for R = C02Et, 1 hour for R = OMe 'and 35 min for R = CN). 
/ 

- 

b. Quantum yields & product formation were determined by Method 11 -- 
(Section 4.3). Errors: f 15%. e 

c . PD stands for 1,3-pentadiene, HD for 2, S-dimethpl=2;4-frexadierre and CD ; - - - 



Concentration effects of l,3-pentadiane '(PD) on Table 
v .  

a 
2-naphthoate and acacH iq acatonitrile - 

* - 
phot~c~doaddition of methyl 

B 

-a. The solutions containing 2-NpC02Me (0.02 Md , acacH ( 0  .O8 M) , octadecane 

(as I.S., 0.005 M )  and PD (0.02-0.1 M) 

I1 a;- 35Q nm. 

irradiated were 

hours i n  Apparatus 

The results were reported i n  relatibe yield which was the GC area rat io  
- 

the product over t h e  I .S. Errors: k -5-7%. - 

Quantum yields of 1 6  formation were determined by Method I1 (section 

4 . 3 )  

6. m e -  quantum yield ra t io  (16 of above salutions withdiene - f o r k t  ion) 

,over that -without diene .- 
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~ & l e  2-30: ~ ~ ~ o n ~ m t r a t i o n  ef f ect; of 1.3-pentad+ene (PDF'on, 
- .  

s . , " - 
- - . - 

'ihotocycloaddit =on ot-  methyl .'2-napl;thoat e arid a c & ~  i n  a c t t o n i t r i l f  
- 

> // - -  - . > .  
- ,  , 

. * 
. % - , *  . - I .  

. = % .  . ' *  .* . - , .A. , 
- + - , ., - .  

. . . ~ 
- ,  . 

a.  The $ol"tiqns conteined 2-NpC02Me (0.02 M) , acacH . (0 .O8 MI, octadecane 

z a s  I'.s., O.OO5 a M) :and PD 10.1~0.3 M )  were irradiated ( N 2  purged) for 5 
, 

M hours i n  ~ p ~ a r a t " s '  I1 a t  350, nrn. e 
/ 

44, .' 
1 . 3  . I 

b. Quantum yields , - of.l6'.formation were determined by Method I1 ?&tion . 

9 .  6 
4'13). Error : + . ' l S % ,  . ' .  - . 

' c. The results were reparted i n  GC% from print out. without I.S. 
- 

- > 

d. Same as that ik d of Table 2-29. 4 



- 
\ I 

- - 

6 

L 
'To probe the possible~existence of; a- ground state complex (GSC) 

\ 

- 

- - -  - - - - - - - -- -- 

' \  between -2-NpC02Me arid acacH, dif f erGntiaf absorptiorr spectra oi solutions * 
r *  

L. ef aeaeE-W. 1 +ff an&-2-Xp€DpY3. 0 3 0 ~ ~ 0 ~ ~ 1  M) in aceto>itrilc 
A ,  

were recorded against a doqple =ompar tment refer en& cell, each compartment 
- 

- of which contdined double the concentration of acacH and 2;NpCOZMe as in 

L - 

the sample-cell (see ~igure 4-3, page 196). NO new absorptions were 
ff 

observed,? indicating the absence of + a GSC between 2-NpC02Me and acacH. . 
- . 

DiEf erential absorption spectra were also recorded .for the solutibn  system,^ . 
> I/ 

-: of =sac# (3: M)/Z-Np€Qpe<0.43Ll 0~0Kk aRd f) .0€i01 -2-~i~eo-~ei-~;bl- -. 2 
2 

M)/acacH (1, 0.5 and 0.2 M) , in acetonitrile. No new absorptions were 3 - - 
- 
1' 

' observed for these . systems. 
- 

4 
& 

' The absorption spectra of NpR (R -= 1-C02Me, 2-~0*~e. 1-C02Et, ~-co;E~, - 

?l-CN, ,2-Clj. 1- OM^ and 2-OMe) and M(acac) (M = lithium or sodium) were 

measured at room temperature as shown in Figures -2-2, 2-24 and 2-25'. The 
. . 

extinction coefficient values at various wavelengths area listed in Table 

1 5 P The UV spectrum of ~ - N ~ C O ~ M &  (0 .OOOS M) ahd that in the presence of , 
4 

sulfGric acid- (0,0125, 0.02'50 and 0.0375 M) were measured in acetdnitrile 

at room temperature. No new absorptions were observed when- sulfuric acid 

was added. Similar spectra were obtained 'in the presence of ~iyacac) (0.01,- h a *  -. & - 
0.02 and 0.04 M) in methanol: again showing the absence of new absorptions 

-2-3 - 
under these conditions. 

- 
1 

-- -- -- --- - - 

Phosphorescence of !2-?Npco2~e (0.000$ M) in 1:3 2-propano1:ether at 77 
- - -- - 

K Cas a solid soIution) was not quenched by sulfuric acid tat 

concentratiens of 0 .OO3, 0 .OM and 0.05 M) . 
1 , e 

I 

- . 
104 



P .  

I 

- / 

I 
O. 

- .- 
J 

. < 

" L 

b 
h D 

The quenchyg bf 2-NpCO Me (0 .OOOS M) pho6phore&enca by acacH (a t  ' 

A 2 - .  
t -- -PA- - L -  - - - 

a -  - 

concentrations of 0 . O O O 5 ,  0 .00lIe 0.005, '0.01, 0.05 and 0.1 M, ~ i g u r e  2-26) 
I - 

& 

* - - -- - -- 

and that of 2-NpC02Me (0.02 M) phoiPhorescdse by'acacH (at concentrati.ons 
.I I 

a f  0;01, 0.,05 and 0.1 M, Figure 2-27) were att&npted in . l :3  * 1 
4 - 1 ,' $ - 

i sppropanol : ether a t  7 1 K, respectively . N&uenching wds observ* i n  both 0 

- caseg. Since we have shorn that 2-NpC02Me fl,uorefcence. i s  quenched by acacK. 
* .  - . * 

- 3  . 
(seit ion 2.3. &) t h e  absence bf a change - i n  phosphorescence mdst mean th$ - - 

I 

the reverse - d i p l e t &  energy tcan;f er also occurred; i .e. A the third sitepa& . 
i 

3 -  

I- - - <  - -- ' - L 
0 .  

the foliowing sequence:r ' ~ - N ~ C Q ~ M ~  + acadl + 1 ( 2 - ~ p ~ ~ 2 ~ e - a e a S ~ )  <+- d: * ; 

.. 
3 - 

. .G 

( 2-NpC028e-a$ac~) k ' ~ - N ~ C O  Me &+ ' a cac~ .  
i .. 7' 2 

4 ' .  
' 2 2  ' . -  < -- 5 -  

Phos$horescence of ~ - N ~ C O ~ M ~  (0.01 M )  was measured in  the presence of - 

iodomethane (0 ,  0.0& and O,O8'M) . Intensity enhancements were obser&d, 
- a '. 

indicating the promotion of 5 + T transition of 2-NpCb Me. by .CH I . 
*. 2 . - " 3 

-- 
- (Figure 2-28). _ - * q 

". 1 -  I * - 
2.9  ~dnsentr~t~on.'&i;laence of the  &+ocycloaddition , 

I - - - -*- I - 
*..- - ' <  * 

L- 

-' 

.Because of-' the ex&ensi;e .gveflap of thp absorption spectra of NpR and 
/ ' .r - ,  

acacH (Figures 2-2 and 2' 41, '2; was- .difficult to  determine which excited T = .  * - 1 - 
. species was r'eacting, when mixtures of NpR ( R  = I-cO2Me1 2-C02Me, 1-OMe and - 

- 

1-CN) 'and a & c ~  wer$ irradiated. Attempts a t  determining the reacting - 
8 

species were maae by* correlating -quaptum yields of NpR disappearhce wi th  
5 

,, - 
the concqf ration of either N ~ R  or acatH. -; I *  

b 1- 
, . 

- - * 
* 

- w & . I . . 
C b a n  tw yields for 2-NpCU2Me d i  sappea&nce in' t hFphoto=Fc 

- 

* 2-NpC02Me. (fixed a t  0 .& HI aqd acacH a t  300 

, 
f unctlon of' the- concentration of acaCH (0 .O5, O.O6\,  0 .O7, 0.08 and 0.1 M )  . 

. e C 
I 

. - In  addqtion, t h e  quanrum yields ' ok' the photocycloadditidn of acacH (fixed 
- 5 

- 7 3  

Z 
i - - 

\ - 

7- - 105 
- - - .  



.- - -  - - - 

Figure 2-24: W.3spectra a) 1-NpC02Et (0.0904 M, curve 1) and 2-NpC02Et 
(0.0004 M, curve 2) in acetonitrile; b) 1-NpCN (0,00093 M, curve 1) and - 

2--pCN (0.000183 M, curve 2) in methanol;. c) 1-NpOMe (0.000254 M, curve. 1) 
and 2;NpOMe (0.00023% M, curve 2) in methapol and d )  Na(acac) (0.000019 M, - 
curve 1) and Li(acLac) (,0.00005 M, curve 2) in methanol. 

< 
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Figure 2-25: UV spectrllm d f  c o m p h a  17 (0.6001 M) in methanol. . ,a** 
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Figure 2-25 : Phosphorescence quenching of 2-NpCOZMe (0.0005 M) by acacH (0, 

- 0.0005, 0.001, 0.005, 0.01, 0j.05 and 0.1 M) at 77 K in 1:3 

isopropano1:ether with excitation wavelength at 345 MI. 
- .@ 



WAVELENGTH (nm) 
- 

Figure 2-27: ~hosphorescence quenching of 2-NpC02He (0.02 H) by acacH (0, . 
0.01, 0.05, 0.1 and 0.5 M) at 77 k in 1:3 isopropano1:ether with 

excitation waveiength at 350 nm. 



WAVELENGTH (nm) 

Figure 2-28: ~hos~horescence enhancement of 2-NpC02Me (0.01 M) by CH31 (0, 
, 

f- 
0.04 and.0.08 M) at 77 X in 1:3 isopropano1:ether with excitation 

- wavelength at 330 nm. 
+ 
- 



1 

at 0.05 M, and 2-WpCO Me were determrned as a function ok the ~onc~entration - 
2 *-- - 

/ 
- 

of 2-NpC02Me (0.05, 0.06, 0.07, 0.08 and 0.1 M). The light intensity 
- - -- - - 

absorbed by 2-NpC02Me or acacH was calculated based on equation 4-4. At a 
! 

\ \ 

fixed concentration of acyacH but with increasing concentration of 
II 

2-NpC02Me, the quantum yields were essentially constant within experimental 

error (Table 2-31 and Figure 2-29, 0.0073-0.0078 if value of 0.005 was 
- 

d 

~gnored). But at a fined concentration of 2-NpCVe with increasing 

concentration of acacH, the quantum yields were increased (Table 2-31 and: 
- + 

- Figure 2-29, 0.015-0.059)$, suggesting that 2-NpC02Me was the reacting 

species. 9 

# e 

~imilarly, the quantum yield dependence on the concentration of 

1-NpCQ,Me (0.05, 0.06, 0.07, 0.08 0.09 and 0.1 M) with a fixed 
6 

&? 
concentration of acacH at 0.05 M and the quantum yield dependence on the 

concentration of acacH (0.04, 0.048, 0.056, 0.064, 0.072 and 0.08 M) with a 
\ 

fixed concentration of 1-NpC02Me at 0.04 M were determined. Results similar 
& 

t to the ahve were obtained. At the fixed [acac~]; the quantum yield of 
- 

1-NpC02Me disappearance increased slightly as' the concentration of 

1-NpC02Me increased (Table 2-32, 0.008-0.013). But with fixed- [ l - ~ p ~ o ~ ~ e ] ,  

- the quantum yield increased markedly -as the concentration of acacH 
7 

increased (Table 2-32 and Flgure 2-30, 0.001-0.026). Similar experiments 

- were carried out with 2-NpOMe/acacH and 1-NpCN/acacH systems. The results 
I 

8 
(Table 4-11 and 4-12) were similar to those described -above for the 

, * 

1-NpC02Me/acacH system. Because of the complexity ofthe calculations and - - 

the large eiror margins, the results may not be used as solid proofs of -- 

the mechanism. 



~ / [ ? - N ~ c o ~ M ~ ]  (1/M) for a 

l/[acac~] (1/M) for b 

Figure 2-29: Concentration dependence of r e  'photocycloaddition 

acetonitrile' 2-HpC02Me (0.05 M when fixed) and acacH (0.05 M when fixed) in 

at 300 nm irradiation, I) 



methyl- 

- 

photocycloaddition of Table 2-31: Concentration dependence 

2-naphthoate and acacH in acetonitriIe 
, 

Conversion 

2-NpC02Me (0.05 M) and acacH (0.05-0.1 M) were a: The solutions containing 

irradiated for 5-10 hours in apparagus I1 at 300 nm using xanthone (mixed 
- 

- h 

wi-th resulting solution after inadiation) as I.S. Errors: f 15%. 

b . Quantum yields of 2-NpC0,Me disappearance based on 2-NpC02Me absorbing 
. 

light. 

c. Tine - - Y  (0.05 M) an 2-NpC02Me (0.05-0.1 M) were - solutions containing acacH 

irradiated 

d. Quantum 

light. 

for 6-11 hours. For other conditions, see a. - 
disappearance based on acacH absorbing yields of 2-NpC02Me 



Table 2-32 : Concentration depend&se of photocycloaddib+m of ,methyl 

C 
C 

- I-naphthoat e aqd aca'cff in acetonitrile - - 

Conver s ion> 4-28% 9-13% 
- 

- - 

--L 

a. The solutions containing 1-NpCO Me (0.04 M) and acacH (0.04-0.08 M) were 
2 

irradiated for 6-8.5 hours in apparatus I1 at 300 run. For GC analysis, see 

a of Table 2-31. Errors: f 20%. 
. . - - 

C 

b: ~uantum yield of 1-NpC02Me disappearance based on 1-NpC02Me absorbing. 

light. - .  

c . The solution; containing acacH (0 :O5 * M) and l-NpC0,Me (0.05-0.1- M) were- 

*? 
irradiated 

Quantum 

fur 10-15' hours. For -other conditions, see .a. 

yield 1-NSO Me disappearance bas* on acacH absorbing light.. 
2 



l/ [ a c a c ~ ]  ( 1 / M )  for - b  

I 

Figure 2-30 : Concent ration dependence of photocycloaddi tion of ' l - ~ p ~ o ~ ~ e  

(0.04 M when-fixed) and acacHL (0.05 M when fixed) in acetonitrile with 300 

m lamp irradiation. 



CHAPTER 3 DISCUSSION , 

- - - -- 

Irradiation df naphthalene derivatives (NpR; R = C02Me, C02Et, OME and '- 

CN) with acacH h acetonitrile gave 1,5-diketone products. The addition 

occurs at t&e .l,2-position of the naphthalene species when the substituent 
, 

1 s  at position 2 (equation 2 ~ 1 ,  page 15; equation 2-8, page 29; equation 

2-10, page 31) and occurs at the 7,8-position when the substituent i$ at , 

position 1 (equatian 2-4, page 19; equation 2-7, page 27) except for- the ; 
- 

l-NpOMe case (equation 2-9, page 30). Naphthalene derivatives and acacB 
- \ , 

also undergo effective [2+2 1 ' photocycloaddition with simple 
- 

olef ines. 5-23f56f59 Their absorptions ranging froM 240-nm to 340 nm overlap 

extensively (Figure 2-2, page 40 and 2-24, page 106). The excitation of 

a t h  NpR and acacH is therefore unavoidable when the photoreaction is 

carried out with a light source at 30Q nm, making %< very difficult to . 
determine which excited state is initiating the reaction. en a solution 

I r 
containing NpR and acac~ is irradiated, there are four species in the 

* .I - 

solution, namely, ground state NpR and acacH and excited state NpR ( NpR) 

*. - 
and acacH ( acacff) . ' If the concentration of One of the starting materipls 

I 
1 is changed, then the concentrations of the rest are also changed, owing to 

changes in relative absorptions. There are three possible mechanisms which , 

- * 
may l-ead to- product, 'i. e.-ApR !is reactive and adds to a ground state 

* * 
acacH; acacH is reactive and adds to a ground state NpR; or, both acacH ' 

* 
and NpR are reactive giving the same products. The excitation of acacH 

- - - - 

probably does,not generate singlet' excited NpR., If the first mechanism is 
- -- 

- 
- 

operating, the following kinetics should be observed. Firstly, according to 
\ 

quatioil 2-25, plet rf 1 /A ---2--' 

" y ~ p  a r j a u l a c  i/[acac~] should be linear with a 



- 
positive slope when the concentration of NpR is fixed and the quantum 

64, 

yields are calculated based on NpR absorbing light (i.e. acacH as a 
- - 

- 
A- 

quencheri . Secondly, when the concentratibn of acacH is ' fixed and theT- . 
i 

quantum yields are calculated based on acacH absorbing light, the plot of I 

- - 

l/QNp against ~/[NPR] should poduce a straight line with a- slope ,of zero 
< 

1 e .  1 does not change with the changing of NpR concentration). If *the 
NP + 

second mechanism is- operating, the same argument will apply; the latter 
- 4 .  

plot should be a straight line with a positive slope when the cdnc6lnfration 
t 

of acacH is fix# and the former plot should have a slope of zero when the - . A~ 
b 4 

-concentration of NpR is .fixed. _ 

The correlations of 1/0 v s  ~/[QJ (Q represents acacH when [N~R] ts 
NP 

i 

fixed and k p ~  when [acac~] is fixed; Figure 2-29, page 112), obtained from 

photocycloaddi tion of ~ - N ~ C O ~ M ~  an& acacd show that the quantum yield of 
1 

' 2-NpC02Me disappearance remains unchanged with increasing concentration of 

2-NpC02Me when [acac~] is fixed (Table 2-31, page -113, 0.0073-0.0078 if the 

value of 0.005 is ignored), but the quantum yield increases with increasing - 

.r 

concentration of acacH when- [2-~pC0~~e] is fixed  able 2-31, 0.015-0.059). 

These results suggest that 2-NpCOZMe is the reactive. species. The results 

from similar experiments on the photocycloaddition of 1-NpC02Me and acacH 

are not as clear as ahve case. The quantum yield of 1-NpC02Me 

disappearance increases slightly (Tale 2-32, page 114, 0.008-0.013) with 
.I 

increasing concentration of f-NpCO Me when [acac~] is fixed, but increases 
2 - 

markedly (Table 2-32, 0.001-0.026) with increasing concentration of acacH , 

when [ ~ - N ~ c o ~ M ~ ]  is fixed (Figure 2-30, page 115). Taking into 4 

consideration the- complexity of the system and the differences in quantum 

yield between the highest with the lowest concentrations (0 = 0.008-0.013 



when [acac~] is fixed and @ = 0.001~0.026 when [ ~ - N ~ c o ~ M ~ ]  is fixM), it - 

. - 

* - - - - -  - 

< - is reasonable to suggest that the excited state of J - N ~ C O ~ M ~  *is-:initiating 

a B 

the reaction: Similar results are obtsned f roiii photGGaktions, of ' 2:NpO~e 
, 

< ,  

and 1-NpCN with acacH, which irnplys that thea sihglet excited 1-NpCN *$nd - 

2-NpOMe, are initiating the respective r'eactions . 
- 

* < 

(L 

3 . 2  S o l v ~ t  effect on the ~ h o t o ~ ~ c l o a d d i t i o n  
2 

- 
- 

-. - Since the double bond of the enol,icC form of acacH is the bond that 

- adds to the naphthalene delivatives, the existence of g certain mountof '--- 
.. , 

the en01 form in a particular solvent is essential. Although acacH is more - 

P 

enolic . in nonpolars solvents than in - polar solvent ;he- ~ercenta~e of ' the 

en01 form in either nonpolar or polar solvents is fortunately large tinough 
- 

' to allow reaction. For example, 0.1 M acacH in hexane has 91.4-92% 
\ I\ 

en01 

form, and in ethanol, 62.5-83. 5%'Oa and in .acetonitrile, 7 0 % ~ ~ ~ .  The de 

Mayo reaction, i.e: [2+2] photocycloaadition of acacH and olefins, takes 
r 

% 

  lace only in a nonpolar solvent (e.g., cyclohexane). but not i@ a polar . 
, L  - 

solverit . 57 The reaction is reported to be solvent dependent with the - rate - 

decreasing in the order of ether, ethyl acetate arrd acetonitrile, 57 

However, the yield of 16 in the photocycloaddition of 2-NpC02Me and acac~ 
\ 

b 

ranges from 0% to 19% in the increasing order of cyclohexand, benzene, THF 
. . - 

, >, 

and acetonitrile/methanol, just' opposite 'torthe trend y observed in the .de - 
- + 

Mayo.reaction. This strongly suggests that excited state acacH is not - 

- &*- 

;eactive in the photoaddition of 2-NpC02Me and acaqH. 

- - - - - -  -- 

It has been well established that two main factors are usually 

- 5  . 
considered as the origii of bonding and stabilization in an excipiex. 

These are excitation resonance betyeen -the monomer molecules, and charge 
i 

transfer from one monomer to another, respectively-. Solvent effect on 



. .- - - - - s 
4' 

- - 
; I  - . . 
.- - 

I 
- - -  - i 

- - 'ex-ciplex& i s  therefore ve;*Amportant bekause the exciplex has charge-like 
- 

- - _  - . 2- ' - - 
I ~ h a r a c t e r . ~ . ~ b & e n t  rqoletui'es' tend to  reorient ~rbund t h 4  components in  

' - , T.2 
& ' +  CL ---- - - - - & - - P - -- -- . response- to+ 6qectrorirc changes ; ~ o l & r  &Gent molecules are  moret ef f e d i v e  . - 

\ . + 

- becaqse they can ass is t .  in 'the sta@iliz%tion of the "new" cfiarge of each 
" ,  - - - '.reactakt partner.. 1n n&& soIvents, sucli'~stab.ilization i s  weak. The 

,- -- a 

p - . Z ~ v e  ?r&ment -& b4 k s e d  to explain the solvent ef f ectd*? on the . - *. r 
+ * . d  > >-, 

photoaddltion :of ' Z - N ~ C O ~ M ~  y i t h  B&H, and may imply that the photdaddition 
' - 7 

' occurs via an exciplex mechani'~m .wfil~h i s  supported by othei evidqce as 
- , . , ' - 

' L  - , +  ' - - e - - -  - - ,  . - -- 
discus&& i n  ~ e c & o i  3.7.  A a d 

..-- . - 
t 

* I .  
B i- . . - - - - 

" ' 3 . 3  The 'ef factq bf -$lesfron donatiRg qirensher ; I 

2 -  . - 6 - f ,' - - . '  * * ,  , < .  - 
) . & - , a :  

. ' There a r p  many r=por"ted 'e&$les9?f10! of the quenching 9- 
.I 

J , . -  ,, - .  - %.? 
r - ,  

. ' .fludrescence of aromatic ,=gmpounds hy species which &not function by 
, - - .  

.L 1 - I 

simple transfer, of ' eledronic  exkitation inergy because the- quenchets dob - 
2 . -  -. I 

not ~ v e  "suf fic*ientlryY low lying- sifiglet. k n i f  olds . The quenching of 2-NpR 
d ' *.' 

* 
r k  5 

R = t ~ ~ ~ e . - . ~ d E t >  OMe and CN)< flporeicen=e (Table 2-11, p g e '  5 4 )  and the a .  <', - , + 
? - .  . * suppression oi? the phpto~y~loaddlti& - .  ,=betkeen- Z - N ~ R  with acacH ( ~ a d l k  2-2, 

*, 3% % .  L - 
page 35) by tributyAanTine ~ ( T B R )  belc& td this  type. For example, the - 

- .  - .  > 

i 
3 B :  e - -, 

' lowest si&et excited ehg:&rpf TBA (2100 kcal/m&) i s  too high- to  .- 
- . 

that of .2-NpR 1~~ = 333-86 $ccal~mol,-Table 1-2, page 1 4 )  by.* energy ' 
, '. / - . ( .  

t r w s ~ e r  mechanism. On' the othep ha@, i t  i S  .well es,tablished that the* 
+ .- . -L ,- 

/ - .  2 %  I 1 %  

lowest singler excl ted'6t8tes of &&tic hydrocarbons c be quench& b y  . , L ,  ..- * 

mines  n a a n  elect-ran, Gan& .mechi&sm.104-~6 b e  k s i b i l i t y  oi an 
- ,* 

I I - electron t r a s f  ef pathway f br a kme~eett& qtrencBi-~4-r+aetion ,-is- - - 2 --- 
-5 - - * -  - - 

deter&& 'by%het- free energy h m - p i ;  (M)  evaluated from the Weller- , 
- - 

I +  
. - 

,' - - 
equation. The .half-w?Ve p o t d t ~ a l  value for TBA can be estimated to  _. 

- J 

be around 1.6<,-v in- aceton2tr ile by ref erring to  that of tripropylwine !. 
% ,  . - 6 -  > .. 

- .  
, 

? - 119 ' 

$ 

. . 
L d L 



(1.12 v in acetonitrile), triethylamine (1.15 v in acetonitri'le) and ' 
," , 

- ,  

trimethylamine (1 .-29 v in acetonitrile) . lo' The negative AG values f -39;8.  

- kcalfmol for R = Z-C02Me, -16.5 kcaI/moI for 2-CN arid -6.43kcalEm0~for 

- 2-OMe) of the pairs between NpR with TBA calculated from the Weller ' 
- 

B 

equation indicate a favorable electron transfer quenching pathway from TaA 

1 I to NpR. The fluorescence of 2-~pC6~3e was quenched by both TBA and DMA, 

. . indicating the interception if 'Z-N~CO 2 Me I -  by - TBA or DMA. The good agieement.. 

in rate constants obtained from fluorescence quenching of 2-NpCO Me by TBA 
2 

10 M-l. -1 
(kq = 3*6 - 

s , 'fable 2-il, page 5 4 )  an8 from quantum yield " - 
dependence of l6* formation for the photoaddition of 2-NpC0,Me and acac~ -on - .  

L 

t 

(kq 
-1 -1 = .  3.3. x loLo M s , Table 2-2, page 35) strongly support the < .  

view that the photocycloaddition is ir.- tiated by the singlet excited state 

. of 2-NpCO ~ e .  Similiar experiments with the quencher at a single .. - . - 

% - - 

concentration showed that the photoaddit-ions of 2-NpR (R =-CO Et, OMe and 
2 

CN) and acacH were retarded in the presence of TBA W.02 M) or DMA (o.o~ 

M) (Table 2-3, page 37 I .  The -f luprescence of 2-NpR were' also efficiently 
. , 

- 
. af fected by TBA (Table 2-11, page 5 4 ) .  It .is thus suggested that the . 

- - 
interception of th -NpR by TBA is also responsible for the retardation 

of the photocyc1oaddi"tion. Furthermore, the lack of quenching of the de 
- .  

Mayo reaction by TBA and DMA under comparabJe condi t lonz clearly indicates 

that TBA and-% do not quench the 'excited state of acacH, and confirms 

+- 1 
that NpR is reacting in the photocycloaddition of NpR and acaCH. 

f 

' 3.4 D i m e  effects 

Energetically, dienes are g o d  triplet quencffers In the NpR/acacH 

re&tion 'system. This is because their singlet excited state 1s higher in 

energy, while the triplet excited state is lower in energy than the - 
- d 



corresponding states of NpR (Table 1-2, pag& 14) ; The absence of quenching 
/ 

. of the photocycIoaddition Ey dimes appears to indicate that a triplet - 

2 

(CD) at 4 concentration of 0.02 M ac-celerates the photoc-ycloaddition of 

2-NpR 1 R  = C02Me. C02EtI OMe and CN) to acac~. TBe quantum yields of 

product formation for the above photoreactions - in the presence of diene 
L 

were always greater than those in the absence of the dime (Table 2-28, 
- 

page 101). A further concentratiorr effect of PD on the ph&ec.yc&ddition - -- 

revealed Lhat in a low [PD] range (i.e. [PD] = 0.02-0.1 MI Table 2-29, 

page 102)' the addition prcduct 48' increased with' increasing concentration 

of PD.-A~ the same time, the quantum yield ( 4  ) for the formation of 16 
P 

decieased, indicating that reactiop 3-1 competes with reactionr3-2 and 3-3 
, .  

(scheme 3-1) . 

Scheme 3-1 

- 

The 4 / 4 O  (the quantum yield ratio of 16 for reactions with 
, - 



\ 
- 

, 
- 

and without diene) values show no cor5elation with concentrations of PD. 
- ' -  - - -- - - - 

The data presented- here Are m s t  readily rationalized by the mechanism 
1 - 

I 
- 

shown in Scheme 3-1. The keb, aspect of this scheme is the 'proposed 

exciplex formation between 2-NpCO2Me and PD (equation 3-21 and the 

interception of the exciplex b$ acacH (quatibn 3-0, perhaps via an 

exciplex-exciplex exchange reaction.87-89r108-110 The quenching of the 

fluorescence of ammatic hydrocarbo?~ (substituted naphthalene or 

phenanthrene) by 1,3-pentadiene has been, interpreted In terms of exciplex 
. - - - 

formation between the lowest s2nglet excited state of the aromatic 

hydrocarbn and the diene. ll1-'l6 strong evidence for this mechanism is the 

B observation of emission from the 1-cyanonaphthalene-diene exciplex. The 

'i photocycloaddi tions of aromatic cornpounck with aienes have been reported to 

give 4*4 adduct3 via an exciplex rne~hanisrn.~l-~~ The quenching of 2-NpCO Me 
2 

fluorescence by PD gives k r of 9.08 M-l, lndicatrng that the singlet 
4 

excited state of 2-NW2Me is indeed rntercepted by PD, probably forming a 

non-fluorescing exciplex. Reactions 3-4 and 3-5 are analogous to the 

120 ' termolecular interactron' proposed by L~u"~' and Ealdwell 
h 

to_ . 

account for the catalytic effect of 1,3-pentadiene upon the dimerization of - 
I 9-phenylanthracene. Assuming that (2-NpC02Me-PD) has a longer lifetime 

- 

t h i  L 2 - ~ p C ~ 2 ~ e ,  in the loy concentration range of PD, reactions 3-2 to 3-5 
s 

also occur in addition to reaction 3-1, due to the longer lifetime of 

li Z-N~CO He-PD) contributing extra amount of 16, and iherefore enhancing 2 

the quantum yield of 16.- However, in the high concentration range of PD, 

is DO l o n g s  mportant and the competltron of reactions 3-1 and. 3-2 

dominates. Notice that they have close k r values (under non'purged 
4 

condition i obtained fro? fluorescence qdenching, i . e. 11.8 f4-l Lor 



- 
-1 * - 

quenchrng by acacH (Table 2-7, page 46) and 9.08 M for quenching by PD, . . 
, 

- - 

(Table 2-10, page 52). This results in two competing reaction pathways, - ' 9 

7 
= with no acceleration effeci- at all. The photoaddition of T=A~CO~M~' with P 7  

In  the presence of various concentrations of acacH does not show any 

acceleration of the formation of 48, indicating the absence of a 
> 

termolecular drocess . The fact that the photocycloaddition of 2-NpC02Me 
- 

with acacH is suppressed by the interception of 12-~p~02~e. by PD (in high 

concentration *range, ..~omb~ned with the absence of triplet sensitization of 
9. 

the reactrm (Sect~on 3.6) strongly suggests l2-npCO Me as a reacting - 

2 

specless in the photocycloaddition. 

3 .5  H e a v y  atom effects - ,  

, 

. i ~  In photochemistry, molecules with a heavy atom enhance yields of 

trrplet derived products by promoting intersystem crossing. 89,121-125 

Therefore,, heavy atom effects on product distributions s'hould provide good 
\ 

evidence on the multiplicity of reacting species. The photocycloaddition of 
, 

2-NpC02Me to acacH in the presence of CH I was examined., Since k T . 
T 3 1 q 

inon-purged) of 39.9 M-l !Table 2-12, page 55) for the 2-NpC02Me I 

fluorescence quenching by CH I is considerably greater than that by acacH , 
-- - 3 

1 1 8 M non-purged, Table 2-7, page 46), [CH~I ]/[Z-N~CO~M~] was kept 

within 0-0.20 and [C~~~]/[acac~] wlthin 0-0.05 so that the photoaddition of 

2-NpCOZMe to acacH Gould still predominate in the presehce of CH31. The 

yield of 16 decreased sllghtly when the concentration of CH I was 
3 \ 

~ncreased. A t  the same trme, product 17 appeared a the-yield of 17 - 

, . 
:?creased when [CH 1: was Increased  table 2 - 1 5 ,  page 70). The increased 

3 

farmtion of 17 In the ICE I] range of 0-0.004 M cannot be explained 
"3 

s-mply by the heavy a t m  effect, due to the fact that 17 was not formed 
, 



under triplet sensitization (section 3.6) .- The acldity (pH = 4-4.5) of the 
- 

resulting photolysate indicates the formation- of an acid, most probably HI, 

during the irradiation. 'This acid is proposed to $e-'re-5i;'~-k-for-t*~-p 

increase of 17 which was formed in the sulfuric acid catalyzed reaction 

(Section 3.10). The quenching of '~-N~CO Me by CH I may be responsible for 
2 3 

the slight decrease of the yield of 16. But since the changes in yields 

ark quite small, the effect needs to be carefully reexamined using higher 
- 

concentration of CH I. 
3 

-- ' 'i - - -- 

The presence of CH31 in the photocycloaddition between 2-NpCN and 
\ 

acacH simply caused a slight quantum yield decrease of compound 38 without 
\ 

an accompanying new prcduct (Table 2-17, page 74 ) . The same argum&nt as 
1 

ahve concerning the decrease of 38 applies. The absence of a new .product 
f 

1 s  consistent with the results from the study of the effect of acid on fhe 
, \ 

reaction (Section 2.5.2). , 

3.6 Reacting species - 

. - 
Another uSeful tool to determine the multiplicity of a photoreaction 

is selective quenching or selective sensitization. Thus, the absence of 

triplet quenching or sensitization indicates the possibility of a singlet 
- 

mechanism. Xanthone (ET = 74.1 k~?l/mol)~~ and benzophenone (E = 69.2 
T 

kcal/mol)82 failed tp sensitize the photocycloaddition of 2-NpR ( E  = 58-61 T 

kcal/mol, Table 1-2. R = CU2He, C02Et, OMe and CN) to acacH (ET = 69-74 

- 39 kcal/mol) , which indicates that neither the triplet state of 2-NpR nor 

a of acac~ is involved in the photocycloaddition. Having a high 
- 

efficiency -of intersystem crossing (a. = 0.84)'~'~~ from S + T 
1 SC 1 _ 1' 

2-acetonaphthalene fails t~ add to acacH, supporting the singlet mechanism. 



At this stage, and based on the results of experiments to study (a) , 

- 

concentration dependencies, t b) solvent effects, (c )  electron donating 
-z - -- - - -- -- -- - - - 

quencher effects, td) dime effects, and (ej selective sensitization, it is 

'concluded that the singlet excited state of 2 1 ~ ~ ~  is the reacting species 

in the photocycloaddition to acac~: \ 

3.7 Discussion on the intermediate 

- Many ~h~toc~cloadditions have been discussed in terms of 

5 f  6;10127-351'26 whi;h may be ;onf irmed by the appearance of a exciplexeq . 

unique fluorescence at longer wavelengths tha% the fluorescence of the 

precursors. 8r127r 128 However, in some cases, exciplex emissions are totally 

P absent so that the existence of postulated exciplexes remains speculative. 

1291130 Pac has reported the negative temperature effect on both the 

fluorescence quenching and the photocycl~addition of 1-cyanonaphthalene to 

f uran 9r261131r132 and -has proposed that an exciplex is the precursor of the 

addition product. The negative temperature effect is also observed with the 

2-~pCO,~~e/acacH pair in fluorescence quenching of 2-NpC02Me by acacH. The 
8 

k 7 values decrease as the temperatlure is increased (Table 4L5, page 181) 
q 0 

indicating that the dissociation Of an exciplex into ' ~ - N ~ C O ~ M ~  and acacH 

1s competing with the decay to ground state and to product. The plot of 

1- k against 1/T gives a straight line with a positive slope (Figure 
9 

2-16, page -69) which is similar to that reported. Although there is no . 
exclplex emission observed from the '~-N~CO Me-acacH pair in either polar 

2 - 
- -  - T c ~  fTf t or non-polar solverrts (methylcyclohexane), the plot implies-the 

3 

existenf e of a reversible exclplex of 12-NpC02~e with acacff . It should be 9 

puinted out that the existence of an exciplex does not necessarily require - 
7 

the Intermediacy of an exclplex in photoreactions, since exciplex formation 



may be independent of the photbreaction. Generally spbaEin, further - 
- -- - - - - - -  - 

' 

evidence such as negative temperature effect on the photocycloaddikion is 

nee& to claim an exciplex intermediate' in the reaction. Considering the 

observation of the negative, temperature effect on the fluorescence 

quenching as well as the fact that exciplexes 5,6,1b,27-36, 133,134- are 

quite commonly proposed in,photocycloadditions, we assume that the' 

photocycloaddition of 2-HpC02Me to acacH goes though an exciplex 

intermediate, on which the structures of the products will be discussed. 

The photocycloadditions of 2-NpR (R = C02Me, C02Et, OMe and CN) to 

acacH are regioselective giving the orientation as shown in 16, 20 

(equation 2-1, page 15), 38 (equation 2-8, page 29) and. 44 (equation 2-10, 

page 31) for the 1.2-addition products. The ,dependence of the 

, regioselectivity on, the electronic _nature of 2-NpR can be ruled out due to 

the exclusive orientation of - the 1,2-adducts regardless of the nature of an 

electron withdrawing group or electron donating group at the 2-posi tion. 

; . The regioselectivity may be explained-in terms of exciplex geometry which 

is always in endo form. There are four kinds of exciplex conformation when 
- - - 

B 

the additLon occurs at the substituted ring, i.e. 1) two 1,2-additions with 

respect to R as shown by El and E2; 2) two 3,4-additions with respect to 
- 

the unsubstituted ring as shown by E3 and Eq. The unfavorable interaction 

due to the methyl group of acacH lying above the unsubstituted ring in 



E2 and E4 may be responsible for the absence of the l(or 0-acetonyl-2(or 
- 

- 
I 

- 

3 ) -acetyl-adduct . The same argument apglies for 1-substituted naphthalene 
K 

, and these-two types of conformations will not be discussed later It seems J 
that the steric Dindrance in E prevents the addition from- occurring at the . 

3 

3,4-position while E does not show such crowding. The photocycloadditions 1 

of 1-NpR (R = C02Me, COzEt aqd CN) to acacH occur at the 7,8-position with 

the regiospecificity as ihown in 22, 26 (equation. 2-4, page 19) and 33 

(equation 2-7, page 27) except in the case of I-NpOMe. Conformations su 

. 5  
as 2 and E6 can explain <he addition at the 3,4-position in 1-NpOMe case 

owing to unfavorable crowding in E The preferred addition at the 
5 ' 

7,8-position in the unsubstitu5ed ring of other 1-NpR cases may imply a 

better activation Of the unsubstituted ring by the substituents at carbon 1 

-- 

psi tion. 

4' 

Part of stereochemistry of the addition products has been lost due to 

the ring opening as shown in equation 3-6. Considering i) the requirement 

of a cis orientation 

page 191 in order to 

resulting in a caged 

corresponding protons 

of Hd and He (J = 7 Hz) in comwund 22 (equation 2-4, 

undergo the secondary intramolecular addition 
- - - - - - - - - - -  - 

compound 23 (equation 2-4, page 19); ii) the 
- 

of products such as 26 and 33 having coupling 

constant ranging 6.5-7.5 Hz which a- very close to that of cornpound 22; 
/ 
-\ 

r l i  \ the configuration requirement of the proposed exciplex intermediates 



E and E6; and iv) the agreement of MM2 calculation with NOE exper-imental . 
1 

- - - - 

results on 16 and 3 3 ,  it is reasonable to assign the two ketone side 
- 

chains in the c? s orientation in all addition products from naphthalene 
4 

derivatives. 

Contrasting with above, the irradiation of phenanthrene wi tA acacH 

dnder neutral condition gave 'a mixture of cis- and t runs-9-acetyl'iO- - 

acetonyl-9,lO-dihydropherianthrene ( 2 8  and 2 9 )  plus a minor compound 3 0 ,  

(-9-acety1.-g , lO-dihydrophenanthrene, page 22) . In independefit experiments , 
irradiation of 28 did not gi-ve 29  and 30 and irradiation of 29 did not 

,give 28 and 3 0 .  These results indicate, that compounds 2 8  and 29  are 
'4 

primary photoproducts and 30 is not a secondary product 'formed by Norish 
, 

type- I1 mechanism. A mechanistic study of phenanthrene addition was not 
- 

,# 
carried out, but the formation of the f runs product 2 f % 3  a primary 

product may iyply a triplet mechanism which is consistent with 
b 

r epoft ed 46-53 photoadditions of phenanthrene to olef ins. - 

A preliminary photolysis study showed that in the presence of 

9;. ti(acac), the ratio 2 8 / 2 9  becomes smaller (page 24) compared with that - 

u d e r  neutral conditions. The amount of compqmd 30 increased sharply from -- 

13% (page 22) to 36% (page 

also formed. Contamination 

24) and an aldol 'condensation 

of 2 8  by a small amount of 29 

128 

product 31 was 

and contaninatibn 



of 29 by a small amount of 28 made control _ experiments to determine 
Ca 

- 

thermal (acid or base catalyzed) epimerisation unreliab1e:The rati~ of a' 
e 

- - - 

rnixtur'e~of 28, 29, 31 to PN changed from 0.90, 0.16, 0 &d 1 to 0.34, 

0.16, 0.23 and 1 after dil-ute sulfufic acid was added to the mixture. This 

observation indkates at least' two possibilities. These are: a) 28 hone 

goes to only 31; or b) 28 gives 29 under acidic 'or basic conditions, and - 

both 28 and 29 undergo aldol condensation giving 31. Conversion of PN 

.increased when the concentration of Li(acac) increased (Table 2-20, page 
b 

77), showing an acceleration of the addition by Li(acac) . Product , 

distributions (Table 2-20) need to be reexamined, however due to an error 
w 

in the detection of compound 31. Further studies *of the mechanism and the 

catalysis by Li (acac) are required. P"" "--,X1 ' i 
.. 

- 

3 

3 . 8  Kinetic studies 

1 
Scheme 2-1 (page 85) is proposed as a basic reaction mechanism for the 

photocycloaddition of 2-NpC02Me to acacH, based on the following findings : 

i ) the photocycloaddition gives diketone product 16; ii) quenchi&g of 

2-NpC02Me fluorescence by acacH; iii) no triplet sensitization of the 

r, addition: iv) the lack of quenching of 2-NpC02Me phosphorescence by acacH; 

v) a good agreement in rate constants obtained from 2-NpC02Me fluorescence 
. 

quenching by TBA and from quantum yield measurements in the presence of 

q 0 
TBA. Generally speaking, a. g a A  agreement between k r from 

- 

quantum yield measurement and that obtained independently from fluorescence 

- quenching for the same photoreaction is required' as a prwf of the singlet 

mechanism. 58 However, for the photocycloaddi tion of 2-NpCO Me with acacH, 
2 

the discrepancy of the two k i values (2.1 M-' in Table 2-25, page 88 
q 0 

from quantum yield measurement and 28.7 M-l in Table 2-6, page 44 from 



fluorescence quenching method) is considered too large to be due to 
I .  - I 
v - f-/ . . )  experimental errors . A similar discrepancy also is observed for the -b 

I 

photocycloaddition- of ' ~ - N ~ R  (R  = €0 ~t', OMe and CN) to yica~(Tabi%%, 
2 / 

= - 
Page 8 9 ;  Table 2-6, page 44)- .~igureh 2-2 (page '40) gnd 2-24 (page' 106) .4' 

I 7 
show the extensive overlap of the absorption spectra of NpR and acacH. 1 n  

the photoreactions, the simple correction _made at, one wavelength is 

certainly not adequate when the light sources have such a- wide output 
- 

(Figure 4-1,-page 147) ., The discrgpancies may also indicate that the 
1 '  - 

I 

- - Lp photocycloaddition is much more /complicated than by cansidering thF 
I * _ - 

-F quenching of 2-NpR fluorescence by acacH alone.  he limiting quantum yield E- 

of 0.033 for the photoaddition of 2-NpC02Me with acacH (Table 2-25, page 
\ 

88) indicates a low quantum efficiency in photochemistry and hence high 
, 1 

L efficiency in the decay processes of 2-NpC02Me. + 
d h. 

The conversion of 2-NpC02Me in the photoaddition of 2-NpCO Me te acacH 
2 

- was 16-22% for the first run and 7-17% for the second run (Table 2-25, 

page 88) ~ The conversions of ~ - N ~ R  (R = CN, OMe and C02Et) were 11-30% 
- 

(Tables 4-8, 4-7 and 4-6, page 188-190). The secondary photoproducts such 

as' compound 18, 23 and 34 were formed under irradiation- at 300 nm or 
- 

e .  
through b *rex filter (page 18, 2P, 28). For quanfum yield determinations, 

a light source at 350 nm was used (page 83). 1,5-diketone photoaddition - 

4 / 

products do not absorb at 350 nm (Figure 2-25, page 107;). Also, the 

- " concentration of the 1,5-diketone products was muth lower than their 

starting materials, so even if there was some overlap of the 1,s-diketone 
- - 

- -- - 

and the light source band (350 f 20 nm, ~igure 4-1, Page l47), the 

aBsorption by the 1;5-diketone is negligible. For example, at 330 nm, 98% 
a 

(calculated by equation 4-6, page 177, using €=I200 for 2-NpC02Me at 330 nm 

in Table 1-1 and ~ = 8 0  for the 1,s-diketone, estimated from Figure 2-25)' of 

- 

- 130 



.the incident light was absorbed' by 2-NpC02Me when cdnversio~l was 22%. T~US, 
- ? 

the change of quantum yield with conversion due to the secondary - 
photoreaction may be neglected. When the dependence of 176 oi l/ [acacHr -- 

P 

>\ was examined, concentrations of acacH were 0.08-0.3 M (first run in Table:: .\ - 
2-25, page 88). 1f- considering the highest conversion (22%, 0.0044 M) of 

2-NpCO Me in this reaction, the concentration of acacH xould change from 
t 2 

0.08-0.3- M to 0.0756-0.296 MI then the highest errors brought in using 
0 

starting concentrations (0.08-0.3 M) to plot 1/+ v s  l/[acac~] will be 
P 

3.9 Metal acetylacetonate catalysis ., 
- 

- 

We have discovered a novel catalytic effect of MCacac) (M = Li, Na and 

K )  on the ,photocycloaddition of 2-NpC02Me to acacH. Adopting the def-inition 
aa, - 

--.. of the caaalysis of an excited state, 64r65 the essential step of the - 
C 

a catalysis is the interception of the excited state by the catalyst (see 

Scheme 1-1 and 1-2, page 7). Generally, the reactions of excited states 

have very low activation , energies - (hence the,' usual temperature independence 

. of photochemical reactions); otherwise, the photoreaction has no chance to 

compete with physical decay processes. Since the uncatalyzed process is 4 .  

1 

fast, the ihteraction between the excited state with the catalyst must be 
- - 

- - 
equally fast to have a significant effect. This is why, on the whole, 

unambiguous examples of catalyzed -reaction of excited states are rare. The 
- 

comparative photoadditions of 2-NpC02R (R = Me and Et) to acacH with or 

without Li(acac1 L0.001 M) give quantum yield values af .a235 and 0.0043 - -- 2 - -  

for R = Me and. 0.0124 and 0.0033 for R = Et (Table 2-19, page 76), 

demonstrating the enhancement of the reaction in the presence of Li(acac) ._ - 
I 

- 

Furthermore, the results in Table 2-18 (page 75) indicate that Li(acac) 
Z 1 



only acts as a catalyst and does not add to 2-NpC02Me. The question of how - 
# - - 

Li(acac) affects the photoaddition- is important. ~i(acac) is found . to 

quench the 2-NpR ( R '  = C02Me, CB2Etl OMe, -Of and CNX rrumsc-eCeS;hhafp- 
- 

means that Li(acac) indeed intercepts the singlet &cited state of 2-NpR. . 

The k r values obtained from 2-NpC02Me fluorescence quenching (Ni purged) 
q 0 , 

-1 -1 by Li(acac) (205 M S , Table 2-8, page 48) and that by acacH (28.7 

i 
, 

-1 -1 M S , Table 2-6, page 4:) indicate that the former interaction is more 
- - 

effective than the latter. Although Li(acac) may be subject to minor 
+- 
L + 

dissociation to give Li ion i n ~ s o l ~ t i o n . ~ ~ ~ - ~ ~ ~ + t h e  lack of catalytic - -  - - 

effect on the reaction by additio of NaCl [notice that Na(acac) functions % 
- similarly to Li(aeac) on the photocglcloaddition, see 4.9.21 suggests that 

the metal ion was not likely to be the catalytic species. This suggestion 
. - 

is made under an assumption that the small amount of water added to 

dissolve MaCL in the reactjon would not change the concentration of enolic 

acacH significantly. 
.\ 

& 

a 

- A catalytic mechanism is pmposed in Scheme 2-2 (Chapter 2) in which a 

new reaction pat way (reaction 2-26 and 2-27, page 91) accounts for the %!L 
catalytic action. In Uermal catalytic reactions, the new reaction pathway 

is alwhys characterized by 2 lower activation energy. Similarly, since most 

photochenycal reactions have activation barriers of less than 7 kcal/mole, 

the lowering of this barrier would give a larger rate constam. This is 
- 

true for the. Li(acac) catalysis on the photoaddition of 2-NpC02Me to acacH. 

m e  rate constant k of the complekation of oLb(acac) with '~-N~co Me is 
C .2 

found to be 2.2 x 10 10 M-l -1 s (Table 2-8, page 48) yhich is much iarger 

than the rate constant k of the coioplexationi of acacH with ' 2 h p C 0 ; ~ i i  (2.2 
- 

4 
-1 -1 x 10' M s , Table 2-25, page 88,. However, since the concentration of 

I # 

acacH (0.08 M) is much higher than that of Li(acac) (0.001-0.0001 M ) ,  
e 
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h 

, - - - 'PI .- , 
,2. -. 

- - +:-, - 
- = -  

' I  - 9 - i 
, & ,  

r e a c t i o ~  -2-19 i s  compet i t iye  with- .react-ipn 2-26 over a c e r t a i n  range o f  - 
Z * 

- - 

[ ~ i  (acap)  ] .- I n  o t h e r  ydrds ,  khe c a t a l ~ t k  and u n c ~ t a l y t i c  p r o c e s s &  c o e x i s t  

- under t h e  rcSactron- & . . d i t j ; o ~ s .  f i l k r n a t i v e t y ;  -kt iyxifsopc~ssibtet-mrre 
- ,  , I . > 

a 

- .  -. 

' l i f e t i m e  of t h e  - c a t a l y t i c -  in te rmedla te  - - i s  longkr t+an t h a t  of i t s  precursorJ  

t h u s  a l lowing t h e  photocfiemical r e a c t i o n  t o  occur more e f f i c i e n t l y  t h a q  t h e  ' - 
. 

- 

r -  photophysical  decay p rocess  of t h e  in termedia te .  
/ . - 

A- I_+ 

. > 

- 
> 

- 
- * - *  

* .  , ' .  
Equation 2-29 (for d e r i v a t i o n ,  see  Appendix) i s  based on. 'Scheme 2:2' 

, , . . ., 
- 

. &id predicts' a, eurve  f o r  t h e  dependence of quantum 6';- produ&.on 
? .,. - - . .. 

A -LA- 

Y -  
-- 

' 
[L i  ( acac )  ] undet . t h e -  experimental  cond i t ions .  The reciphcal of t h e  

< .  " 7, 

l i f e t i m e  ( 9 . 4  n s ,  Sect ion 2.3--3) bf '2-dpco2~e i n d i c a t e s  t h k  of k and - 
3 

i c 
I *  

.+ kf,- The c o n c e n t r a p o n  of acacH (0.08 M) i s  f i x e d  ' i n  t h e  experiment. The 
I.. a 

a'  -1 -1 
6 

I 

-, rate constant  k (2.2 x 1 0  M s , Table 2-25, page 88)' and k. (2 .2  x 
q 

I - - < L* ,c 
-1 -1 lo'! M s ,  able 2-8, p a g e  48)' were obta ined exp6rirnental ly.  By ad*pting 

* -  

x of 0.033 (Table 2-25, Qlimiting 
- 1  

i n  eq&tion 2;24, which. i s  i d e n t i c a l  t o  
# ,  

x i n  equation, 2-31], equat ion -2-29 c a n  be simpk$f i e d  a s  equat ion 3-7. 
r .- - * *  I 

- .  - e 
. ,  . - - - . - . - 5.8 x l o5  +':2.2 x lo1' [ ~ i ' ( a c a s ) ~ % .  
= * '+ = - 

*P . :1226'*; l o5  + 2.2. $ ' 1 ~  .16~<i ( a c 4 )  3. , - 3-7 - 
. . 

. r  * - - . -. 
, . - - .  

/ 

- Z L  .. P _ ,.. 
B a s e d d n  the5cpar)tum y i e l d s  meesured a t  [L i (acac ) ]  = O.DM)2 and 0.0003 M I  

* _ - 
7 i s  c a l c u l a t e d  :>:to be 0.125'ui ing aquati@--3-7. The Q a s  a func t ion  o f  i 

- C - 2 - _ -  
- > 

. . -_ - r 
3. 

*- 
. - :. : I ~ i c a c a e )  ] thds;  c a l c u l a t e d  i*:shown by cwye b i n  F igure  2-1,9 (page 93).  

' 

1, 

4 - % - ,  _ - .  .- - - 
' -. . .  : - ,  4 - whlch katches t h e  experim&tqalnzcurve.in t h e  l o w  concen t ra f ion  range 6~ . -  

% a . - -.- - - - - - - ---  - -- - 
~ i t a c a c )  4~.0001-0:00045 M) well .  but-  d e v i a t e s  from t h e  cuqve k t  high 

*- . - = - . -  ' (_ - - -- 
* .. -- 

concentf=t iods  *f Ll(acac) (0.0006-0,-001:7M>: ' .I .-v~lues g radua l ly  decreas;.in. - 
- - +  %,- a . - - i 

*. -, ; - r* - 

[ ~ l ( a c a c ) ]  range of c 0.0bf-0.0906 sz* - M { ~ . 0 9 ~ . ' a t  / . ~ i & a c )  1 * 0.000&, 0.079-' 
". . / '-, 

< .  > " .- 7% 

t * 

* - - , , 

* -_  - _  A 

- L 
-- ,  . -- # . - . - 

I ,  > - "  I C  - 1.3 3 - - r' L- . _ 
- , . . - * ..- 

I - I  



a t  [ L i ( a c a c ) ]  = 0.0008 M and 0.069 a t  [ ~ i c a c a c ) ]  = 0.001 MI. This  may 
/- 

. suggest  a r e l a t i v e  l a r g e  e r r o r  i n  4) . i-n t h i s  concen t ra t ion  range,  e . g .  T 
- 

P. 

.@inging a l a r g e  e r r o r .  As ind ica ted  by y of 0.125, t h e  c a t a l y t i c  s p e c i e s ,  - 

- ' ~ - N ~ C O  M & L ~  (abac j , has  a higher ef f i c i enoy  l e a d i n g  to t h z  product  
i 2. ..- 

cp-npdred,:Wth 1 2 - ~ p ~ ~ 2 ~ e - a c a c ~  (x  = 0.033).  A s  meition& i n  Sectiori 3.8,  . - 
.' . t h e  d iscrepahcy - of k 7 va lues  obta ined from-f luorescence  quenching and 

q 0 
- 

from quantum y i e l d  measurements may imply t h a t  the 'pho tocyc loadd i t ion  has  

o t h e r  complex&ties, i n  additlon t o  t h e  quenching of 2--NpR- f luorescence  by - -- - 
- . - 

acacH. The above c a l c u l a t e d  f i , t t i n g  was reexamined by assumiflg t h e  l i f e t i m e  . 
- ,  $ 

+of t h e  . -, reac ' t ing s p e c i e s  of 2-NpCO Me a s  .5 ns and 12 ns  r e s p e c t i v e l y .  The 2 
8 - 1 

k a t e  constaAt k i s  > then  c a l c u l a t e d  t o  be 4.2 x 10 M-1 s (when r = 5 
0 

d 
- 

be. s i m p l i f i e d  as equat ions  3-8 and 3-9b y - i s  c a l c u l a t e d  t o  be 0.228 (when 

= 5 n s )  and 0.10 iwhen r 0  = 12 n s ) .  
- 

- 

- -- - 

I t  i s  found t h a t  t h e  change of t h e  l i f e t i m e  does  not change t h e c a l c u l a t e d  
- 

curves  v e r y  much ,(Figure 2-19, page ' 93 ), but does change y va lues ;  i . e. 

t h e  s h o r t e r  t h e  l i f e t i m i  is ,  t h e  l a r g e r  t h e  7 value .  I t  may be t h a t  t h e r e  



is electron migration from the aromatic ring i n t ~  the electron-withdrawing 
- - - -- 

group upon irradiati~nl~~-'~~ which makes the group elect~on richer and 
- - - - - - - - - -- - 

facilitates the comprexation of Li(acac) to it. 'The suggested structure of 
i 

\ . - the complex if 12-~pC~2~&-~i(~cac) is shown by E7. 

- 

Although the quenching of 2-NpOH fluorescence_ by Li (acac) gives the 

highest k r value (1100 M", Table 2-8, page 4 8 ) ,  the presence of ~ixacac) 
q 0 

(0.001 in the photocycloaddition of 2-NpOH with- acacH results in the 
b a 

suppression of the reaction (from 4% to O.5%, Table 2-19, page 76). - During - - 

the course of 2-NpOH, fluorescence quenching by Li(acac), a new broad 
+ .  

13' appears around 410-460 n31, with an emission band,. assigned to 2 - ~ ~ 0 - ,  

yosbestic point .at 397 nm'(~igute 2-5,, page $9), suggesting that a proton 

transfer occurs. As 2-~p0- does not undergo photocycloaddition, the 

occurrence of the proton transfer consumes ' ~ - N ~ H  (notice the large k r 
q 0 

- 

, value) at the. expense of the photocycloaddition of 2-NpOH with' acacH (Table 

2-15, page 76). 

- -  - - -- --- 

The abs@?ncef of catalysis by Li (acac) of the photocycloaddition of 
- 

2-NpOMe to acacH (Table 2-19, page 76) may be explained by the structure 

o'f the complex. It has been proved tha.t considerable- electron migrat-ion 

from the electron donating jubstituent te.4. OH and W e )  to the aromatic 



ring (the naphthalene, phenanthrene or anthracene) occurs in the excited 
- - 

state in polar media, and that the aromatic ring carrying high electron 
- m 

-- - - -- 

density 1s attacked by protons. 138-"0 It is suggested that th; 

complexation of Li (acac ) ulth '2-~&~e- would prefer to occur at the 
J 

, , ' -  
+ aromatic ring as shorn by E The complexa- tion wil; iither prevent the 

\ 8 ' - 
free acacH from attacking ?z-N@M~ efficiently, or the lif etme of such a 

comilex is short theref ore the cbmplexat ion consumes '2-Np0~e showing the 

retardation of the addition. However, the LiJacacI-catalytic mechanism of 

-- --L 

photocycIoaddition of 2-NpCNptopacacH seems to be more complrcated. T h s  

contradiction that the fluoresaence mtenslty of 2-NpCN 1s strongly 
-d 

quenched by Li(acac1 ik 7 of 312, Table 2-8, page 48, but the 
q 0 

photoaddition is retarded ln the resence of Ll(acaci (Table 2-19, page 76) P- 
suggests that a drfferent mechanism 1s lnvolved whlch remains to be 

- 

clarified. The lack of a catalytic effect by LL( acac) on the photoaddition 

-- 
of 2-NpCN with acacH lndlcates that the electronic nature of the -A 

substituents' does not play an important role in the formation of a 

catalytic intermediate. It 1s obvlous that an ester group dn the 

naphthalene rlng 1s essential for Lliacac) to functlon as a catalyst.  fie 

structure as shown by E, is therefore suggested as the catalytic 

intermediate. - 
. 

I 

3.10 Acid effects 

J 
The photocycloaddit~on of 2-NpCOiMe vi th acacl 1 s a1 sodatalyzed by 

siifurlc acid. It was fwnd that a B r o n s t d  acid wALas-sulfuric acid,- - - - -  - - -  

phosphoric acld, hydrochloric acid or an aprotlc acld such a+ - - -  

- torontrif luoride (BP3, ir. ether, catalyzes the photocycloaddlt~on. [~able 

t A. 2-21, page 80) . It b a s  been 'demonstrated 14' that the enhancement ~n rate-of 



the addltron in  the presence of BF i s  caused by the excitation of a new 
3 

c~mplex between acacH and BF followed by addition t o  naphthalene 3 ' 
derivat~ves er olef ins. In o t h e r  -5,  t h e  reacting spechzs-i-s &littent. 

pur study was focused on catalysis  by sulfur ic  acid. ~emarkably: the 

presence of a trace mount of sulfuric acid (lo-(  t o  lo - )  M, Table 4-9, 

page 191, and Figure 2-22, page 97) not only enhances the quantum yield of 
- 

E2+21 adduct 16 by a b u t  sfx fold, but a l s a  changes the product regio- 
- 

chemistry, glving a major product 17  In addition to 16.  The absorption 

spectrum of 2-4x3 M e  ~s n ~ t  observed to change i n  acid solution - -  

2 

10.0125-0.0375 M, i n  non-purged acetonl t r i le ,  Section 2.8, page 104), but 

-1 -1 / 

the fluorescence i s  quenched (kH of 1.01 x /l0l0 M s i by m e r a t e  
* 

> 

concentrations (0.0063-0.0375 M I  Table 2-13, page 58). A new broad emission 

band around 470 nm was observed. This band was assigned t o  emission from 

'2 - N ~ o ~ M ~ ,  _the protonated i imsbes t ic  point a t  4 1 4  nm, ~ i g u r e '  2-7, page 

59,  and 2-8, page 601. In other words, t h e  singlet  excited s t a t e  of 

2-NpCO Me i s  intercepted by sul fur ic  acid t o  give an exciplex which emits 2 
1 

a t  470 nm; th ls  mission also  appears in  the presence of acacH (0.08 M, 

Table ~ ~ 3 3 ,  page 58; Figure 2-12, page 6 5 ) .  The acid-base properties of the 

excited s ta tes  of aromatlc &compounds are  closely related to  thei r  
C" 

eiectronrc structures, 138a1 L43-14% which a r e  qui te  different  from those of 

r h e  gro& s ta tes .  - A  'number of studies of ac idi ty  constants, pKa(SL) , have 

been reported showing ;hat the values are dramatically di f ferent  @om those 
- 

i n  +he qrbund s ta tes ,  pKa[ S O ) .  For example, the lowest s inglet  excited 

s t a t e  3f 2-naphthol i s  much mcre acldic than the ground - - 
- - - s t a t e  - - - - [~K~(s,) = --- 

9.3 aiid pK S I = 3.11 r h ~ l e  the aroimtlc carhmyl compound e.g. 2-HpC02Et, a I 
& 

becmes a srronger base ir .  5 [ ~ K ~ ~ S ~ I  = -8.2 and pK (S1) = The 1 a 
6 

er.har.ced baslciry of 2-H-g02Me a t  t h e  ca rbnyl  group llpon excitation 1s 



4 
u 

4 

responsible for the protonation of the excited state of 2-NpC02Me. The 

+ - - - - - ---- 

fluorescence of 'Z-N~CO~M~ (at 359 MI) and '(~-N~CO~M~-H ) (at 470 nm) are 
- - - 

both quenched by acacH in the presence of H2S04 ( 0.0935- M )  , giving k r of 
q 

128 M-' (at 470 nrn) and 63.4 I4-l (at 359 nrn): ~e propose that the 

protonated 12-Np~0 Me is the catglytic intermediate based on the . 
2 

observation of the quenching at 470 nm by acacH. Equation 2 ~ 3 9  should be 
\ 

applicable when Liiacac) 1s replaced by H2S04. Similar to the Li(acac) ' 

a 

catalysis, under the conditions employed In the photocycloaddition af 

d 

2-NpC02Me to acacH- in the presence of H2S04, the catalytic process coexlsts - 

with the uncatalytic process. For example, k [acac~lx = 6.6 x lo5 (k = 
q 4 

8 
, 2.5 x 10 , x = 0.033 in Table 2-25, page 88, and [acac~] = 0.08 M) while 

7 [ ~  50 ] =.2.02 x 1~~ to lo6 (k in Table 2-13, page 58, 1.01 x 10 10 
H 2 4  q 
- 1 M , [H SO 1 = 0.001-0.0001 M) if assuming -y value as 0.2.  quat ti on. 2-29 

2 4 

predicts a curve for the dependence of quantum yield on [H~so~]. <The 

experimental results are shown in Table 4-9 (page 191) and Figure 2-22 

!page 97). The redistribution of the electron denslty on the naphthalene 

~rimlety upon protonatlon on the singlet excited state of 2-NpCO Me may be 2 

te~~ponsible for the change in reglochemistry of the products. This 

;=ta~ytic species is proposed td have a higher efficiency leading to 

* 
It 1s well known that pK values can be established by means of the - 

a 

For s 5 er cyc 1 e 144,147-149 I the fiuoresggce titration curve 144 and the 

rr~plet-tr~plet absorhnce c~tratlon curve. 147 These methds lnvolve the 
- - - - -  

355zrnpt~on that p m t m  transfer rn the excrted state IS very fast, 
- 

:ssl;iting I n  estabilshmer~t of an acld-base equilibrrum during the lifetime 

12 tke ,exerted state. Establishment of prototroplc equillbuum has been 

r e y r : e d  ~n the case cf 2-hydroxynaphthalene-6,8-dlsulfonate. However, 



~hiruka'~~ has reported recentl; that proton-induced fluorescence quenching 

(kiduc&) competes uitli the proton transfer reaction k i n  the excited 
- 

x lo8 M - ~  s-l for 1-NpNH,) is smalLer than that of k induced 
(8.9 x 10' M-l 

ngt fast _enough to allow a 

Shizuka also that 

-1 * 
s ), so the protonation process to 1-NpNH is 

- 2 

cohete acid-base equilibrium in the S1 state. 
\ - 

Scheme 3-2 \ - 

* + 
NpNH 

e 3 
I 
I 

i 
the proton-inducg quenching (k induced 

involved in the excited 

state of aromatic compoundk having an intramo\cular charge-transfer (CT) 
- 

structure in the fluorescent state (e.g. 

naphthylamines). In, contrast, such proton-induced q'u\enching is scarcely 

observed for aromatic compounds having no (or very weak) intramolecular CT 
J 

character in the fluorescent state such as 2'NpOMe at moderate acid 

+ 
concentrations ([H 01 (0.1 M). Our result is consistent with the one 

3 

published by Shizuka. 138 The failure qf H2S04 to quench 2-NpOMe ~ 

i 

fluorescence indicates the absence protonation and 'the absence of 
- - - - - - - - - 

proton-rnduced fluorescence the singlet excited state of 
- 

- 

2-NpOMe. The retardation of the photoaddition of 2-NpOMe with acacH iri the 

presence of H2S04 rndlcates that a wotonation process interferes with the 



sa - 

catalytic process. On the basis of Shizuka's results, 138 it is not ' likely 

that there is a proton-induced quenching of 2-NpC02Me fluorescence by 
- 

HZSOpr because of its sub;tituted position (2-position) 

of an electron withdrawing group. The quenching of 2-NpC02Me fluorescence 

by H SO could therefore be attributed to protonation process only. The . 2 4 

value of the rate constant of mimolecular decay of '~-N~co*M~ equals the 
4 

- - reciprocal of its llf etimekaiid is determined to. be 2.9 x lo8 c1 (Table ." 

2-9, page- 51). The values of product of rate constant- ( 1.01 x 10 10 M-l .J 

-1 s , Table 2-13, p e e  58) of brothation of '2-~p&~~e by H SO and the 
2 4 

concentrations of H2S04 (0.0375-0.0063 M, Table 2-13) are determined and - 

8 -1 calculated to be from 6.4 x lo7 to 3.8 x 10 s . Since. the rate of the 
- - 

decay is faster (or competitive) than (or with) the protonation process, it 

is likely that an acid-base equilibrium cannot be established durlng the 

1 lifetime of 2-NpC02Me. - 

3.11 Conclusions and further proposals 

Our investigations of the mechanism of photocycloaddition of. 2-NpR to 
. . 

acacH, and the catalysis of the reactions by Li(acac) and sulfuric acid, 

provide a-god Lnderstanding of the reaction and catalysis of excited 

states. The following conclusions- are drawn from the results. 

1. [2+2] photocycloaddition occurs betwem NpR (R = 1-C02Me, 2-C02Me, 

1-C02Et, 2-C02Et, 1-OMe, 2-OMe, 1-CM and 2-CN) and acacH in 

acetonitrile to give 1,5-piketones which have considerable potential in . 

- - - -  

synthesis. 

, 2. The photocycloaddition is initiated by the singlet excited state of 

2 -NpR . 
3 .  Electron donating q u e n c h e r d  as TBA and DMA intercept the singlet 



- 
- 

* * 
- 

excited state of 2-NpR and retard the photocycloaddition. A good 

agreement of rate constants obtained from fluorescence quenching of 
- 

-1 -1 
2-?@C02He by-TBA (k of 3.6 a lolo M 5 > aRd fm qmn* piel& --- 

9 - 

measurement (k of 3f3 x 10 
10 M-l s-l 

) was obtained. 
q 

* 

4. 1,'3-pentadiene (in the- concentration range of 0.02-0.1 M) enhances the 
I 

addition of 2-NpC02Me to acacH, probably by an exchange reaction. 

5. The fluorescence of 2-NpC02Me is quenched by Li(acad and-the 
/ 

photocycloaddition of 2-NpCOpe and acacH is catalyzed by Li (acac) ; this - 
is assumed to occur by the interception of ' ~ - N ~ C Q ~ M ~  by Li (acac) , - 

followed by the addition of acacH to the Np moiety of the catalytic 

complex -to give-the final product and Li(acac). 

6. The photocycloaddition of 2-NpC02Me with acacH is catalyzed by sulfuric 

acid. Protonation of the singlet excited state of 2-NpC02Me occurs 

+ 
giving its exciplex, '(Z-N~CO~M~-H ),  which emits at 470 MI. The 

A 

h 

emission from the exciplex is quenched by acacH and the exciplex is 

proposed to be responsible for the acid catalysis on the 

photocycloaddition. An acid-base equilibrium be established 

during the lifetime of 'Z-N~CO~M~. 
4 - 

- 
I 

[ 2 + 2 ]  photocycloaddition of NpR to acacH provides a new branch in 

aromatx photochemistry, in rhLch the addition takes place between NpR and 
, - 

a 1,3-diketone type compound. The catalysis of the addition by Li(acac) and 
a' 

sulfuric acid opens a new field, in which the catalytic mechanism and 

reacting intermediate are discussed. The extensioq of the 

- - -  

photocycloaddltion and further studies of the catalytic -mechanism are 

r? --2 

proposed below. - 



1. It could be worthwhile to extend the photocycloaddition to phenanthrenes 
- - - 

- 

and anthraceek. In these cases, selective irradiation of the compounds 
- - -- -- - - - - - 

can be achieved, since there is lesser overlap-of their absorptions 

with that of 

2. The Li(acac) 

the addition 

acacH . Thus mechanistic studies would be easier. 
Y 

c a t w s  of the photocycloaddit ion could be extended to 

between NpR and simple olefins such as alkyl vinyl ethers, 

tetramethylethylene and cyclohexene. In these cases, coirradiafion of 

the starting materials can be avoided. Extenqion of catalytic studies 
+ 

- -  -- 

to include Rb(acac) ,- Cs (acac) , Cu(acac) and Zn(acac) could also be . l 

attempted. The rate constants for the complexation of the M(a~ac9~ with 

NpR could be obtained by fluorescence quenching.- Studies of the 

- 
interceptjon of NpR by M(acac) by means of the flash photolysis n 

could reveal details of the catalytic intermediate, A comparison 
L 

rate of quenching of a transient Bpectrum from NpR with M(acac) n 

- 

met hod 

of the 

/ 

by an 

olefin with the rate of quenching of the corresponding photoreaction 

would provide evidence about the catalytic intermediate. 

3. There h a v ~  been some repof- about the quenching of aromatic compound 

charge-transfer / 
t 

excited aromatic molecu~es having an intramolecular 
.s; 

structure in the fluborescence state (e.g. 1-NpOMe, 1-NpOH.. .) are , 

quenched effectively by protons and the protonation occurs at carbon 5 

of 1-NpOMe. Aromatic compounds having no (or very ,weak) intramolecular 

CT character in the f~uorescence state (2-NpOMe, Np and anthracene) are - 
% 

- - - 

scarcay quenched, indicating the importance of the p6sition of 

substituents on-protonation. We have observed an exciplex, assigned as - 
- 

- 

protonated 12-~pC~2de. fro; fluorescence o f  ' ~ - N ~ C O ~ M ~  by 

142 A 
H SO this is consistent with the results published by Xu e t  a ! .  

. 2 4 '  



systematic the proton-quenching fluorescence 
- - 

valuable 5 and related to the study of the catalytic effects of -H2S04 .on - 
- 

1 - - 

photocycloaddition. The study should involve the-qdentification . and the 
- /' 

determination of the lifetime of the catalytic species, and .the 

mechanism of reaction. Also, the potential catalytic effects of various 

acids on the addition of NpR to simple olefins may deserve further 
*/= 

, - -  
study. 0 



*- 

\ 

CHAPTER 4 EXPERIMENTAL 
- - -- 

4.1-  General conditions - 
- 

* 
- 

- 

Unless otherwise specified, the following experimental conditions were 

used. Melting points , (mp) were determined on a Fisher-Johns apparatus, and 

were uncorrected. Infrared spectra ( IR) were -recorded with a Perkin-Elmer 
- 

- 

559B. spectrophotometer using neat liquld film, - Nu jol mull or KBr pellet. 

Ultraviolet %d visible- spectra (UV) were taken with a Varian Cary 210 - - 

5 

+ spectrophotometer. Mass spectra (MS) and gas-chromatography-mass spectra - 

(GC-MS) were obtained on a Hewlett--Packard 5985 GC-MS system either by 
- 

electron ionization or by chemical ionization. Proton nuclear magnetic 

1 resonance ( H NMR) spectra were recorded with- a Bruker WM-409 spectrometer 

in CDC13 solution using titramethylsilane (TMS) as an internal standard. 
i 

Chemical shifts are reported in 6 values in ppm and coupling constants (J) 

_ in Hz. ~ k -  coupling- patterns are presented as s (singlet 1 ,  d (doublet), t 
- 

t i p l e t  , q (quartet) and m (multiplet). The chemical shifts of 13c NMR 
4 - 

spectra are also reported in ppm relative to TMS. Elemental analyses were 

carried out by Mr. M.K.Yang using a Carlo Erba Model-1106 Elemental 
-- - ,. 

Analyzer. Gas chromatography (GC) analyses were performed 06 a 

Hewlett-PackSrd 5790A chromatograph (FID), equipped with an OV-1 capillary 

column and a Hewlett-Packard 3390A chart integrator. Retention times (Rt) 

are reported in minutes (min). Phosphorescence and fluorescence spectra 

were taken with a Perkin-Elmer MPF 44B spectrophotometer and were 

uncorrected. Sample solutions for photoreactions were deaerated as follows: 

a sample solution in a test tube or a f luoresce~ce cuvette was- sealed with 
C, 

7 

a septum and purged with nitrogen for 10 min. Chemical yields in 
.L 

preparative expmiments were calculated.based on The amount of the 



r. 
ar, 

naphthalene derivatives present at the start of the reaction. 

4.2 Chamicals and apparatus 
- 

- --- - 

- 

For the preparative photoch.emica1 reactions, reagent grade solvents 

were distilled prior to use. Acetonitrile was distilled over P205. For 
- 

spectroscopy, commercial spectroscopic grade solveqts were used as - 

supplied. 
- 

Methyl 1-naphthoate ( 1-NpC02Me) , methyl 2-naphthoate ( 2-NpC02Me) t ethyl 
- --- - 

1-naphthoate (1-NpC02Et) and ethyl 2-naphthoate (2-NpC02Et) were prepared 
, 

from the corresponding naphthoic acid by H2S04 catalyzed esterfication. 
152 

h 
I 

The spectral data are listed in Tables 4-1 to 4-4. Lithium, sodium and 
. C  - 

i 

L 
potassium acetylacetonates were syntl-fe~ized.acco;ding to literatyre 

methods. 153-157 - 
Commercially available reagent grade 1-methoxynaphthalene ( 1-NpOMe, 

Aldrich) , 2-methoxynaphthalene ( 2-NpOMe, Aldrich) , 1-cy&+naphthalene 

(1-NpCN, Aldrich), 2-cyanonaphthalene (2-NpCN, ~odak), 2-naphthol '(2-NpOH, 
I 

- 

Anachemia ) , 9-phenanthrol ( Aldrich) and acetylacetone ( acacH, BDH) were 
- 

purified by recrystallization, vacuum sublimation or distillation prior to 
1 

use. Benzophenone (Fisher), xanthone (~ldrich), benzhydrol (Matheson), and 

phenanthrene (Matheson) were used as supplied. 

4.3 Photolysis apparatus and quantum yield determination 

Three different types of photolysis apparatus were e~~ployed in the -- - 

- 

Apparatus I , - 



- 

. 
- 

~his~a~paratus consisted of a long cylindrical reaction vessel (180 
- G 

- - -- 
ml, 'Pyrex glass) iitted with a side arm, into which a condenser was 

C 

inserted, A Pyrex water-cooled lamp housing was inse* i n t o  thevesse1~- 

nitrogen gas was bubbled into the photolysate through a gas inlet tube. The 

Light source was a 200 watt Hanovia mediurh pressure mercury lamp (654A 36). .. 
Apparatus 11 . 

/ 

, This apparatus consisted of 8 quartz tubes ( 5  mL solution used for . 
each one) which were placed in a Rayonet Photochemical Reactor fa - --- 

- 

"merry-go-round") equipped with ,RPR 300 nm lamps (16 x 21' watt, for output 
- 

- 

of the relative energy, see Figure 4-1) or RPR 350 nm lamps (16 x 24-watt, 

Figure 4-1) and a fan to circulate the' air provided a constant temperature 

Appqratus I11 

This apparatus consisted of a long cylindrical reaction vessel (3 x 20 
/ c( 

cm, quartz glass) which was inserted into a quartz water cooled lamp 
J 

- housing. The vessel and lamp housing were Fnserted into the center of a 
- 

Rayonet Photochemical Reactor equipped with RPR 300 nm lamps (16 x 21 watt) 

or 350 nm lamps '(16 x 24 watt) and a fan to circulate the air provided a 

constant temperature of 31+1•‹C. 

,Unles.s otherwise specified, the following procedures dere followed for 
m 

preparqtion of actinometry solutions, light intensity determination and 
- - - - - - - - - - -- 

quantum yield - determination. s 

-- - 

The actinometer solution was prepared as follows. Benzophenone (456 

mg, 2.50 -1) and benzhydrol (921 mg, 5 .'0 -1) we're dissolved in benzene 
r 

0 

, 





(25 mL). An allquot (3 mL) from each of the alsove stock solutions were 
- 

pipetted into a test tube. The actinometer solutlon (5 mL1 containing 0.050 , 

M benzophenone and 0.10 M benzhydrol was transfer& int'o a q"zEltubeand 

purged- with nitrogen for 10 min. The actinometer which Is known to have - 
'the qpantum yield-of 0. 74158 was irfadiated together with sample. solu~ians 

\ 

in apparatus I1 for 5 m m .  The absorbance - (4) at 342 nm of benzophenone 
I 

was measured with 0.10 cm optical path cells before and after irradiation, 
- 

0 I .  

respectively. The light intensity (I was calculatd by absorbance change 

(&I) 'from equation 4-1;- I - 

IO = k/(lo3 E342 9 L At) Einstein/min.mL 
1 0 

r? 

- 1 where E 
342 

= 140 t4-l cm is the extinction ;o6fficient of benzophenone at 

342 nm, t 1s tfie elapsed lrradiation time in min., and L =. 0 .lo cm. V is 
I ' 

volume in mL. 

0 ~ 
1 .  i 

Quantum yields were-determined as follows. 
3 -  

\ 

Method I 

- 

. 

Photolysates were analyzed. by G.C. with octadecane (Cl8HJB, added into 
- .  

sample solution before lrradiation) or xanthone (added after irrqdlationY 
f V 

as an internal standard (I .S. 1 .. The concentration of a product (P) or a 
+ 

C i  . C 

di 
- starting material was calcul&d from equatlon 4-2 and the 

- 
corresponding quantum yleld 9 was 5alculated from equation 4-3. 

\ 
- r 



where, R-is the GC area ratio of product : I.S. and f is response factor ' 

, - - -  - - 

from calibration curves. 
- + 

- - 
0 4 = (Moles of P formed)/I At 

- 

0 = ([PI V)/I At 4-3 

where 1' is light-intensrty from equation 4-1, At. is lriadiation tiGe an& 

V is_ volume of reactlon solution. 

Since both NpR and acacH were irradiated en as 300 nm light source 

was used (Figures 2-2 and 2.-24), the correctian of the incident light .' 

* 
absorbed by NpR (I ) was made .according to equation 4-4. - 

- 
* 
1 ,  = ' c  ' + €  c ) I  * 

- // NP NP acacH acacH 
- - / 

where 1' is the light intensity measured, r and E are the eitinction 
NP acaqH 

- " I 

coefficients of NpR and acacH at 300 nm, respectively, and C&acH- are 

concen*trations'~f NpR and agacH, respectively. Similarly, the correction of 
1 

the incident light. absorbed by acacH was made by replacing th/ numerator 

i n  equation 4 - 4 .  
1 

term Of 'N~ 'Np by 'acac~ 'acac~ 
- 

- / .. 
f 

For each reaction, a control solution ( 5  mL as a s condary - {- -* 
actlnometer) was prepared containing 2-NpR (0.02 M, R = c ~ ~ M ~ :  C02Et, OMe and 

€ 
CN,, acacH (0.08 M) and octadecane -(0.005 M, as I.S.) in acetonitrile- and 

irradiated with an actinometer In apparatus I1 at 3 0 nm after being purged 7 * 
- j  - - - -- - - - 

with. nitrogen for 10 mm. The quantum yields of the secondary actinometer - 
- 

for prcduct formation were determined according to method I as 0.0043 
- 

s ec 

for R = 2-C02Me, 0.0033 for R = 2-C02Et, 0.036 for R = 2-We and 0.030 for 
- 

R = 2-CN (for ~ t s  disappearance). Whb the secondary actinometer was used 
i 



/ 
- 

- 

- 

to deterrnrne quantum yleld, sample solutions were lrradlated together with 

the secondary actlnornefe; and the photolysates were analyzed by k io give 
-- 

RSec 
(GC aqea ratio of prduct over I.S. from the secondary actlnometer) 

. - 

and R - sample (GC area ratlo.-of 'product over I .S. from the sample solutlon) 

- that should be proportional to thelr quantum ylelds. The quantum yleld 

@sample 
of a sample solution based on prduct formation was calculated from . 

9 / 
/ 

/ R  ) 
. --- 

= 9 sample - sec 'Rsample sec 
4 - 5 

- 
- 

4 . 4  The [2+2] photocycloaddition of naphthalene derivatives with 

acetylacetone - 

4.4.1 General procedures 

Unless otherwise speclfled, the following preparative procedures were 

, followed. An acetonrtrile solutlpn of acetylacetone and a naphthalene 

derivative was placed in 8 quartz tubes A er the solutlon was sealed and 2 - 
purged wlth oxygen-free nltrogen for 10 mln, the tubes were placed ln' 

Apparatus I1 to be irradiated with .a light source at 300 6 or 350 nm. . 
Reactions were monitored by GC. A zero hour sample was kept In the -dark ' ' 

and analyzed by GC as a control. In order to avoid secondary 

photoreactions, the irradiation waS stopped when the conversion of 

naphthalene derivative was around 50-60% as dctermlned - by GC. The residue 

was flash chromatographed to glve product. The spectral data are listed m - - - 

Tables 4-1 to 4-4.. 

4 .'4.2a Methyl 2-naphthoata - ' 



A-solution of 2-NpC02Me (300 mg, 1;6 

Ln acetonitrile (50 m ~ )  was irradiated in apparatus I1 equipped with 300 nm 
,- - -- -- - - - 

lamps. After lrradlation for 15 hours, the light yellow photolysate gave " 

two GC (co?!pmn at 200•‹C) peaks at Rt 2.73 min for 2-NpC02Me and at Rt 5.02 
- 

, 
mln for a product in the ratio of 1:l. A trace amount of a second product 

(Rt 4.83 min 17, see 4.4.2b ) was also detected but was ignored in all the 

mechanistic studies except In the studies of heavy atom and acid effects. 

Tho yellow resichie was flash chromatograph'ed using 30% ethyl acetate in 
- - --- 

hexanes as the eluant to give a yell~; oily compound (152 mg, 33%) of 
b 

l-acetyl-2-acetonyl-2-carbmethoxy-ll2'dihydronaphthalene (16) and 2-NpCOiMe 

4.4.2b Methyl 2-naphthoate in the presence of sulfuric acid 

A solution of 2~NpC02Me. 1300 mg; 1.6 mmol), acacH (500 mg, 5 m o d  

and a trace amount of sulfuric acid (about 0.0005 M) in acetonitrile (50 , 

mL) was irradiated in apparatus I1 equipped with 300' nrn lamps for -19 

hours. The light brown photolysate showed three GC peaks (column at 200•‹C) 

2-NpC02Me,). The residue was flash chromatographed using 30% ethyl acetate 

ln hexanes as the eluant to give a yellow oily compound (36 mg, 8%) of 16 

and a light yellow powder .72 Bg, 16%) of l-acetonyl-2-acetyl-2- 

carbmethoxy-1,2-dlhydronaphthalene (17). The latter was further purified by 

recrystalllzatlon from cyclohexane to arford white crystals (70 ~rtg, m.p.- 

81-82OC). The spectral data are listed in Tables 4 - 1  to-+-TIT -- . I - -- 

- 
t 

A solution of 2-NpC02He (300 mg, 1.6 ml) and acacH (500 mg, 5 -1) 

ln acetonltrlle (50 mL) wlth a trace amount of sulfuric acid (about 0.6005 

M )  was lrradlated In apparatus I1 at 300 MI for over 20 hours 



- 

(overirradiated) . The GC analysis (column at 200•‹C) of the photolysate 
- 

- 

- ! - -  - 

showed two major prduct peaks with Rt 6.07 -min (31.2 ) and 5.02-min 
-. 

( 14.8%, f 6, see 4.4.2a). The prcducts were ff ash c h r o i w t o g r a p h e c h ~ - ~ - 5 ?  

ethyl acetate in hexanes as eluant follawed by preparative TLC separation 

i 
using 50% ethyl acetdte in hexanes as eluant to give a- yellow oil of. 17 

(51 rng). The spectral data are listed in Tables 4-1 to 4-4. r 

- A solution gf 17 (2.3 mg, 0.008 rnrnol) In acetonitrlle (0.4 mL) In a 

quartz tube was irradiated in Apparatus I1 at 300 nm for 1 hour. The GC 
- 

analysis (at 200•‹C) of the photolysate showed 3.5% of 17 left and. 61.3% of 

18 formed. 

'P - 
4 .4 .3  Methyl 1-naphthoate 

A solution of 1-NpC02Me (300 mg, 1.6 mrnol) ,and acacH (1.6 g, 16 mmol) 

in acetonitrile (50 mL) was irradiated in apparatus I1 equipped with 300 nm + 

lamps. After irradiation for 8 hours, the GC analysis (-column at 200•‹C). of 

the photolysate showed that 52% of 1-NpC02Me survived (Rt 2.62 min) and 34% 

of product (Rt 6.91 min) was formed. The yellow oily residue was flash 

chromatographed twice using 30% ethyl acetate in hexanes as eluaht to give 

* a pale yellow powder (139 mg, 30.4%) a n d  1-NpCOpMe (120 mg) . The former 
was further recrystallized from acetonitrile to afford white crystal-s of 

107-107.5•‹C). The spectral data ar& listed in Tables 4-1 to 4-4. I 

A solution of 1-NpC02Me (1 g, 5.6 mmol) and acacH 1430 mg, 4.3 mmol) 
-- - -- 

An methylene chloride (180 mL) was irradiated in appa;atus I. After 
- 

. "  rrradiation for 187 hours, GC analysis (column at 150-230•‹C at 10•‹C/min) of 
- 

the photolysate showed that 62% of 1-NpC02Me tRt 3.57 mln) survived and t w 6  



products were formed with Rt 6.31 min (30%) anti 7.99 min (7%; 22). The 

"I residue was flash chromatographed using 20% 'ethyl acetate in hexanes as - -  - 

/ 

. elwnt W give a cfude pr-t (66.5 mg, Rt 6-31 minl whirh w a s  - - -  --- - -- 

rec-rystallized from acetonitrile to give white crystals of - 1, 8-dimethyl: 
- 

3,11 04,8 
2,9-dioxa-5,6-[3'-carbomethoxybenzo]tetracyclo[!5, 2, 2, 0 1 - --. t 

undecane (23, 31.1 mg, m.p. l17•‹C-l17.50C). Analysis: Calculated for , 

C1704H18 (286), C, 71.33%; H, 6.29%; Found C, 71.42% and 71.23%; H, 6.47% 

and 6.34%. The spectral data are listed in Tables 4-1 to 4-4. The 
- 

structure of 23 was ascertained by means of X-ray crystallography- (Figu-re -- - 

A solution of 22 (4.2 mg, 0.015 mmol) in methylene chlori'de (1 mL) in 

a quartz tube was .irradiated in Apparatus I1 at 300 nm. A sample solution . 

was withdrawn at one hour intervals and analyzed by GC. After 6 hours of 

lrradiation, the GC analysis (150-230•‹C at 10•‹/min) of the photolysate 
/ 

showed three peak? at Rt 7.99 min for 22 (24%), Rt 6.31 rnin for 23 (16%) 
- 

and an unknown ' product (24 at Rt 7.33 rnin (39%) . The unknown product 
showed GC-MS (€1) peak at m/e 243 (M+1, 47%) 211 (100%). No further study 

- 

of this unkno'wn compound was done. 
- 

A solution of 22 (4.7 mg, 0.016 mmol) in methylene chloride (1 mL) was 
/ 

lrradlated through a Pyrex filter with a 200 Watt lamp. A samp>olution . 
was withdrawn at one hour intervals and analyzed by GC. After 6 hours of 

lrradiation, GC ( 150•‹C-230•‹C at 1O0/min) analysis of the photolysate showed 
- 

- 

min for the unknown compound ( 14%) . - . . n 

4 . 4 . 4  Ethyl 2-naphthoat-e 



A solution of 2-NpC02Et ( A 0  mg, 1.5 -1) and acacH (5,OO mg, 5 -1) 

\ in acetonitrile (50 mL) was irradiated in apparatus I1 equipped'with' 350 -G 
\ t . - 

L -i 

lamps. After 13 hours of irradiation, GC. (column - a t  20O00 a n S y s T s ~ s h o w i ~ ~  
. - * - 

that 47% of 2-NpC02Et survived (Rt 3.08 min) and 45% of product was formed - 

(Rt 5.74 min). The solvent was removed 

oily residue was flash chromatographed 

. 
under reduced pressure. The yellow ,.. 

twice using 35% and 30% ethyl- 

acetate in hexanes as eluant to give a yellow oil (123 mg, 35%) of 

l-acetyl-2-acetonyl-2-carbethoxy-3,4-dihydronaphthalene (20) and 2-NpCO Et 
- 2 -  . 

(114 mg). The spectral data are listed in Tables 4-1 to 4-4. . -  - 

4.4.5 Ethyl 1-naphthoate 

- 
A solution of 1-NpC02Et (300 mg, 1.5 mmol) and acacH (500 mg, 5 rnmof 

in acetonitrile (50 mL) was irradiated in apparatus I1 equlpped with 350.nm 
- 3  - _  

lamps. After 16 hours 0% irradiation, GC analysis (column at 200•‹C) showed 

only 20% of 1-NpC02Et consumed. After another 6 hours of irradiation at 300 

nm, 35% ethyl 1-naphthoate (Rt 2.95 rnin) was left and 26% product was 

formed (Rt 8.40 rnm) . The photolysate gave two GC peaks at Rt 2.95 min for 
1-NpC02Et (35%) an4 Rt 8.40 min (26%). The residue was flash chromato- 

I 

graph& using 30% ethyl acetate in hexanes as an eluant to give a yellow 

oil (16.3 mg) of, l-carbethoxy-,7--acetonyl-8-acetyl-7,8-dihydro-naphthalene 

c26) .  The spectral data are l'isted in Tables 4-1 to 4-4. 

A solution of 1-NpCN (300 mg, 1.96 moll and asec~ 1 500 mg, 5 mmol) 

In acetonitrile (50 rnL) was lrradlated in apparatus I1 at 300 nm for 18 
.. 

'hours. GC analysis (column at 200-230•‹C at 10•‹C/min) of the photolysate 

showed that 85% of 1-NpCN was consumed and one _major product peak at Rt 



. 4.34 mi? (-47%) as well as several 

- residue was chromatographed twit? 
isndl peaks which were not studied. The 

/ 

. 
using 42% and 30% ethyl acetate in -- 

hexanes as eluant to give white crystals (33, 66 .9  mg; l4%l- af -- 

1-cyan~-7-acetonyl-8-acetyl-7, 8-dih~drona~hthalene. The spectral data are - - - 
listed in Tables 4-1 to 4-4. Analysis: Calculated for C16H1502N (MW of 

253), C, 75.87%; H, 5.97%; Found, C, 75.95%; HI $.lo%* 
- 

,A solution of compound 33 (203 m .8 mmol) in acetonitrile (100 mL) 

was irradiated in apparatus I for 19 s. GC analysis (column at 
/ 

- - - -  - 

200-230•‹C at 1o0c/rnin) 'of the photolysate showed two GC peaks at Rt 4.34 

min (16%) for 33 and at Rt 3.77 1min . The residue was flash - 

chromatographed using 40% ethyl acetate in hexanei'as eluant to afford a 

yellow oil (4.0 mg2 of 34. The -spectral data are listed in Tables 4 ~ 1  to 

4-4. 0 \ 

in methanol (50 mL) was irradiated in Apparatus I11 equipped with 300 nm 
- 

lamp? for 16 hours. GC analysis (column at 150-230•‹C at 1d0c/min) of the 
3 

photolysate showed one major peak at Rt 7.93 min (29%) and one minor peak 

at 5.88 min [8%, GC-MS: 195(43%), 180(100%), l52(5l%); -the structure 

suggested fpr this product is 39, see page 291 plus several more minor 
. 

peaks (less than 3%) around Rt of 6-8 min which were not studied. The 
\ 

residue .was flash chromatographed (30% ethyl acetate in hexanes) and 

- - recrystallized from ether to give white crystals (38, -50 mg) of 
- 

l-acetyl-2-acetonyl-2-cyil1l0-3,4~ih~onaphthalene. The spectral data -are 
Y 

- 

listed in Tables 4-1 to 44. Analysis: Calculated for C16H1502N (MW of 

253), C, 75.87%; H, 5.97%; Found, C, 75.81%; H, 6.04%. 



d * +- - $ 
- - 

A solution of l-N@~e (300 mg, 1.9 mmol-t and acacH (500 mg, 5 mmol) 
1 

- -  - - - - - - - - - 

in aketonitrile (50 mL) was irradiated in Apparatus T I 1  at 300 nm for 48 

hours. GC analysis (column at 150-230•‹C 'at 10•‹C/min) showed two major a prdduct peaks at 7r48 min (33%) and 7.67 min. (8%) plus severa small 'peaks- 

7 
between 6-8 min which were not studied. The residhe was flash 

9 
- 

chromatographed (20% ethy-acetate in hexanes) to afford white crystals 

(41, 73 mg) of 1-iethoxy-3-acetonyl-4-acetyl-3, 4-dihydronaphthalene as well - --- 
> - A- 

as a tiny amount of 1-acetonyl-2-acetyl-naphthaled (42). The spectral data 

are listed in Tables 4-'1 to 4-4. The GC-MS of the unknown 40 gave a parent 
, , 

peak of 258 (M',  10%) =id 215 (>0), 200 (803, 158 (laO), 115 (35) and, 43 - 
(20) suggesting an addition product between 1-NpOMe and acacH. The GC-FT-IR , 

of 40 showed a strong absorption at 1730 cm-l. - 
- 

- , 4.4.9 2-Methoxynaphthalane 

A solution of 2-NpOMe (300 mg, 1.9 mmol) and acacH (500 mg, 5 mmol) 
- 

in acetonitrile (50 mL) was irradiated in apparatus I1 at 300 nm for 15 

hours. GC analysis (column at 200•‹) of the photolysate showed that 2-NpOMe 

( 8 % ,  Rt 2.25 min) survived and a major product peak at Rt 4.45 rnin (78%). 
L 

The residue. was flash dhromat~gra~hed using 30% et'hyl acetate in hexangs as 

eluant. The major fraction was recrystallized to afford white - crystals (182 

mg, 38%) of 1-acetyl-2-acetonylnaphthalene - (44). The spectral data are 

%listed in Tables 4-1 to - 4 .  Analysis: Calculated for Ci5H1402 (MW of 226), 

€, 79.62%; H, 6.24%; Found,'C, 79.80%, H, 6.26%. Compound 4 4  ( S O 0  mgl was - - - - -  

dissolved in acetonitrile (12 mL) containing concentrated HC1 (?'drops) and , 

was reflux& for 5 hours. GC analysis (column at 200•‹C) showed 44 (4%) 

survived and a prcduct with Rt 9.61 min was formed. The reaction solution 



was neutralized to pH = 7'with aqueous NaHCO solution and extracted with 
3 

' & 
- 

ether (3 x 20 mL). The combined ether extracts were dried over riignesium 
ir -i 

- - - - 

sulphate, ' and the solvent- was evaporated under reduced The 
" '-. 

residue was flash chromatographed using 20% ethyl acetate in hexanes as 
* 

- 

eluant to give brown crystals (23 .$ mg, 25.4%) of ' \ 

1-hydroxy-3-methyl-phenanthrenq , (45, m.p. lll-113•‹C). For spectral data,-see 
- .  

Tables 4-1 to 4-4. * 

a 
- 

Compound 44, (148.6 mg) was dissolved in methanol (20 m ~ )  containing 
- 

B 
concentrated HC1 (6 drops) and was ref luxed for 50 min; GC analy$s (column 

at 200•‹C) s p e d  44 (2%) survived and a product (BEE%) at Rt 7.45 was 
9- . 

formed. After work-up as described as above, some yellow oily crystals were 

obtained as crude product which was - 
to afford yellow crystals (59.5 mg, - 

phenanrhrene 146, m.p. 73-74OC). For 

further recrystallized from cycloheane 
J C  

40.8%> of 1-methoxy-3:methyl- 

the spectral data, see Tables 4-1 to P 
'\ 

(PN) in the presence of lithium acetylacetonate 
I 

A solition of PN (300 mg, 1.69 ml); acacH (500 mg, 5 m&l) and 

lithium acetylacetonate [~i(acac), 53 mg, 0.5 mmol] in methanol (50 mL) was 
i 

irradiated in apparatus I1 equipped with 350 nm lamps for 21 hours after 
- 

which time GC analysis (column a$ 230•‹C) showed that all PN was qonsumed ' 
and four major products (including two secondark products) had peen formed, 

P 

with Rt 4.40 min (36%. 30, unknown), 4.61 ,min (26.8%). 5.21 min !9.4$2- and 
- - - - - -- - - - -  

6.72 min 8 % %  The residue was flash chromatographed using 15% ethyl 

acetate in hexanes as eluant to give a yellow oily compound (157 mg, 34%, 

The spectral data ar-4 ,listed in Tables 4-1 to 4-4. The prbduets with Rt - - 
4 %  

P 4, .- 
157 



5.21 min and 6.72 min arb d&sCr'ibed in section 4.4 .lob. The GC-MS (CI) of - 

-3 

30 gave 221 (M+l, 100%) sug,gesting a 9-acetylphenmthrene structure. 
- 

- - - ppppp 

- 

A so ution of PN (300e mg, 1.69 mmol) and aca& (500 mg, 5 -1) in > - 

tl 
- 

methanol (50 mL) was irradiated in apparatus 11-equipped with 350 nm lamps - 
- 

I for 10 hour-% after which time GC (column at 230•‹C) analysis showed that 

25% of PN survived and'two major products with Rt 4.61 min (22%, 29, see 

4.4.10a) and Rt 5.21 min (27%) and one minor product with'~t 4.40 (13%( - -  
4 

30) had been formed. The residue was flash chromatographed using 12% and - 

15% ethyl acetate in hexanes as eluant, respectiv/ely, followed by 
I - 

recrystallization from ethyl acetate in hexanes to afford white crystals 

(198 mg,-42%, Rt 5.21) of- crs-9-acety1-10-acetony1-9,10-d~hydrophe*nanthrene 

(28). For spect.ral data, see Tables 4-1 to 4-4. 
- 

To a mixture of a solution containing 28 (4l%), 29 (7%) and PN (asL 
- 

I.S., 46%), one drop of dilute sulfuric acid (in acetonitrlle) was added. 

The resulting solution was a~alyzed by GC giving a mlxture containing 28 

(17%). 29 ( 8%) .  PN (51%) and an unknown compound 31 [12%. Rt 6.72 mint - 

3 

' GC-MS (CI) : 261 (M+1, loo%), 178 (26%)] suggesting an aldol condensation 
- 

prduct. The calculated relative amounts of 28, 29 and 31 against I .S. are 

0.90, 0.16 and' 0 before acid was added and 0.34; 0.16 and 0.23 after acid - .  
' was added. 

4.4.11 Other naphthalene derivatives 

A solution of 1-acetylnaphthalene (0.035 P4) and acacH ( 

acetonitrile (5 mL) was irradiat t d  'in apparatus I1 equipped with 309 nm 

lamps for 17 hours. No product was detected by GC. Similar results were 



_ 
J 

% 

- 

obtained for reactions of 2-acetylnaphthalene, l~naphthoic acid or - 

2-naphthoic acid with acacH. - - - 

- 
- 

- - -ppL - - - p p p p  -- 
JA- solution of 1-methylnaphthalene (300 mg, 2.1 -1) and acacH (500 

a 

mg, 5 mnml) in acetonitrile (45 mL) was irradiated for 18 hourspin 

apparatus I1 at 300 nm. GC (column at 200•‹C) analysis of the photolysate 
- 

- d 
. 

showed that 1-methylnaphthalene (31%) survived and four major product peaks 
, 

were formed at Rt 3.73 min (14.7%), 3.06 min (8.1%), 4.18 min (8.9%) and 

4-73 min (5.2%). Attempts to separate the produc$s by flash chromatography 

and preparative GC failed. 

A solution of 2,3-dihydroxynaphthalene (0.02 M) and acacH (0.05 -M) in 
9 

acetonitrile (5 mL) was irradiated in apparatus I1 at 300- nm. After 18 - 

hours of irradiation . the solution turned dark brown but no product could 
be detected by GC. Similar results were obtained for the reactions of 

f -naphthylamine with acacH . 

4.5 Sensiti ation and quenching of the p h o t o c y c l o a ~  4 - 

&A 

/ 
Some results are reported in % yield; these were determined-for 

' w 

photolysates by GC analysis. The concentrations of products and % yield 

were calculited. The former was calculated according to equation 4-2. 

4,5,1 Triplet sensitization 3 

, 
. - - 

Benzophenone and xanthone were employed ,as triplet sensitizers in 
- - -- - --p - 

photocycloaddit ion of 2-NpR (R = carbmethoxy, carbethoxy, methoxy and cyano 

groups) and acacH. Two tubes of acetonitrile solutions (5 mL) containing 
- 

2-NpR (0.02 M, 0.1 m l ) ,  acacH (0.08 M, 0.-4 mmol) ,' octadecane (as I .S., 



li 

- 
t " 

i 

0.005 MI 0.025 mmol) were prepared; b e  tube also contained a sensitizer 
- - - - - 

(0.05 MI 0.25 mmol) while the other served as the control. The solutions 
- 

were irradiafed in apparatus I1 at 350 nm. 

Methyl.2-naphthoate: Three solutio?s,were prepared-in quartz'tubes with No. 

. ' 1 containing a solution (5 m~): without a sensitizer, No. 2 ansolution (5 - 

- - 
mL) with xanthone and No. 3 a solution (5 mL) with benzophenone. The above 

I '7 
- 

three solutions weie irradiated for 6 hours. While froh No'. 1 solution, 16 

was obtained (22%), no product could be detected by GC for No. 2- and No,3 - 
- 

solutions. 
* \ 

1 

2-NpR:  h he above prbcedures , were repeated using. 2-NpC02Et, ~ - N ~ o M ~  and' 

2-NpCN for 6 hours, 1 hour and 35 irradiation, respectively, 
, 

Products 20 (21.5%), 44 (39.5%) were obtained from the 
I .  -- . ' %  4: 

1 solutions, no pr;od~cts could be detected by GC from the No. 2 or NO. 3 
- 

a d 

4.5.2.1 By electron donating quenchers 
r C 

Sampf e solutions which cdntained -2-NpR (0.02 M, 0.1 mmol) , &ac~ (0.08 
- 

M I  0.4 mmol), octadecane (as I.S., 0.003 44, 0.025 mmol) were in ' " . 
- 

acetonitrill; one also contained TBA or DMA (0.41 M, 0:05 ol> and-th; . 
8 

1. 

Y other served as a contiol. ~u'antum yields were determined by Method 11" -'. 
a > 

1 ,  

(section 4.3). The sample solutions were irradiated in apparatus I1 at 350 - 
-- - - 

' 

nm. All results are summarized in Table 2-3. , 

-- - -- 
- 

Methyl ZAnaphthoate and acacH: Five acetonitrile Solutions (1-rn~) *' 

I .  
,-7,. " 

containing 2-NpC02Me (0 : 02 M) , acacH (0.08 M) , octadecade (as I; .-9,. , 0.005d 
L 

' , t . r  

, , P  





. . 5.9 - ... , :  + 2-,- -. --. 
- - 

, . - _ -  Table 4-1 (~ont'd) ' " , . 
--  ~ - - ~~ -- - . - - -  - . - 

. - - . -  5- .  4 , * 
"? - 
fl . - * - 0  . = - 

-- , I 
~ - I -. 

- 
~ - - *---. - -  -- 

1.96 ( s f  3H) 2.0 Cs, 3H). , 

i 
b 

2.53 (dd, ZH, 3=8Hz) - .  7,2-7.35 {m, 5H) 
- q - - -- - - - --- - 

3.70 fd, lHf J=~.SHZ) .- 7.41 -{td, 1 ~ ) ~  
- -- 

4.0 (td, lH, J=8Hz, J=l.HIz! '7.73 (d; lH, J=7.5Hz )- 
* ,  

7 . 8 0  (a, 1HfJ=7.5Hz) * - 

.. i 

+ 

w 
a 



; 3 . 6 2  (d , .  J= l .7Hz)  . I - 7 .S8  (d, - J = ~ H Z )  

4 . 2 2  (ddd, 1H, J=6,  8 ,  1 .7Hz)  7 . 6 4  ( d ,  J=7Hz) 
I i  

, 
'r '6.96 (dd,  - J=8, 1 . 3 - H Z )  - e 7 - 7 . 3  ( ~ , . S H )  

28 1.h ( s ,  3 s )  - . - _ 2 . 1 9  ( s ,  3H) - 
, 

' ' 2 . 8 6  (dd,  l H ,  J=18Hz, Je6Hz) L 3 . 8 3  (m, 1H) 



f 

J = 1 . 5 H z )  . - 
L a" 

6 
E - U 7.62  ( d l  l H ,  J=9Hz) '7 .70 . (d l  f ~ ,  J=9Hz) 

n = 

, 7.86  (dd,  l H ,  J=7 .  SHz, J=1.5Hz $ " 6 . 8 1  ( s ,  1 H )  ' *  1 .  ' 

46 7'.57 (ddd ,  l H ,  J=8Hz, J=8Hz, ; = l ~ z )  . 2:57 ( s ,  3%) . > 

Na (acac ) 4.75 ( s ,  1 H ) ;  1.64 (s, 6M) ( i n  DMSO) 

159 
4.86 ( s ,  1H);  1 .65 ( s f '  6H) Lit. 



P 
. C 

- Table 4-1 ICont'd) ' - 

% @ .  

2 
- - a - -- 

e %- 

K(acac ) 1 .72  ( s ,  6H); 4 .58  (s ,  1 H )  ( i n  DMSO) 
+ 

159 1 .72  ( s ,  6H); 4.72 ( s f  1 H )  r -  ( i n  DMSOI L i t .  -. - 
( i n  DMSO) 
, - 

1 .67  ( s ,  6H); 5,O ( s ,  1 H )  ( i n  DMSO) 
- 

2.03 ( s ,  3H) 2 .21  ( s f  3H) 
- 

4.06' ( d l  J = 6 . 5  Hz, 1H) 2 .83 (m, 2H) 
+ --- -- 

3.43 (m, 1 ~ )  "5.87 (dd ,  J = 1 0  and  2  Hz, 1H) 
a -  

6.44 (dd* J = 1 0  and  3 HZL, 1H) 

I " 3.46 ( d l  J=17 .5  'Hz, 1 H 2  . ' 2 .22  ( s ,  ' 1 ~ )  

- 5 - 8 3  ( d l  J=10 Hz, 1HJ 4.49 ( s f  1 H )  
. ?  

- ". . 

7;31* Cm, 3H) 
, 

41 , 2.57 + (d6, J = 1 8  a n d  7  HZ, 1H) 2 .01 ( s f  3H) 
t 

- 

- 2 .87  (dd ,  J=18  a n d  8  Hz, 1H) 2 . h  (s, 3 ~ )  y . , 
o - 3 .78  ( d l  J = 6 . 5 H z I  1 H )  3.4s (m, 1H) - 

. , 
% 5.77 ( d d ,  9 .5  and  2 .5  Hz) - 3 . 8 5  ( s ,  3H) . 

, 
9 

7.17-7.33 (m, 3H) ' 7 .58  (m, 1H) 
e 

4 2 2.30 ( s ,  3 ~ 3 ;  2 . 7 0 ' ( s ,  3H) . 4.48 ( s ,  ..2H) 

, 7 . 8 7  (m, 2H) 



C~mpoun'd Data , (ppln4 in . CDCl 1 
s e 3. - 

" i 
- i - -  . e -  

I 

=. Table 4-2: NHR data of produ;t t . c %  

- . A . - -  - 

* ^ 

t - i - .  . - 
t , , - - - -- - - 

0 







- 

- ' Table 4-3: I R  data of products 

Compound 



Table 4-3 (Cont 'd) 
- -- 

F, 1517 (m) 

811 (m) 

J 

1455(m) 





- Table 4-4: Mass spectral data of ,products 
, - 

Compound M e  

17 E-I - - 



Table, 4 - 4  CCont 'd) - - - 



Table 4-4 x (Cont 'dl  
\ * 



M) and TBA (0, 0. 0015, -0,003,O .0045 and 0.006 M )  rvercirradiated ix L---- 

- Apparatus I1 at 350 n m f o r  2 hours. ~ h e - r e a c t i a n s w e r e - t e d a n -  
- 

results a;e listed in Table 2-2. Two solutions ( 5  mL) were ~repareh in 
I. 

- 

quattz tubes wlfh ~ d .  1 coniaining ' no DMR, - No. - 2 contaming DMA (0.01 M) . 
The solutions were irradiated for 4 hours ,(see Table 2-3). 

- 
- - - - - -- -- 

Ethyl 2-naphthoqte and acacH: Three solutions (5 mL) were prepared wlth Ns. ' 

1 containing no DMA and TBA, N& 2 containing DMA ( 0.01 M) and No. 3 
- - -- 

containiw TBA 70.01 M!. The solutions were irradiated for 4 hours (see 

\ 
Table 2-2). 

- - 
2-~ethoxyna~hthalene and acacH : Three solutions were prepared and 

- < 
irradiated for 1 hour as described above except 2-NpOMe was used (see Table 

\ 

U 0 ,  

2-~yanonaphthalene and acacH: Three solutions were prepared and irradiated 

for 1 hour as described above except 2-NpCN was used instead of 2-NpOMe 
- 

( see Table 2-3) . 
./ 

de Mayo reaction: Three solutions (5 mL) in hexanes were prepared in quartz 

tubes, each of them containing acacH (0 .OS M, 0.25 mmol) , cyclohexene (-0.5 - 

M, 2.5 mrnol) and decahydronaphthal&e (as L.S., 0.004 M, 0.02 mmol); No. 2 

tube also contained N,N-dimethylaniline (0.01 M I  0.05 m l )  and No. 5 tu5e 

tributylamine (0.01 M, 0.05 mmol) while No. 1 tube was used as a control 

solution. The solutions were irradiated in apparatus I1 at 300 nm for 4 
- - 

- -  -- - - . .  
* .  hours. The relative yields (GC% ratio of 47 over I.S.) of product 47 

-- - - 

(identified by coinjection with an authentic compound)141 are- 11.8% for No. 

1 solution, 9.4% for No. 2 solution and 10.7% for No. 3 solution. A 



4.5.2.2 By others 

The common cond i t ions  were t h e  s a d  as t h a t  i n ' s e c t i o n  4.5.1 except  
- - 

t h a t  a Wencher (0.002 M, h t a c t y l ,  o r  oxygen) was used. Quantum y i e l d s ,  . 
, ' 

m=re determined by Method I1 ( s e c t l o n  4 .3 ) .  A l l  t h e  results a r e  summarized 

i n  Table 2-4. 

 ethyl 2-naphthoate: Two s o l u t i o n s  were prepared i n q u a r t z  tubes  with No. 1 . 
- containing no b i a c e t y l  and No. 2 s o l u t i o n  with b i a c e t y l  (0.002 M) . .The 

s o l u t i o n s  were i r r a d i a t e d  i n  appara tus  I1 a t  300 nm f o r  6 houxs>Xhe ahove- A - --- 
Ti 

experiment was repeated  wlth b l a c e t y l  a t  0.02 M and 7 hours of i r k a d i a t i o n .  
- - - 

Two s o l u t i o n s  ( 5  m L )  withbut t h e  quencher were prepared i n  q u a r t z  tubes ,  - - 

. . - 

, One of them was purged wlth n i t rogen  and t h e  o t h e r  with oxygen f o r  10 min. 
- 

a 

The above s o l u t i o n s  were i r r a d i a t e d  f o r  4 hours .  S i m i l a r l y ,  two s o l u t i o n s  

wlth (0.03 M) and without NMI were i r r a d i a t e d  a t  300 nm f o r  6 hours.  The 
\ '  

r e s , u l t s  are shown i n  Table 2-4. , 
1 

Ethyl 2-naphthoate: Two solut ' ions were prepared in. q u a r t z  tubes  with' (0.002 
, A 

- * t > 

M)  and without b i a c t y l  and i r r a d i a t e d  f o r  6 hours (see Table 2-4.). C 

. \ - 

2-~etho&aphthalene : Three s o l u t i o n s  were prepared i n  q u a r t z  tubes  ;i t h  

NO'. 1 s o l u t i o n  con ta in ing  no-quencher,  No. 2 s o l u t i o n  being purged with 
. 

oxygen f o r  10 min and No. 3 s o l u t i o n  con ta in ing  b i a c e t y l  (0.002 M) . The 

above s o l u t i o n s  were i r r a d i a t e d  f o r  1 hour (see Table 2-4). * L 
1 

b 

2-~~anona~hthalene : Two s o l u t i o n s  '%i thou t any quencher wer,e prepared.  One 

of them was purged with n i t r o g e n  and t h e  o t h e r  w i t h ^  oxyg=i f o r  IE min. 
- -- 

- 
- I 

They were irradiated far 35 min ( s e e  Table 2-4). - 



4.5.3 Quenching in the presence of sulfuqic acid 
c .  

- 

Two a c e t o n i t r i l e  s o l u t i o n s  ( 5  mLl were prepared I n  - . 
c o n t a l n p g  2-NpC02Me (0.02 M ,  0 . 1  m m o l ) ,  acacq 10.08 M,.0.4 m m o l ) ,  s u l f u r l c  

a c i d  (0.001 M I  0.005 rmno l ) ,  octadecane ( a s  I . S . ,  0.005 M: 0.025 q m l )  w i t h  
t 

(0.02 M ,  0 . 1  and wlthout ( a s  a c o n t r a l )  1.3-pentaqliene. The two I 
- - 

I 

- 

s o l u t i o n s  were i r r a d i a t e d  i n  appara tus  I 1  a t  300 rqn for ,-  3 hours ,  The 
I '-. 

percentage  y i e l d s  of 17 and 16 very 38% and 18.5% wlthout '  t h e  d i e n e  and 
\ 

1 

33.5% and 17,% with t h e  d iene .  , - -- - -- - 

Two s o l u t i o n s  were prepared containbing 2-NpC02Me ( 0 . 0 2  M I  0 . 1  ml), 

acacH (0 .08 M I  0.4 ml), s u l f u r l c  a c l d  (0.001 M ,  0.005 mhol), octadecane 

( a s  a I .  S . ,  0.005 MI 0.025 mrnol) with (0.002 M I .  O.Ol'mmo1) and without 
B 

a , 

(as a c o n t r o l )  b i a c e t y l .  The two' solutions were. irradlated 

a t  300 nm f o r  f 3 hours.  The percentage  y l e l d s  of 17  and 16 

21.5% without b i a c e t y l  .and 46.5% and 21.5% with b i a c e t y l .  

4.6 The quenching of f luordscence intensity of naphthalane 

i n  appara tus  I 1  

were 47.5% and 
k 

derivatives - 
. * 

' I  

The f luorescence .  i n t e n s i t y  r a t i b ,  1•‹/1, was determined a t  t h e  maxi %-- um 

i n t  n s t t y  wavelength. The ~ t e r n - ~ a l m e r  c o r r e l a t i o n  of I *  with respec t  t o  f . 
e i t h e r  [ a c a c ~ ]  o r  [quencher]; was c a r r i e d  ou t  on t h e  b a s l s  o f - e q u a t i o n  

2-13. Light  absorbed by NpR ( %  l i g h t  was c a l c u l a t e d  accord ing  t o  equat ion 
* 

4-6 and f luorescence  i n t e n s i t i e s  (1) were cor rec ted  t o  I by % l i g h t  
- 

absorb& by NpR according t o  equation 4-7 

\ 
b -  - 

% l i g h t  = E ~ p ~ p  C' / ( 6  N $ N ~ ' +  acacH ' a c a c ~  ) X 100% 

where t h e  d e f i n i t i o n s  of terms i n  equat ion 4:6 aqe same -as  t h a t  i n  

- equat ion 4-4 (Sec t ion  4.3) 



- P 4.6.1 Acetylacetone quenching - a 
- -  / - -- - - - -- 

,' 

,   he quenching of 2-NpC02Me fluoresq e by acacH was, measured ?+ 
{nitrogen purged for 10 min) i n  methylcyclohexane, acetonitrilk and 

methanol with excitation wavelength a t  330 npl ( s l i t  3 nm).  The intensity 

. , ra t io  was-determined a t  352 nm f a r  methylcyclohexane, a t  358 nm for -. 
* 

acetonitrile and at 363 MI for rnethahol. Linearity of 1•‹/ I ys [ acac~]  
1 

A- 

plots w s  estab-lrshed w l t h  a correlation coefficient of '0.992-0.997 as- - < .  
- 

shown jn  Table 2-5. 
k 

Queflching of 2-NpR (R = carixnethoxy, carbethoxy, met3oxy and cyano . d 

groups) fluorescen~e by acacH in acetonitrile ?under nitrogen atmospherk) 

i s  shown i n  Fiqure 2-3 and results are l isted in  Table 2-6. 

The results of quenching of 2-NpC02Me fluorescence by acacH a t  various - 
, 

excitation wavelength a're l i s t &  i n ,  Table 2-7. 
? 

C 

4.6.2 Other quencher quenching 

- 
- 

NpR and lithim acetykacetonat (LiCacac)): The quenching of fluorescence t - .- \ of NpR (R = 2-C02Me, 2-C02Et, OMe, CN and OH' groups) by Li(acac) are shown 
, 3 .  

ln Figure 2-4 and the results are summariza i n  Table 2-8. The c o d i t i h s  
- 

for these experimentse are shown in these figure and, table. 

 ethyl 2-naphthoate and biacetyl: The quenching of 2 - N g 0 2 ~ e  fluorescence 
- -- 

t non-purged by biacetyl i n  methylcyclohexane and in acetoni trile" were 
-- 

determined (Table 2-9) .  The results of the quenching of 2-NpCOZMe 



-. 
t 

exclplexr emission wlth H SO (0.0935 M) by biacetyl (0-0.00396 M) are 
2 4 F 

Methyl 2-naphthaate and 6xygen: See Figure 2-6. 

NpR and -sulfuric acid: The fluorescence of 2-NpOMe (at' 0.0005 M) in 
i 

acetonitrile was not qu;nched by. sulf u r i ~  a n d  60 (0063 and 0.0375 M) whlle 
I 

L 
. - 
I 

that of 2-Npt02Me (at Q.0005 Mi was quenched by sulfuric acid 
\ 

(0.0063-0.0375 M, Figure 2-7). The details of th: qtienchinh experiments of , 

- -  

r 
--- - 

2+fpCft2Me (0.0065 Mr and of its exciplex emission ~1%-suTfuiCacad 
- 

(0.0935 M) by acacH (0-O.OO8i M) are l i s k  in Table 2-14, Figures 2-10' 

and 2-11. The results for the similar quenching &xperlment s of 1-NpC02Me 

10.0005 M) are given in Table 2-14, Figures 2-8, 2-13, 2-14 and 2-15. 
w 

f 

2-NpR and tributylamine: See Figure 4-2 and Table 2-11. - C 

b 
_I 

2-NpR and heavy atom solvent: The quenching of 2-NpR (R = C02Me and CN 
-d i 

groups). fluorescence b< iodornethzne or 1,2-dibromoethane 1nmacetonitrlle 

(n~n-~urged) were summarized Table 2-12. 

/ Methyl_ 2-naphthoate aqd 1,3-pentadiene : See Table 2-10. . I - 

Methyl 2-naphthoate and sodium acctylacetonate [~a(acac) ] : See Table 2410. - 1 
\ 

$ I 
\ i 4.6 .3  ~emper&ture effects on fluorescence quenching: Quenching of 2-NpC02Me = 

S 
\ ,/ f lkorescence by acacH (under nitrogen atmosphere) was determined in 

i acetonitrile at 7 d ~ ,  220C and 50•‹C, as shown in Table 4-5 and Figure 2-16. 
-- -- 3 -  - 

i 
4.7 Heavy atom effect on photocycloaddition 

I 

4.7.1 2-HpM2Me - 



Figure 4-2 : Fluorescence quenching (non-purged) of 2-NpR (0.0005 M) 4, 

cributylamine in acetonitiile with excitation wave-kngth at 330 run' (320 &I 
' , 

for 2-NpOMe) a)  2 - H p ;  b) 2-HpCOpe; c) 2-NpC02Et and d)  2-NpOHe. 



Table 4-5 : The quenching of methyl 2-naphthost e f 1;orescence by ,/ acacH at , 

* b  I [acac~] (M) - f"/P I ,  
-k i 

- 

, 
' . (-at 7OC) . 

- \ .  .(at 22OC) . t i i f  50•‹C) 
, . 

' 
- 

2 .  

i 

' P 

h The solutions containing 2-NpC02Me. (0 .OOOS M) and acacH (0-0.015 M) were 
- 

purged with nitrogen for 10 min and their fluorescences were taken with - 
* 1 

excitation wavelength at 330 nm at room temperature. 
* - - 

* 

b. I was obtained 'from observed OD values by correction according to 
d 

equation 4-6 and 4-7. 



Stock solut~~on A (19 mL> containing 2-NpCO Me (37.2 mg, 4.2 m l ) ,  
- 2 

- 
- 

, - 
was pr-epared. S01uiLonififas prepam k$ @xifig schtion A 

- 

t - 7  

idomethane (35.5 mg, 0.25 mmol) . Then, 0-16 gL solution B -was transferred 
, 

into each of eight small Pyrex vials by a syringe followed by dilution - - to-\ 
L - < 

one mL with solution A to give five sample s~lutions containing 2-NpC02Me 

4, (0.02 M), acacH" (0.08 M), octadecafle (0.005 M) and idomethane (0-0.004 M). - ' 

Tk-,viaSs were cap@ and purqed with nitrogen for - 5 min ~rior to - 
- 

4s=== - 

irrad.i;ation. -The samp;tes were irradiated in 'apparatus --at- 35ETnm4or-4- 
- C 

ho?lrs.~The yields of 16 and 17 an4 other results are g'iven in ~abqe 2-15. 

Five sample solutions containing 2-NpC02Me (0.02 M), acacH ((1.08 M) , - -- 

i - -fl - 

octadecane (as I. 5 .  , 0 .OOS M) and 1,2-dibromoethane (0-0 .OO5 h) were 

prepara- by a similar process. After 4 hours of krradiation, sample ' 

* 

solutions were analyzed by GC '(see Table 2-16). 
- 

4.7.2 2-&nonaphthalene I 

4 

- I 

- 

Five sample solutions kontaining 2-NpCN (0.02 M); acacH (0.08 M), 
.* 

octadecane (0.005 MLas I. S. ) and 'idomethane (0 0 .OO4 M) were, prepailed in 
* 

f 

a gimilar way as shown in 4.7.1. After 3 hours of irradiation, the 
.. I 

r solutions were analyzed by GC. Quantum yields offproduct 38 are given in ' 
- 

d 4.8 Catalytic effects on.th photocycloaddition. 

- 
Li(acac1: In quartz .tubes, _three methanol solutions (5 mL) cpntaining 

- 

2-NpC02Me (0.02 M, 0.1 mhol), octadecane (as I.S., 0.005 M, 0.025 mmol) ' 



-were prepaf ed; No.' 1 tube also contained acacH (0.05' MI 0.25 m l ) ,  No. 2:. 
I C 

- -- - tube.Li(acac) (0.05 MI 0.25 mmol)~ and No. 3 tube acacH (0.05 My -0.25 ,pol)* 
' d 

."a 

apparatus I1 for 3 hours at 300 nm. The % yields of- ,16 formation were , 
calculated as described in section 4.5 and are listed in Table 2-18. - 

~n(acac) : _Rsimilar experiment using Zn (acac ) was carried out ( see Table 2 ~ \ 

- - -- - -1- - \ 

2-substi tutdnaphthdlenhacrivatives-- tiorr of 2-NpR- (R = 
- 

LA--- 

carbmethoxy , carbethoxy , methoxy , cyano, acetyl groups ) and 

acacH were carried out in the absence and in the presence of Li(acac) . The 
common conditions were as follows. For each reaction, two methanol - 
- \ 

B 

solutions (5 mL) were prepared containing 2-NpR (0.02 M I  0.1 rnmol) , acacH 
& 

(0.08 MI 0.4 mof) octadecane (as I.S., 0.005 M, 0.025 mmol); one also 

\ contained Liiacac) (O.DO1 M I  0. 05 mmol). and the other no Li(acac) (as 9 
control).   he solutions were irradiated in apparatus I1 at 350 nrn for 4 - - 

hours for 2-NpcOiMe and 2-acetylnaphthalene systems , 4.5 hours for 
r 

2-NpC02Et, 3 hours for 2-NpOMe and ~ - N ~ C N  and 19.5 hours for 2-NpOH C- 
systems,~ respectively. The quantum yields were calculated from k C  analysis 

w - < 

2 - -  

A 
' - by Methbd > I 1  (section 4.3. The quantum yields of product' formation in ,the 

\ 

, absence and presence of Li(acac) are given in' Table 2-19.' 
-r 

f i  
Phenanthrene: Five solutioQs (1 mL) containing PN (0.02 M,, 0.Q2 mmol), , 

acacH (0.08 MI 0.08 m l ) ,  c ; ~ H ~ ~  (as I.S., 0.005 M, 0.005 mmol) and 
- -  - - -  

Litacac) (0, 0.001, 0.003, 0.006 and O m  .H)-TeFG prepared ZTimetmol. The 
- 

- -  -- 

soiutions were irradiated ~ T I  apparatus I1 at 350 nm for 4 hours. W e  - 

resulting solueions were analyzed by GC. The GC areas of the I .S. were- 
- 

controlled within~20-22%, so the GC% of +the products 28, 29 and 30 (31 . - 



ignored)  a r e  repbr ted  as r e l a t i v e  y i e l d  a s  shown i n  ~ q b c e  2-20. 

4.8.2 kid: effects 

Various acid catalysis: S i x  a c e t o n i t r i l e  so Iu t ions  ( 5  mL) i n  quaz3tz tubes  

con ta in ing  Z - N P C O ~ M ~  (0.02 M, 0.1 m l )  and acacH ( 0  i.05 M I  0.25 -1) were 
4 

' -  

prepared;  ~ 6 .  1 tube  a l s o  conta ined s u l f u r i c  a c i d  (0.0003 M, 0.0015 m01); 
7 - $ 

a No. 2 tube  phosphoric a c i d  (0; 0003 MI 0.0025 ml) , No. 3 tube  .hydrochloric 
- 

4 

a c i d  (0.0003 M I  0.0015 rmaol), No. 4 tub3 b o r o n t r i f l u o r i d e  i n  e t h e r  (0.0003 
-- - - -  - - -- - - - 

M, 0.8015 -1) artd' N o .  f; t - u k  t r i f l u o r o a c e t i c d  aci& f0.3005 MI &061JJ ; 
, B -  

-1). The l a s t  tube  (No. 6 )  was used a t h e  con-trol.  The s o l u t i o n s  .were f 
i r r a d i a t e d  i n  appara tus  I1 at  300 nm r 3 hours ( b u t  6 hours  for N o .  5 ) .  k 
The conversion of 2-NpCO M e  and t h e  formation of 17 and 16 (GC%) are 'given. 2 - 

i n  Table. 2-21. - 

Methyl 3-naphthoate: For t h e  e f f e c t  of H SO on t h e  p h o t o c y c l G d d i t i o n  to  2 4 

acacH, s e e  Table 2-22. ' 

1-Cyanonaphthalene : For t h e  e f f e c t  of H2S04 on t h e  p h o t ~ c ~ c l o a d d i  t i o n  to  

acacH, see Table 2-22. 

- 

2-Cyanonaphthalene: For t h e  e f f e c t  of H2S04 on t h e  p h o t o c y c h a d d i t i o n  t o  
. . 

, 
# '  

acacH t o  y i e l d  + 38, see Table 2-22. 

2-Mathoxynaphthalene : For t h e  e f f e c t  of H2S% on the..  photocycloaddi t i o n  to  
+ - 

acacH t o  y i e l d  44, see Table 2-22. - 

- -- . -- - - - 
- --- - 

, Acid effects in various solvents: Two sets of s o l u t i o n s  ( 5  mL) were 
CnY 

- 
- v - -  

' prepared  i n  a c e t o n i t r i l e  and methanol conta in ing methyl 2--naphthoate (0.02 - 
P 

, , M, 0.1 mml), acacH (0.05 .MI 0.025 -1) and s u l f u r i c -  a c i d  10, 0:0001, 
\ 

0 .0003, 0.0006 q d  0.001 MI. The so1 t i o n s  ;were i r r a d i a t e d  i n  appara tus  I1 
F 



at 300 nm for 3 hours. TDe 

C 

4.8.3 Base eifects - 

b . * 
results are reported In GC% in Table 2-24. "* - - 

- - a -- 

&+ 4 ,  
% 

4 " "  'L - 

* - -- - J *. - * .. 
- ,  
L = 

- 2-Methoxytaphthalene: Two solutions (5 mtl were prepare& in acetonitfile - .  
I 

* c 

containing 2-NpOMe (0.02 MI O:1: mmol), acacH (0.05 MI 0.25 mmol) and sodium 

hydroxide (0 and 0.001 M3. The solutions were irradiated in qperatus I1 at ' 
\ 

300 nm for 1 hour. The producf 44 formation was 26% (GC%) for the 

solutions with and without sdium hydroxide, respectively. 
- - -- --- - - - - -  

- 
- 

-- 
- - *  - -  -- 

-- 

. Methyl 2-naphthoate : The above reactions were repeated for the 2-NpC02Me 
- / 

1 .  
and acacH system except that the irradiation was for '3. hours . - Formation of 

- 

16 was 27% and 3% for the solutions with and -without sodium hydroxide, 

- i respectively. 

Salt effects: TfJo solutions .(5 mL) were prepared in 4:l methano1:water 

containhg 2-dpco2~e (0.02 M, 0.1 mmol), acacH (0.08 MI 0.4 mmol) and 
, % . - 
sodium chloride ( 0  and 9.005 M; 0 and 0.025 mrnol). The solutions were 

irradiated in apparatus I1 at 350 nrn for 6 hours. The resulting solutions ., 

were analyzed by GC. Yields of 16 were' 13,5% and 13.3% with' and without . .- 
1 scdium chloride, respectively. 

J 

4,9 Kinetic .studies of the photocycloaddition 

4.9.1 k 7 determinations of the photocy~loaddi t ion 
q 0 ' 2  

Methyl 2-naphthoate : A stock solution A (40 mL) containing 2-NpCP2Me 

(148.8 reg, 0.8 m l ,  0.002 M) and octadecane (as-I,S., 50>-8 mg, 0.2 ml, -- 

- 

0~003 M) in acetonitrile was prepared. Solution B was prepared by mixing A 
- - - 

kith acacH (600 mg, 6 mmol, 0.6 M) and diluting to volume of 10 m~.' Exact 
- 

amounts of solution B (2.5-0.67 mL) were pipetted inko'each-of five 1 



. - 
volumetric flasks L5 mL) kollowed by dilution to 5 mi kith solution A to 

' 

- - - - - - - - --- 

give five sample solutions~containing 2-NpC02Me (0.02 MI, octadecane (as 
* - L '-.- - - - --- 

I S., 0.005 M) and acacH (0.~3 -44-0.08 M) . The solution were capped and 
- 

purged with nitrogen for 10 min. The deaerated .s-amples and an actinometer 

solution were irradiated apparatus I1 at 
- 

(but - 

min for the actinometer). The conversion of P - N ~ C O ~ M ~  ranged from 16% to 
e 

- 

22%. The plot of 1b@ vs l/[acacH] is given in Figure 2-18. The. quantum 
P - 

- 

yields are listed in Table 2-25. The above reactions were repeated and the 
a 

- - - -  -- - 
- 

resqlts are listed in Table 2-25. - - - -  

B 

2-NpC02Et -: Five sample solutions 'were prepared in a similar way as .above 
.7 

+- * 
A and contained 2-NpC02Et (0.02 M) , octadecane (as I .S., 0.005 M) and acqcH 

- 
i 

L 

(0.3 M-0.06 M). The deaerated samples and an actinometer were irradiated in 

apparatus I1 at 350 nm for 2-5 hours &(but 5 minsfor the acrtinometer). The 
- 

- 

conversion of 2-NpC02Et ranged from 20% to 30%. The plot of ,I/@ vs , ' 

r - .  , .. P 
\ l/[acacH] is given in Figure 2-18. Th.e quantum yields are listeti in.Table 

- 

2-MpOMe: In simiJar manner to the above experiments, six sampze solutions 
- 

containing 2-NpOye (0.02 M) , octadecane ( 0.005 MI. as I. S . ) and acac~ 
- 

(0.3-0;06 M) were prepared and irradiated-.in 'apparatus I1 at 350 nm for 
- 

15-50 min. The cbnversioi of 2-NpOMe ranged from 14% -to 31%. The plot of 
- 

1 vs l/ [acac~] iS . givgn in Figure 2-18. Quantum yields are listed.* in 
P 

- 
.Table 4-7. , 

* 
4 .  

2-HpCH : Six sample solutions containing 2-NpCN ( 0.02 M) , octadecane (0.005 
.J * f - p--L - 

MI as 1.5.) and acacH (0.3-0.06 M) were prepared in the same way as above 
- 

, and irradiated in apparatus I1 at 350 nm for 20-45 min. The conversion of 
- 

2-NpCN analyzed by GC ranged from 14% to 18%. The plot of 
'- I '. 

- 



4.9.2 -Effects of metal- acetylacetonate on the photocycloaddition 
.3 - - ,  

A methanol solution A containing 1-NpC02Me (186 mg, 1 mmol) and acacH 

(250 .mg, 2.5, mmol) was prepared in a volumetric flask (50 mL) . Sodium- , 
acetylacetonate '[Na(acac), 3.1 mg] w s  dissolved with solution A in a 

-voluhetric flask (5 mL) to give solution B. To each of seven volumetric 
-- -- 

flasks (5 mL) ,' solution- B '(0.1-1 mL) was transferred and diluted with 
- 

solution A to afford .7 samp1.e solutions containing 1-NpC02Me (0.02 M). 

acacH ( 0 .'O5 M) and Na(acac) (0.0001-0.001 MI . The sample solutions and an 
actinometer solution were irradiated in apparatus I1 at 300 nm for 3 hours. 

The disappearance of 1-NpC02Me was analyzed by GC using xanthone (0.02 MI 
> - 

mixed with sample solution after irradiation) as I.S. The plot of quantum 
. ,  

yield against [Na(acac)] is given,in Figure 2-20 and Table 2-27. b 
fl 

-- 
The above procedure was repeated using ,cornbinations of * 

, 1-~pCO~Me/acacH/K(acac) (Pi 2-20), 2-NpC02Me/acacH/Li(acac) (Figure 

2-19) and 2-NpCOiMe/acacH/K(acac) (Figure 2-20). The plots of quantum 
- ;ird 

yields against [metal acetylacetonate] . and details of the conditions .are 

given in Table 2-27. , ' 

4.9.3 Effects of' su1f"ric a ~ i d  'on the photocycloaddition 

Sample solutions were prepared 'to contain 2-NpCQ2Me* ( 0.02 M) , a c a c ~  - 
- - - - - - -- - - - - -- - - - - - - - - 

(0.08 M) and sulfuric acid (0.0001-0.001 M) . The deaerated sample soluti~ns ' 
- - -- - --- +- 

and-a secondary actinometer were irradiated in apparatus I1 at 350 ry~ fo; 

100-240 min. Quantum yields of 16 and 17 were determined by. GC and listed. ., , - 

in Table 4-9. The plot of wanturn yield against [sulfuric acid] is given 
, 



. i 
aca& i n '  adetonitril-ea 

, 
, - 

, - 

, -. , - r - -  . , * 

d 6 .  

- .. .. ' 

,. - - 
4.043 + 0.0086 'limiting : I 

% - 

a. The solutions containing 2-NpCO Et (0.02 M), octadecane (as I.S., 0.005 
2 

\ 
\ 

M) and acacH (0.3-Q.6 M).' were irradiated (N2 purged) for 2-5 hours in 

apparatus - I1 at 350 nm. Conversion of 2'NpCO Et : ZO-30%. 
2 .  

- 

' b. Quantum yields were determined-by Method I (section 4.3) and based on: 
I 

formation of 20. :: . 



- 
~ a b l ;  ,4-7: Quantum yields. of photocycloaddition of 2-methoxynaphthalme and 

d a .  The. solutions con ta in ing  2-NpOMe (0.02 M), oc tade  ne (as , 4 . S . ,  0.005 M$ 
v .  

a i d  acacH (0.3-0.36 M)- were i r r a d i a t e d  (Hz purged)  f o r  15-50 mln, i n .  . . 

. appara tus  I I at:-3.50 'm:~. Conver s lon  of 2-NpOMe: I 4 - 3 l % .  
1 

. I 

. . b: Quantum y i e l d s  were  determined by ~ e t ~ o d  .J (section 4 . 3 )  ands based on 
: < -  : 



Table 4-8: ~&ntun yields ot photocycloaddition of 2-HpCN and acacH- in 
A -- -- -- 

I 

acetonitrile 
a 

.. 

- 

a. The solutions containing 2-NpCN (0.02 M), octadecane (as 1.5. 

' - 3  
a ~ d  aacac~ (0.-3-0.06 MI-';ere irradiated 6% pur&) for 20-45 m i n  

* .  

apparatus I1 at 350 fi. Conversion of -2-NpCN: 14-18%. 
-- b,. Quantum yields were3determined by Method I (section 0.3) and Led on 

2:NpCN di sappearance .* , 



Table 4-9: Dependence of quantum y i e l d  for photocycloaddit ionif  2-NpGO2Ma 

and acacH on sulfuric  acid i n  ace ton i t r i l ea '  

0 * 

trace 

a. The solution iontaining 2 : ~ ~ ~ d ~ M e  ( 0.02, M) , acacH ( 0.08 -M), oc tadecane 

(0.005 M, as I.S.) and sulfuric acid (0.0001-0.001 M) were irradiated for 
- 

100-240 min in, apparatus I1 at 350 nm, Errors: 2 15%. ' 

h. ~uantum yields were d;termined based on, 16 and 17 formation. 



- 

4 .k0 Effects ' of dieas on thh photocycloadditian 
- 

1 

4.10.1 Z~bubstitutd naphthalene Photocycloadditions of 2-NpR (R = 
.B 

carhnethoxy, carbethoxy, methoxy and cyan0 groups ) and acacH were carried 
- 

out in' the presence of dienes. Sample solutions contained 2-NpR (0.'02 M, 

0.1 mmol); ac+H (0.08 MI 0.4 mmol), octadecane (as I .S., 0.005 M) in 
* 

acetonitri,le as the common ingredients and also*with (0.02 MI 0.1 m i )  and - 
without (as a confrol) a -diene. A pair of the sample. Solutions ( 5  mL) were 

- 

' 
irradiated in apparatus I1 ' equipped with 350 nm lamps for a fixed time; 

The photolysates were analyzed by GC to provide quantum yields (Method 11). 
% 

The results :are s h r i z e d  in Table 2-28. - - 
- 

- 

,4.10.2 concentration effect 

Five sample solutions (5 mL) in acetonitrile containing 2-NpCO Me . 2 

(0.02 M, 13.1 mmol), acacH (0.08 MI 0.4 mmol),", octadecane (as I .S . ,  KO05 
k 

M I  6 - 1 )  and 1.3-pentadiene (0.1-0:3 M; 0.5-1.5 nmol) were prepared 

and irradiated in apparatus I1 at 350 nm for 5 hours. The quantum yirelds 

of i6 were determined by Method I1 (section 4.3). An ulllvlown compound 48 
- 

(Rt 5.77 min at 200•‹C) was formed with a k-MS (CI) pattern as follows: 

suggesting- a product from photoaddition of 2-NpC02Me with i, 3-pentadiene. , 

The ,attempt to isolate it .failed. The results are given in Table 2-30. 
A 

i . . 

Similarly, five solutions (1 mL) in acetonitrile were prepared 

r I 

containing W 2 M e  (0.02 MI 0.02 mmol), acacH (0.08 MI 0.08 m l ) ,  

- 
octadecane (as- I.S., 0.005 M ,  0.005 m l )  and 1,3-pentadiene (0.02-0.1 M; 

1 

0.02-0.1 -1). The solutions were irradiated for 4 hours in apparatus I1 

0 



1 at 350 h. The quantum yields of, 16 were determined by Method I1 (section 

4.3). Quantum yields of 16 and GC% of 48 are given in Table 2-29. 
* - -- - ----L 

- . 
Similarly. f jve-ple solutions (1 mL) in acetoni trile were prepared 

/ 

containing 2-NpC02Me (0.02 M, 0.02 mmol), 1,3-pentadiene (0.08 M, 0.08 . - 4 
J 

mmol) octadecane (as I.S., 0.005 M, 0.005 m l )  and acacH (0.02-0.08 M; - 
1 0.02-0.02 m o l  j, and irradiated in apparatus I1 at 350 nm for $0 kin. In 

addition to product 16, two unknoh addition products were detected as 50 

and 48 [GC-MS, (CI) : for 48: see above. For 5 0 :  255 (M+1, kOO%j, 223 (0%). - 

4 .ll Phosphorescence and W spectroscopy- studies 

4.11.1 E and ET determination 
- S 

- 

The first singlet and triplet excited state energ,ies (ES and ET) of 

6 '  

naphthalene derivatives (NpR, R = 1-carbmethoxy, 2-carbmethoxy, 

1-carbethoxy, 2-c 1-cyano, 2~cyan0, 1-methoxy and 2-methoxy. 

' groups j were emissron (fluorescence and phosphorescence) 

spectra; E was calculated according ;o equation 4-858 using the wavelength 
S 

=at which the fluorescence emission spectrum cross the excitation "t 
spectrum. ET was calculated according to equation -8 using the 

p.' 
phosphorescence ,emission peak at the shortest wavelength. 

, 

- 

ES and ET values for above compounds are listed in Table 1-2. 

4,11.2 Attanptd detection of ground state complexation - A 



Tab 1 a 4-10: ~alativC yields of photocycloaddition of methyl 

and 1.3-pentadiye in the presense.of acacr in acetonitrilea 

a. The solutions containing '2-NpC0 Me (0.02 M) , 1,3-peptqdiene (0 .O8 M), 
2 

. 
octadecane (as I . S < ,  0.005 M) and acacH (0.02-0.08 M) w&e irradiated for - 

1 - 

30' pin in 'apparatus 11 at 350 nm. Error : f 5-7%. 
0 

b. Reported in relative yield which was the GC area 
\ 

- over the I . S .  

- 

ratio of the product - 



- c 

A stock sodtion of acacH (0.1 M)- and stock* solutions of 2-NpC0,Me . 

(0.01, 0.001 and 0.0001 M) were prepared in acetonitrile and kept in the . 
- 

L 

dark prior to use. Differential absorption spectfa were recorded using a 
I 

pair of d6uBle compartment cells. A *  typical run is shown in Figure 4-3. NO - 

new absorption was found. Similarly, differential. absorption spec trs were 
- 

. recorded with the Solution systems of acacH (3 M)/2-NpC02Me (O.M, 0.001 
- 

C t  

and 0.0001 M) and 2-kpCo2~e (0.01. M)/acacH (1, 0.5 and 0.2 M) in 
' 

acetonitrile. N6 new absorption was detected. - 2 

\ 

$ 

4.12 Concentration, dependence of the photocycloaddition 
i 

' " 

Quanhlm ~i'elds of * NpR disappearance for photocycloaddition of NpR (R. = 
" - 8 1 

= = ,  
l-NPC02Mel 2-NpC02Me, 2-CN and ' 1-OM@ groups) and acacH were measured as a 

' functim-of concentration of NpR and acacH, re~pectively.~GC analysis was 
', L I 1  

performed using the mixture. of xanthone solution (100 gL, as I . S . ,  0.05. M 
- 

in acetonitrile) with Ssple 3-01 n (100 IL) before and after , 
% 

a - 
, 

irradiation, respectively. One other cases are 

summarized in Tables 2-32, 4-11 and 4l12. 

- \. -1. 
Six acetonitrile solution's ( 5 -  mL). were pkepared, contahing 2-NpCO Me 

' 
'42 - 
\ 
1, A 

(0.05 M, 0.25 mmol) and acacH (0.05, 0.06, 0.07, 0.08, 0.09 and 0.10 M ) .  
.. - I, 

\ 

The solutions were irradiated in 'apparatus I1 'at- 3d0 nm for 5-10 hours. c3 

The conversions of ~ - N ~ c o ~ M ~ *  ranged 25-35%. The light intensity %as 

adjusted, based on the 2-NpC02Me absorption (equation 4-4), and the quantum 

yields of 2-NpC0,Me disappearance were calculated usina eauation 4-3 (Table 

- 
, I n  a similar manner as described a b o v e 4  acetonitrile solutions (5 



For recording baseiine For recording spectrum 
d t 

I - 
cell 

Sample 

.cell 

1 

~ i g u r 2 2 - y  pair of double cornpar trnent cells for the differential 



. . 
Table 4-11 : ~o&entration~ dependence of photqycloaddit iorc of - - - " -  - 

- 

L i: 
- 2-methoxynaphcalee i n  acetoni t r i l e  

6 .  
- . I 

e k- * -  
* 

t 

, 
J 

J i 1P \ 

,' [~-N~oM~]=o.o~M~ . [acac~]=0.053 M' 
n, 

, 
[?HI [ 2 - N ~ U M ~  ] 4 d 

NP acacH . . 
\ ' 

- 

, I  

t 

Conversion . 11-30% , 14-21% 

C 

a. The soluiion containing 2-NpOMe (0.05 M) and acacH (0.004-0.061 M) were 
'I 

irradiated  or 2 hours in apparatus I1 'at 300 nm. For GC analysis, see a 
- 

Table 2-31. Errors: f 15%. 

Quantum yield of 2-NpOMe disappearance based on 2-NpOMe absorbing light. - 
- 

The salutions containing acacH (0.053 M) and 2-NpOMe (0.0053-0.053 M) - 
i 

were irradiated for 5-30 min. Other conditions were same as thaf in a. - 

d. Quantum yield of 2-NpOMe disappearance based on acacH absorbing light. 



L .  - 
- 

Table 4-12: Concentration depandence of' photo&cldaddiii?n of 
- - -- -- - - 

l-cyanonaphthalene and7kacH Tn, acctoni t r i l e  - 
. . 

< 3) f E 

[acac~]' * 4 [l-NPCN] @ d 
NP acacH .- - 

I .  

(M) (MI 
1 r 

E 
. P 

. . 4  ' .  - 
- - - - - - - - - - -A- 

Conver sion 

a. The solutions containing 1-NpCN (0.01 M) and acacH (0.031-0.05 M) were 
\ --- - 

irradiatd for 1-3 hours and 40 mip in apparatus I1 at 300 nrn. Errors: f 
. 

15%. For GC analysis, see a of Table 2-31; \ 

b.  turn yield of 1-NpCN disappearance based on -1-NpCN absorbing light. 
I * 

-- - -- - - - - - - - 

c. The solutions containing acacH (0.05 M) an& 1-NpCN (0.004-0.01 'M) wer= 
- 

--- - 

irradiated for rnin. Other conditions were same as that in a: 
# 

d. Quantum yield of 1-NpCN disappearance based,'on acacH absorbing light. 



(0105, 0.06, O.Of ,  0.08, 0.09 and 0;10 My. The solutions were i r r a d i a t e d  

+ f o r  6-11 hours. ,  The c o n v e r s i o n ~ o f  2-NpCOZMe ranged 13-17%. The l i g h t  
. %- -- -% - 

i n t e n s i t y  was ad jus ted .  based on t h e  acacH absorp t ion  and t h e  resuits are - - >  - > 
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APPENDIX 
I - 

9. 
- 

Derivation of equations 2-29 from Schema 2-2. - I 

- 

' 

- 
The steady state approximation applied to the slnglet excitate ' - 

\ 
\ 

% * - 
state 2-NpCO2Me1 to the exciplex, El formed between ' ~ - N ~ C O ~ M ~  with 

%- 

b 
acac~ and to the catalytic intermediate, C-, formed bet&en '?-N~CO~M~ - 

- 
with Li(acac) gives the quantum yield of product formation ( a  : 

P \ 

c' 

where -d is the quantum yield of product formation through the E 

uncatalyzed process; d the quantum yield of product formation 
/ 

. -  , 

/ 

 through^ the catalyze3 process. 
- 

a - 

hence, the quantum yield d is given by 
f E 



where: x =  k / ( k  + k + k  + kb) 
- P P 4 P 

.- 
Similar ly ,  - 

hence, t he  quantum y ie ld  4 i s  given by C - 


