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ABSTRACT 

Dibenzoylmethanatoboron d i f luor ide  (DBMBF2) has been used as  

a  model compound t o  study t h e  photophysics and photochemistry 

of P-diketonatoboron d i f luor ides .  DBMBF2 has t h e  lowest s i n g l e t  

e x c i t e d  s t a t e  energy (Es = 73.0 Kcal/mol) and t r i p l e t  s t a t e  

energy ( 6 2  Kcal/mol) a s  est imated from t h e  0-0 bands of t h e  

emission s p e c t r a .  The f luorescence of DBMBF2 i s  quenched by 

var ious  types  of o l e f i n s .  The quenching r a t e  cons tants  a r e  

c o r r e l a t e d  t o  ion iza t ion  p o t e n t i a l s  ( I P )  of t h e  quenchers and 

f r e e  energy changes ( A G O )  of t h e  corresponding photoinduced 

e l e c t r o n  t r a n s f e r  ( P E T )  processes .  DBMBF2 i n  CH3CN f luoresces  

a t  398 and 4 1 6  nm a t  low [DBMBF2] (10-~-10-* M )  and gives a new 

s t r u c t u r e l e s s  band centered a t  5 2 2  nm a t  [DBMBF2] > 0.05 M, 

i n d i c a t i n g  t h e  formation of DBMBF2 excimer.  The excimer 

emission i s  quenched by cycloheptene (kqT = 6 . 7 7  M-l) and 3,3- 

dimethyl-1-butene (kqT = 0 . 4  M-l) . DBMBF2 can form ground s t a t e  

complexes (GSC) with a  number of e l ec t ron  donors. Fluorescence 

emissions from two GSC (with 2,4-dimethyl-1,3-pentadiene and 

1,3-cyclohexadiene) a r e  recorded and assigned. 

The chemical consequences of t h e  i n t e r a c t i o n  of s i n g l e t  

exc i t ed  s t a t e  DBMBF2 with donor o l e f i n s  a r e  determined by the  

energet ics  of t h e  donor-acceptor (D-A) p a i r s .  For donor ol .efins 

with I P  < 8.4 eV, corresponding t o  AGO < - 0 . 4  eV, t h e  ca t ion  

' r a d i c a l  r e a c t i o n s  of t h e  donor p r e v a i l ,  f o r  which an 

in termolecular  e l e c t r o n  t r a n s f e r  within encounter complexes 

leading  t o  t h e  d i r e c t  formation of solvent  separated r a d i c a l  



ion p a i r s  i s  suggested t o  be t h e  major i n i t i a t i o n  s t e p .  For 

donor o l e f i n s  wi th  I P  > 8 . 4  eV, t h e  donor-acceptor  

c y c l o a d d i t i o n s  o c c u r .  The kq2 v a l u e s  ob ta ined  from t h e  

f luorescence  quenching monitored a t  398  nm agree reasonably 

well  with those obtained from t h e  quantum y i e l d  measurements of 

t h e  cycloadducts. The cycloaddition of DBMBF2 with o l e f i n s  a re  

demonstrated t o  proceed v i a  both t h e  excip lex  and t r i p l e x  

pathways; t h e  r e l a t i v e  importance of e i t h e r  pathway i s  decided 

by t h e  concentrat ion of DBMBF2. The s t e r e o s e l e c t i v i t i e s  and 

r e g i o s p e c i f i c i t i e s  of t h e  c y c l o a d d i t i o n  r e a c t i o n s  a r e  

discussed.  

Several  r e l a t e d  photoreactions of acetylacetone a r e  s tudied .  

Acetylacetone undergoes photodimerization i n  non-polar solvents 

t o  give a  s i n g l e  furanoid compound out of many p o s s i b i l i t i e s .  

I t s  s te reochemis t ry  i s  c o n t r o l l e d  by t h e  s t e r e o e l e c t r o n i c  

e f f e c t s  i n  t h e  t r a n s i t i o n  s t a t e .  Acetylacetone photocycloadds 

t o  norbornene i n  competition with a  r eve r s ib le  energy t r a n s f e r  

between t h e  r eac tan t s .  Acetylacetone i s  shown t o  s e n s i t i z e  the  

r a d i c a l  add i t ion  reac t ions  of var ious so lvents  t o  norbornene 

with quantum y ie lds  g rea te r  than uni ty .  
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CHAPTER 1 INTRODUCTION 

1-1 Electron Acceptor-Sensitizer in Photoinduced 

Electron Transfer (PET) Reactions 

In a  PET reac t ion  e i t h e r  an exci ted  s t a t e  donor (D*) or  an 

e x c i t e d  s t a t e  a c c e p t o r  ( A * )  can be involved (Eq.1-1) 

depending on t h e  na ture  of r e a c t i o n .  I f  t h e r e  a r e  no o ther  

chemical in te rac t ions  than s ing le  e l ec t ron  t r a n s f e r  between 

donor and acceptor  and t h e  e x c i t e d  s t a t e  spec ies  i s  not 

consumed dur ing  t h e  course of r e a c t i o n ,  t h e  spec ies  being 

exc i t ed  i s  a  s e n s i t i z e r .  I n  t h i s  case,  subsequent reac t ions  

of t h e  r a d i c a l  ion  of a  s u b s t r a t e ,  t h e  coun te rpa r t  of 
i 

s e n s i t i z e r  i n  Eq.1-1, i s  t h e  aim of inves t iga t ion .  Because of 

t h e  u b i q u i t y  of c a t i o n  r a d i c a l  r e a c t i o n s  e s p e c i a l l y  i n  

o rganic  chemistry,  more a t t e n t i o n  has been pa id  t o  t h e  PET 

r e a c t i o n s  i n  which t h e  s e n s i t i z e r  a c t s  a s  an e l e c t r o n  

acceptor (e lec t ron  acceptor -sens i t izer )  .l 

According t o  t h e  s t a t i s t i c s  updated t o  1988, PET react ions 

involving e lec t ron  acceptor -sens i t izers  a r e  a t  l e a s t  twice as  



many a s  those  involving e lec t ron  donor-sens i t izers .  Electron 

accep to r - sens i t i ze r s  most commonly seen i n  l i t e r a t u r e ,  which 

cover  t h r e e  q u a r t e r s  of t h i s  t y p e  of P E T  r e a c t i o n s  

p u b l i s h e d f 2  a r e  mainly cyanoaromatics given i n  Table 1-1. A 

v a r i e t y  of ca t ion  r a d i c a l  mediated reac t ions ,  e . g .  cis-trans 

i s o m e r i z a t i o n ,  3 1  rearrangement,  " 2 + 2 "  cyc loadd i t ion ,  6'* 

"Diels-Alder" dimerizat  ion,  9-11 nuc leophi l ic  add i t  ion,  l2  and 

0 x i d a t i o n , l ~ 1 ~ ~  can be induced by these  s e n s i t i z e r s .  

However, not  always f e a s i b l e  i s  a  complete e l e c t r o n  

t r a n s f e r  shown i n  Eq.1-1 f o r  a l l  donor-cyanoaromatic systems 

whi le  a  p a r t i a l  e l e c t r o n  t r a n s f e r  may occur ,  u s u a l l y  

charac ter ized  by t h e  formation of " s t a b l e "  exciplexes t h a t  do 

not  f u r t h e r  c o l l a p s e  t o  i o n i c  spec ies .15- l9  I n  t h i s  case,  

cycloaddi t ion and/or coupling reac t ions  between t h e  donor and 

acceptor  may r e s u l t  a s  t h e  chemical consequence of exciplex 

f o r m a t i ~ n . ~ ~ - ~ ~  Of course,  t h e  cyanoaromatics a r e  no longer 

s e n s i t i z e r s  when they a r e  involved i n  bimolecular chemical 

r e a c t i o n s .  However, s t u d i e s  on t h i s  type of donor-acceptor 

i n t e r a c t i o n  c o n s t i t u t e  another  important p a r t  of t h e  PET 

theme. 

Among l e s s  f requent ly  used e lec t ron  acceptor -sens i t izers ,  

carbonyl  compounds, e s p e c i a l l y  quinones,  a r e  r e l a t i v e l y  

popular.  One of them, tetrachloro-l,4-benzoquinone ( T C B ) ,  i s  

of g rea t  importance i n  PET due t o  i t s  s t rong tendency t o  a c t  

a s  a  s i n g l e  e l e c t r o n  acceptor ,  and i s  t h e r e f o r e  a l s o  l i s t e d  

i n  Table 1-1. 



Since only limited types of electron acceptor-sensitizer 

have been employed so far, searching for new members of the 

family and related new reactions is one of the challenges in 

current PET studies. 

Table 1-1 Parameters of Most Commonly Used Electron 

Acceptor-Sensitizera 

1,2,4,5-tetracyanobenzene (TCNB) -0.65 3.83 

2,6,9,10-tetracyanoanthracene (TCN-An) -0.45 2.82 

tet rachloro-1,4-benzoquinone (TCB) +O. 02 I 2.70 (T) 

a. Data are cited from ref. 13 unless otherwise specified. 

b. Reduction potential in CH3CN vs. SCE. 

c. Lowest singlet excitation energy except for TCB. 

d. Cited fro; ref. 2. 

e. Cited from ref. 23. 

f. The triplet excitation energy cited from ref. 24. 



1-2. Excited State Ketones and P-~iketones as 

Electron Acceptor 

Over t h e  l a s t  two decades,  widespread s t u d i e s  have 

at tempted t o  e l u c i d a t e  i f  photoexci ted ketones can a c t  a s  

e l e c t r o n  acceptors .  Direct observat ions of r e s u l t i n g  rad ica l  

i o n s  a r e  ach ieved  by means of t r a n s i e n t  a b s o r p t i o n  

spectroscopy, ESR,  and C I D N P  i n  donor-ketone systems i n  the  

presence of very s t rong e lec t ron  donors such as  a m i n e ~ , ~ ~ - ~ ~  

a n i s ~ l s , ~ ~  o r  1 , 4 - d i 0 x e n e . ~ ~  For o the r  weaker donors, one of 

commonly used experimental  methods t o  provide evidence f o r  

PET i s  t o  c o r r e l a t e  t h e  r a t e  constants  of emission quenching 

o r  quantum y ie lds  of products formation w i t h  redox p o t e n t i a l s  

of  r e a c t a n t s  i n v o l v e d . 2 4  Mattay and coworkers have 

demonstrated t h a t  t h e  f l u o r e s c e n c e  and phosphorescence 

quenching of b i a c e t y l ,  benzophenone, and benz i l  by e lec t ron  

r i c h  o l e f i n s  co r re la t ed  n ice ly  t o  t h e  oxidation p o t e n t i a l s  of 

t h e  q ~ e n c h e r s . ~ ~  Simi lar  r e s u l t s  f o r  o the r  emissive ketones 

were a l s o  observed e a r l i e r . 3 2  On t h e  o the r  hand, s t u d i e s  on 

two major bimolecular r eac t ions  of exc i t ed  ketones, namely, 

oxetane formation and hydrogen a b s t r a c t i o n ,  have shown t h a t  

PET may be involved i n  competition with t h e  "conventional" 

d i r a d i c a l  mechanisms, and t h a t  i t  may become t h e  major 

pathway when t h e  counterpar ts  c o n s t i t u t e  a  favorable  donor- 

acceptor p a i r .  331 3 4  

Obviously, ketones have some disadvantages f o r  being 

e lec t ron  acceptor -sens i t izers .  (1) They tend t o  form l l s tab le"  



exciplexes with donors r a t h e r  than go a l l  t h e  way t o  produce 

so lven t  sepa ra ted  f r e e  i o n i c  spec ies .31  ( 2 )  Excited s t a t e  

ketones (usua l ly  i n  t h e i r  t r i p l e t  s t a t e ) ,  being d i r a d i c a l  i n  

na tu re ,  may undergo f a s t  chemical r e a c t i o n s  ( e . g .  hydrogen 

a b s t r a c t i o n )  w i t h  t h e  donor o r  so lven t s  i n  competition w i t h  

PET processes .  ( 3 )  The ke ty l  r a d i c a l  anion r e s u l t i n g  from a  

complete PET i s  a  h i g h l y  r e a c t i v e  s p e c i e s .  The f i r s t  

d i f f i c u l t y  may be overcome by add i t ion  of l i t h i u m  s a l t s  t o  

excharge t h e  c a t i o n  r a d i c a l  out  of t h e  e x c i p l e x  formed 

between t h e  e x c i t e d  s t a t e  ketone and a  donor ( e . g .  1 ,3-  

cyclohexadiene, Scheme 1-1) . 3 5 1  36 

Scheme 1-1: 

In c o n t r a s t  t o  monoketones and a-diketones,  ' P-diketones 

have received l i t t l e  a t t e n t i o n  a s  being PET reagents .  This i s  

because most diketones e x i s t  mainly i n  t h e i r  en01 form which 

can no longer be regarded a s  e l e c t r o n  d e f i c i e n t  compounds. 

For example, ace ty lace tone  has a  reduct ion p o t e n t i a l 3 7  of - 

2.68 V ( v s .  SCE) , 0.82 V lower than t h a t  of benzophenone; 30 

but has an ion iza t ion  p o t e n t i a l 3 8  of 8.85 eV, 0.86 eV lower 

than t h a t  of acetone.39 From these  redox parameters, we may 



regard acetylacetone a s  a  moderate e lec t ron-r ich  species  l i k e  

simple c y c l i c  o l e f i n s . *  Indeed, no h i n t  of PET was depicted 

i n  mechanistic s t u d i e ~ ~ O - ~ ~  on the  well  known de Mayo react ion 

(Scheme 1 - 2 )  with one exception, i n  which t h e  diketone i s  

modified by a t t ach ing  a  s t rong e lec t ron  withdrawing group t o  

t h e  methine carbon." I t  was claimed t h a t  3-cyano-2,4- 

pentanedione added t o  cyclohexene via an excip lex  formed from 

t h e  s i n g l e t  exc i t ed  s t a t e  ketone and ground s t a t e  cyclohexene 

(Scheme 1 - 3 ) .  Though t h e r e  a r e  no sys temat ic  experimental  

da ta  t o  support t h e  PET mechanism proposed i n  t h e  scheme, t h e  

r e a c t i o n  does show a s i g n i f i c a n t  d i f f e r e n c e  i n  mechanism 

compared with t h e  conventional de Mayo reac t ions ,  and provide 

an example f o r  t h e  r e a c t i v i t y  modifications of a  P-diketone. 

Scheme 1-2: The de Mayo r e a c t i o n  

Compare the I P  values (eV) : cyclohexene ( 8 . 9 4 ) ,  cycloheptene (8.87), 
cyclooctene ( 8 . 8 2 )  , and norbornene ( 8 . 9 5 )  . 

6 



Scheme 1-3: 

1-3. P-~iketonatoboron D i f  luorides 

In c h e l a t e  compounds of b-diketones, a l k a l i n e  metal  and 

t r a n s i t  ion  metal  complexes a r e  t h e  b e s t  i n v e s t i g a t e d .  In 

general ,  t h e  po la r i za t ion  of e l ec t ron  dens i ty  i n  t h e  chela te  

r i n g  i s  assigned with t h e  p o s i t i v e  end a t  t h e  metal and the  

negat ive end a t  t h e  l igand.43r44 Ret r iev ing  t h e  r eac t ions  of 

P-diketone-metal complexes, one can the re fo re  hardly f ind  an 

example i n  which such a  che la te  compound a c t s  a s  an e lec t ron  

acceptor  unless  i t  encounters an extremely s t rong  e lec t ron  

donor, e . g . ,  Grignard r e a g e n t s . 4 5  In c o n t r a s t ,  some metal 

c h e l a t e s  of ace ty lace tone  do a c t  a s  e l e c t r o n  donors leading 

t o  t h e  ne t  reduct ion  of t h e  metal  and ox ida t ion  of t h e  

k e t 0 n e , ~ ~ - 5 O  which has been p l a u s i b l y  supported by t h e  

observat ion of acetylacetone radica151 generated i n  a  t r i p l e t  

s e n s i t i z a t i o n  process described i n  Eq.1-2. 



3 Cu (acac)2 + Ph2CO- Cu (acac) '  + acac' + P ~ ~ C O - '  (1 -2)  

However, another group of che la te  compounds, t h e  complexes 

of P-diketones with pseudo-metal elements, e .  g .  P ,  52153 ~ i ,  s4-  

5 8  and ~ , ~ ~ 1 ~ ~  may bear  an e l e c t r o n  dens i ty  d i s t r i b u t i o n  i n  

t h e  c h e l a t e  r i n g  oppos i t e  t o  t h a t  i n  metal  c h e l a t e s  a s  

implicated by t h e  deshielding e f f e c t s  on t h e  diketone moiety 

commonly observed i n  t h e i r  IH NMR s p e c t r a .  Of p a r t i c u l a r  

i n t e r e s t  a r e  P-diketonatoboron d i f l u o r i d e s  because of t h e i r  

good a c c e s s i b i l i t y  and unique p r o p e r t i e s  w i t h  regard t o  t h e  

candidacy of p o t e n t i a l  e lec t ron  acceptor -sens i t izers .  

The f i r s t  r epor t  of t h e  syn thes i s  of P-diketonatoboron 

d i f l u o r i d e s  was published i n  1 9 2 4 . 6 1  Since then more than 20  

s t a b l e  analogues have been i s o l a t e d  from boron t r i f l u o r i d e  

c a t a l y z e d  a c y l a t i o n  and r e l a t e d  r e a c t i o n s  of carbonyl  

compounds o r  p u r p o s e l y  ~ y n t h e s i z e d . ~ ~ - ~ ~  The c h e l a t e  

s t r u c t u r e s  of these  d i f luor ides  (Eq.1-3) a re  c l e a r l y  



indica ted  by t h e  spectroscopic da ta .  In a  systematic I R  study 

of 18 d i f l ~ o r i d e s , ~ ~  a l l  t h e  compounds showed pronounced 

s h i f t s  t o  lower f requencies  i n  t h e  absorpt ion pos i t ions  of 

carbon-carbon and carbon-oxygen double bond s t r e t c h i n g  

f r e q u e n c i e s .  None of them gave any i n d i c a t i o n  of t h e  

e x i s t e n c e  of f r e e  carbonyl  groups.  The U V / V I S  absorpt ion  

s p e c t r a  of t h e s e  d i f l u o r i d e s ,  cons i s t en t  w i t h  o the r  d ia lky l  

boron-P-diketone complexes, have a  marked bathochromic 

shif t70r71 i n  t h e  p r inc ipa l  absorption maximum, accompanied by 

an enhancement i n  t h e  e x t i n c t i o n  c o e f f i c i e n t ,  when compared 

with those  of t h e  parent  eno l s .  A sc-sc* . t r a n s i t i o n  i n  t h e  

d e l o c a l i z e d  sc-electron system i n  t h e  c h e l a t i n g  l igand  i s ,  

t h e r e f o r e ,  assigned f o r  t h e  p r i n c i p a l  a b s o r p t i ~ n . ~ ~  Both the  

IH o r  13c NMR s p e c t r a  of ace ty lace tonatoboron d i f l u o r i d e  

(AABF*) show an i d e n t i c a l  chemical s h i f t  f o r  t h e  two methyl 

groups, i n  agreement with magnetic equivalency of groups i n  

t h e  symmetrical c h e l a t e  s t r u c t u r e .  7 2  The lack of coupling 

between t h e  f l u o r i n e  and boron nucle i  i s  a l s o  a t t r i b u t e d  t o  

t h e  f a c t  t h a t  t h e  boron atom i s  i n  a  h ighly  symmetrical 

e n v i r ~ n m e n t . ~ ~  The X-ray c r y s t a l l o g r a p h y  s t u d y 7 3  of 

benzoylacetonatoboron d i f l u o r i d e  ( B A B F 2 ) ,  demonstrating t h a t  

t h e  two B-0 bonds (1.488A) and t h e  two C-0  bonds (1.304A) 

have an i d e n t i c a l  bond length ,  added a  f i rm proof f o r  t h e  

che la te  s t r u c t u r e .  

The charge separa t ion  shown i n  Eq.1-3 i s  concluded from 

t h e  f a c t  t h a t  t h e s e  c h e l a t e  compounds have l a r g e  d ipo le  

moments ( s e e  Table 1 - 2 )  and t h a t  i n  t h e  NMR s t u d i e s  t h e  



methine pro ton  s i g n a l s  a r e  s h i f t e d  t o  lower f i e l d  with 

r e spec t  t o  t h e  corresponding parent  enols  of dike tone^.^^ 

Furthermore, an NMR study37 on severa l  acetylacetone-BR2 ( R  = 

F, a r y l s ,  a l k y l s )  complexes shows t h a t  the  "red" s h i f t  of the 

methine proton i s  accompanied by a  "blue" s h i f t  of t h e  1 1 ~  

s igna l s ,  giving a  l i n e a r  Taft  c o r r e l a t i o n  w i t h  t h e  o* values 

of R group. This i s  in te rp re ted  i n  terms of t h a t  a s  R i s  made 

more electron-withdrawing, donation t o  t h e  boron atom by t h e  

c h e l a t e  r i n g  i s  increased so t h a t  e l e c t r o n  sh ie ld ing  a t  t h e  

d ike tone  moiety i s  decreased whereas a t  t h e  boron atom i s  

increased.  

The f o u r  d i f l u o r i d e s  quoted i n  Eq.1-3, e s p e c i a l l y  

d ibenzoylmethanatoboron d i f l u o r i . d e  ( D B M B F z ) ,  have been 

photophys ica l ly  and photochemically s t u d i e d  throughout t h e  

work presented i n  t h i s  t h e s i s .  We chose them a s  candidates  

f o r  e l e c t r o n  acceptor -sens i t izer  on t h e  b a s i s  of a  survey of 

t h e i r  p roper t i e s .  As shown i n  Table 1-2 ,  t he  d i f l u o r i d e s  have 

f a i r l y  high reduct ion p o t e n t i a l s  which a r e  comparable w i t h  

those of cyanoaromatics (Table 1-1). The s i g n i f i c a n t  increase 

( 0 . 9 0  V) i n  t h e  reduct ion p o t e n t i a l  f o r  AABF2 compared with 

t h a t  of ace ty lace tone  i n d i c a t e s  a  d r a s t i c  improvement i n  

e l e c t r o n  a c c e p t a b i l i t y  r e s u l t i n g  from c h e l a t i n g  with BF2 

group. Nevertheless,  t h e  che la te  r i n g  s t r u c t u r e  i s  expected 

t o  be ab le  t o  gain some s t a b i l i z a t i o n  f o r  t h e  anion r a d i c a l  

spec ies  r e s u l t i n g  from an e l e c t r o n  t r a n s f e r  i n t e r a c t i o n ,  an 

important f a c t o r  among those which determine the  f e a s i b i l i t y  



Table 1-2.Some P r o p e r t i e s  of Se lec ted  P-diketonatoboron 

Dif luorides  Cited from L i t e r a t ~ r e . ~ ~ , ~ ~ ~ ~ ~  

absorption spectra dipole 
red 

compd m.p. (OC) hmax (nm) log E ( V ) a  moment (D) 

A5 ( PPM) 

AABF 2 43 283  

- -- 

a .  Reported vs. SCE. 

b. The down f i e l d  s h i f t  of t h e  methine proton NMR s igna l  with 

respect  t o  t h a t  of t h e  corresponding parent diketone (en01 

form) . 
c.  Of acetylacetone, l i s t e d  f o r  comparison. 

of such processes .75 Indeed, the  dark colored anion rad ica l  of 

DBMBF2 was observed i n  t h e  e l e c t r ~ l y s i s , ~ ~  t h a t  can be 

sus ta ined  f o r  "severa l  months under an i n e r t  atmosphere i n  a 

d r y b ~ x " . ~ ~  These BF2 compounds have been used a s  e l e c t r o n  

a c c e p t o r s  i n  t h e  f a b r i c a t i o n  of p h o t o c o n d u c t i n g  

mater ia ls  . 7 4 1 7 7  

From t h e  photophysical  and photochemical poin t  of view, 

however, t h e s e  P-diketonatoboron d i f l u o r i d e s  have received 

l i t t l e  a t t e n t i o n .  Despite t h e  publ ica t ions  of some s tud ies  on 



t h e i r  emission proper t ies ,78-B0 more d e t a i l e d  inves t iga t ion  i s  

apparent ly needed, f o r  example, t h e  concentrat ion dependence. 

The thermal s t a b i l i t y  of these  compounds a r e  known: they a r e  

s t a b l e  i n  water but a r e  subject  t o  a lka l ine  hydrolysisB1 under 

r e f l u x  and a c i d  ca ta lyzed  hydrolys is63  a t  room temperature.  

According t o  our work, they a r e  a l s o  s t a b l e  towards UV l i g h t  

(> 300 nm) i n  CH3CN but decompose slowly upon i r r a d i a t i o n  i n  

nonpolar so lvents  such a s  hexane, giving t a r r y  ma te r i a l s .  To 

our knowledge, t h e r e  have been no pub l i ca t ions  dea l ing  w i t h  

photochemistry of P-diketonatoboron d i f l u o r i d e s .  However, 

photoinduced a l k y l  migra t ion  r e a c t i o n s  (Scheme 1 - 4 )  of 

d ia lky lbory l  acetylacetone complexes have been ~ e ~ o r t e d ~ ~ ~ * ~  

a s  t h e  s o l e  example of t h e  p h o t o c h e m i s t r y  of P -  

diketonatoboron compounds. 

Scheme 1-4: 



1-4. Research Proposal 

AABF2 was i s o l a t e d  and i d e n t i f i e d  i n  our l ab  a s  a  thermal 

by-product i n  an attempted study of t h e  de Mayo reac t ion  of 

a c e t y l a c e t o n e  with cyclohexene i n  t h e  presence of boron 

t r i f l u o r i d e .  After  learn ing  i t s  p roper t i e s  documented i n  t h e  

l i t e r a t u r e ,  we r e a l i z e d  t h a t  i t  might a c t  a s  e l e c t r o n  

a c c e p t o r - s e n s i t i z e r s  i n  PET r e a c t i o n s .  We have decided t o  

examine photophysical and photochemical behaviors of se lec ted  

P-diketonatoboron d i f l u o r i d e s  a s  a  r e s u l t  of t h e  folowing 

cons idera t ions .  

(1) There i s  a  c e r t a i n  need f o r  discovery of a  new type of 

e l ec t ron  acceptor -sens i t izer  . 
( 2 )  The che la t ing  w i t h  BF2 group may fu rn i sh  r e a c t i v i t y  

modif ica t ions  of P-diketones w i t h  regard t o  t h e i r  e l e c t r o n  

a c c e p t a b i l i t y .  

(3 )  P-diketonatoboron d i f luor ides  a r e  f a i r l y  s t a b l e  e i t h e r  

thermally o r  towards the  l i g h t .  

( 4 )  They have ex t inc t ion  c o e f f i c i e n t s  a s  high as  -40,000, 

and the re fo re  would absorb l i g h t  very e f f i c i e n t l y .  

( 5 )  They bea r  high reduc t ion  p o t e n t i a l s  which a r e  

comparable w i t h  those  of cyanoaromatics, a  proven c l a s s  of 

good e lec t ron  acceptor -sens i t izer .  

( 6 )  They s t r u c t u r a l l y  favor  t h e  s t a b i l i z a t i o n  of anion 

r a d i c a l  spec ies .  

( 7 )  They a r e  easy t o  synthesize and pur i fy .  



The aims of my research can be out l ined  as  follows. 

(1) To examine t h e  f luorescence  and phosphorescence 

emissions of P-diketonatoboron d i f l u o r i d e s .  

( 2 )  To conduct DBMBF2 f luorescence  i n t e n s i t y  quenching 

w i t h  a  s e r i e s  of quenchers over a  wide range of e l e c t r o n  

donating a b i l i t i e s .  

( 3 )  To search f o r  poss ib le  ground s t a t e  complexes and/or 

exciplexes formed with e lec t ron  donors. 

( 4 )  To check t h e  p o s s i b i l i t y  f o r  t h e  P-diketonatoboron 

d i f l u o r i d e s  t o  induce ca t ion  r a d i c a l  r eac t ions  of e lec t ron-  

r i c h  s u b s t r a t e s .  

(5 )  To inves t iga te  i f  t h e r e  i s  any donor-acceptor addi t ion 

r e a c t i o n  us ing  P-diketonatoboron d i f l u o r i d e s  a s  e l e c t r o n  

acceptors .  

( 6 )  To i n v e s t i g a t e  t h e  syn the t i c  and mechanistic f ea tu res  

of t h e  r eac t ions .  

( 7 )  To compare t h e  advantages and disadvantages of t h e  P- 

diketonatoboron d i f luor ides  a s  e l ec t ron  acceptor -sens i t izers .  

( 8 )  To examine r e l a t e d  reac t ions  of acetylacetone e i t h e r  

being a s e n s i t i z e r  o r  ac t ing  a s  a  r eac tan t .  



CHAPTER 2 RESULT 

2-1. Spectroscopic Studies of 

P-~iketonatoboron Difluorides 

2-1-1. Absorption and Fluorescence Spectra 

The f l u o r e s c e n c e  d a t a  o f  AABF2 a n d  DBMBF2 i n  CHC13 were 

f i r s t  p u b l i s h e d  i n  1 9 8 6 . 7 8  W e  w e r e  p u z z l e d  b y  t h e  h i g h  

c o n c e n t r a t i o n  ( 5  X M )  employed i n  t h e  measurements  and  

h e n c e  embarked on t h e  r e i n v e s t i g a t i o n .  The f l u o r e s c e n c e  and  

phosphorescence  s p e c t r a  o f  AABF2 i n  CHC13 ( f l u o r e s c e n c e  o n l y ) ,  

CH3CN, a n d  m e t h y l c y c l o h e x a n e  (MCH) were t a k e n  a n d  t h e  d a t a  

a r e  l i s t e d  i n  T a b l e  2 - 1 .  A b r o a d  a n d  s t r u c t u r e l e s s  

f l u o r e s c e n c e  e m i s s i o n  was o b s e r v e d  i n  s a m p l e s  w i t h  h i g h  

c o n c e n t r a t i o n  o f  AABF* (> M )  i n  a l l  t h e  s o l v e n t s ;  The 

e m i s s i o n  i n t e n s i t i e s  d r o p p e d  s h a r p l y  a s  t h e  c o n c e n t r a t i o n  

went down, o b v i o u s l y  f a s t e r  t h a n  a  p r o p o r t i o n a l  d e c r e a s e  a s  

w e  d i d  n o t  f i n d  a n y  e m i s s i o n  when t h e  c o n c e n t r a t i o n  was 

r e d u c e d  t o  o r  be low 1 X M even  w i t h  b o t h  t h e  s l i t s  and  

s e n s i t i v i t y  o f  s p e c t r o p h o t o m e t e r  t u r n e d  t o  maxima. Moreover, 

e x c i t a t i o n  beams a t  w a v e l e n g t h s  (349 nm i n  CHC13 and  CH3CN,  

320 nm i n  MCH) f a r  beyond t h e  a b s o r p t i o n  r e g i o n  o f  AABF2 

(F ig .2-1)  had  t o  b e  u s e d  t o  o b t a i n  t h e  s t r o n g e s t  e m i s s i o n s .  

The phosphorescence  s p e c t r a  o f  AABF2 i n  MCH and  CH3CN were 

r e c o r d e d  a t  7 7 K  t hough  t h e  sample i n  t h e  l a t t e r  s o l v e n t  was 
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Figure 2-1. The f l u o r e s c e n c e  e m i s s i o n  (hex = 349 nm) a n d  

e x c i t a t i o n  = 398 nm) s p e c t r a  o f  AABF2 ( 0 . 0 5  M )  i n  CH3CN 

m e a s u r e d  i n  r i g h t  a n g l e  c e l l .  The a b s o r p t i o n  s p e c t r u m  was 

r e c o r d e d  i n  CH3CN w i t h  [AABF2] = 2 . 0  X M (1 c m  c e l l ) .  

Table 2-1. The E m i s s i o n  D a t a  o f  AABF2 i n  V a r i o u s  S o l v e n t s a .  

s o l v e n t  [ AABF2 I f l u o r e s c e n c e  p h o s p h o r e s c e n c e  

M )  hex(nm) h';ax (nm) hex (nm) h:tX (nm) 

MCH 1 . 0 ~  320 3 9 1  315  459 

a .  The f l u o r e s c e n c e  s p e c t r a  were r e c o r d e d  a t  room t e m p e r a t u r e  

a n d  t h e  p h o s p h o r e s c e n c e  s p e c t r a  a t  7 7 K  w i t h  a c c u r a c i e s  o f  
max max 

f 0.5nm f o r  hf a n d  + 2nm f o r  hph . b .  Not m e a s u r e d .  

c .  O b t a i n e d  b y  t h e  s p e c t r u m  c o r r e c t e d  f o r  t h e  Raman b a n d  of  

t h e  s o l v e n t .  d .  S a t u r a t e d  s o l u t i o n .  



a  g l a s s y  s o l u t i o n .  The d a t a  a r e  a l s o  l i s t e d  i n  T a b l e  2-1.  

A g a i n ,  h i g h  c o n c e n t r a t i o n  h a d  t o  b e  u s e d  a n d  n o  

p h o s p h o r e s c e n c e  e m i s s i o n  was f o u n d  f r o m  d i l u t e  s a m p l e s  

DBMBF2 e m i t s  s t r o n g l y  b o t h  i n  s o l u t i o n s  and  i n  t h e  s o l i d  

s t a t e .  I n  a  d i l u t e  CH3CN s o l u t i o n  o f  DBMBF2 ( e . g .  5 X M )  

t h e  f l u o r e s c e n c e  spec t rum showed two e m i s s i o n  maxima, hmax, a t  
f 

300 400 500 GOO 
WAVI-ILENGTI-1 nm 

Figure 2-2. The f l u o r e s c e n c e  e m i s s i o n  (hex = 365 nm) and  

e x c i t a t i o n  = 416 nm) s p e c t r a  o f  DBMBF2 ( 5  X M )  i n  

CH3CN.  The a b s o r p t i o n  spec t rum was r e c o r d e d  i n  CH3CN w i t h  

[DBMBF2] = 2 . 0  X M ( 0 . 1  c m  c e l l ) .  
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Figure 2-3. Normalized f luorescence emission s p e c t r a  of 

DBMBF2 a t  various concentration i n  CH3CN (he, = 365 nm) . 

398 and 4 1 6  nm ( F i g . 2 - 2 ) .  The corresponding e x c i t a t i o n  

spectrum almost matched t h e  absorption spectrum i n  terms of 

both pos i t ion  and shape. The 0-0 band of DBMBF2 was estimated 

t o  be 392 nm which corresponded t o  t h e  e x c i t a t i o n  energy of 

t h e  lowest s i n g l e t  s t a t e ,  E, = 7 3 . 0  ~ c a l / m o l .  The r e l a t i v e  



e m i s s i o n  i n t e n s i t i e s ,  I ,  o f  t h e  t w o  p e a k s  w e r e  f o u n d  t o  b e  

c o n c e n t r a t i o n  d e p e n d e n t :  t h e  r a t i o  1398/1416 d e c r e a s e d  a s  t h e  

c o n c e n t r a t i o n  o f  DBMBF2 i n c r e a s e d  a n d  t h e  p e a k  a t  398 nm 

d i s a p p e a r e d  when t h e  c o n c e n t r a t i o n  r e a c h e d  h i g h e r  t h a n  1 X 

M .  F u r t h e r  i n c r e a s e s  i n  c o n c e n t r a t i o n ,  however ,  r e s u l t e d  

i n  t h e  decrease o f  t h e  p e a k  a t  416  nm a c c o m p a n i e d  b y  t h e  

a p p e a r a n c e  o f  a new, b r o a d  e m i s s i o n  b a n d  c e n t e r e d  a t  522 nm 

w i t h  a s h o u l d e r  a t  -440  nm ( F i g . 2 - 3 ) .  The  f l u o r e s c e n c e  

e m i s s i o n  b a n d  f r o m  t h e  powder  o f  DBMBF2 r e s e m b l e d  t h a t  f o u n d  

i n  s a t u r a t e d  CH3CN s o l u t i o n  ( -2 .2  X 10-I  M, F i g . 2 - 3 )  . 
The f l u o r e s c e n c e  o f  DBMBF2 i n  e t h e r  o r  h e x a n e  a l s o  showed 

max 
t w o  hf (see T a b l e  2 - 2 ) .  The r e l a t i v e  i n t e n s i t i e s  o f  t h e  two 

p e a k s  ( 3 9 0  a n d  410 nm) o f  t h e  f l u o r e s c e n c e  i n  e t h e r  showed a 

c o n c e n t r a t i o n  d e p e n d e n c e  s imilar  t o  t h a t  f o u n d  i n  CH3CN 

Table 2-2. The Data o f  A b s o r p t i o n  a n d  F l u o r e s c e n c e  S p e c t r a  

o f  DBMBF2 i n  V a r i o u s  S o l v e n t s a .  

s o l v e n t  p o l a r i t y b  UV/VIS f l u o r e s c e n c e  

E T ( 3 0 )  ( K c a l / m o l )  h a x ( n m )  E ( ~ - l c m - l )  hFx  (nm) 

CH3CN 4 6 . 0  3 65 45000 3 9 7 , 4 1 6  

e t h e r  3 4 . 6  3 61 43700 390 ,410  

b e n z e n e  3 4 . 5  3 65 36500 426 

h e x a n e  3 0 . 9  358 38400 3 8 9 , 4 0 6  

a .  Measured  a t  room t e m p e r a t u r e  w i t h  [DBMBFz] = 1 x M .  

The a c c u r a c y  o f  w a v e l e n g t h  measurement  w a s  f 0 . 5  nm. 

b .  The e m p i r i c a l  p a r a m e t e r s  o f  s o l v e n t  p o l a r i t y ,  E ~ ( 3 0 ) ,  are 

c i t e d  f r o m  r e f . 8 4 .  



s o l u t i o n s  a n d  o n l y  t h e  p e a k  a t  410 nm r e m a i n e d  when t h e  

c o n c e n t r a t i o n  was i n c r e a s e d  t o  1 X M .  The e m i s s i o n  

maximum t h e n  s h i f t e d  t o  417 nm a s  t h e  c o n c e n t r a t i o n  was 

f u r t h e r  i n c r e a s e d  t o  -1 X 10-I M ( s a t u r a t e d  s o l u t i o n ) .  

E x c l u d i n g  t h e  benzene  s o l u t i o n  (vide  i n f r a )  , a b a t h o c h r o m i c  

s h i f t  f o r  b o t h  a b s o r p t i o n  a n d  f l u o r e s c e n c e  b a n d s  c a n  b e  

c l e a r l y  s e e n  from t h e  d a t a  i n  T a b l e  2-2. 

exci ta t ion 

fluorescence 

I I 1 

300 400 500 m 

Figure 2-4. The f l u o r e s c e n c e  e m i s s i o n  (he, = 365  nm) and  

e x c i t a t i o n  (Lo,i = 425 nm) s p e c t r a  o f  DBMBF2 (1 X M )  i n  

benzene .  The a b s o r p t i o n  spec t rum was r e c o r d e d  i n  benzene  w i t h  
[DBMBF2] = 1 X M (1 c m  c e l l ) .  



curve CH3CN(0/o) CsHs(%) 

Figure 2-5. F l u o r e s c e n c e  e m i s s i o n  s p e c t r a  o f  DBMBF2 i n  

CHgCN-benzene b i n a r y  s o l v e n t s  (he, = 365 nm) w i t h  v a r i o u s  

c o m p o s i t i o n  (by vo lume) .  

However, t h e  e m i s s i o n  p a t t e r n  o f  DBMBF2 i n  benzene  i s  

t o t a l l y  d i f f e r e n t  whereas  t h e  a b s o r p t i o n  s p e c t r u m  d i d  n o t  

show a n y  n o t a b l e  c h a n g e s  w i t h  r e s p e c t  t o  t h a t  i n  C H 3 C N  

(Fig.2-4) . Only  o n e  b r o a d  e m i s s i o n  p e a k  ( 4 2 6  nm) a p p e a r e d  

t h r o u g h o u t  t h e  c o n c e n t r a t i o n  r a n g e  from 1 X t o  -5 X lo -*  



max 
( sa tu ra ted  so lu t ion  i n  benzene) . The hf remained a t  4 2 6  nm 

i n  d i l u t e  so lu t ions  (< 1 X 10-3) but then s h i f t e d  gradual ly t o  

436 nm i n  t h e  sa tu ra ted  s o l u t i o n .  The addi t ion  of benzene t o  

a  CH3CN so lu t ion  of DBMBF2 r e su l t ed  i n  an increase i n  emission 

i n t e n s i t y  and a  decrease i n  t h e  i n t e n s i t y  r a t i o  1 3 g 8 / 1 4 ~ 6  

(Fig.2-5) . I t  was a l s o  found t h a t  t h e  b r igh t  yellow color  of 

DBMBF2 powder turned t o  pale  white when it contacted benzene. 

Recrys ta l l i za t ion  of DBMBF2 from benzene a l s o  gave pale  white 

c r y s t a l s  which then  g r a d u a l l y  t u r n e d  t o  b r i g h t  yellow 

accompanying obvious deformations of c r y s t a l  sur faces  during 
\ 

t h e  s t o r a g e  i n  d e s i c c a t o r .  Nevertheless ,  a  s t rong  benzene 

odor could be de tec ted  from t h e  c r y s t a l s  even a f t e r  being 

d r i ed  f o r  1 2  h  under reduced pressure i n  a  des icca tor .  

I The phosphorescence spectrum of DBMBF2 i n  MCH-ether ( 1 : l  

by volume) a t  7 7 K  showed two emission maxima a t  486 and 512 

nm. The e x c i t a t i o n  energy of t h e  lowest t r i p l e t  s t a t e  DBMBF2 

(ET) was est imated from t h e  onset of t h e  spectrum t o  be 62  

Kcal/mol ( 4 6 1  nm). The corresponding e x c i t a t i o n  spectrum 

almost superimposed with t h e  absorpt ion  spectrum of DBMBF2 

(Fig.2-6) . 

The concen t ra t ion  dependence found i n  t h e  f luorescence  

emission of DBMBF2 r a i s e d  a  question of whether t h e  emission 

peak a t  522 nm was from an excimer o r  from t h e  e x c i t a t i o n  of 

a  ground s t a t e  complex. Consider ing  t h a t  a  molecular  

aggregation process was usual ly  accompanied by changes i n  the 

spectroscopic propert iesf85t86 we c a r r i e d  out the  s tud ies  of 



Figure 2-6. The phosphorescence  e m i s s i o n  (he, = 365 nm) and 

e x c i t a t i o n  = 486  nm) s p e c t r a  of  DBMBF2 (4.0 X M )  

i n  e ther /methylcyclohexane (1:l v/v) a t  77K. The a b s o r p t i o n  
spect rum was t a k e n  i n  e t h e r  wi th  [DBMBF2] = 1 x ~ o - ~  M (1 c m  

c e l l ) .  

t h e  c o n c e n t r a t i o n  e f f e c t s  on t h e  a b s o r p t i o n  and NMR s p e c t r a .  

The a b s o r p t i o n  and f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  i n  CH3CN 



t h r o u g h  a  c o n c e n t r a t i o n  r a n g e  f r o m  l o e 7  t o  1 0 - I  M were 

q u a l i t a t i v e l y  g i v e n  i n  F ig .2-7 ,  showing no  change i n  t h e  band 

s h a p e  e x c e p t  i n  t h e  e x c i t a t i o n  s p e c t r a  t a k e n  a t  h i g h  

c o n c e n t r a t i o n  ( 0 . 0 1  - 0 . 1  M )  due  t o  t h e  u s e  of  a  r i g h t  a n g l e  

c e l l .  The c h e m i c a l  s h i f t s  i n  IH, I ~ B ,  a n d  1 9 ~  NMR s p e c t r a  

( T a b l e  2-3) e s s e n t i a l l y  d i d  n o t  v a r y  w i t h  t h e  c o n c e n t r a t i o n  

o f  DBMBF2 g o i n g  down from 10-I t o  M even  t o  M ( o n l y  

f o r  I H ) .  

- 
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Figure 2-7. The a b s o r p t i o n  a n d  f l u o r e s c e n c e  e x c i t a t i o n  

s p e c t r a  o f  DBMBF2 a t  v a r i o u s  c o n c e n t r a t i o n s  i n  CH3CN. The 

e x c i t a t i o n  s p e c t r a  w e r e  r e c o r d e d  i n  a r i g h t  a n g l e  c e l l  a t  416 
nm f o r  [DBMBF*] = 1 x  M, 2  ~ 1 0 - 5 ,  and  1 X 10-3 M; and  522  

nm f o r  1 X 10-I M .  



Table 2-3. The Chemical Shifts (6) of DBMBF2 in CDC13 at 

Various Concentrations. 

6 (ppm) 
nuclei 

[DBMBF2] = 1.0 X 10-I 1.0 X 1.0 X lo-s M 

a. The methine proton of DBMBF2. 

b. With Na2Bq07-10H20 in water as the external reference. 

c. With CF3COOH in CDC13 as the external reference. 

2-1-2. The Absorption Spectra of DBMBF2 in the 

Presence of Electron-Rich Olefins 

The solution of DBMBF2 in CH3CN was originally pale white 

in color. However, a bright yellow color developed 

immediately upon mixing the solution with electron-rich 

olefins, i.e. quadricyclane (QC), norbornadiene (NBD), 2,4- 

dimethyl-1,3-pentadiene (I), 1,3-cylohexadiene (2), trans- 

anethole (3), 2,3-dihydropyran (9), ethyl vinyl ether (11) , 

1,3-cyclooctadiene (13) , l,3-pentadiene ( 1 4 )  , or other good 

electron donors, i.e. triethylamine, m-dimethoxybenzene ( 5 ) ,  

N,N-dimethylaniline (23). Accordingly, the absorption spectra 
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Figure 2-8. The a b s o r p t i o n  s p e c t r a  o f  DBMBF2 i n  CH3CN i n  t h e  

p r e s e n c e  o f  e l e c t r o n - r i c h  o l e f i n s .  A: [DBMBFz] = 2 x 10-2 M; 

c u r v e  1, [ I ]  = 0; c u r v e  2, [ I ]  = 5 X 1 0 - l M ;  B :  [DBMBFz] = 2 X 

M; c u r v e  1, [ 2 ]  = 0; c u r v e  2, [ 2 ]  = 5 X 10-I M; C :  

[DBMBF21 = 1.0 X M; c u r v e  1, [QC] = 0; c u r v e  2, [QCI = 

2.49 X 10-I M; D: [DBMBFz] = 1.0 X M; c u r v e  1, [ s ]  = 0; 

c u r v e  2, [ S ]  = 1 . 7  X M; c u r v e  3, [ S ]  = 1.02 X 10-I M. 



Wavelength (nm) 

Figure 2-9. T h e  a b s o r p t i o n  s p e c t r a  o f  DBMBF2 i n  CH3CN w i t h  

v a r i o u s  c o n c e n t r a t i o n  of 3. Curve 1, [DBMBFz] = 0, [3] = 5 X 

10-I M; curve  2-6, [DBMBFzI = 2.0 X M. curve  2, [3] = 0; 

c u r v e  3, [31= 0.985 X 10-I M; curve  4, [3] = 1.941 X 10-I M; 

curve  5, [31= 3.174 X 10-I M; curve  6, [3] = 4.650 X 10-I M. 



1/ [ t r a n s - a n e t h o l e ]  (M-l) 

Figure 2-10. The Benesi-Hildebrand plots of DBMBF2-3 system. 

Data are adopted from Fig.2-9. 



of DBMBF2 changed upon a d d i t i o n  o f  t h e s e  e l e c t r o n  donor s ,*  t h e  

c u t  o f f  o f  t h e  a b s o r p t i o n  band s h i f t e d  t o  l o n g e r  wave leng th  

a n d  became more t a i l i n g  a s  shown i n  F i g . 2 - 8  a n d  2-9. These  

o b s e r v a t i o n s  s t r o n g l y  s u g g e s t e d  t h e  f o r m a t i o n  o f  g round s t a t e  

c o m p l e x e s  ( G S C ) ,  more l i k e l y  c h a r g e  t r a n s f e r  c o m p l e x e s ,  

be tween  DBMBF2 a n d  t h e  d o n o r s .  Based on t h e  d a t a  r e a d  from 

F i g . 2 - 9 ,  t h e  f o r m a t i o n  c o n s t a n t  ( K )  o f  DBMBF2-3 GSC was 

c a l c u l a t e d  by  t h e  Benes i -Hi ldeb rand  r e l a t i ~ n s h i p , ~ ~  where A ~ s c  

a n d  e ~ s c  a r e  t h e  a b s o r b a n c e  a n d  e x t i n c t i o n  c o e f f i c i e n t ,  

r e s p e c t i v e l y ,  a t  t h e  g i v e n  w a v e l e n g t h .  P l o t s  o f  l / A G S C  v s .  

1 / [ 3 ]  w e r e  t a k e n  a t  469, 460 a n d  456 nm, g i v i n g  K = 0 .44 ,  

0 .45 ,  a n d  0 . 4 3  M-l, r e s p e c t i v e l y .  An a v e r a g e  o f  K = 0 .44  M - ~  

was a d o p t e d  ( F i g .  2-10) . 

2-1-3. Quenching of DBMBF2 Fluorescence Intensity 

A l l  t h e  f l u o r e s c e n c e  i n t e n s i t y  q u e n c h i n g s  were c a r r i e d  o u t  

w i t h  u n d e g a s s e d  s o l u t i o n s  o f  DBMBF2 ( 5  X - 5 X M )  i n  

CH3CN s i n c e  oxygen v i r t u a l l y  d i d  n o t  quench t h e  e m i s s i o n  a t  

398 an  416 nm. 

B i a c e t y l  quenches  t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  DBMBF2 i n  

CH3CN v e r y  e f f i c i e n t l y .  The d e c r e a s e s  i n  i n t e n s i t y  a t  398 and 

416 nm upon a d d i n g  t h e  q u e n c h e r  were d i f f e r e n t ;  -15% f a s t e r  

* ~ b s o r ~ t i o n  s p e c t r a  of DBMBF* i n  t h e  presence of 1, 2, QC, 9, and 3 were 
recorded r e s p e c t i v e l y .  



a t  416 nm t h a n  a t  398  nm ( F i g . 2 - 1 1 ) .  The kg% ( 6 0 . 0  M-1) 

o b t a i n e d  b y  t h e  q u e n c h i n g  a t  398  nm was r e f e r r e d  t o  t h e  

" r ea l "  o n e  (see 3 - 1 - 2 ) .  A s  t h e  E, o f  b i a c e t y l  ( 6 5 . 3  

~ c a l / m o l )  8 8  i s  7 . 7  K c a l / m o l  b e l o w  t h a t  of DBMBF2 ( 7 3 . 0  

K c a l / m o l ) ,  t h e  q u e n c h i n g  p r o c e s s  c a n  be r e g a r d e d  as  d i f f u s i o n  

c o n t r o l l e d .  By a s suming  kq = 2 . 2  X 1 0 l o  M - ~  sec-l, t h e  

CONCENTRATION OF BIACETYL XlOOOM 

Figure 2-11. The Stern-Volmer plot of DBMBF2-biacetyl s y s t e m  

i n  CH$N ([DBMBF2] = 5 X M )  . 



f l u o r e s c e n c e  l i f e  t i m e  of DBMBF2 i n  CH3CN w a s  e s t i m a t e d  t o  b e  

2 . 7 3  n s . '  

Figure 2-12. The Stern-Volmer plot of DBMBF2-7 system 

i n  CH3CN. c u r v e  1, measured  a t  398 (0) and  416 nm (x) ; 

c u r v e  2 a n d  3 ,  a t  416 nm. 

 he diffusion rate constant (2.2 X 10l0 M - ~  sec-l) was cited from an 
experimental result (ref.31) obtained from a hexane solution which has a 
viscosity constant (q = 0.34 cp, at 22O) close to that of acetonitrile 
(0.36 cp, at 20•‹) . 



[ ~ y c l o h e ~ t e n e )  XlOM 

Figure 2-13. The S te rn-Volmer  p l o t  o f  DBMBF2-8 s y s t e m .  Curve  

1, measured  a t  398 (0) and  416 nm (x) ; c u r v e  2 and  3 ,measured  

a t  416 nm. 

I n  c o n t r a s t  t o  t h e  b i a c e t y l  q u e n c h i n g ,  t h e  q u e n c h i n g  

e f f i c i e n c i e s  o b s e r v e d  a t  398 a n d  416 nm were i d e n t i c a l  i n  

e i t h e r  DBMBF2-7 ( F i g .  2-12) o r  DBMBF2-8 ( F i g .  2-13) s y s t e m s .  

However, t h e  q u e n c h i n g  e f f i c i e n c y  s l i g h t l y  d e c r e a s e d  a s  t h e  



concen t ra t ion  of DBMBF2 increased,  which could be c l e a r l y  

seen from t h e  s lopes a l s o  given i n  t h e  f igures .  

The f luorescence  of DBMBF2 was quenched by a  l a rge  body 

of quenchers.  The kq values ,  obta ined  from l i n e a r  S tern-  

Volmer r e l a t i o n s h i p s  (Fig.4-3, 4 - 4 ) ,  a r e  l i s t e d  i n  Table 2-4 
ox 

along with t h e  oxida t ion  p o t e n t i a l s  and/or v e r t i c a l  

ion iza t ion  p o t e n t i a l s  ( I P )  of t h e  quenchers. 

The f r e e  enthalpy change (AGO) of a  photoinduced e lec t ron  

t r a n s f e r  process  can be est imated by using t h e  well-known 
red 

equation derived by Rehm and Weller, 89,90 where E l I2  i s  the  

AGO = EOX 
red 

1/2 - %/2 - E* + AEcoul 

reduction p o t e n t i a l  of DBMBF2 (-1.30 v ) , ~ ~  E* i s  t h e  energy of 

t h e  s i n g l e t  exc i t ed  s t a t e  of DBMBF2 (3.17 eV), and AEcoul i s  

t h e  solvent  s t a b i l i z a t i o n  energy f o r  ion separat ion (-0.06 eV 

i n  CH3CN a t  20•‹) .91,92 A c l e a r  c o r r e l a t i o n  of kg values with 

AGO (Fig.2-14) o r  I P  (Fig.2-15) was found f o r  a l l  o l e f i n s  

except enones and t h e i r  d e r i v a t i v e s .  General ly ,  t h e  more 

e l e c t r o n - r i c h  t h e  quencher was, t h e  f a s t e r  t h e  quenching 

occurred.  However, some of enones quenched very e f f i c i e n t l y  

though they were r e l a t i v e l y  electron-poor.  And no cor re la t ion  

between t h e  kq values and I P ' s  was found f o r  these  quenchers. 



Table 2-4.  D a t a  of  F l u o r e s c e n c e  I n t e n s i t y  Q u e n c h i n g  of 

DBMBF2 i n  CH3CNOa 

simple o l e f i n  

4 0 . 9 1  ( 9 3 )  8.33 (94 )  -1.02 14 .06  

2 1 . 3 5 ( 9 5 )  8 . 3 0 ( 9 6 )  -0.58 1 0 . 5 1  

9 1 . 4 6 ( 3 1 )  8 . 3 7 ( 9 4 )  -0.47 8.74 

1 / / / 8.74 

1 3  / 8.40 ( 9 4 )  / 7 .45  

11 1 . 7 4 ( 3 1 )  8 . 6 0 ( 9 7 )  -0.19 4.80 

14 1 . 7 3 ( 9 4 )  8 . 6 1 ( 9 6 ) e  -0 .20  6 . 3 6  

1 0  1 . 5 4 ( 9 3 )  8 . 7 0 ( 9 4 )  -0.39 6.83 

8 / 8.87 (97 )  / 4 .86  

12 2 . 0 2 ( 3 1 )  8 . 9 4 ( 9 8 )  0.09 2 . 5 1  

15' / 8.95 ( 9 7 )  / 4.12 

7 / 9.45 ( 9 9 )  / 0.57 

enone and derivative 

16 / 9 .30  ( 9 4 )  / 18 .26  

19 / 9.33 ( 9 4 )  / 1 .58  

17 / 9.39 ( 9 4 )  / 9.86 

18 / 9.65 ( 9 4 )  / 8.27 

4 5 / 1 0 . 7 2 ( 9 4 ) • ’  / 0 . 3 0  

2 0 / / / 0 .63  

anethole and derivative 

3 1.11 ( 1 0 0 )  / -0.82 1 3 . 1 3  

2 1 / / / 30.85  

2 2 / / / 20.39  

T o  b e  c o n t i n u e d  a t  n e x t  page. 



Table 2-4.  ( c o n t  . )  

other 

2 3  0 . 7 5  ( 1 0 1 )  7 .36  ( 1 0 1 )  -1.18 21.70 7 . 9 5  9 .90 

1 0 0  / 8 .85  ( 3 8 )  / 3 . 7 1  1 . 3 6  9 . 1 3  

a .  M e a s u r e d  a t  200 w i t h  u n d e g a s s e d  samples ( [ D B M B F ~ ] = ~ x ~ o - ~  - 
5 ~ 1 0 - ~  M)  . 
b.  C i t e d  f r o m  r e f e r e n c e s  g i v e n  i n  t h e  p a r e n t h e s e s  a n d  

r e p o r t e d  vs. SCE. 

c. V e r t i c a l  i o n i z a t i o n  p o t e n t i a l s .  Data m e a s u r e d  b y  

p h o t o e l e c t r o n  s p e c t r o s c o p y  are a d o p t e d  p r e f e r e n t i a l l y .  An 

average v a l u e  i s  u s e d  f o r  data  c i ted  f r o m  r e f e r e n c e  94 where  

more  t h a n  o n e  s o u r c e  may appear. 

d. C a l c u l a t e d  f rom Eq.2-1. 

e.  The w e i g h e d  average o f  I P ' s  o f  t h e  trans (70%)  a n d  c i s  

(30%) i s o m e r s .  

f .  I P  o f  t h e  m e t h y l  a n a l o g u e .  

N o t a b l y ,  a v e r y  e l e c t r o n - p o o r  o l e f i n ,  a c r y l o n i t r i l e  ( I P  = 

1 0 . 9 2 )  , 9 4  d i d  n o t  q u e n c h  e v e n  a t  a v e r y  h i g h  c o n c e n t r a t i o n  

( 1 . 3 8  M ) .  T h e  f l u o r e s c e n c e  e m i s s i o n  a t  5 2 2  nm i n  t h e  

c o n c e n t r a t e d  DBMBF2 s o l u t i o n  ( i n  CH3CN, - 0 . 1  M )  was n o t  

q u e n c h e d  b y  a c r y l o n i t r i l e  e i t h e r  (Appendix  1 ) .  

S u r p r i s i n g l y ,  t h e  f l u o r e s c e n c e  b a n d  a t  5 2 2  nm i n  

c o n c e n t r a t e d  DBMBF2 s o l u t i o n s  w a s  q u e n c h e d  b y  8 a n d  7 .  I n  a  

CH3CN s o l u t i o n  o f  DBMBF2 ( 0 . 1  M ) ,  t h e  p e a k  a t  522  nm was 

a c c o m p a n i e d  b y  a n o t h e r  p e a k  a t  437 nm. B o t h  p e a k s  w e r e  

q u e n c h e d  b y  a d d i t i o n  o f  t h e  o l e f i n s  w h e r e a s  t h e  i n t e n s i t y  o f  

t h e  p e a k  a t  522  nm d e c r e a s e d  much f a s t e r  ( F i g . 2 - 1 6 ,  s o l i d  

c u r v e s ) .  A s  t h e  q u e n c h e r  c o n c e n t r a t i o n  was  a d j u s t e d  b y  



F i g u r e  2 -14 .  Semilogarithmic plot of the rate constant for 

fluorescence quenching of DBMBF2 (5 X - 5 X M) in 

CH3CN at 20•‹C as a function of the free enthalpy change for 

complete electron transfer. 

7 8 9 10 1 1  

IP (eV) 

F i g u r e  2-15. Semilogarithmic plot of the rate constant for 

fluorescence quenching of DBMBF2 (5 X - 5 X M) in 

CH3CN at 20•‹C as a function of the vertical ionization 

potential of quenchers. 



Figure 2-16. The quenching of DBMBF2 excimer emission (he, = 

365 nm) by cycloheptene (8) in CH3CN. The dashed curves are 

normalized with respect to the corresponding solid curves at 

437 nm; see text for details. 



slope = 6.77 M 

-1 
slope = 0.4 M 

Figure 2-17. The Stern-Volmer plot of the quenching of 

DBMBF2 excimer emission by 8. Data are adopted from Fig.3-16, 

I' denotes the fluorescence intensity at 522 nm for the 

dashed curves, I for the corresponding solid curves. 



i n j e c t i n g  t h e  n e a t  q u e n c h e r  i n t o  t h e  DBMBF2 s o l u t i o n ,  t h e  

c o n c e n t r a t i o n  o f  DBMBF2 was s l i g h t l y  c h a n g e d  upon t h e  

a d d i t i o n  o f  q u e n c h e r .  T h e r e f o r e ,  t h e  d i l u t i o n  e f f e c t  on t h e  

i n t e n s i t y  o f  t h e  e m i s s i o n  a t  522 nm were e x a m i n e d  by  

m e a s u r i n g  t h e  f l u o r e s c e n c e  s p e c t r a  of DBMBF2 s o l u t i o n s  w i t h  

c o n c e n t r a t i o n  p r e c i s e l y  t h e  same a s  t h o s e  r e s u l t i n g  f rom 

a d d i t i o n  o f  t h e  q u e n c h e r .  The s p e c t r a  t h u s  o b t a i n e d  were t h e n  

n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  e m i s s i o n  peak  a t  4 3 7  nm ( F i g .  

2-16, d a s h e d  c u r v e s ) .  Comparing t h e  i n t e n s i t i e s  a t  522 nm i n  

r e l a t e d  s o l i d  a n d  dashed  c u r v e s  ( I  and  I ' , r e s p e c t i v e l y ) ,  one 

c o u l d  g e t  t h e  r e a l  q u e n c h i n g  e f f i c i e n c y  o f  t h e  e x c i m e r  

e m i s s i o n  a b s t r a c t e d  f rom b o t h  dynamic quench ing  and  d i l u t i o n  

e f f e c t s .  Indeed ,  t h e  Stern-Volmer p l o t  o f  I'/I vs. [81 g a v e  a 

r e a s o n a b l e  s t r a i g h t  l i n e  ( F i g .  2-17)  e x c e p t  t h e  p o i n t  f o r  

c u r v e  5 a t  which  t h e  522 nm p e a k  a l m o s t  d i s a p p e a r e d  ( F i g . 2 -  

1 6 ) .  The kgz f o r  t h e  quench ing  by  8 was c a l c u l a t e d  from t h e  

p l o t  t o  be 6.77 M-l, f a r  l a r g e r  t h a n  t h a t  f o r  the  quenching by 

7 ( 0 . 4  M - ~ ) .  

P y r i d i n e  behaved  d i f f e r e n t l y  f rom o t h e r  q u e n c h e r s  i n  t h e  

DBMBF2 f l u o r e s c e n c e  i n t e n s i t y  q u e n c h i n g .  I n  CH3CN, t h e  

d e c r e a s e  i n  f l u o r e s c e n c e  i n t e n s i t y  a t  398  a n d  416 nm upon 

a d d i t i o n  o f  p y r i d i n e  was accompan ied  by  a n  i n c r e a s e  i n  

i n t e n s i t y  a t  l o n g e r  wavelength  (> 450 nm) w i t h  a n  i s o e m i s s i v e  

p o i n t  a p p e a r s  a t  -445 nm ( F i g . 2 - 1 8 ,  u p p e r ) .  However, no 

q u e n c h i n g  b u t  a n  enhancement  i n  i n t e n s i t y  was f o u n d  i n  a  

n o n p o l a r  s o l v e n t ,  MCH ( F i g .  2-18, l ower )  . 



Figure 2-18. The q u e n c h i n g  of DBMBF2 f l u o r e s c e n c e  i n t e n s i t y  

by p y r i d i n e .  [DBMBF2] = 5.0 X M; A, I n  CH3CN [ p y r i d i n e ]  

0 M ) :  f rom c u r v e  1 to 5, 0, 2.45, 4.80, 7.07, 9.25. B, In 

methy lcyc lohexane ;  [ p y r i d i n e ]  (10-I M) : f rom c u r v e  1 to 7,  0, 

0.25, 0.62, 1.24, 2.45, 4.80, 9.25. 



The f l u o r e s c e n c e  e m i s s i o n  o f  DBMBF2 i n  MCH had  two p e a k s  a t  

393 a n d  408 nm ( c u r v e  1 i n  F ig .2-18 ,  lower) . The a d d i t i o n  o f  

p y r i d i n e  r e s u l t e d  i n  a  c l e a r  i n c r e a s e  a t  408 nm a n d  t h e  

e m i s s i o n  maximum s h i f t s  t o  l o n g e r  wave leng th  w i t h  i n c r e a s i n g  

c o n c e n t r a t i o n s  o f  p y r i d i n e .  Meanwhile, t h e  peak  a t  393  seemed 

t o  d i m i n i s h  a s  one  c o u l d  f i n d  from t h e  f i g u r e .  Noteworthy was 

t h e  more s i g n i f i c a n t  i n c r e a s e  i n  l o n g e r  w a v e l e n g t h s  o f  t h e  

e m i s s i o n  b a n d .  F o r  example,  t h e  i n t e n s i t y  enhancement a t  480 

nm was a b o u t  6 f o l d s  ( c u r v e  7 ,  F ig .2-18 ,  l o w e r ) ,  more t h e n  3 

t i m e s  o f  t h a t  a t  408 nm. 

2-1-4.  Fluorescence Emission in Neat Electron-Rich 

Olefins in the Presence of DBMBF2 

E x t e n s i v e  e f f o r t s  w e r e  made t o  s e a r c h  f o r  e x c i p l e x  

e m i s s i o n  i n  t h e  DBMBF2-quencher s y s t e m s .  However, w i t h  few 

e x c e p t i o n s ,  t h e  a d d i t i o n  o f  q u e n c h e r s  ( t h o s e  ment ioned  i n  2- 

1-3) o n l y  r e s u l t e d  i n  t h e  d e c r e a s e  i n  f l u o r e s c e n c e  i n t e n s i t y  

b u t  no  a p p e a r a n c e  o f  new e m i s s i o n  bands  a t  l o n g e r  wave leng ths  

r e g a r d l e s s  w h e t h e r  t h e  s o l v e n t  u s e d  w a s  a  p o l a r  one  (CH3CN) 

o r  a n o n p o l a r  o n e  ( h e x a n e ) .  One o f  t h e  e x c e p t i o n s  was 

p y r i d i n e  which h a s  been  d e s c r i b e d  i n  2-1-3. O t h e r s  were two 

e l e c t r o n - r i c h  o l e f i n s ,  1 a n d  2 .  I n  CH3CN, t h e  q u e n c h i n g  

p a t t e r n  showed mono ton ic  d e c r e a s e s ,  whe reas  a  s h o u l d e r  a t  

-550 nm on  t h e  f l u o r e s c e n c e  s p e c t r a  was o b s e r v e d  i n  t h e  

p r e s e n c e  o f  e i t h e r  o l e f i n  i n  hexane  s o l u t i o n s .  I n  n e a t  1 and  

2 ,  new f l u o r e s c e n c e  e m i s s i o n s  c e n t e r e d  a t  -540 nm ( f o r  1) and 

-570 nm ( f o r  2 )  a p p e a r e d  c l e a r l y  ( F i g . 2 - 1 9 ) .  Both  n e a t  1 a n d  



2 had  s t r o n g  Raman p e a k s  a l s o  shown i n  t h e  s p e c t r a ,  t h e  

wave leng th  o f  which moved s y n c h r o n o u s l y  w i t h  t h e  e x c i t a t i o n  

wavelength .  However, t h e  emiss ion  bands  a t  540 nm ( f o r  1) and 

570 nm ( f o r  2 )  d i d  n o t  c h a n g e  t h e i r  p o s i t i o n s  a s  t h e  

e x c i t a t i o n  wavelength changed from 385 nm t o  390 nm, and t h e n  

t o  398 nm. The b l a n k  samples ( n e a t  1 and 2 )  were a l s o  checked 

showing no e m i s s i o n  b u t  t h e  Raman p e a k s .  The c o r r e s p o n d i n g  

e x c i t a t i o n  s p e c t r a  r e c o r d e d  f o r  b o t h  s y s t e m s  ( F i g . 2 - 1 9 )  

e x h i b i t e d  t h e  s h a p e  s i m i l a r  t o  t h e  a b s o r p t i o n  s p e c t r u m  o f  

DBMBF2 i n  a  nonpolar  s o l v e n t  (e . g .  hexane) excep t  t h e  t a i l i n g  

t o  -440 nm, a  much l o n g e r  wavelength t h a n  t h e  c u t  o f f  o f  t h e  

a b s o r p t i o n  s p e c t r a  (-400 nm) . Comparing t h e  e x c i t a t i o n  

s p e c t r a  w i t h  t h e  a b s o r p t i o n  s p e c t r a  o f  DBMBF2 i n  t h e  p resence  

of 1 o r  2  t a k e n  i n  CH3CN ( F i g .  2-8, A, B )  , one can  immedia te ly  

f i n d  a  n o t a b l e  s i m i l a r i t y  between t h e  two i n  band shape  a t  

t h e i r  t a i l i n g  r e g i o n .  

The e m i s s i o n  s p e c t r a  of  DBMBF2 ( 2 . 0  X M) i n  n e a t  

t r a n s - a n e t h o l e  (3) was a l s o  examined showing no new e m i s s i o n  

a t  a l l  t h o u g h  t h e  o l e f i n  quenched  t h e  f l u o r e s c e n c e  v e r y  

e f f i c i e n t l y  ( l o g  kg = 9.68)  and formed a  GSC r e a d i l y  w i t h  

DBMBF2 (Fig .2-9)  . 



spect runt I 

Figure 2-19. T h e  e m i s s i o n  a n d  e x c i t a t i o n  o f  DBMBF2 ( 2 . 0  X 

M) i n  1 ( u p p e r )  and  2 ( l o w e r ) .  F o r  t h e  u p p e r  s p e c t r a ,  he, 

= 385 nm and  t h e  e x c i t a t i o n  spec t rum was r e c o r d e d  a t  540 nm. 
Fo r  t h e  lower  s p e c t r a ,  he, = 380 nm, t h e  e x c i t a t i o n  spec t rum 

was r e c o r d e d  a t  570 nm. 



2-2. Photocycloaddition of P-~iketonatoboron 

Difluorides to Olefins 

2-2-1. The Profile of Photocycloaddition 

I r r a d i a t i o n  of undegassed CH3CN so lu t ions  of DBMBF2 i n  t he  

presence of var ious o l e f i n s  gave r i s e  t o  t h e  adducts of DBM 

and t h e  o l e f i n  i n  good y i e l d s .  The genera l  condi t ions  and 

r e s u l t s  of t h e  photolyses of DBMBF2-olefin systems a r e  l i s t e d  

i n  Table 2-5.  In  most cases,  t h e  reac t ion  was completed i n  a  

few hours a s  judged by t h e  consumption of more than  9 0 %  

DBMBF2. The adduct (s)  always appeared a s  t h e  main f r a c t i o n ( s )  

on t h e  GC t r a c e  of t h e  pho to lysa te  and was(were) e a s i l y  

i s o l a t e d  by column chromatography mostly a s  pa le  yellow o i l .  

hu, 350nm 

CH3CN 
ph 

The GC-MS spec t ra  of a l l  products gave parent peaks which 

agreed with t h e  molecular formula of adducts  of DBM with 

corresponding o l e f i n s .  The fragments r e su l t ed  from McLafferty 

rearrangements, a  t y p i c a l  fragmentation reac t ion  f o r  aromatic 

ketones, were found with f a i r l y  s t rong r e l a t i v e  abundance fo r  

a l l  adducts .  Moreover, t h e  f a c t  t h a t  a l l  products contained 

two carbonyl groups was c l e a r l y  shown by I R  and 13c NMR da ta .  

Cons is ten t ly ,  t h e  adducts have two resolved s t rong carbonyl 

s t r e t c h  bands* within a  range of 2 4  cm-I centered a t  2) = 1 6 8 4  

Those f o r  adduct 28 appear  a s  a broad band a t  1689 cm-l. 



Table 2-5. The G e n e r a l  P r o f i l e  o f  P h o t o c y c l o a d d i t i o n  o f  

DBMBF2 t o  O l e f i n s  i n  CH3CN.a 

hu, 350 nm 
DBMBF, + o l e f i n  cycloadduct  ( s )  

CH3CN, t ( h )  

consumption 
Olef  i n  t ( h l b  o f  DBMBF2 ( % )  productd y i e l d ( % ) e  

R = 

(CH2)3 ( 3 0 )  7.5 85 31a ( c i s )  58 
31b ( t r a n s )  10 

no r e a c t i o n *  

t o  be con t inued  a t  n e x t  page .  



Table 2-5. ( c o n t . )  

0 
36a (c is ,  endo) 4 5  
3 6 b ( c i s , e x o )  1 0  

no r e a c t i o n f  

a .  CH$N s o l u t i o n s  (30 m l )  c o n t a i n i n g  a n  o l e f i n  ( 0 . 5  M) and 

DBMBF2 (0 .05  M) were d i s t r i b u t e d  i n  6 Pyrex t e s t  t u b e s  and 

i r r a d i a t e d  w i t h  a  350 nm l i g h t  s o u r c e  i n  a Rayonet 

p h o t o r e a c t o r .  Compound 31b was n o t  i s o l a t e d ;  36a  and 36b 

c o u l d  n o t  be s e p a r a t e d  by e i t h e r  chromatography o r  

r e c r y s t a l l i z a t i o n ;  41a and 41b were o b t a i n e d  a s  a  mixture ;  

t h e  y i e l d s  were c a l c u l a t e d  from t h e  GC peak r a t i o s .  

b .  The i r r a d i a t i o n  t i m e .  

( t o  be con t inued)  ( 



Table 2-5. ( con t  . )  

c .  Estimated from GC analys is .  

d. Unless otherwise spec i f ied ,  s t r u c t u r e s  of t h e  products 

have been assigned according t o  spectroscopic da ta .  The 

numbers i n  t h e  s t r u c t u r e  given a r e  assigned f o r  t h e  protons,  

which a r e  used i n  t h e  t e x t  f o r  descr ip t ions  of chemical 

s h i f t s  and coupling constants .  

e .  Calculated based on t h e  products obtained from column 
chromatography and t h e  consumption of DBMBF2. 

f.The s t a r t i n g  mater ia ls  were recovered. 

g .  An adduct of DBM and t h e  o l e f i n  a s  suggested by the  GC-MS 

da ta ,  whereas t h e  d e t a i l e d  s t r u c t u r e s  a r e  s t i l l  unknown. 

h .  An adduct of DBM a s  suggested by t h e  GC-MS da ta .  

cm-l, a  pos i t ion  common f o r  carbonyls of acetophenone type . lo4  

Accordingly, t h e  13c NMR s p e c t r a  gave two s i n g l e t  carbon 

s i g n a l s ,  one a t  1 9 9 . 6 1  k 0.34 ppm and another  a t  203.96 rt 

1.86 ppm. The f a c t  t h a t  t h e  two carbonyl groups were mutually 

&-pos i t ioned f o r  a l l  t h e  adducts  was demonstrated by t h e  

coupling p a t t e r n s  of the  protons between them (Table 4 - 6 ) .  

The photocycloaddi t ion r e a c t i o n s  of DBMBF2 t o  o l e f i n s  

proceeded reg iose lec t ive ly  or  s t e r e o s p e c i f i c a l l y  depending on 

t h e  s t r u c t u r e  of t h e  s t a r t i n g  o l e f i n .  This was shown by t h e  

observations depicted a s  follows. 

For monosubstituted o l e f i n  25, 27, and 7, a l l  t h e  products 

have t h e  benzoyl group reg iospec i f i ca l ly  at tached t o  t h e  more 

s u b s t i t u t e d  carbon of t h e  double bond. The corresponding 

regioisomers, i f  any, must be formed i n  l e s s  than 1% r e l a t i v e  

y i e l d  because t h e  main adducts  appeared on t h e  GC t r a c e  of 

t h e  crude photolysates  so c leanly  t h a t  accompanied t i n y  peaks 



were t o o  s m a l l  e v e n  f o r  GC-MS a n a l y s i s .  The same 

r e g i o s p e c i f i c i t y  a l s o  h e l d  f o r  t h e  r e a c t i o n  w i t h  1,3- 

p e n t a d i e n e .  Moreover, t h e  a d d i t i o n  r e a c t i o n  predominant ly ,  i f  

n o t  e x c l u s i v e l y ,  o c c u r r e d  t o  t h e  t e r m i n a l  double  bond of t h e  

d i e n e .  The main a d d u c t s  41a  and 4 1 b  showed a l l y l i c  me thy l  

s i g n a l s  a t  1 . 6 5  a n d  1 . 6 9  ppm, r e s p e c t i v e l y ,  b o t h  o f  which 

w e r e  coup led  w i t h  a d j a c e n t  o l e f i n i c  p r o t o n s .  S i n c e  adduct  41b 

had  l a r g e r  4~ ( c o u p l i n g  t h r o u g h  4 bonds,  1 . 8  H z )  f o r  t h e  

methyl  g roup  t h a n  41a  d i d  ( 1 . 0  H z ) ,  w e  a s s i g n e d  41a  a s  t h e  

t r a n s  and 41b a s  t h e  c is  i s o m e r . l o 3  The r e l a t i v e  y i e l d  of 4 1 a  

(75%) and 41b (25%) was c l o s e  t o  t h e  c i s - t r a n s  r a t i o  ( 7 : 3 )  i n  

t h e  s t a r t i n g  d i e n e .  Two minor p r o d u c t s ,  4 1 c  and 41d,  were 

l i k e l y  i s o m e r s  of  t h e  main a d d u c t s  s i n c e  t h e y  h a d  an  

i d e n t i c a l  GC-MS ( C I  mode) b a s e  peak a t  293 ( ~ + + 1 )  i d e n t i c a l  

t o  t h o s e  of  t h e  main adduc t s ,  though w e  cou ld  n o t  judge which 

double  bond had r e a c t e d .  

F o r  t h e  c y c l o a d d u c t s  (31a, 31b, 3 2 ,  3 3 ,  35, and  38)  

o b t a i n e d  f rom t h e  p h o t o c y c l o a d d i t i o n  w i t h  c y c l i c  o l e f i n s ,  

s p i n - s p i n  c o u p l i n g  c o n s t a n t s  between H 1  and H4 of t h e  adduc t s  

were compared wi th  c a l c u l a t e d  v a l u e s  (Table  2-6) showing t h a t  

t h e y  most l i k e l y  have c i s  c o n f i g u r a t i o n .  The c a l c u l a t i o n s  of  

v i c i n a l  c o u p l i n g  c o n s t a n t s  were c a r r i e d  o u t  by u s i n g  MM-2 

program211 (computer  o p e r a t i n g  sys tem:  VAX/VMS v e r s i o n  V 4 . 5 )  

i n  which n o t  o n l y  t h e  d i h e d r a l  a n g l e s  of  t h e  v i c i n a l  p r o t o n s  

b u t  a l s o  t h e  p o l a r  i n t e r a c t i o n s  o f  t h e  s u b s t i t u e n t s  were 

c o n s i d e r e d . 2 1 2  The enve lope  ( f o r  5 membered r i n g ) ,  c h a i r  (6  

membered r i n g ) ,  t w i s t e d  c h a i r  ( 7  membered r i n g ) ,  and crown (8  



membered r i n g )  conformat ions  w e r e  adopted  i n  t h e  c a l c u l a t i o n s  

and t h e  t r a n s  compounds were assumed e q u a t o r i a l - e q u a t o r i a l  

d i s u b s t i t u t e d  which were e x p e c t e d  t h e r m a l l y  more s t a b l e  t h a n  

an a x i a l - a x i a l  d i s u b s t i t u t e d  one. 

I n  t h e  p h o t o c y c l o a d d i t i o n  o f  DBMBF2 w i t h  norbornene ( 1 5 ) ,  

t h e  major  p r o d u c t  36a h a s  a  cis-endo c o n f i g u r a t i o n  a s  

Table 2-6. The Exper imenta l  and C a l c u l a t e d  V i c i n a l  Coupling 

C o n s t a n t s  o f  HI and H4 i n  t h e  C y c l o a d d ~ c t s . ~  

cycloadduct  n  b 

t rans  ( c a l c .  ) c i s  ( c a l c .  ) found 

31a 5 12 7 6.8  

a .  For  t h e  p r o t o n  numbering, see s t r u c t u r e s  i n  Table  2-5. 

b .  The r i n g  s i z e  of  s t a r t i n g  o l e f i n s .  

conc luded  by t h e  NOE among HI,  H q ,  and t h e  syn b r i d g e  p r o t o n :  

i r r a d i a t i o n  o f  HI r e s u l t e d  i n  an  enhancement (-20%) f o r  bo th  

l a t t e r  two (Fig .2-20)  . T h i s  was a l s o  s u p p o r t e d  by t h e  z e r o  

c o u p l i n g  of  HI and H4 wi th  t h e  a n t i  b r i d g e  p r o t o n  ( J 1 , 8  = J4,8 

= 0 ) .  Though t h e  minor product  36b h a s  n o t  been s e p a r a t e d  i n  

p u r e  form, i t s  GC-MS s p e c t r a  showed a  b a s e  peak a t  m / e  = 319  



( C I  mode, M + + I )  and a p a r e n t  peak a t  m / e  = 318 ( E I  mode),  

i m p l y i n g  t h a t  36b was one  o f  t h e  s t e r e o i s o m e r s  o f  36a. 

I n t e r e s t i n g l y ,  t h e  f r a g m e n t a t i o n s  p a t t e r n  ( E I  mode) o f  36b 

was n o t a b l y  d i f f e r e n t  from t h a t  o f  36a. A s  one can  f i n d  from 

T a b l e  4-5, b o t h  36a and 36b have f r a g m e n t s  o f  m / e  = 251 and 

213 b u t  w i t h  d i s t i n c t  r e l a t i v e  abundances :  more f ragment  o f  

213 ( r e l a t i v e  abundance 32%) and less f ragment  o f  251 (5% 

f o r  36a whereas  less 213 ( 6 % )  and  more 251 (54%)  f o r  36b 

The two f ragments  c o u l d  be  reasonab ly  a t t r i b u t e d  t o  two 

3 2 1 PPM 

Figure 2-20. The IH NOE d i f f e r e n c e  s p e c t r a  of 36a i n  C6D6. 



Scheme 2-1: 

McLafferty rearrangement 

Ph &ph phxprph 
36b I 

0 

- o+ 
ILph P-cission / 

b P ; L a f f e r t y  rearrangement 

H = phKprph # - 
6. ph 

# 
# 

,#' P-cission 
# 

;' slow 

competitive fragmentation pathways starting from the parent 

cation radicals as shown in Scheme 2-1. Owing to facility of 

the McLafferty rearrangementlo5 in an exo-carbonyl group 

followed by an equally facile P-scission (see Scheme 2 - I ) ,  



36b probably had an exo-benzoyl. However, the endo benzoyl 

compound did not have a facile P-scission reaction so that 

the a-cleavage predominates, resulting in the fragment m/e = 

213. At this junction, we still could not tell whether 36b 

was a cis, exo isomer or a trans isomer with an exo benzoyl 

group, the latter could be formed via enolization of 36a. 

However, the pure 36a (20 mg) in an acidic acetone solution 

(2 ml with 0.05 ml HC1 added) did not transfer to 36b upon 6 

h storage or 1 h at 60•‹, as shown by the GC and NMR spectra, 

leading to a conclusion that 31b most likely was a cis, exo 

adduct. 

Unexpectedly, DBMBF2 failed to photocycloadd to 1-methyl 

cyclohexene (69) and 1,3-cyclooctadiene (13). Careful 

examinations by IH NMR and GC showed there was no hint of 

either isomerization, rearrangement, or other reactions of 

the two olefins upon irradiation in the presence of DBMBF2 

but only the reactants recovered. 

2-2-2. Mechanistic Studies on the Photocycloaddition 

The quantum yield of the photocycloaddition of DBMBF2 to 

3 cyclic (8, 34, and 12) and 3 acyclic olefins (27, 25, and 

7) were measured under identical experimental conditions. The 

quantum yields obtained for these olefins are listed in Table 

2-7. Apparently, the quantum yields correlate with the 

ionization potentials within a group of analogues. The trend 

was the same for both acyclic and cyclic olefins: the lower 

the IP was, the faster the reaction went. 



The quantum y i e l d  o f  t h e  p h o t o c y c l o a d d i t i o n  r e a c t i o n s  o f  

DBMBF2 t o  3 ,3-dimethyl-1-butene ( 7 )  a n d  c y c l o h e p t e n e  (8)  were 

d e t e r m i n e d  t h r o u g h o u t  a n  o l e f i n  c o n c e n t r a t i o n  r a n g e  ( 0 . 0 5  - 

1 . 0 0  M )  w h i l e  t h e  c o n c e n t r a t i o n  o f  DBMBF2 ( 1 . 0  X M) 

Table 2-7. Quantum Y i e l d s  o f  t h e  P h o t o c y c l o a d d i t i o n  of 

DBMBF2 t o  S e l e c t e d  O l e f i n s . =  

o l e f  i n  

c y c l o h e x e n e  (12)  8.94 0 .03  

c y c l o h e p t e n e  (8) 8.87 0.12 

c y c l o o c t e n e  (34 )  8.82 0.40 

a .  CH3CN s o l u t i o n s  ( 5  m l  e a c h )  c o n t a i n i n g  DBMBF2 ( 0 . 0 1  M )  and  

a f r e s h l y  d i s t i l l e d  o l e f i n  ( 1 . 0  M )  were i r r a d i a t e d  w i t h  a  350 

nm l i g h t  s o u r c e  a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3. 

b. V e r t i c a l  i o n i z a t i o n  p o t e n t i a l  c i t e d  f rom T a b l e  2-4. 

m a i n t a i n e d  c o n s t a n t .  The kqz v a l u e s  f o r  t h e  two o l e f i n s  were 

c a l c u l a t e d  f rom t h e  Stern-Volmer p l o t s  (F ig .2 -21 )  a n d  g i v e n  

i n  T a b l e  2-8 .  The kq2 v a l u e s  o b t a i n e d  f r o m  f l u o r e s c e n c e  

i n t e n s i t y  q u e n c h i n g  a r e  a l s o  l i s t e d  f o r  c o m p a r i s o n .  A good 

, a g r e e m e n t  i n  t h e  kqT v a l u e s  o b t a i n e d  from t h e  two methods was 

found  f o r  b o t h  o l e f i n s .  



A s  t h e  c o n c e n t r a t i o n  o f  DBMBF2 i n c r e a s e d ,  t h e  quantum 

y i e l d s  o f  c y c l o a d d u c t s  o f  DBMBF2 w i t h  c y c l i c  o l e f i n s  (12,  8, 

a n d  3 4 )  i n c r e a s e d ,  whereas ,  t h e  quantum y i e l d  f o r  a n  a c y c l i c  

o l e f i n ,  7 ,  t h e  quantum y i e l d  d e c r e a s e d  i n s t e a d .  T h i s  i s  shown 

l/ [olef i n ]  (M'l)  

Figure 2-21. The S te rn-Volmer  p l o t s  o f  l/@ v s .  l / [ o l e f i n ] .  

[DBMBFz] = 1 . 0  X M i n  CH3CN. 



Figure 2-22. The dependence  o f  quantum y i e l d s  o f  t h e  

c y c l o a d d u c t s  on t h e  c o n c e n t r a t i o n  o f  DBMBF2 i n  CH3CN. The 

quantum y i e l d  o b t a i n e d  a t  [DBMBFz] = 1 . 0  X M was deno ted  

as a,. The i n i t i a l  c o n c e n t r a t i o n  o f  o l e f i n  was 1 . 0  M .  The 

d a s h e d  c u r v e s  were c a l c u l a t e d  from E q . 3 - 3  (see t e x t  i n  

s e c t i o n  3-2-2); c u r v e  a  i s  f o r  7 a n d  b f o r  8 .  



Table 2-8. Comparison of kqz values Obtained from 

Fluorescence Quenching and Cycloadduct Formation. 

kq2 (M-1) 

o l e f i n  

by @adda by fluorescence quenchingb 

cycloheptene (8)  5.13 4 . 8 6  

a .  From quantum y ie ld  determination of t h e  adducts, 

ca lcu la ted  from Fig.2-21. 

b .  Data a r e  c i t e d  from Table 2-4.  

Table 2-9. Quenching of Photocycloaddition Reactions of 

DBMBF2 t o  7 and 8 i n  CH3CN. 

o l e f i n  samplea y i e l d  of the  adductb(%) 

undegassed 

N2 s a tu ra ted  

02 sa tura ted  

1 M  QC added 

1 M  NBD added 

undegassed 

N2 s a tu ra ted  

02 sa tura ted  

1 M  QC added 

1 M  NBD added 

a .  CH3CN so lu t ions  (1 m l  each) of DBMBF2 (1 .0 X M ) ,  an 

o l e f i n  ( 1 . 0  M )  , and octadecane (2.0 X M )  . 
b .  After  13.5 min i r r a d i a t i o n  (Method a descr ibed  i n  4 - 1 - 3 ) ;  

ca l cu la ted  based on t h e  i n i t i a l  concentration of DBMBF2. 



The p h o t o c y c l o a d d i t i o n  were f o u n d  q u i t e  i n e r t  t o w a r d s  

oxygen, b u t  s t r o n g l y  quenched by two good e l e c t r o n  donor s ,  QC 

a n d  NBD.  A s  one  can  f i n d  from t h e  d a t a  i n  T a b l e  2-9, QC a c t s  

as a b e t t e r  q u e n c h e r  t h a n  NBD, i n  a c c o r d a n c e  w i t h  t h e  f a c t  

t h a t  QC i s  a better e l e c t r o n  donor  t h a n  NBD. 

2-2-3.  Photocycloaddition of AABF2 and BABF2 to 

Olef ins 

(a). AABF2 

The p h o t o l y s i s  of a CH3CN o r  THF s o l u t i o n  o f  AABF2 ( 0 . 0 5  M )  

and  cyc lohexene  (12,  1 . 0  M )  r e s u l t e d  i n  t h e  f o r m a t i o n  of t h e  

a d d u c t  42,  t h e  same p r o d u c t  o b t a i n e d  from t h e  d e  Mayo 

BF2 
hV,300 nm ' 0 CHiCN o f  THF, b h .  

AABF2 1 2  4 2  
0 

0.05 M 1 . 0  M chemica l  y i e l d : .  . 5.1% i n  THF 
( b a s e d  on DBMBF*) 7.0% i n  CH3CN 

r e a c t i o n  o f  a c e t y l a c e t o n e  w i t h  t h e  0 1 e f i n . ~ ~  Though t h e  

r e a c t i o n  was f a i r l y  s l o w  i n  t e r m s  o f  a b s o l u t e  y i e l d ,  it 

p r o c e e d e d  6 . 5  ( i n  CH3CN) o r  1 4  ( i n  THF) t i m e s  f a s t e r  t h a n  t h e  

d e  Mayo r e a c t i o n  c a r r i e d  on i n  t h e  same s o l v e n t ,  a s  p r e s e n t e d  

b y  t h e  d a t a  i n  T a b l e  4 - 8 .  The r e a c t i o n  o f  AABF2 and  1 2  i n  a  

n o n p o l a r  s o l v e n t  s u c h  a s  hexane  c o u l d  n o t  be examined  due  t o  

t h e  i n s t a b i l i t y  o f  AABF2. 



(b) . BABF2 

BABF2 photoadded t o  norbornene (15) o r  cyclooctene (34)  

smoothly  i n  a  s l o w e r  r a t e  compared t o  t h e  DBMBF2 

photoaddi t ion.  However, it f a i l e d  t o  add t o  3,3-dimethyl-1- 

butene ( 7 )  a s  no product peak was d e t e c t e d  on GC t r a c e  but 

t h e  s t a r t i n g  m a t e r i a l s  recovered a f t e r  4 h  of i r r a d i a t i o n .  

The g e n e r a l  c o n d i t i o n s  and outcomes of t h e  r e a c t i o n s  a r e  

given i n  Table 2-10. 

The major one (43a) out  of 3  products  obta ined  from t h e  

r e a c t i o n  with norbornene had a  cis-endo conf igura t ion  with 

t h e  benzoyl group a t tached t o  t h e  norbornene frame. Since t h e  

s t r u c t u r e s  43a and i t s  regioisomer 436 could not be 

d i s t i n g u i s h e d  by t h e  coupling p a t t e r n  and chemical s h i f t s  i n  

t h e  IH NMR spec t ra ,  NOE d i f f e rence  spec t ra  were u t i l i z e d  t o  

s o l v e  t h e  problem. The t e r t i a r y  a proton,  H I ,  could be 

loca ted  e a s i l y  i n  t h e  IH NMR spec t ra  based on i t s  chemical 

s h i f t  (3.35 ppm) and the  s p l i t t i n g  pa t t e rn  ( a  broad doublet 



Table 2-10. The General P r o f i l e  of t h e  Photocycloaddition of 
BABF2 t o  Olef ins  i n  CH3CN.a 

consumption 
t (Wb 

d o le f  i n  product y i e l d  ( % ) e  
of DBMBF2 ( 3 )  

43a ( c i s ,  endo) 

43b ( c i s ,  exo) 

43c ( t r a n s )  

0 

0 no reac t ion  

a .  CH3CN so lu t ions  (30 m l  each) of BABF2 (0.05 M)  and an 

o l e f i n  (0 .5  M)  d i s t r i b u t e d  i n  6 Pyrex t e s t  tubes were 

i r r a d i a t e d  w i t h  a  350 nm l i g h t  source according t o  Method 3 

described i n  4-1-3.  Compounds 43b and 43c were not i s o l a t e d ,  

t h e  y i e l d  were ca lcula ted  from t h e  GC peak r a t i o  and t h e  

t o t a l  amounts of t h e  mixture obtained from chromatography. 

b. The i r r a d i a t i o n  time. 

( t o  be continued a t  next page) 



Table 2-10. (cont.) 

c. Shown by the GC analysis. 

d. Unless otherwise specified, structures of the products 

have been assigned according to spectroscopic data. The 

numbers in the structure given are assigned for the protons, 

which are used in the text for descriptions of chemical 

shifts and coupling constants. 

e. Calculated based on the products obtained from column 
chromatography and the consumption of DBMBF2. 

f. 2-exo-3-endo (trans) configuration. 

Hg and H ~ . *  The strong NOE effects observed on H7 and H4 when 

HI was irradiated confirms the cis, endo configuration. 

However, worthwhile to mention was no NOE effect was seen 

between H4 and H7. This observation suggests that the C2-C3 

bond in the norbornene frame is somewhat twisted making H4 

pointing away from the vicinity of H7 due probably to steric 

repulsion of two substituent groups. The minor product 43b 

had a greater relative abundance (41%) of the McLafferty 

fragment (43e, m/e = 189) than the cis, endo adduct 43a does 

(28%). Adduct 43a was able to be converted readily to 43c in 

acidic CH3CN but not 43b, supporting the structural 

assignment for 43b and 43c (Table 2-10) . 
The sole product (44) obtained from cyclooctene also has 

the benzoyl group attached to the ring frame. This is 

supported by the appearance of the fragment (m/e 215, M+- 

CH3COCH2). Adduct 44 might also have a cis configuration for 

the same reason mentioned for compound 35. 

* F o r  t h e  p r o t o n  numbering,  see t h e  s t r u c t u r e  i n  T a b l e  2-10. 



2-3. Photocycloaddition of DBMBF2 to Enones 

2-3-1. A c y c l i c  Enones 

The photolyses of undegassed CH3CN solut ions of DBMBF2 (5.0 

X l o v 2  M )  and an enone (5 .0  X 10-I M )  under a  350 nm l i g h t  

s o u r c e  r e s u l t e d  i n  t h e  consumption of t h e  d i f l u o r i d e  

accompanied by t h e  formation of two types  of cycloadduct 

(Table 2 - 1 1 ) .  However, t h e  r eac t ion  with an a ,P-unsa tura ted  

e s t e r  45, only gave t h e  "type b" product. 

The s t r u c t u r a l  assignment of " t y p e  a "  f o r  47a was 

s t r a i g h t f o r w a r d  because of two equ iva len t  phenacyl groups 

a t t ached  t o  t h e  same carbon. I t  showed only 4 types of phenyl 

13c s i g n a l s  and two p a i r s  of chemica l ly  a s  we11 a s  

magnet ical ly  equivalent  methylene protons ( H z  and H3, R2 and 

R 3 )  . The chemical s h i f t  of HI was a t  5.57 pprn f o r  47a and a t  

4.42 pprn f o r  47b. For product 48a, t h e  chemical s h i f t  of  H 1  

was 5.74 ppm, about 1 pprn lower f i e l d  than 48b a t  4 . 6 6  ppm. 

These d a t a  support t h e  s t r u c t u r a l  assignments. For adduct 49b 

t h e  chemical s h i f t  of H 1  was found t o  be 5.74 pprn (49a was 

n o t  s e p a r a t e d ) .  However, i t s  H2 and H 3  appeared a s  a  AB 

q u a r t e t  (J = 17.8 H z ) ,  i nd ica t ing  t h a t  49b had t o  have " type 

b" s t r u c t u r e .  Nevertheless ,  GC-MS d a t a  showed t h a t  f o r  a l l  

" type  a" products ,  a  fragment of m/e = 224 was recorded, 

whereas f o r  a l l  " type b" products including product 48c* no 

t 

A fragment of m/e = 1 9 3  was obtained for 50b instead. 

6 1 



Table 2-11. The G e n e r a l  P r o f i l e  o f  P h o t o c y c l o a d d i t i o n  o f  
DBMBF2 t o  A c y c l i c  Enones 18, 1 7 ,  4 6  a n d  a n  a , P - u n s a t u r a t e d  

E s t e r  45 i n  CH3CN.a 

0 0 0 

DBMBJ?. + p R 1  
hu, 350 nm 

CH3CN, t ( h )  

'32 R3 

0 . 0 5  M 0 . 5  M 

consumption 
compd R1 R2 R3 t ( h )  of DBMBF2 ( % )  produc td  y i e l d ( % )  

a .  CH3CN s o l u t i o n s  (30 m l )  c o n t a i n i n g  an  enone  ( 0 . 5  M )  and  

DBMBF2 ( 0 . 0 5  M)  were d i s t r i b u t e d  i n  6 Py rex  t e s t  t u b e s  a n d  

i r r a d i a t e d  w i t h  a  350 nm l i g h t  s o u r c e  i n  a Rayonet 

p h o t o r e a c t o r .  

b .  The i r r a d i a t i o n  t i m e .  

c .  E s t i m a t e d  from GC a n a l y s i s .  

d .  Un le s s  o t h e r w i s e  s p e c i f i e d ,  s t r u c t u r e s  o f  t h e  p r o d u c t s  

have  been  a s s i g n e d  a c c o r d i n g  t o  s p e c t r o s c o p i c  d a t a .  The 

( t o  b e  c o n t i n u e d  a t  n e x t  page )  



Table 2-11. ( c o n t . )  

numbers i n  t h e  s t r u c t u r e  g iven  a r e  a s s i g n e d  f o r  t h e  p r o t o n s ,  

which a r e  used  i n  t h e  t e x t  f o r  d e s c r i p t i o n s  of  chemical  

s h i f t s  and c o u p l i n g  c o n s t a n t s .  

e. C a l c u l a t e d  based on t h e  p r o d u c t s  o b t a i n e d  from column 
chromatography and t h e  consumption o f  DBMBF2. 

f. A d i a s t e r i o m e r  of 48b b u t  n o t  i s o l a t e d ,  see t h e  t e x t .  

g .  The s t r u c t u r e  i s  a s s i g n e d  based on t h e  GC-MS d a t a ,  see t h e  

t e x t .  Compound 49a was n o t  i s o l a t e d .  

Scheme 2-2:  

+ ' 
0 0 0 O+H 0 O+H 

p q  - p h ! q  - ph +Ph H 

R3 Me R3 Me 
0 0 

m/e 224 

t y p e  a  p roduc t  

t y p e  b  product  

s u c h  f r a g m e n t  b u t  t h e  f ragment  o f  m / e  = 162 ( o r  161)  was 

r e c o r d e d  ( T a b l e  4 - 1 4 ) .  T h e s e  two  f r a g m e n t s  o b v i o u s l y  

o r i g i n a t e d  from t h e  McLafferty rear rangements  shown i n  Scheme 



2-2. Based on t h i s  argument ,  t h e  s t r u c t u r e s  o f  4 9 a  and  4 9 b  

were a s s i g n e d ;  48c  was s u g g e s t e d  a s  t h e  d i a s t e r i o m e r  o f  48b 

b e c a u s e  t h e y  h a d  a n  i d e n t i c a l  MS f r a g m e n t a t i o n  p a t t e r n .  The 

p h o t o c y c l o a d d u c t  t o  e t h y l  a c r y l a t e  ( 5 0 b ) ,  showing t h e  HI 

s i g n a l  a t  4.69 ppm a s  a  dd ( J  = 7.1,  7 . 1  Hz) coupled w i t h  two 

n o n e q u i v a l e n t  me thy lene  p r o t o n s  ( H 4  and Hg), must have " type  

b" b u t  n o t  " t y p e  a "  s t r u c t u r e .  The f a c t  t h a t  t h e  two 

methylene  p r o t o n s  (Hg and H 7 )  i n  t h e  e s t e r  group appeared  a s  

two d i s t i n c t  d o u b l e t s  of  q u a r t e t  (Tab le  4-15) was a l s o  i n  

agreement wi th  t h e  " type  b" ass ignment .  

2-3-2. C y c l i c  Enones 

The p h o t o l y s e s  o f  CH3CN s o l u t i o n s  c o n t a i n i n g  DBMBF2 (0 .05  

M )  and  2-cyclohexenone (16 ,  0 .5  M) o r  2-cyclopentenone (19,  

0 .5  M )  r e s u l t e d  i n  t h e  fo rmat ion  of  some a d d u c t s  a s  sugges ted  

by t h e  GC-MS d a t a .  However, t h e  a t t e m p t  t o  s e p a r a t e  t h e  

p r o d u c t s  were n o t  s u c c e s s f u l .  I n  t h e  c a s e  o f  16 ,  a l l  DBMBF2 

was consumed a f t e r  1 8  h o f  i r r a d i a t i o n .  The p h o t o l y s a t e  

c o n t a i n e d  two groups  of  p r o d u c t s  a s  shown i n  i t s  GC s p e c t r a .  

The f i r s t  group (GC y i e l d  31 .3%)  c o n s i s t e d  of  two peaks  ( a t  



RT = 2 . 2 0  a n d  2 . 2 6  mint  r e s p e c t i v e l y ;  OV-1, 25 MI  250•‹) t h a t  

were t h e  two dimers of  t h e  enone,  51 a n d  5 2  r e s p e c t i v e l y ,  a s  

Table 2-12.  The R e l a t i v e  Y i e l d s  o f  51, 5 2 ,  a n d  53, 5 4  .a  

c o n d i t i o n  r e l a t i v e  y i e l d  ( % )  
53 5 4  51 

d i r e c t  i r r a d i a t i o n c  59 .2  40 .8  3 7 . 1  62.9  

d i r ec t  i r r a d i a t i o n d  56 44 3 3 . 3  66 .6  

a .  C a l c u l a t e d  f rom t h e  r a t i o  o f  t h e  GC p e a k s .  b .  [DBMBFz] = 

5 . 0  X 10 '~  M I  [ enone]  = 5 . 0  X 10-I M; i r r a d i a t e d  w i t h  350 nm 

l i g h t  s o u r c e  f o r  1 h .  c .  F i v e  m l  of  deaerated CH3CN s o l u t i o n  

o f  t h e  enone  ( 5 . 0  X 10-I  M )  was i r r a d i a t e d  w i t h  a 200, W 

Hanovia  lamp t h r o u g h  a P y r e x  f i l t e r  f o r  55 min.  

d .  Data were c i ted  f rom r e f .  106,  107 .  

c o n f i r m e d  b y  c o i n j e c t i o n s  w i t h  t h e  a u t h e n t i c  s a m p l e s  a n d  t h e  

p a r e n t  peak  ( m / e  = 193)  i n  t h e i r  GC-MS ( C I  mode) s p e c t r a .  The 

r e l a t i v e  y i e l d s  of  51 ( 3 3 . 7 )  a n d  5 2  ( 6 6 . 3 )  were s i m i l a r  t o  

t h o s e  o b t a i n e d  f rom t h e  d i rect  p h o t o l y s i s  of  t h e  enone  ( T a b l e  

2 - 1 2 ) .  The s e c o n d  g r o u p  i n c l u d e d  5 p e a k s  a p p e a r e d  c l o s e l y  a t  

RT = 7.16-8.37 min w i t h  a n  i d e n t i c a l  MS (CI mode) p a r e n t  peak  

a t  m / e  = 3 2 1 .  The p h o t o l y s i s  o f  2 - c y c l o p e n t e n e n o n e  ( 1 9 ) ,  

p r o c e e d e d  s l o w l y  t o  consume o n l y  -40% o f  DBMBF2 a f t e r  20 h  o f  

. i r r a d i a t i o n .  The GC p a t t e r n  o f  t h e  p h o t o l y s a t e  was s i m i l a r  t o  

above ,  showing  two g r o u p s  o f  p r o d u c t  p e a k s .  The f i rs t  g r o u p  



(two peaks a t  RT = 1 . 7 9  and 1 . 8 2  min, r e s p e c t i v e l y )  was 

confirmed t o  belong t o  t h e  dimers of 19  (53  and 54)  by t h e  

co in jec t ions  with t h e  au then t i c  samples and t h e  parent  MS ( C I  

mode) peak a t  m/e = 165. Also, t h e  dimer 53 and 54 appeared 

i n  a  r a t i o  of 54.2/45.8,  c l o s e  t o  t h a t  r e s u l t e d  from t h e  

d i r e c t  photo lys is  of t h e  enone (Table 2-12). The second group 

c o n s i s t e d  of two components a t  much longer  RT (5.61 and 5.85 

min, r e s p e c t i v e l y )  . Since both components gave an i d e n t i c a l  

parent  MS ( C I  mode) peaks a t  m/e = 307 ,  we assumed t h a t  they 

were adducts of DBM w i t h  19 .  In  summary, t h e  reac t ion  p a t t e r n  

of DBMBF2 with t h e  cyc l i c  enones can be described by Scheme 2- 

3. 

Scheme 2-3: 



2-4.. Cation Radical Reactions Sensitized by 

P-~iketonatoboron Difluorides 

2-4-1. Valence Isomerization of QC and NBD 

The v a l e n c e  i s o m e r i z a t i o n  r e a c t i o n s  o f  QC a n d  NBD were 

e x a m i n e d  i n  CH3CN and  CD2C12 s o l u t i o n s  w i t h  a c e t y l a c e t o n e ,  

AABF2, o r  DBMBF2 b e i n g  t h e  s e n s i t i z e r s .  The p h o t o l y s e s  were 

c a r r i e d  o u t  w i t h  a  300 nm l i g h t  s o u r c e  f o r  a c e t y l a c e t o n e  and  

AABF2 a n d  a  350 nm l i g h t  s o u r c e  f o r  DBMBF2 s e n s i t i z a t i o n s ,  

i . e .  u n d e r  t h e s e  c o n d i t i o n s  t h e  s e n s i t i z e r s  a b s o r b e d  a l l  

i n c i d e n t  l i g h t .  The i s o m e r i z a t i o n s ,  however ,  p r o c e e d e d  i n  

s t r i k i n g l y  d i f f e r e n t  p a t t e r n s  d e p e n d i n g  on t h e  n a t u r e  o f  

s e n s i t i z e r .  

hU, a c e t y l a c e t o n e  

When a c e t y l a c e t o n e  was u s e d  a s  t h e  s e n s i t i z e r ,  NBD 

c o n v e r t e d  a l m o s t  q u a n t i t a t i v e l y  t o  QC b u t  QC r e m a i n e d  

unchanged upon i r r a d i a t i o n .  I n  b o t h  c a s e s ,  a c e t y l a c e t o n e  was 

n o t  consumed d u r i n g  t h e  c o u r s e  o f  i r r a d i a t i o n  a s  shown i n  

F i g . 2 - 2 3 .  On t h e  o t h e r  hand ,  AABF2 a n d  DBMBF2 a c t e d  a s  

s e n s i t i z e r s  t o  promoted o n l y  t h e  i s o m e r i z a t i o n  from QC t o  NBD 



Figure 2-23. Acetylacetone-sensitized isomerization of QC 

and NBD in CD2C12. A. [NBD] = 6 X M. [acetylacetone] = 

5 X M, before irradiation; B. The same solution as in A, 

after 12 h of irradiation; C. [QC] = 6 X M, 

[acetylacetone] = 5 X 10 -2 M, before irradiation; D. The same 

solution as in C, after 12 h of irradiation. 



Figure 2-24. AABF2-sensitized isomerization of QC and NBD in 

CDzC12. A. [QCI = 6 X M, [AABFz] = 4 X M, before 

irradiation. B. T h e  same solution as in A, after 12 h of 

irradiation. C. [NBD] = 2.5 X M, [AABFz] = 4 X M, 

before irradiation. D. T h e  same solution as in C, after 12 h 

of irradiation. 



Figure 2-25. DBMBF2-sensitized isomerization of QC and NBD 

in CD2C12. A. [QC] = 0.15 M, [DBMBF2] = 5 X M, before 

irradiation; B. The same solution as in A, after 2 h of 

irradiation; C. [NBD] = 0.15 M, [DBMBFz] = 5 X M, before 

irradiation; D. The same solution as in C, after 2 h of 

irradiation. 



Table 2-13 Thermodynamic P a r a m e t e r s  a n d  Quantum E f f i c i e n c i e s  

(a) o f  t h e  PET Mediated Va lence  I s o m e r i z a t i o n  o f  QC a n d  NBD. 

s e n s i t i z e r  solvent  ES (ET) s t a r t i n g  ES (ET) a   AGO^ Q, r e f .  
Kcal/mol isomer Kcal/mol Kcal/mol 

AABF2 CD2C12 Qc 0 . 0 6  t h i s  work 

CD3CN <8 6C QC >95 ( -80)  -24 . 0  0 . 0 2  t h i s  work 

CD2C12 NBD 0 .000  t h i s  work 

CD3CN <8 6C NBD >95 ( -70)  - 9 . 5  0 . 000  t h i s  work 

DBMBF2 CD2C12 Qc 0 . 0 7  t h i s  work 

CD3CN 7 3 ( 6 2 )  QC >95 ( -80 )  -22 .2  0 . 0 2  t h i s  work 

CD2C12 NBD 0 .000  t h i s  work 

CD3CN ' 73  ( 6 2 )  NBD >95 ( -70)  - 7 . 6  0 . 000  t h i s  work 

1-CN-Np CD3CN 8 6 . 5  QC >95 ( -80)  - 22 .8  - 0 . 1  2 3 

CD3CN NBD >95 ( -70)  - 8 . 3  - 0 . 0 1  1 0  8 

TCB CD3CN (62 . 3 )d  QC >95 ( -80)  -41 .7  - 0 . 6  108 

CD3CN (62 .3 )dNBD >95( -70)  -27.2  0 .000  1 0  9 

a .  The s i n g l e t  e x c i t a t i o n  e n e r g i e s  Es > 95 are  estimated from 

t h e  f a c t  t h a t  b o t h  QC a n d  NBD h a v e  no  a b s o r p t i o n  a t  1 > 300 

nm. The t r i p l e t  e x c i t a t i o n  e n e r g i e s  ET are  c i t e d  f rom r e f .  

24 .  

b .  The change  i n  f r e e  e n t h a l p y  f o r  a c o m p l e t e  PET p r o c e s s  

c a l c u l a t e d  a c c o r d i n g  t o  Eq.2-1.  

c .  E s t i m a t e d  f rom t h e  a b s o r p t i o n  s p e c t r a .  

d .  C i t e d  f rom re f .  2 4 .  

b u t  n o t  i n  t h e  r e v e r s e  d i r e c t i o n  (NBD t o  Q C ) .  Aga in ,  t h e  

s e n s i t i z e r s  r e m a i n e d  unchanged  d u r i n g  t h e  i r r a d i a t i o n .  The 

quan tum y i e l d s  o f  t h e  i s o m e r i z a t i o n  a re  e s t i m a t e d  f rom NMR 



s p e c t r a  s u c h  as  F ig .2 -23  t o  2-25 a n d  l i s t e d  i n  T a b l e  2-13 .  

Though t h e  s o l v e n t  e f fec ts  on t h e  i s o m e r i z a t i o n  have n o t  been  

s y s t e m a t i c a l l y  s t u d i e d ,  t h e  AABF2 o r  DBMBF2 s e n s i t i z a t i o n s  

a p p e a r  t o  b e  more e f f i c i e n t  i n  C D 2 C 1 2  t h a n  i n  a  more p o l a r  

s o l v e n t ,  CD3CN. 

2-4-2. "Diels-Alder" Dimerization of 1,3- 

Cyclohexadiene (2) and 2,I-Dimethyl-l,3-Pentadiene (1) 

DBMBF* ( 0 . 0 5  M )  

CH3CN; hU, 350 nrn; 6h 

55  (endo)  5 6  (exo) 

y i e l d  48% 5% 

The p h o t o l y s i s  o f  a  CH3CN s o l u t i o n  c o n t a i n i n g  DBMBF2 and  2 

w i t h  a 350 nm l i g h t  s o u r c e  a f f o r d e d  t h e  2+4 d i m e r s  55  a n d  56  

i n  a  r a t i o  o f  9/1. A t o t a l  y i e l d  o f  53% was o b t a i n e d  a f t e r  6 

h  o f  i r r a d i a t i o n  a t  which  t h e  s e n s i t i z e r  was e s s e n t i a l l y  n o t  

consumed. The 2+2 dimers 57 a n d  58  w e r e  n o t  f o u n d  a t  a l l  i n  

t h e  r e a c t i o n .  

The d i m e r i z a t i o n  o f  2 i s  a  known r e a c t i o n  wh ich  c a n  b e  

a c h i e v e d  b y  e i t h e r  t h e r m o l y ~ i s , ~ ~ ~ ~ ~ ~ ~  amin ium s a l t  

c a t a l y s i s ,  112 o r  s e n s i t i z e d  p h o t o l y s i s 9 ~ 1 1 3 ~ 1 1 4  b u t  n o t  b y  a c i d  

c a t a l y s i s .  lo W e  d e c i d e d ,  t h e r e f o r e ,  t o  compare t h e  r e l a t i v e  

y i e l d s  of t h e  4  p o s s i b l e  d imer s  w i t h  r e s p e c t  t o  t h e  n a t u r e  of  



Table 2-14. The R e l a t i v e  Y i e l d s  of D i m e r s  of 2 . a  

, s e n s i t i z e r  (0 .01  M) 

0 CH3CN; hv, 350 nm 0 

s e n s i t i z e r  t ime  (min) r e l a t i v e  y i e l d  r e f e r e n c e  

55 56 57 58  

TCB 25 

DDB 1 0  

25  

1-MeO-Np 25  

benzophenonef 8 0  

benzophenone f 

hU (>330 nm) 

93.5  

89 .2  

8 1 . 8  

7 6 . 5  

74 .4  

7 1 . 6  

7 9  

69 

77 

9 2 . 6  

8 3 . 5  

7 1 . 4  

83  

80  

80  

7 . 8  

0 .4  

t r .  

0 . 0  

0 . 0  0 . 0  t h i s  work 

0 . 0  0 . 0  t h i s  work 

4 . 4  1 . 7  t h i s  work 

9 . 6  3 . 7  t h i s  work 

7 . 9  2 . 8  t h i s  work 

1 2 . 1  4 . 9  t h i s  work 

t r .  0 . 0  1 1 3  

2Oc 114 

0 . 0  0 . 0  9  

0 . 0  0 . 3  t h i s  work 

1 . 7  1 . 6  t h i s  work 

1 3 . 3  5 . 1  t h i s  work 

0 . 0  0 . 0  112  

0 . 0  0 . 0  t h i s  work 

0 . 0  0 . 0  1 1 0  

5 6 . 3  1 6 . 5  t h i s  work 

5 5 . 9  2 1 . 4  t h i s  work 

6  2  22 1 1 3  



Table 2-14 (cont.) 
a. In CH3CN unless otherwise specified. 

b. 1,4-dicyanonaphthanlene. 

c. The sum of 57 and 58. 
d. 9,lO-dicyanoanthracene in CH2C12. 

e. Tris-(4-bromopheny1)aminium hexachloroantimonate 

catalyzed reaction at -78OC. 

f. In neat 2. 

sensitizer. The photolyses were conducted under parallel 

conditions and the results are listed in Table 2-14 along 

with those of thermolysis and previously published. The 

observations are listed below. 

1. Both DBMBF2 and BABF2 lead to the exclusive formation of 

2+4 dimers with the predominant yield of the endo dimer 55, 

similar to those obtained from thermolysis, DCN-An 

sensitization, and BAHA catalysis. 

2. The 2+4 dimers were obtained predominantly regardless 

of the multiplicity of sensitizers as long as they were good 

electron acceptors. This could be seen from the product 

distributions in TCB and DDB sensitizations. 

3. For cyanoaromatics (except DCN-An) the 2+2 dimers are 

obtained as the minor products but in appreciable amount. 

4. The 2+2 dimers became the major products in 1-MeO-Np 

and benzophenone sensitizations. 



Table 2-15. The Dimerization of 1 Sensitized by Various 

Sensitizers in CH3CN.a 

sensitizer ( 0 . 0 5  M) 

CH3CN; hU, 3 5 0  nm. 

sensitizer E;;:. ( v ) ~  relative yield ( % )  relative 

65 66 efficiencyc 

TCB 

DDB 

a. Irradiated with a 3 5 0  nm light source for 2 h unless 

otherwise specified. 

b. Reported vs SCE. 

c. The yield of 65 in the DBMBF2 sensitization is taken as 

the unit. 

d. Photolyzed according to Method 2 in 4-1-3 with a 200 W 

Hanovia lamp through a Pyrex filter. 

e. Sited from reference 23. 

f. Cited from reference 116. 

g. In the presence of pyridine, cited from ref. 10.  



The photolysis of a CH3CN solution of 1 (0.35 M) and DBMBF2 

(0.05 M) gave rise to two 2+4 dimers (65 and 66, total yield 

63%) in a ratio of 82.5/17.5 after 12 h irradiation. About 

95% of the sensitizer was recovered during the work up. 

It was found that the "Diels-Alder" type photodimerization 

of 1 could be sensitized by a line of electron-deficient 

sensitizers as shown is Table 2-15. A character common to 

these sensitized dimerization reactions was that dimer 65 was 

obtained overwhelmingly except in the cases of BABF2 and AABF2 

sensitizations. The relative efficiencies of the sensitizer 

with respect to DBMBF2, where the experimental conditions 

were the same, are also given in Table 2-15, showing a 

correlation with the reduction potentials. TCB and DDB, 

having higher reduction potentials than DBMBF2, appeared to 

be more efficient than DBMBF2; whereas the two 

cyanoaromatics, bearing lower reduct ion potentials, were less 

efficient . 

2-4-3. Dimerization of Trans-Anetho'le (3) 

sensitizer (0.02 M) 

Me0 
CH3C~; hv, 350 nm * dn An + bn An 



Irradiation of undegassed CH3CN solutions of 3 (0.5 M) and 

a sensitizer (0.02 M) resulted in the formation of a mixture 

of the anti head-to-head dimer 21 and the syn head-to-head 

dimer 22. While the appearance of the dimers was followed 

from time to time up to 4 h, the isomerization of 3 to cis- 

anethole was not examined.* The plots of composition vs. 

irradiation time shown in Fig.2-26 - 2-29 reveal several 

interesting features of the reaction. 

For all the sensitized reactions, the formation of dimer 

22 is slightly slower than that of 21 at the beginning (the 

first 30 min), then gradually levels off to a steady 

concentration (-0.005 M, corresponding to 1% yield with 

respect to the initial concentration of 3). Meanwhile, the 

formation of 21 keeps increasing almost lineally along the 

time axis (Fig.2-26, 27, 28) except in the TCB sensitization 

where the curve has reached a plateau after about 1 h of 

irradiation (Fig.2-29). Before the irradiation, the solution 

containing 3 and DBMBF2 was yellow in color; the solutions 

containing 3 and either AABF2 or 9-CN-An were colorless. They 

all turned to brownish after 4 h of irradiation. The solution 

containing TCB was initially dark purple in color due to the 

formation of a charge transfer complex of TCB with 3 (see 

Appendix 2). The dark purple color faded upon the irradiation 

becoming light brownish. 

*The cis-trans isomerization of 3 under PET conditions is known (ref. 
8,117) . 



Photolysis of a CH3CN solution (1 ml) of a dimer of 3 (21 

or 22) in the presence of DBMBF2 (0.02 M) resulted in the 

formation of 3 as the sole detectable product by GC analysis. 

As shown in the plots of composition vs. irradiation time 

(Fig.2-30 and 2-31), the rate of the disappearance of 22 was 

DBMBF2 (0.02 M) 
e 

An CH3CN; hU, 350 nm; 3h ~~0 

b DBMBF2 (0.02 M) - 
An CHJCN; hUI 350 nm; lh M,O 

An 

4 times faster than that of 21. The yield of 3 from 21 was 

quite poor (18%) and that from 22 was moderate (71%). In the 

photocycloreversion of 22, the concentration of 3 reaches the 

maximum when the dimer has been consumed more than 95%, then 

started to decrease accompanying by the formation of 21 

(Fig.2-31). Apparently, the newly formed 21 was due to the 

sensitized dimerization of 3. However, comparing the loss of 

3 at 90 min (4.8 X M) with the sum of the concentrations 

of 21 (0.88 X 10-3 M) and remained 22 (0.12 X M) , one 
can estimate the absolute yield of DBMBF2 sensitized 



Irradiation time min 

Figure 2-26. DBMBF2 sensitized dimerizations of 3 in CH3CN.  
The initial conc. : [ 3 ]  = 5.0 X 10-I M, [DBMBFz] = 2 . 0  X 
M .  

0 6 0 120 180 24 0 
Irradiation tlme mln 

Figure 2-27. BABFz sensitized dimerizations of 3 in CH3CN. 
The initial conc.: [3 ]  = 5.0 X 10-I M, [BABFz] = 2 . 0 .  X M .  



0 60 120 100 i t  
lrradia tion time min 

Fisure 2-28. 9-cyanoanthracene (67) sensitized . . 

dimerizations of -3 in CH3CN.  The initial conc . : [3] = 5 . 0  X 

I I 
0 

I 
6 0 

I 
120 180 240 

Irradiation time min 

Figure 2-29. TCB sensitized dimerizations of 3 in CH3CN.  The 
initial conc.: [3]  = 5 . 0  X 10 - I  M, [TCB] = 2.0  X M. 



Irradiation time min 

Figure 2-30. DBMBF2 sensitized cycloreversion of 21 in 
CH3CN. The dimer 21 was contaminated by about 12% of 22. The 
initial conc. : [21] = 1.03 X M, [DBMBFz] = 2.0 X M. 

lrradia tion time (min) 

Figure 2-31. DBMBF2 sensitized cycloreversion of 22 in 
CH3CN. The initial conc. [22] =l. 92 X M, [DBMBF2]=2.0 X 
~ o - ~ M .  



dimerization of 3 is 20.8%. This poor yield is consistent 

with a reported value from DCN-An sensitized dimerization 

(-15%) .8 The poor yield of PET induced dimerization of 3 was 

due presumably to the cycloreversion of the formed dimers 21 

and 2 2  as well as to the polymerization of 3 itself.la3 

Worthwhile to mention was that none of dimers of 3 other than 

21 and 22 was found during the sensitized cycloreversions. 

The direct photolysis of 22 in CH3CN with 300 nm light 

source was also examined, giving 3 as the sole detectable 

product (Fig. 4-7) . 

2-4-4. Monochromatic Studies of DBMBF2 Sensitized 

Dimerizations of 1, 2, and 3 

Since DBMBF2 has been found to be able to sensitize the 

dimerization of 1, 2, and 3, the role played by their GSC in 

the sensitization become a critical question. The GSC 

formation constant of DBMBF2-3 system in CH3CN is 0.44, and 

those for other two electron-rich olefins 2  and 3 can be 

assumed to be somewhat less than this value according to the 

less significant red shifts observed in the absorption 

spectra (Fig.2-8 and 2-9). To answer the question, 

monochromatic studies were carried out. 

As shown by the absorption spectra (Fig.2-8 and 2-9), 

DBMBF2 (0.02 MI in CH3CN) does not absorb at wavelengths 

longer than 425 nm, while the absorption bands of the GSC's 

extend up to 460 nm. A 437 nm light beam is therefore used 



f o r  t h e  s e l e c t i v e  i r r a d i a t i o n  o f  GSC's a n d  a 312 .8  nm l i g h t  

beam f o r  t h e  i r r a d i a t i o n  o f  t h e  uncomplexed  DBMBF2. The 

e x p e r i m e n t a l  c o n d i t i o n s  and  r e s u l t s  a r e  summarized i n  T a b l e  

Table 2-16. Monochromatic  P h o t o l y s e s  o f  2,  1 a n d  3 i n  t h e  

P r e s e n c e  o f  DBMBF2 i n  CH3CN.a 

d i e n e  d imer  h (nm) b l i g h t  abso rbedc  y i e l d d  r e l a t i v e  

( % )  ( l o m 3  M)  quantum y i e l d e  

2 5 5  312.8 > ~ O ( D B M B F ~ ) ~  0 .465  a(551312.8 

2 5 5  437.0 26  (GSC) g <0.  O l h  0-0.14@(55) 312.8 

a .  Undegassed s o l u t i o n s  c o n t a i n i n g  DBMBF2 (0 .02  M )  and  a n  

o l e f i n  ( 0 . 5  M)  , i r r a d i a t e d  f o r  120 min.  

b .  With a band wid th  o f  3 . 3  nm f o r  2 a n d  1, 5 . 0  nm f o r  3 .  

c. With t h e  l i g h t - a b s o r b i n g  s p e c i e s  i n  t h e  p a r e n t h e s i s .  

d. The c o n c e n t r a t i o n  o f  t h e  d imer  r e s u l t e d  f rom i r r a d i a t i o n .  

e. The a b s o l u t e  quantum y i e l d s  were u n a b l e  t o  b e  measured due 

t o  t o o  low l i g h t  i n t e n s i t y .  

f .  By assuming  t h a t  less t h a n  20% o f  t h e  l i g h t  was abso rbed  

by t h e  GSC o f  DBMBF2 w i t h  3 a t  312.8 nm. 

g.  The a b s o r b a n c e  o f  t h e  GSC a t  437.0 nm i s  0.13.  DBMBF2 d i d  

n o t  a b s o r b  a t  437 nm. 

( t o  b e  c o n t i n u e d  a t  n e x t  page )  



Table 2-16. ( c o n t . )  

h .  The d a t a  were c a l c u l a t e d  by t a k i n g  t h e  s e n s i t i v i t y  l i m i t  

o f  t h e  GC a s  t h e  at-most p o s s i b l e  y i e l d .  A c t u a l l y  no dimer 

peak was observed on t h e  GC s p e c t r a .  

i. The absorbance  of  t h e  GSC a t  437.0 nm i s  0.12. 

j. Another  dimer 22 i s  a l s o  formed. W e  t a k e  t h e  y i e l d  of 21 

a s  t h e  measure o f  t h e  c a t i o n  r a d i c a l  mediated d i m e r i z a t i o n ,  

because  22 c o u l d  be o b t a i n e d  by a  d i r e c t  i r r a d i a t i o n  of 3 

(see f o o t n o t e  j ) .  

k.  91.6% of  t h e  i n c i d e n t  l i g h t  i s  absorbed by 3 a t  312.8 nm. 

1. The absorbance  of  t h e  GSC a t  437.0 nm i s  1.634. 

m. For  b e t t e r  accuracy,  t h e  y i e l d  i s  c a l c u l a t e d  from t h e  

y i e l d  measured i n  480 min o f  i r r a d i a t i o n  (0.10 X M) by 

assuming t h e  format ion  of 2 1  p r o p o r t i o n a l  t o  t h e  i r r a d i a t i o n  

t i m e  . 

2-16. I n  t h e  c a s e s  of  2  and 1, no dimer peak was d e t e c t e d  by 

GC a n a l y s i s  when on ly  t h e  GSC w e r e  i r r a d i a t e d  by 437 nm l i g h t  

beam (Fig.4-6). While  t h e  t r u e  y i e l d s  c o u l d  be z e r o ,  w e  

r a t h e r  assumed t h a t  t h e  dimer (55 o r  65) d id  have formed b u t  

i n  a n  amount t o o  t i n y  t o  be detected by GC. T h e r e f o r e ,  w e  

t a k e  t h e  s e n s i t i v i t y  l i m i t  o f  t h e  GC a s  t h e  maximum p o s s i b l e  

y i e l d  o f  t h e  dimers. On t h i s  b a s i s ,  t h e  upper  l i m i t s  o f  t h e  

r e l a t i v e  y i e l d s  a t  437 nm w i t h  r e s p e c t  t o  t h o s e  o b t a i n e d  a t  

312.8 nm a r e  c a l c u l a t e d . *  A s  shown by t h e  d a t a  i n  Table 2-16, 

t h e  s e l e c t i v e  i r r a d i a t i o n  of  t h e  G S C  i n  DBMBF2-3 s y s t e m  d i d  

g i v e  rise t o  t h e  dimer 2 1  b u t  w i t h  a  quantum y i e l d  on ly  1% of 

t h a t  found i n  t h e  s e l e c t i v e  i r r a d i a t i o n  o f  DBMBF2 a t  312.8 nm. 

For the details of calculation, see 4-5-4 and 4-5-5. 



2-4-5. Dimer iza t ion  o f  2-Cyclopentenone E thy lene  K e t a l  

(20)  - A F a l s e  Pho to reac t ion  

I r r a d i a t i o n  of a  CHgCN so lu t ion  containing 20 (5  X 10 - I  M )  

and DBMBF* (5  X M )  a s  t h e  " s e n s i t i z e r "  w i t h  a  350 nm 

l i g h t  source r e s u l t e d  i n  t h e  formation of two head- to- ta i l  

( H T )  dimers of t h e  k e t a l ,  95a and 95b, accompanied by a  

t r a c e  of  a  2+2 dimer,  9 7 .  These two d i k e t a l  d imers  

spontaneously deketa l ized  t o  give t h e  corresponding monoketal 

dimers, 96a and 96b, r e s p e c t i v e l y .  The chemical y i e l d  of 96a 

and 96b was 26.5% a f t e r  2 . 5  h of i r r a d i a t i o n .  The hydrolys is  

of them i n  a c i d i c  water-CHgCN binary  s o l u t i o n  afforded t h e  

two ketone dimers, 98a and 98b, r e s p e c t i v e l y ,  a s  shown i n  

Scheme 2-4. No product  was d e t e c t e d  from t h e  dark c o n t r o l  

experiment. 

The I R  and MS da ta  showed t h a t  96a and 96b were compounds 

each con ta in ing  a  ketone and a  k e t a l  groups and having an 

i d e n t i c a l  molecular weight of 208. I t  was thought t h a t  they 

might have cyclobutane s t r u c t u r e s  l i k e  a and b i n  Scheme 2-4, 

r e spec t ive ly ,  conversion of which t o  corresponding diketones 

c and d would l o s s  t h e  asymmetry r a i s i n g  t h e  degree  of 

d i f f i c u l t i e s  i n  t h e  s t r u c t u r e  determinat ion.  Therefore,  t h e  

NMR s t u d i e s  were f i r s t  focused on t h e  dimer 96b. The IH 

spectrum of 96b was complicated i n  appearance due t o  s i g n a l  

over l app ing  and m u l t i p l e  long range coup l ings .  More NMR 

methods such a s  COSY (Fig.  2-32) , NOESY (Fig.  2-33), coupled 13c 

spec t ra  (Fig.  2-34), s e l e c t i v e l y  decoupled 13c spect ra  (F ig .  2- 

35) ,  and 13c - l~  cor re la t ion  spec t ra  (Fig.2-36) were invoked t o  



Scheme 2 - 4 :  



provide t h e  s t r u c t u r a l  informat ions .  The f i n a l l y  assigned 

s t r u c t u r e  of 96b was p resen ted  a long  wi th  some of t h e s e  

spec t ra .  

The 13c NMR spec t ra  showed 1 2  s i g n a l s  w i t h  two quaternary 

carbons a t  220.64 and 115.85 ppm which apparent ly o r ig ina ted  

from t h e  carbonyl  carbon, C 1 ,  and t h e  k e t a l  carbon, C 5 ,  

r e s p e c t i v e l y .  The o the r  10 s i g n a l s  cons is ted  of 6 secondary 

and 4 t e r t i a r y  carbons a s  c l e a r l y  shown i n  Fig.2-34 and 

Fig.2-36. Once t h e  pos i t ion  of C2 was confirmed next t o  t h e  

carbonyl by t h e  s e l e c t i v e l y  decoupled 13c spect ra  (Fig.2-35),  

a l l  t h e  13c and IH s i g n a l s  were loca ted  unambiguously by 

fol lowing t h e  1 3 c - l ~  c o r r e l a t i o n  (F ig .  2-36) and t h e  NOESY 

s p e c t r a  ( F i g .  2-33) . The cyclobutane s t r u c t u r e s  (a o r  b i n  

Scheme 2-4) were r u l e d  out  because t h e  secondary carbon Cg 

had t o  be a  bridge carbon s i t e d  between two t e r t i a r y  carbons, 

Cq and C 7 ,  a s  c l e a r l y  shown by t h e  I H  coupl ing  p a t t e r n s  

(Jea,eP = 9 - 9 1  J8a,4 = 1 . 6 ,  J 8 P , 4  = 1.5,  Jga,7 = 1.8 ,  J8P ,7  = 

1 . 5  Hz) and t h e  NOE p a t t e r n  among t h e  protons (F ig .  2-33) . 
Therefore, we concluded t h a t  96b had a norbornane frame fused 

with a  cyclopentanone and with t h e  k e t a l  group a t t ached  t o  

Cg. The f a c t  t h a t  t h e  cyclopentanone moiety was endo fused t o  

t h e  norbornane  frame was c l e a r l y  shown by f o l l o w i n g  

obse rva t ions .  The NOE observed between H7 and H7, ( s l i c e s  I 

and J i n  Fig.2-33) a s  well a s  between H4 and H3, ( s l i c e s  E and 

F i n  Fig.2-33) s t rongly  implicated t h a t  H7, and H3, were exo 

pro tons .  The NOE between Hga and H3, was found s t ronger  than 



t h a t  be tween  H3p and  H 3 ,  ( s l i c e  E i n  F i g . 2 - 3 3 ) ,  a l s o  

s u g g e s t i n g  a n  endo c o n f i g u r a t i o n .  Moreover ,  a  weak b u t  

o b s e r v a b l e  NOE be tween  H ~ P  and H l o ~  ( s l i c e  B i n  Fig .2-33)  

confirmed t h e  endo ass ignment .  

Noteworthy t o  mention was t h a t  t h e  norbornane frame i n  96b 

was h i g h l y  d i s t o r t e d  a s  e v i d e n c e d  by f o l l o w i n g  o b s e r v a t i o n s .  

The b r i d g e h e a d  p r o t o n  H7 was coupled  wi th  t h e  endo p r o t o n  H6p 

( J  = 4 . 6  Hz) more s t r o n g l y  t h a n  w i t h  t h e  exo p r o t o n  H6a ( J  = 

1 . 0  H z ) ,  i n  c o n t r a s t  t o  t h o s e  f o u n d  i n  a  n o r b o r n a n e  

s t r ~ c t u r e . ~ ~ ~ ~ ~ ~ ~  I n  a d d i t i o n ,  t h e  b r i d g e  p r o t o n  HBa had a  

v e r y  s t r o n g  d i a g o n a l  NOE w i t h  HSa ( s l i ce  K i n  Fig.2-33) i n  

s h a r p  c o n t r a s t  t o  H 8 p  which d i d  n o t  show any NOE wi th  e i t h e r  

Hga o r  H7, ( s l i c e  L i n  F i g . 2 - 3 3 ) .  The NOE between Hga and Hga 

was s o  s t r o n g  t h a t  it became comparable w i t h  t h e  NOE between 

t h e  gemina l  p r o t o n s  H e a  and H a p .  T h i s  s u g g e s t e d  t h a t  t h e  

b r i d g e  methylene group (Cg)  was s e v e r e l y  ben t  towards Cg s i d e .  

Even more s u r p r i s i n g l y ,  t h e r e  was a  b i g  l o n g  range  c o u p l i n g  

between Hga  and Hga ( 3 . 1  Hz) ,  which remained u n e x p l a i n a b l e  

( c o u p l i n g  though s p a c e ? ) .  However, once  t h e  monoketal dimer 

96b was c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  d i k e t o n e  d imer  98b, 

a l l  t h e s e  NMR phenomena ment ioned above d i s a p p e a r e d .  I n  t h e  

1~ spec t rum of  9 8 b  t h e  c o u p l i n g  p a t t e r n  i n  t h e  n o r b o r n a n e  

f rame  was found  t o  b e  t y p i c a l  f o r  s u c h  s t r u c t u r e  ( T a b l e  4-  

1 9 )  . The l a r g e  c o u p l i n g  c o n s t a n t  between H7 and H7, (J  = 4 .0  

Hz) i n  98b reconf i rmed  t h e  endo c o n f i g u r a t i o n .  



Figure 2-32. Contour p l o t  o f  t h e  IH COSY s p e c t r a  of 96b i n  

C6D6. The IH spectrum of 96b i s  g iven  i n  b o t h  sides ( t h e  

k e t a l  p ro tons  a r e  exc luded ) .  



Figure 2-33. Cross-sectional plots of the IH NOESY spectra 
of 96b in C6D6. The s p e c t r u m  i n  s l i d e  A, f o r  e x a m p l e ,  

i nd ica tes  t h a t  Hza  has NOE w i t h  H g a r  Hga r  H z p ,  and  H 7 a .  



BB decoupled 

9 

coupled  

Figure 2-34. Coupled ( l ower )  and decoupled  (upper )  13c NMR 

s p e c t r a  of  96b i n  C6D6.The qua t e rna ry  carbons  were excluded.  



the cobonyl carbon the ketal carbon 
at 220.64 ppM at 115.85 ppM 

coupled 

selectively decoupled 
at H2a 

Figure 2-35. S e l e c t i v e l y  decoupled 13c NMR spec t ra  of 96b 

i n  C6D6. Upper spectrum, coupled s igna l s  of C1 ( l e f t )  and C5 

( r i g h t ) ;  Lower, Se lec t ive ly  decoupled ( a t  HZa) s igna l s  of C1 

( l e f t )  and C5 ( r i g h t ) .  



IH projection 

A 

Figure 2-36. Contour p l o t  of t h e  I H - ~ ~ c  c o r r e l a t i o n  spec t r a  

of 96b i n  C6D6.  



Figure 2-37. The 1~ NOE difference spectra of 98a in ~ 6 ~ 6 .  



The s t r u c t u r e  determination f o r  t h e  o the r  diketone dimer 

98a was much e a s i e r  because almost t h e  IH NMR s i g n a l s  were 

f i r s t  order  and hence a l l  t h e  coupling cons tants  were read 

out  from decoupled s p e c t r a  (Table 4 - 1 9 ) .  The IH coupling 

p a t t e r n  was t y p i c a l  of norbornane de r iva t ive ,  showing smaller 

geminal coupling of br idge protons ( J g a l  g P  = 11.1 H z ) ,  long 

range couplings between a  bridge proton and anti-endo protons 

( J 8 0 ,  6 p  = 4.0,  Jga,7a = Jga13a = 1 . 3  Hz)  coupl ing  of 

, bridgehead pro tons  with adjacent  exo pro tons  but  not  with 

endo pro tons  (J7,6a = 4 . 3 ,  J 7 , 6 p  = J7,7a = J 4 , 3 ,  = 0 Hz) . These 

da ta  a l s o  indica ted  t h a t  t h e  cyclopentanone was exo fused t o  

t h e  norbornane frame. However, we could not  j u s t i f y  whether 

98a was a  head-to-head or  a  head-to- tai l  diketone simply from 

t h e  coupl ing  p a t t e r n  because t h e  t r a c e  along t h e  coupl ing 

r e l a t i o n s  was in te r rup ted  by t h e  zero coupling between H3, and 

H 4 .  Nevertheless,  t h e  t e r t i a r y  proton H7, was assigned a t o  

t h e  cyclopentanone carbonyl from t h e  coupling r e l a t i o n s  i n  

t h e  cyclopentanone moiety (Table 4 - 1 9 ) .  The NOE s p e c t r a  

(Fig.2-37) showed t h a t  H7, was adjacent  t o  t h e  br idge head 
1 

proton H7 which was a l s o  connected t o  two methylene groups (Cg 

and C g )  a s  i n d i c a t e d  by t h e  coupling r e l a t i o n s  along t h e  

norbornane frame. Therefqre,  t h e  o t h e r  ketone group could 

1 '  only be a t  Cg, leading t o  the  conclusion t h a t  98a was a  head- 

t o - t a i l  diketone. 

A s i m i l a r  r e s u l t  was obtained from a  r e a c t i o n  of 20 i n  

d r y  C H 2 C 1 2  "ca ta lyzed"  by tris- ( p - b r o m o p h e n y l )  aminium 

hexachloroantimonate (BAHA) . After  30 min of reac t ion  a t  O•‹C, 



t h e  d i m e r s  were o b t a i n e d  i n  56% y i e l d  a n d  i d e n t i f i e d  by 

c o i n j e c t i o n s  w i t h  t h e  s a m p l e s  o b t a i n e d  f r o m  t h e  DBMBF2 

" s e n s i t i z e d "  r e a c t i o n .  I n  b o t h  r e a c t i o n s  m e n t i o n e d  above ,  

s i g n i f i c a n t  amount o f  2 -cyc lopentenone  was found  i n  t h e  c r u d e  

p r o d u c t s  . 
E l e c t r o n  d e f i c i e n t  s e n s i t i z e r s  s u c h  a s  9-CN-An a n d  TCB 

f a i l e d  t o  s e n s i t i z e  20 t o  g i v e  t h e  d i m e r s ,  t h o u g h  a  t race  

amount was detected i n  TCB " s e n s i t i z a t i o n " .  S u b s e q u e n t l y  it 

w a s  e s t a b l i s h e d  t h a t  a CH3CN s o l u t i o n  o f  20 ( 0 . 5  M) 

c o n t a i n i n g  B F 3 - e t h e r a t e  ( 0 . 1  M )  was s t i r r e d  f o r  1 5  min a t  

room t e m p e r a t u r e  t o  a f f o r d  s i g n i f i c a n t  amounts  o f  d imer  95a 

a n d  95b (-30%, b y  GC a n a l y s i s ) .  S u l f u r i c  a c i d  was a l s o  found  

t o  c a t a l y s e  t h e  d i m e r i z a t i o n  i n  w h i c h  96a a n d  96b w e r e  

o b t a i n e d  a s  t h e  ma jo r  p r o d u c t s .  

The DBMBF2 " s e n s i t i z e d "  p h o t o r e a c t i o n  was t h e n  c a r r i e d  o u t  

i n  t h e  p r e s e n c e  o f  p y r i d i n e  ( 0 . 1  M) a s  a n  a c i d  t r a p ,  f rom 

w h i c h  d i m e r s  were n o t  o b t a i n e d .  The pH v a l u e  o f  t h e  

p h o t o l y s a t e  t h u s  o b t a i n e d  was 6 . 5  w h e r e a s  t h a t  o f  t h e  

p h o t o l y s a t e  w i t h o u t  p y r i d i n e  was 4 . 0 . *  The a d d i t i o n  o f  2 ,6 -  
I 

l u t i d i n e  ( 0 . 0 5  M )  i n  t h e  BAHA " c a t a l y z e d "  t h e r m a l  r e a c t i o n  

a l s o  t o t a l l y  s u p p r e s s e d  t h e  d i m e r i z a t i o n .  

I t  w a s  t h e r e f o r e  conc luded  t h a t  t h e  d i m e r i z a t i o n  o f  20 was 

! '  n o t  a p h o t o r e a c t i o n  b u t  a n  a c i d  c a t a l y z e d  t h e r m a l  r e a c t i o n  

f o r  w h i c h  a p o s s i b l e  mechanism was p r o p o s e d  a s  shown i n  

Scheme 2-5. 

The pH values were measured by p H  t e s t  paper using a mixture of equal 
volumes of the  photolysate and water: 



Scheme 2-5:  
dimerization 

bromination I I 
O\ O H  NBS 

In the presence of an acid, the enone ketal is converted to 

an unstable diene intermediate (a) which undergoes the Diels- 

Alder reaction with another enone ketal molecule followed by 

reketalization to give the dimers 95a and 95b. The trace of 

HF is likely the catalytic species in the DBMBF2'"sensitized8' 

reaction. The diene intermediate a was originally suggested 

to be responsible for the bromination at C5 position of 2- 

cyclopentepone ethylene ketal in acidic media. 120 It was 

claimed that the bromination by N-bromosuccinimide (NBS) in 

free radical condition gave only 4-bromocyclopetenone ketal, 

but in acidic solution without free radical initiators or 

light gave only 5-bromocyclopetenone ketal (Scheme 2-5). 



2-5. Some Aspects of Photoreactions of 

Acetylacet one 

2-5-1. The Photodimerization of Acetylacetone 

Photolysis of acetylacetone in hexane with a 300 nm light 

source proceeded slowly to afford a 41% yield of dimer 70 

which could readily be converted to the methyl ether 71 by 

treatment with acidic methanol. While the photodimerization 

also occurred in benzene, it did not in CH3CN, CH30H, or 

CH2C12. 2,4-Hexanedione (72) and 6-methyl-2,4-heptanedione 

(74) were also irradiated under similar conditions in hexane 

giving trace amounts of dimers in 72 h as shown by GC-MS 

analysis. 2,2,6,6-tetramethyl-3,5-heptanedione (73) gave no 

dimer under similar reaction conditions. Because of the 

inefficiencies of dimerization these P-diketones were not 

investigated further. 

I I 

O H  0 hu, 300 nm - 
hexane * 

? I  



The dimer 70 was i s o l a t e d  from t h e  crude mate r i a l  by f l a s h  

chromatography and r e c r y s t a l l i z e d  slowly a s  p a r a l l e l e p i p e d  

c r y s t a l s  (mp, 73-do C )  . The IH NMR s tud ies  ( C 6 D 6 )  showed t h a t  

t h e  dimer e x i s t e d  a s  an equi l ibr ium mixture of t h r e e  isomers 

i n  t h e  so lu t ion .  GC-MS showed a  parent peak a t  m/e = 182 (M+- 

18)  by e i t h e r  E I  o r  C I  mode while X-ray c rys ta l lography  

reveal  a  dimeric s t r u c t u r e  shown above. The o ther  two isomers 

de tec ted  by NMR spectroscopy were t h e r e f o r e  assigned a s  t h e  

epimer and t h e  r i n g  opened isomer of 70. Because o f  

i n s t a b i l i t y ,  t h e  s t r u c t u r e  was determined p r imar i ly  from t h e  

o i l y  methyl e t h e r  71 before t h e  s t r u c t u r e  of 70 was solved by 

X-ray ana lys i s .  

The s t a b l e  methyl e the r  a l s o  showed t h e  highest  molecular ion 

a t  m/e = 183 (M+- OM^) i n  GC-MS by e i t h e r  E I  o r  C I  mode. The 

assignment of s t ruc tu re  71 i s  amply supported by IH and 13c NMR 

da ta  and by m u l t i p l i c i t y  s o r t i n g  a s  well  a s  s e l e c t i v e l y  

decoupled I ~ c  spec t ra  t h a t  i d e n t i f i e d  t h e  13c s i g n a l s .  IH NOE 

spec t ra  showed t h a t  t h e  C1-CH3 and H a  were located on t h e  one 

s i d e  of t h e  furanoid plane and t h a t  t h e  OCH3, Hb, and Hc on the  
1 

opposi te  s i d e .  The NOE experiments a l s o  showed t h a t  t h e  two 

a c e t y l  groups were t rans-or iented .  The IH coupling constants of 

t h e  ABX system ( J H ~ , H ~  = 1 2 . 9 ,  J H a , H c  = 1 1 . 4 ,  and J H ~ , H C  = 7 . 7  Hz) 

I (  
were reasohable f o r  t h e  r i n g  system. 



2-5-2. Photocycloaddition of Acetylacetone to 

Norbornene 

hv, 300nm rn & 
hexane 11 
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4 

byproducts  

P h o t o l y s i s  o f  a c e t y l a c e t o n e  i n  t h e  p r e s e n c e  of  norbornene  

i n  hexane w i t h  a  300 nm l i g h t  s o u r c e  l e a d  t o  t h e  i s o l a t i o n  of 

a  &diketone ,  75, a s  a  c o l o r l e s s  o i l  i n  49.5% y i e l d .  The cis- 

exo c o n f i g u r a t i o n  i s  s t r o n g l y  i m p l i e d  by  t h e  s p l i t t i n g  

p a t t e r n  o f  t h e  p r o t o n s  i n  t h e  n o r b o r n a n e  s k e l e t o n .  The 

o b s e r v a t i o n s  were t h a t  b o t h  HI  and H4 w e r e  coupled  wi th  t h e  

a n t i  b r i d g e  p r o t o n  ( J I , ~  =1 . I ,  J 4 , 8  = 1 . 8  H z )  b u t  n o t  wi th  t h e  

a d j a c e n t  br idgehead p r o t o n s  (J1, 5 = J 4 , 6  = 0  Hz) . 
While no o t h e r  s t e r e o i s o m e r  o f  7 5  was f o u n d  i n  t h e  

p h o t o l y s a t e ,  s i g n i f i c a n t  amounts o f  b y p r o d u c t s  were o b t a i n e d  

( T a b l e  4 -21) .  These b y p r o d u c t s  c o u l d  be d i v i d e d , t o  3  g roups  

shown i n  Scheme 2-6. The f i r s t  g r o u p  c o n s i s t e d  of  t h e  

s e c o n d a r y  p h o t o r e a c t i o n  p r o d u c t s  o f  7 5 ,  g r o u p  2  was t h e  

d i m e r s  o f  nprbornene ,  and g roup  3, t h e  a d d u c t s  of  norbornene  

w i t h  h e x a n e .  The s t r u c t u r e s  o f  7 6 ,  7 7 ,  8 0 ,  a n d  81 were 

a s s i g n e d  by comparison of  t h e i r  IH NMR s p e c t r a  w i t h  a u t h e n t i c  

samples .  For  o t h e r s ,  t h e  s t r u c t u r e s  were s u g g e s t e d  by t h e i r  

GC-MS s p e c t r a  (Table  4-22) . 



Scheme 2-6: by-products 

&x, & e0 group 1 

group 2 

group 3 

The c i s - e x o  8-diketone 7 5  did not undergo Aldol 

condensation in acidic media but isomerized to the thermally 

more stable t r a n s  isomer 83, which then readily condensed to 

give two products 84a and 84b (Scheme 2-7). As shown by the 

decoupled IH NMR spectra, the t r a n s  isomer 83 had an exo  HI 

which was coupled with the adjacent bridgehead proton Hg (J115 

= 3.3 Hz) but not with the a n t i  bridge proton H8 (Jl18 = 0) 

while Hq remains endo (J4/ 6 = 0, J41 8 = 1.5 Hz) . 

The c i s - t r a n s  isomerization of 7 5  to 83 proceeded in 

acidic CH3CN rapidly at room temperature to reach the 

equilibrium in 15 min with 93% of the t r a n s  isomer 83. After 

3.75 h reaction at room temperature in acidic CH30H, the 



Scheme 2-7 :  

trans i somer  83 was a l s o  i s o l a t e d  a s  t h e  major  p r o d u c t  a l o n g  

w i t h  t h e  two condensed p r o d u c t s  i n  2 0 . 6 %  y i e l d .  However, a  

s o l u t i o n  o f  83 i n  a c i d i c  CH30H gave 84a and 84b i n  8 6 . 5 %  

y i e l d  w i t h  no t r a c e  of 75 upon 1 1 . 6  h  of r e f l u x .  Both 84a and 

84b showed a n  i d e n t i c a l  p a r e n t  peak o f  m/e = 176 i n  GC-MS 

s p e c t r a  and ca rbony l  s t r e t c h  a t  1673, 1695 cm-l, r e s p e c t i v e l y ,  

implying t h a t  t h e y  were condensed p r o d u c t s  o f  8 3 .  Only 8 4 a  

was i s o l a t e d  a n d  a n a l y z e d  by IH NMR s p e c t r o s c o p y .  A s m a l l  

long  range  c o u p l i n g  ( J  = 1 . 2  Hz) between H i  and t h e  Me group 

was found i n  t h e  IH NMR spectrum of 84a. Based on t h i s ,  t h e  

s t r u c t u r e  of 84a was a s s i g n e d  and t h a t  o f  84b was s u g g e s t e d .  

I n  t h e  p h o t o l y s i s  o f  acetylacetone-norbornene sys tem,  

a l m o s t  a l l  t h e  i n c i d e n t  l i g h t  was absorbed  by a c e t y l a c e t o n e .  

However, t h e  p h o t o l y s i s  a l s o  r e s u l t e d  i n  f o r m a t i o n  o f  t h e  

d i m e r s  o f  n o r b o r n e n e  (80  and 81) a s  t h e  b y p r o d u c t s  which 



o b v i o u s l y  o r i g i n a t e d  from t h e  e x c i t e d  s t a t e  o r  r e a c t i v e  s t a t e  

o f  n o r b o r n e n e .  T h i s  o b s e r v a t i o n  r a i s e d  a  q u e s t i o n :  w h e t h e r  

t h e  e x c i t e d  s t a t e  a c e t y l a c e t o n e  o r  t h e  e x c i t e d  s t a t e  

n o r b o r n e n e  was r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  t h e  

c y c l o a d d u c t  7 5 .  T h e r e f o r e ,  t h e  q u e n c h i n g  e f f i c i e n c y  o f  1 , 3 -  

p e n t a d i e n e  on  t h e  f o r m a t i o n  of t h e  d i m e r s  o f  n o r b o r n e n e  ( 8 0  

a n d  81) a n d  t h a t  o f  t h e  c y c l o a d d u c t  ( 7 5 )  were measu red  f o r  

c o m p a r i s o n .  A s  shown i n  F ig .2-38 ,  t h e  f o r m a t i o n  o f  80 and  8 1  

was i n d e e d  quenched  by  t h e  a d d i t i o n  o f  1 , 3 - p e n t a d i e n e  (kqz = 

150 M-l, c u r v e  2 )  more t h a n  20 t i m e s  e f f i c i e n t l y  t h a n  75 (kqz 

= 7 . 1  M - ~ ,  c u r v e  1) . For  compar i son ,  t h e  Stern-Volmer p l o t  o f  

t h e  p h o t o c y c l o a d d i t i o n  o f  a c e t y l a c e t o n e  t o  c y c l o h e x e n e  i n  

hexane  was a l s o  measured and  g i v e n  a s  c u r v e  3 i n  F ig .2 -38 .  

F o r  t h e  same r e a s o n  men t ioned  above ,  t h e  c o n c e n t r a t i o n  

d e p e n d e n c e s  o f  t h e  c o m p o s i t i o n  o f  t h e  p h o t o l y s a t e  w e r e  

examined .  W e  d e f i n e  t h e  r a t i o  o f  t h e  amount o f  7 5  formed t o  

t h e  i n t e r n a l  s t a n d a r d  a s  R a n d  t h e  r a t i o  o f  t h e  amount o f  75 

t o  t h e  two d i m e r s  o f  n o r b o r n e n e  8 0  a n d  81 a s  r .  A t  a  f i x e d  

c o n c e n t r a t i o n  o f  n o r b o r n e n e  ( 0 . 5  M), t h e  r v a l u e  

p r o p o r t i o n a l l y  i n c r e a s e d  b u t  R was k e p t  e s s e n t i a l l y  c o n s t a n t  

a s  t h e  c o n c e n t r a t i o n  o f  a c e t y l a c e t o n e  i n c r e a s e d  f rom 0 .05  t o  

0 . 3 0  M ( F i g . 2 - 3 9 ) .  However,  when t h e  c o n c e n t r a t i o n  o f  

a c e t y l a c e t o n e  (0 .052 M) was f i x e d ,  t h e  r v a l u e  d e c r e a s e d  b u t  

R v a l u e  p r o p o r t i o n a l l y  i n c r e a s e d  a s  t h e  c o n c e n t r a t i o n  o f  

no rbo rnene  i n c r e a s e d  from 0.05 t o  0 .6  M ( F i g . 2 - 4 0 ) .  



curve  1 

curve  3 
I I I 

Figure 2-38. The Dependence o f  quantum y i e l d s  of 75, 80  and 

81  on t h e  c o n c e n t r a t i o n  of 1 ,3 -pen tad iene .  [ a c e t y l a c e t o n e ]  = 

0.055 M, [norbornene]  = 0 .5  M .  @o deno tes  t h e  quantum y i e l d s  

i n  t h e  absence  of t h e  quencher.  Curve 1, 75, 1 4 . 5  h of 

i r r a d i a t i o n ;  cu rve  2, t h e  sum of 80 and 81, 14 .5  h of  

i r r a d i a t i o n ;  Curve 3, t h e  quantum y i e l d  of  42 o b t a i n e d  from 

t h e  i r r a d i a t i o n  of a c e t y l a c e t o n e  (0.053 M) and cyclohexene 

(0.62 M )  i n  hexane f o r  3 h .  
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2-39. The dependence o f  t h e  r e l a t i v e  y i e l d s  of  75,  

81 on t h e  c o n c e n t r a t i o n  o f  a c e t y l a c e t o n e  a t  

[norbornenel  = 0 . 5  M. 
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Figure 2-40. The dependence of  t h e  r e l a t i v e  y i e l d s  of  75, 

80 and 81 on t h e  c o n c e n t r a t i o n  of  norbornene a t  

[ a c e t y l a c e t o n e ]  = 0.052 M .  The dashed curve  i s  c a l c u l a t e d  

accord ing  t o  Eq.3-10, see t e x t  i n  s e c t i o n  3-4-2. 



2-5-3. Sensitized Solvent Addition Reactions of 

Norbornene 

,& + s H  

hU, s e n s i t i z e r  

@ > I  

I n  a n  a t t e m p t  t o  examine  s o l v e n t  e f f e c t s  o f  t h e  

c y c l o a d d i t i o n  r e a c t i o n  o f  a c e t y l a c e t o n e  t o  norbornene ( 2 - 5 -  

2 )  I it was found t h a t  i n  C H 2 C 1 2 ,  THF, CH3CN t h e  adduc t  7 5  

d i m i n i s h e d  t o  t r i v i a l  o r  n i l  amounts w h i l e  a d d i t i o n  p r o d u c t s  

o f  s o l v e n t  t o  norbornene r e s u l t e d .  I t  was a l s o  found t h a t  t h e  

same s o l v e n t  a d d u c t s  were o b t a i n a b l e  when a c e t y l a c e t o n e  was 

r e p l a c e d  by a c e t o n e .  A l l  t h e  p r e p a r a t i v e  p h o t o l y s e s  were, 

t h e r e f o r e ,  conducted wi th  ace tone  a s  t h e  s e n s i t i z e r .  

The g e n e r a l  p r o f i l e s  o f  t h e  a c e t o n e  s e n s i t i z e d  

p h o t o r e a c t i o n s  of norbornene i n  v a r i o u s  s o l v e n t s  a r e  g iven  i n  

T a b l e  2 - 1 7 .  I n  a c e t o n e ,  CH3CN,  i s o p r o p a n o l ,  C H 2 C 1 2 ,  and 

CHC12CH3, o n l y  one adduct  was d e t e c t e d  by GC a n a l y s i s  i n  each 

c a s e  and i s o l a t e d  by f l a s h  chromatography. Except t h e  adduct  

of  i s o p r o p a n o l ,  89,  t h e  c o n f i g u r a t i o n  of  which remains  s t i l l  

unknown, a l l  t h e  a d d u c t s  77,  85,  90, 92, and 88a had a n  exo 

c o n f i g u r a t i o n .  The exo c o n f i g u r a t i o n  o f  7 7  and 8 5  were 

de te rmined  p r e v i o u s l y .  1211 122 The exo c o n f i g u r a t i o n  of 90, 92, 

and 8 8 a  was d e c i d e d  from t h e  s p l i t t i n g  p a t t e r n s  of  t h e i r  IH 

NMR s p e c t r a ,  i . e .  H1 was n o t  c o u p l e d  w i t h  t h e  a d j a c e n t  

b r i d g e h e a d  p r o t o n  b u t  weakly coup led  w i t h  t h e  a n t i  b r i d g e  

p r o t o n  ( 1 . 4  Hz f o r  90, - 0 . 9  Hz f o r  92, and 1 . 8  Hz f o r  8 8 a ) .  



Table 2-17. Experimental Conditions and Yields of the 

Adducts in Acetone-Sensitized Solvent Addition Reactions of 

Norbornene. 

solvent acetone % experimental irradiation product yieldb 
(by volume) conditionsa time (h) 

(to be continued at next page) 



Table 2-17. ( c o n t  . )  

solvent acetone % experimental irradiation product yieldb 
(byvolume) conditionsa time (h) ( % I  

a .  Cond i t ion  A, a  s o l u t i o n  (280 m l )  c o n t a i n i n g  norbornene ( 5  

g,  0.19 M )  was i r r a d i a t e d  w i t h  a  200 W Hanovia Medium 

p r e s s u r e  mercury lamp through a Pyrex f i l t e r  accord ing  t o  

Method 1 d e s c r i b e d  i n  4-1-3; c o n d i t i o n  B, a  s o l u t i o n  (10 m l )  

i n  two Pyrex test  t u b e s  (100x13 mm) c o n t a i n i n g  norbornene ( 9 5  

mg, 0 . 1  M) was i r r a d i a t e d  wi th  a  300 nm l i g h t  s o u r c e  

a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3; c o n d i t i o n  C, a  

s o l u t i o n  (10 m l )  c o n t a i n i n g  norbornene (95 mg, 0 . 1  M) was 

i r r a d i a t e d  a c c o r d i n g  t o  Method 2 d e s c r i b e d  i n  4-1-3. The 

l i g h t  s o u r c e  was t h e  same of Condi t ion  A. 

b. Based on t h e  amount of norbornene added. 

The exo c o n f i g u r a t i o n  of  88a was a l s o  i n d i c a t e d  by t h e  NOE 

d i f f e r e n c e  s p e c t r u m  which showed no enhancement of  t h e  s y n  

b r i d g e  p r o t o n  s i g n a l  when HI was i r r a d i a t e d .  On t h e  o t h e r  



hand ,  t h e  a d d u c t s  r e s u l t e d  f rom THE', 1 , 4 - d i o x a n e ,  o r  1 , 2 -  

d i c h l o r o e t h a n e  a n d  t h e  4 - s u b s t i t u t e d  a d d u c t s  o f  1 , 3 - d i o x o l a n e  

(88b  a n d  8 8 c )  were m i x t u r e s  o f  two e p i m e r s  a s  shown by t h e  IH 

NMR s p e c t r a .  A s  w e  f a i l e d  t o  s e p a r a t e  t h e  e p i m e r s  by  e i t h e r  

f l a s h  c h r o m a t o g r a p h y  o r  p r e p a r a t i v e  G C ,  w e  c o u l d  n o t  

d i s t i n g u i s h  them unambiguously.  

T h e r e  w e r e  s e v e r a l  common minor  p r o d u c t s  f o u n d  i n  t h e  

p h o t o l y s a t e s  f o r  a l l  s o l v e n t s .  Among them, 7 7  o b v i o u s l y  

m a i n l y  o r i g i n a t e d  f rom t h e  a d d i t i o n  o f  a c e t o n e  a n d  a p p e a r e d  

i n  s i g n i f i c a n t  amounts  when i s o p r o p a n o l ,  1 , 2 - d i c h l o r o e t h a n e ,  

o r  1 , l - d i c h l o r o e t h a n e  was u s e d  a s  t h e  s o l v e n t  ( T a b l e  2 - 1 6 ) .  

O t h e r  two b y p r o d u c t s  g e n e r a l l y  o b t a i n e d  i n  less t h a n  15% GC 

y i e l d  were i d e n t i f i e d  t o  b e  t h e  two dimers o f  n o r b o r n e n e  8 0  

a n  81 b y  c o i n j e c t i o n  w i t h  t h e  a u t h e n t i c  s a m p l e s .  A n o t h e r  

m i n o r  b y p r o d u c t  ( < 5 % )  f o u n d  i n  t h e  p h o t o l y s a t e  f r o m  1 , 4 -  

d i o x a n e  was l i k e l y  a  c o u p l i n g  p r o d u c t  o f  t h e  s o l v e n t  a s  

s u g g e s t e d  b y  a  p a r e n t  p e a k  a t  m / e  = 174 a n d  a  b a s e  p e a k  a t  

m / e  = 87 i n  t h e  GC-MS (EI  mode) spec t rum.  

The s o l v e n t  a d d i t i o n  r e a c t i o n s  t o  no rbo rnene  s e n s i t i z e d  by 

a c e t y l a c e t o n e  were e x a m i n e d  i n  s m a l l  s c a l e  e x p e r i m e n t s .  

P h o t o l y s e s  o f  s o l u t i o n s  ( 5  m l  e a c h )  c o n t a i n i n g  n o r b o r n e n e  

( 0 . 5  M )  a n d  a c e t y l a c e t o n e  ( 0 . 0 5  M )  i n  a  s o l v e n t  (CH3CN, THF, 

1 ,4-d ioxane ,  i s o p r o p a n o l ,  CH2C12 ,  o r  1 , 2 - d i c h l o r o e t h a n e )  gave  

t h e  same a d d u c t s  o b t a i n e d  f rom t h e  c o r r e s p o n d i n g  a c e t o n e  

s e n s i t i z e d  r e a c t i o n s ,  w h i l e  a c e t y l a c e t o n e  r e m a i n e d  

e s s e n t i a l l y  n o t  consumed.  I n  t h e  a c e t y l a c e t o n e  s e n s i t i z e d  

s o l v e n t  a d d i t i o n  r e a c t i o n s  t h e  a d d u c t  ( s )  was ( w e r e )  a l s o  



accompanied  by  s e v e r a l  b y p r o d u c t s  g e n e r a l l y  i n  less t h a n  15% 

y i e l d  a s  j u d g e d  b y  G C  a n a l y s i s .  The b y p r o d u c t s  were 

i d e n t i f i e d  t o  be 7 7 ,  8 0 ,  8 1 ,  a n d  t h e  c y c l o a d d u c t  o f  

a c e t y l a c e t o n e  w i t h  n o r b o r n e n e ,  75.  However,  77  a p p e a r e d  

a lways  i n  t i n y  amount (<3%) f o r  a l l  r u n s .  

The quantum y i e l d  measu remen t s  were p e r f o r m e d  f o r  t h e  

r e a c t i o n s  i n  CH3CN, C H 2 C 1 2  a n d  THF. The p h o t o l y s e s  o f  

s o l u t i o n s  ( 5  m l  e a c h )  c o n t a i n i n g  n o r b o r n e n e  ( - 0 . 1  M )  a n d  

a c e t y l a c e t o n e  ( -0 .05  M )  l a s t e d  f o r  35  min by when t h e  l o s s  o f  

n o r b o r n e n e  was l e s s  t h e n  5% a s  shown by  q u a n t i t a t i v e  GC 

a n a l y s i s .  The amoun t s  o f  t h e  a d d u c t s  were d e t e r m i n e d  by 

comparing t h e i r  GC peak a r e a s  w i t h  t h e  i n t e r n a l  s t a n d a r d  f o r  

T a b l e  2-18. The Quantum Y i e l d s  o f  A c e t y l a c e t o n e - S e n s i t i z e d  

S o l v e n t  A d d i t i o n  R e a c t i o n s  o f  N ~ r b o r n e n e . ~  

s o l v e n t  [no rbo rnene ]  [ a c e t y l a c e t o n e ]  p r o d u c t  b, 

(M) ( M )  

CH3CN 0 .100  0 .055  85  8.48 

CH2C12 0.094 0.054 9 0  12.77 

THF 0.102 0.054 8 6 a ,  8 6 b  2.83 

a .  I r r a d i a t e d  f o r  35 min w i t h  a  300 nm l i g h t  s o u r c e  a c c o r d i n g  

t o  Method 3 described i n  4-1-3. 

which c a l i b r a t i o n  c u r v e s  had  been  made e a r l i e r  w i t h  a u t h e n t i c  

s a m p l e s .  The l i g h t  i n t e n s i t y  was r e c o r d e d  b y  u s i n g  a  

b e n z o p h e n o n e - b e n z h y d r o l  a c t i n o m e t e r  u n d e r  t h e  s a m e  



i r r a d i a t i o n  c o n d i t i o n s .  A s  shown by t h e  d a t a  i n  T a b l e  2-18, 

quantum y i e l d s  f a r  g r e a t e r  t h a n  u n i t y  w e r e  f ound  f o r  a l l  t h e  

t h r e e  r e a c t i o n s .  

2-5-4.  The Photolysis of Norbornene-TCB System 

&;el CI 
I hut s o l v e n t  300 nm&d - +&: + o t h e r  

CI 
" H 

0 
9 3  7 5 %  94 15% 1 0 %  

r e l a t i v e  y i e l d  

The p h o t o l y s e s  o f  s o l u t i o n s  c o n t a i n i n g  n o r b o r n e n e  ( 0 . 1  M) 

a n d  TCB ( 0 . 0 2  M)* i n  v a r i o u s  s o l v e n t s  ( h e x a n e ,  b e n z e n e ,  

C H 2 C 1 2 ,  a n d  CH3CN) r e s u l t e d  i n  t h e  f o r m a t i o n  o f  a  m a j o r  

p r o d u c t  a n d  t h r e e  minor  p r o d u c t s  r e g a r d l e s s  which s o l v e n t  was 

u s e d .  The m a j o r  p r o d u c t  a n d  one  o f  t h e  m i n o r s  were  i s o l a t e d  

f r o m  p r e p a r a t i v e  GC a n d  i d e n t i f i e d  t o  b e  e x o - 2 -  

c h l o r o n o r b o r n a n e  ( 9 3 )  a n d  trans-2,3-dichloronorbornane ( 9 4 ) ,  

r e s p e c t i v e l y .  The GC-MS ( C I )  s p e c t r a  c l e a r l y  i n d i c a t e d  t h a t  

9 3  was a  monochloro  compound a n d  94 was a  d i c h l o r o  compound. 

T h e i r  IH NMR s p e c t r a  were e s s e n t i a l l y  f i r s t  o r d e r  a n d  a l l  

c o u p l i n g  c o n s t a n t s  were w e l l  e s t a b l i s h e d ,  i n  c o n s i s t e n c e  w i t h  

t h e  a s s i g n e d  s t r u c t u r e s .  No t r a c e  o f  s o l v e n t  a d d u c t s  t o  

n o r b o r n e n e  was found  i n  a n y  s o l v e n t .  

[TCB] = -0.002 M when hexane was the solvent. 
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The ll3 NMR s i g n a l s  o f  n o r b o r n e n e  i n  CD2C12  i n  t h e  p r e s e n c e  

o f  TCB were f o u n d  s e v e r e l y  b r o a d e n e d  upon i r r a d i a t i o n  ( F i g . 4 -  

9 ) .  T h i s  f i n d i n g  l e d  u s  t o  s e a r c h  f o r  a p a r a m a g n e t i c  s p e c i e s  

p o s s i b l y  g e n e r a t e d  i n  t h e  s y s t e m .  I n d e e d ,  a  s t r o n g  ESR s i g n a l  

w a s  o b s e r v e d  i n  a b e n z e n e  s o l u t i o n  ( [TCB]  = 0 . 0 2  M,  

[ n o r b o r n e n e ]  = 0 . 1  M )  u n d e r  i r r a d i a t i o n  ( F i g .  2-41,  B )  . The 

s i g n a l  b u i l t  u p  i n  -3 min a f t e r  t h e  l i g h t  t u r n e d  on a n d  t h e n  

g r a d u a l l y  d e c r e a s e d  d u e  t o  t h e  c o n s u m p t i o n  o f  TCB. The s i g n a l  

w a s  a t  l ea s t  1 0  times s t r o n g e r  t h a n  t h e  n e u t r a l  s e m i q u i n o n e  

radical  ( ~ i g . 2 - 4 1 , ~ ) .  a n d  h a d  a s m a l l e r  g - v a l u e  ( 2 . 0 0 5 0 )  t h a n  

t h e  l a t e r  d i d  ( 2  .OO6l) . The d i f f e r e n c e  i n  g - v a l u e s  ( 0 . 0 0 1 1 )  

was q u i t e  c l o s e  t o  t h a t  b e t w e e n  t h e  a n i o n  r a d i c a l  o f  TCB a n d  

t h e  n e u t r a l  s e m i q u i n o n e  r a d i c a l  i n  i s o p r o p a n o l  ( 0 . 0 0 0 8 )  . 123 
The s i g n a l  w a s  s t r o n g l y  q u e n c h e d  b y  a d d i t i o n  o f  CF3COOH a s  

shown i n  F i g . 2 - 4 1 , C .  A l l  t h e s e  o b s e r v a t i o n s  a l l o w e d  u s  t o  

a s s i g n  t h e  s i g n a l  t o  t h e  a n i o n  r a d i c a l  o f  TCB. B o t h  t h e  

n e u t r a l  s e m i q u i n o n e  r a d i c a l  a n d  t h e  TCB a n i o n  r a d i c a l  were 

t r a p p e d  b y  t e r t - n i t r o s o b u t a n e  s h o w i n g  d i f f e r e n t  h y p e r f i n e  

s p l i t t i n g  p a t t e r n s  ( F i g . 2 - 4 2 )  w h i c h  r e m a i n e d  s t i l l  

u n e x p l a i n a b l e .  

TCB t h e  s e m i q u i n o n e  t h e  a n i o n  
r a d i c a l  r a d i c a l  

1 

The ESR signal of the neutral semiquinone radical was previously observed 
and assigned in isopropanol, see ref.123. 



Figure 2-41.  A. ESR s i g n a l s  f rom a  b e n z e n e  s o l u t i o n  o f  TCB 

(2.0 X M). Curve 1, t a k e n  a f t e r  t h e  l i g h t  was t u r n e d  on, 

c o n s e c u t i v e  s c a n s  w i t h  1 min t i m e  i n t e r v a l s ;  c u r v e  2 ,  a f t e r  

t h e  l i g h t  was s h u t  o f f .  B .  ESR s i g n a l s  f rom a  benzene  

s o l u t i o n  o f  n o r b o r n e n e  (1.0 X 10-I M) and  TCB (2.0 X low2 M) . 
c u r v e  1 - 7, c o n s e c u t i v e l y  r e c o r d e d  a f t e r  t h e  l i g h t  was 

t u r n e d  on w i t h  1 min t i m e  i n t e r v a l s ;  c u r v e  8 - 12, r e c o r d e d  

immed ia t e ly  a f t e r  t h e  l i g h t  was t u r n e d  o f f  a t  t h e  end  o f  s c a n  

7. C .  ESR s i g n a l s  f rom a  same sample  o f  t h a t  i n  ( B ) ,  b o t h  

s p e c t r a  were r e c o r d e d  immed ia t e ly  a f t e r  t h e  l i g h t  was t u r n e d  

on; c u r v e  1, w i t h o u t  CF3COOH; c u r v e  2, w i t h  CF3COOH (-1 X 

M) added .  



Figure 2-42. ESR s i g n a l s  t r a p p e d  by t e r t - n i t r o s o b u t a n e  (-1 

X M )  i n  b e n z e n e .  Upper s p e c t r u m ,  [TCB] = 2 . 0  X M, 

t h e  s a m p l e  w a s  i r r a d i a t e d  f o r  1 min a n d  t h e n  t h e  s p e c t r u m  was 

t a k e n  i n  t h e  d a r k .  Lower s p e c t r u m ,  [TCB] = 2 . 0  X M, 

[ n o r b o r n e n e ]  = 1 . 0  X 10-I M, a l s o  t a k e n  i n  t h e  d a r k  a f t e r  1 

min o f  i r r a d i a t i o n .  



CHAPTER 3 DISCUSSION 

3-1. Photophysics of P-~iketonatoboron 

Difluorides 

3-1-1. G r o u n d  S tate  C o m p l e x  (GSC)  F o r m a t i o n  of DBMBF2 

w i t h  E l e c t r o n - R i c h  C o m p o u n d s  

GSCI e s p e c i a l l y  cha rge - t r ans fe r  ( C T )  complexes, combine 

e l e c t r o n  donors and accep to r s  of s u f f i c i e n t  s t r e n g t h  such 

t h a t  they  have a  s t a b l e  ground s t a t e  equi l ibr ium geometry . 
The r e l a t e d  photophysical  and photochemical phenomena have 

been known f o r  a  long t ime and well  reviewed.24f124f126 I n  

analogy t o  t h e  well  known spectroscopic p roper t i e s  of GSC185 

t h e  commonly observed c o l o r  change and red  s h i f t s  i n  

a b s o r p t i o n  s p e c t r a  of DBMBF2 s o l u t i o n s  upon a d d i t i o n  of 

var ious e lec t ron-r ich  compounds (2-1-2)  a r e  considered t o  be 

r e l a t e d  t o  t h e  formation of G S C  between DBMBF2 and t h e  

e lec t ron-r ich  compounds. The pe r fec t  l i n e a r  Benesi-Hildebrand 

r e l a t i o n  (F ig .  2-10)  obtained i n  DBMBF2-anethole ( 3 )  system 

confirms t h a t  t h e  red s h i f t s  i n  t h e  absorption spec t ra  i s  due 

t o  GSC formation.  The absence of such c o l o r  change o r  red 

s h i f t  i n  DBMBF2 so lu t ions  on t h e  addi t ion  of a  l e s s  e lectron-  

r i c h  o l e f i n  ( e . g .  7 )  o r  an e l e c t r o n - p o o r  o l e f i n  ( e . g .  

a c r y l o n i t r i l e )  s t r o n g l y  i n d i c a t e s  t h e  c h a r g e - t r a n s f e r  

charac ter  f o r  t h e  GSC observed. 



The a s s o c i a t i o n  c o n s t a n t ,  K = 0.44  M-l, o f  DBMBF2-3 GSC 

f o r m a t i o n  i m p l i c a t e s  a  m o d e r a t e  a s s o c i a t i o n :  29 .5% o f  DBMBF2 

m o l e c u l e s  a r e  i n  t h e  GSC i n  a  s o l u t i o n  c o n t a i n i n g  0 . 0 2  M o f  

DBMBF2 a n d  0 . 1  M o f  3.  The GSC's fo rmed  w i t h  o t h e r  e l e c t r o n  

d o n o r s ,  e .  g .  q u a d r i c y c l a n e  (QC)  , seem t o  h a v e  e v e n  s m a l l e r  

a s s o c i a t i o n  c o n s t a n t s  a s  t h e y  show less s i g n i f i c a n t  r e d  

s h i f t s  i n  t h e  a b s o r p t i o n  s p e c t r a  ( F i g .  2-8) , n o t w i t h s t a n d i n g  

QC i s  a t  l e a s t  a s  good  a s  3 i n  terms o f  b e i n g  a n  e l e c t r o n  

d o n o r  a s  shown by t h e i r  o x i d a t i o n  p o t e n t i a l s  ( T a b l e  2 - 4 ) .  The 

d i f f e r e n c e  i n  K v a l u e s  b e t w e e n  3 a n d  QC i n d i c a t e s  t h e  

i m p o r t a n c e  o f  "no-bondn i n t e r a c t i o n  i n  GSC f o r m a t i o n ;  3 

a s s o c i a t e s  b e t t e r  b e c a u s e  t h e  b e n z e n e  r i n g  of 3 i s  e x p e c t e d  

t o  i n t e r a c t  b e t t e r  w i t h  t h e  c h e l a t e  r i n g  o f  DBMBF2 c a u s i n g  

s t a b i l i z a t i o n .  T h i s  i s  a l s o  i n  a c c o r d a n c e  w i t h  t h e  t h e o r y  and  

g e n e r a l  o b s e r v a t i o n s  f o r  l a r g e  body o f  GSC1s. Accord ing  t o  

t h e  M u l l i k e n  t h e o r y , 8 5  t h e  g round  s t a t e  o f  CT complexes  i s  

described by  a  wave f u n c t i o n  which  may be d i s s e c t e d  i n t o  

c o n t r i b u t i o n s  f rom "no-bond" c o n f i g u r a t i o n ,  c p ( A , D ) ,  and a 

d a t i v e  c o n f i g u r a t i o n  i n  w h i c h  a n  e l e c t r o n  h a s  b e e n  

t r a n s f e r r e d ,  (p(A-a,  D + -  ) . I n  E q .  3-1, t h e  weighing  c o e f f i c i e n t s  

a r e  g e n e r a l l y  c o n s i d e r e d  t o  f a v o r  t h e  "no-bond" c o n f i g u r a t i o n  

( a  >> b ) .  F o r  example ,  l ess  t h a n  1 0 %  CT c h a r a c t e r  f o r  

hexame thy lbenzene  complexes  w i t h  v a r i o u s  a c c e p t o r s  h a s  been  

e x p e r i m e n t a l l y  e s t i m a t e d .  lZ7 



The s u b s t a n t i a l  "no-bondw i n t e r a c t i o n  be tween  DBMBF2 and  

a r o m a t i c  compounds p e r h a p s  i s  t h e  f a c t o r  r e s p o n s i b l e  f o r  t h e  

u n u s u a l  e m i s s i v e  b e h a v i o r s  of  DBMBF2 i n  benzene  (F ig .2-4  and  

2 - 5 ) .  The enhancemen t s  i n  i n t e n s i t y  a n d  r e d  s h i f t  o f  t h e  

e m i s s i o n  maxima i n d i c a t e  t h e r e  a r e  "new" e m i s s i o n  p e a k s  

o r i g i n a t e d  f rom GSC formed be tween  DBMBF2 a n d  b e n z e n e .  The 

o b s e r v a t i o n s  d u r i n g  t h e  r e c r y s t a l l i z a t i o n  o f  DBMBF2 i n  

b e n z e n e  (2-1-2) s t r o n g l y  s u g g e s t  t h e  f o r m a t i o n  o f  a  r a t h e r  

s t a b l e  GSC i n  t h e  s o l i d  s t a t e .  C o n s i d e r i n g  a common 

a s s u m p t i o n  t h a t  t h e  s o l u t i o n  s t r u c t u r e s  c l o s e l y  r e l a t e d  t o  

t h o s e  d e t e r m i n e d  f o r  t h e  s o l i d  s t a t e , l Z 4  t h e  o b s e r v a t i o n  o f  

GSC i n  s o l i d  s t a t e ,  t h e r e f o r e ,  a l so  s u p p o r t  t h e  c o n c l u s i o n  

t h a t  t h e  GSC a c c o u n t s  f o r  t h e  enhanced  f l u o r e s c e n c e  e m i s s i o n .  

On t h e  o t h e r  hand, t h e  f l u o r e s c e n c e  s p e c t r a  o f  DBMBF2 i n  CH3CN 
Y 

upon a d d i t i o n  o f  p y r i d i n e  (F ig .2 -18 ,A)  s e e m  t o  i m p l y  an  

e x c i p l e x  e m i s s i o n  a t  a b o u t  500  nm. However, t h e  e m i s s i v e  

p a t t e r n  i n  n o n p o l a r  MCH (F ig .2-18 ,B)  c l e a r l y  shows t h e r e  i s  

n o  new e m i s s i o n  a t  -500 nm b u t  o n l y  b r o a d e n i n g  o f  t h e  

f l u o r e s c e n c e  band  upon a d d i t i o n  o f  p y r i d i n e .  T h e r e f o r e ,  w e  

c a n  n o t  v e r i f y  w h e t h e r  a n  e x c i p l e x  f o r m a t i o n  o r  a  GSC 

f o r m a t i o n  i s  r e s p o n s i b l e  f o r  t h e  s p e c t r a  shown i n  Fig.2-18,A.  

Whi le  t h e  GSC f o r m a t i o n  a r e  d e m o n s t r a t e d  by  t h e  change i n  

t h e  a b s o r p t i o n  s p e c t r a ,  new f l u o r e s c e n c e  e m i s s i o n s  a t  l o n g e r  

w a v e l e n g t h s  a r e  o b s e r v e d  f o r  two e l e c t r o n - r i c h  o l e f i n s  1 a n d  

2 ( F i g . 2 - 1 9 ) .  W e  a s s i g n  them a s  t h e  e m i s s i o n s  f rom t h e  GSC's 

r a t h e r  t h a n  f rom e x c i p l e x e s  on t h e  b a s i s  o f  s i m i l a r i t y  o f  t h e  

e x c i t a t i o n  s p e c t r a  ( F i g .  2 - 1  9 )  w i t h  t h e  c o r r e s p o n d i n g  



a b s o r p t i o n  s p e c t r a  i n  t h e  t a i l i n g  r e g i o n  (400  - 440 nm, 

F i g . 2 - 8 ) ,  which h a s  been  r e f e r r e d  t o  t h e  GSC a b s o r p t i o n s .  I n  

a d d i t i o n ,  w e  have  d e m o n s t r a t e  l a t e r  on (see 3-2-3 and  3-3-3) 

t h a t  t h e  quench ing  o f  s i n g l e t  e x c i t e d  s t a t e  DBMBF2 by 1 o r  2 

i s  m a i n l y  d u e  t o  t h e  d i r e c t  f o r m a t i o n  o f  s o l v e n t  s e p a r a t e d  

i o n  r a d i c a l  p a i r s  r a t h e r  t h a n  t h e  e x c i p l e x  f o r m a t i o n .  T h i s  i s  

a l s o  i n  f a v o r  o f  t h e  a s s i g n m e n t  t o  GSC f o r  t h e  o r i g i n  o f  t h e  

new e m i s s i o n s .  I t  h a s  b e e n  c l a i m e d  t h a t  CT c o m p l e x e s  

g e n e r a l l y  t e n d  t o  h a v e  v e r y  low quantum y i e l d s  o f  e m i s s i o n  

d u e  t o  t h e  p r e v a l e n c e  o f  n o n - r a d i a t i v e  decay ,124  t h e r e f o r e  

o n l y  f ew  e x a m p l e s  o f  f l u o r e s c e n c e  e m i s s i o n  f r o m  t h e  

e x c i t a t i o n  o f  CT  complexes  have  b e e n  r e p ~ r t e d . l ~ ~ - l ~ O  T h i s  

a l s o  e x p l a i n s  why n e a t  d o n o r s  a r e  n e e d e d  t o  show t h e  

f l u o r e s c e n c e  o f  GSC1s o f  DBMBF2 w i t h  1 o r  2 .  The f a i l u r e  o f  

o b s e r v i n g  t h e  e m i s s i o n s  i n  CH3CN ( E  = 3 7 . 5 )  8 4  i s  a l s o  i n  

agreement  w i t h  t h e  g e n e r a l  f i n d i n g  t h a t  t h e  e m i s s i o n  y i e l d  o f  

CT s y s t e m s  d r o p s  s h a r p l y  w i t h  i n c r e a s i n g  s o l v e n t  p o l a r i t y  and 

v i r t u a l l y  no  f l u o r e s c e n c e  was found  i n  s o l v e n t s  w i t h  E > 1 0  

due  t o  a  l a r g e  r e d u c t i o n  i n  r a d i a t i v e  d e c a y  r a t e  i n  p o l a r  

media.1311132 Worthwhile  t o  ment ion  i s  t h a t  i n  s p i t e  o f  c l e a r  

e v i d e n c e  o f  t h e  GSC f o r m a t i o n  between DBMBF2 and  3,  no new 

e m i s s i o n  was o b s e r v e d  i n  n e a t  3 .  S i n c e  3 i s  a  s t r o n g e r  

e l e c t r o n  d o n o r  t h a n  1 a n d  2 ,  t h e  l a c k  o f  e m i s s i o n  f r o m  

DBMBF2-3 GSC i s  p r e s u m a b l y  d u e  t o  a  v e r y  f a s t  e l e c t r o n  

t r a n s f e r  p r o c e s s  w i t h i n  t h e  e x c i t e d  GSC, which must r e s u l t  i n  

t h e  f o r m a t i o n  o f  t h e  c o n t a c t  i o n  r a d i c a l  p a i r ;  t h i s  p r o c e s s  

s u p e r s e d e s  e m i s s i o n .  



3-1-2. Excimer Formation of DBMBF2 

T h e  r e m a r k a b l e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  DBMBF2 

f l u o r e s c e n c e  e m i s s i o n  ( F i g . 2 - 3 )  resembles t h a t  f o u n d  i n  a  

p y r e n e  s o l u t i o n  i n  h e ~ t a n e , l 3 ~ - l ~ ~  a c l a s s i c  e x a m p l e  o f  

e x c i m e r  f o r m a t i o n .  The  a p p e a r a n c e  o f  t h e  s t r u c t u r e l e s s  

f l u o r e s c e n c e  b a n d  a t  522 nm a t  t h e  c o n c e n t r a t i o n  o f  DBMBF2 > 

0 . 0 5  M i n  CH3CN i m p l i c a t e s  t h e  f o r m a t i o n  o f  t h e  DBMBF2 

e x c i m e r .  D e s p i t e  t h e  r e p o r t  t h a t  DBMBF2 a n d  AABF2 e x i s t  o n l y  

as  monomer i n  b e n z e n e , 3 7  however ,  w e  s t i l l  h a v e  t o  c a r e f u l l y  

r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  i s  

d u e  t o  a g r o u n d  s t a t e  m o l e c u l a r  a g g r e g a t i o n .  T h e r e f o r e ,  w e  

h a v e  e x a m i n e d  IH, 1 1 ~ ,  1 9 ~  NMR ( i n  CDC13) a n d  e l e c t r o n i c  

a b s o r p t i o n  ( i n  CH3CN) s p e c t r a  o f  DBMBF2 o v e r  a w i d e  

c o n c e n t r a t i o n  r a n g e  s e e k i n g  s i g n s  o f  g r o u n d  s t a t e  m o l e c u l a r  

a g g r e g a t i o n s  t h a t  s h o u l d  c a u s e  some c h a n g e s  t o  t h e s e  

s p e ~ t r a . * ~ ~ * ~  A s  shown b y  t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  2-3 

a n d  F i g . 2 - 7 ,  t h e  c h e m i c a l  s h i f t s  o f  t h e  t h r e e  n u c l e i  a n d  t h e  

b a n d  s h a p e  o f  e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  a l l  d e m o n s t r a t e  

a n  i n d e p e n d e n c e  t o  c o n c e n t r a t i o n  c h a n g e s .  M o r e o v e r ,  t h e  

e x c i t a t i o n  s p e c t r a  ( F i g . 2 - 7 )  t a k e n  a t  v a r i o u s  c o n c e n t r a t i o n s  

d o  n o t  show a n y  n o t a b l e  c h a n g e s  i n  terms o f  b a n d  p o s i t i o n  a n d  

s h a p e  i n  c o m p a r i s o n  w i t h  t h e  c o r r e s p o n d i n g  a b s o r p t i o n  

s p e c t r a .  A l l  t h e s e  o b s e r v a t i o n s  a g r e e  w i t h  t h e  c o n c l u s i o n  

t h a t  t h e  e m i s s i o n  a t  522 nm o r i g i n a t e s  f r o m  t h e  e x c i m e r  o f  

DBMBF2 a n d  t h a t  t h e  e x c i m e r  i s  d e r i v e d  f r o m  dynamic  p r o c e s s  

b u t  n o t  f r o m  a g r o u n d  s t a t e  complex .  A s  a n  a d d i t i o n a l  p r o o f ,  

w e  s h o u l d  c i t e  t h a t  t h e  f l u o r e s c e n c e  o f  c r y s t a l l i n e  DBMBF2 



s u p e r i m p o s e s  w i t h  t h a t  o b s e r v e d  i n  s a t u r a t e d  CH3CN s o l u t i o n  

([DBMBF2] = 0 . 2 2  M, F i g . 2 - 3 ) ;  a s i m i l a r  c a s e  h a s  b e e n  f o u n d  

f o r  p y r e n e . 1 3 5  S i n c e  t h e  c r y s t a l l o g r a p h i c  s t u d i e s  o f  p y r e n e  

r e v e a l  t h a t  t h e  m o l e c u l e s  are a r r a n g e d  i n  p a r a l l e l  p a i r s  w i t h  

a n  i n t e r p l a n a r  d i s t a n c e  o f  3 . 5 3  A,136 a " f a c e  t o  f a c e "  

s t r u c t u r e  i s  s u g g e s t e d  f o r  t h e  p y r e n e  e x c i m e r  i n  s 0 1 u t i o n . l ~ ~  

Though  t h e  c r y s t a l l o g r a p h i c  da t a  o f  DBMBF2 h a s  n o t  b e e n  

a v a i l a b l e  till now, w e  s u g g e s t  t h a t  t h e  e x c i m e r  o f  DBMBF2 

p r o b a b l y  a l s o  h a s  a " f a c e  t o  f a c e "  s t r u c t u r e .  I n  s u c h  a  " f a c e  

t o  f a c e "  s t r u c t u r e  t h e  maximal  o v e r l a p  o f  sc o r b i t a l s  i s  

e x p e c t e d ,  w h i c h  i n  t u r n  f a c i l i t a t e s  t h e  c h a r g e  r e s o n a n c e  as 

w e 1 1  a s  e x c i t o n  r e s o n a n c e  b e t w e e n  t h e  p a r t n e r s  o f  a n  

a r o m a t i c  e x c i m e r  . 137 

W i t h o u t  more i n f o r m a t i o n s  on t h e  k i n e t i c  a n d  the rmodynamic  

p a r a m e t e r s  o f  t h e  e x c i m e r  f o r m a t i o n ,  it i s  i m p o s s i b l e  t o  

f i g u r e  o u t  t h e  d e t a i l s  o f  e i t h e r  t h e  g e o m e t r i c  s t r u c t u r e  o r  

t h e  d y n a m i c  c o u r s e  a t  t h i s  s t a g e ;  t h e  c o n c e n t r a t i o n  

d e p e n d e n c e  o f  DBMBF2 f l u o r e s c e n c e  e m i s s i o n s  a t  398 a n d  416 nm 

c o m p l i c a t e s  t h e  p r o b l e m .  The c o e x i s t e n c e  o f  t h e  t w o  e m i s s i o n s  

o f  DBMBF2 a t  3 9 8  a n d  4 1 6  nm a n d  t h e i r  c o n c e n t r a t i o n  

d e p e n d e n c e  ( F i g .  2-3) i n d i c a t e s  t h a t  t h e  p e a k  a t  416 nm m i g h t  

b e  a species d e r i v e d  f r o m  t h e  monomer w h i c h  i s  r e s p o n s i b l e  

f o r  t h e  e m i s s i o n  a t  398  nm. T h i s  i s  a l s o  s u p p o r t e d  b y  t h e  

o b s e r v a t i o n  i n  t h e  f l u o r e s c e n c e  i n t e n s i t y  q u e n c h i n g  

e x p e r i m e n t s .  I n  t h e  b i a c e t y l  q u e n c h i n g  ( 2 - 1 - 6 , a ) ,  w h i c h  

o c c u r s  b y  e n e r g y  t r a n s f e r  owing  t o  t h e  s i n g l e t  e x c i t e d  s t a t e  

e n e r g y  ( 6 5 . 3  ~ c a l / m o l )  8 8  o f  t h e  q u e n c h e r  b e i n g  7 . 7  K c a l / m o l  



l ower  t h a n  t h a t  ( 7 3 . 0  Kcal /mol)  o f  DBMBF2, t h e  peak a t  416 nm 

(kq2 = 7 1 . 7  M - ~ )  i s  quenched more e f f i c i e n t l y  t h a n  t h e  peak a t  

398 nm (kq2 = 6 0 . 0  M - ~ ) .  I n  c o n t r a s t ,  i n  t h e  c a s e  o f  3 , 3 -  

d imethyl -1-butene  ( 7 )  o r  c y c l o h e p t e n e  (8)  b e i n g  t h e  q u e n c h e r  

(2-1-6, b ) ,  wh ich  q u e n c h e s  v i a  e l e c t r o n  t r a n s f e r  mechanism 

( v i d e  infra), t h e  quench ing  e f f i c i e n c i e s  f o r  b o t h  wave leng ths  

a r e  e x a c t l y  t h e  same. T h i s  o b s e r v a t i o n  c a n  be r a t i o n a l i z e d  by 

a s suming  t h a t  t h e  s p e c i e s  ( t e n t a t i v e l y  d e n o t e d  a s  s p e c i e s  X) 

r e s p o n s i b l e  f o r  t h e  e m i s s i o n  a t  416 nm i s  d e r i v e d  f rom t h e  

monomer o f  DBMBF2 which e m i t s  a t  398 nm, and  t h e  quenching  by 

b i a c e t y l  v i a  e n e r g y  t r a n s f e r  a f f e c t s  b o t h  s p e c i e s  whereas  t h e  

q u e n c h i n g  b y  t h e  two  o l e f i n s  v i a  e l e c t r o n  t r a n s f e r  o n l y  

a f f e c t s  t h e  s p e c i e s  t h a t  e m i t s  a t  398 nm. 

However,  s p e c i e s  X i s  d i s t i n c t l y  d i f f e r e n t  f rom t h e  

" c o n v e n t i o n a l "  e x c i m e r .  The p y r e n e  e x c i m e r  h a s  a d i f f e r e n c e  

b e t w e e n  t h e  f l u o r e s c e n c e  maxima o f  t h e  monomer a n d  t h e  

e x c i m e r  a s  l a r g e  a s  6000 c m - l ,  which c o r r e s p o n d s  t o  an  e n e r g y  

d i f f e r e n c e  o f  17 K c a l / m 0 1 . l ~ ~  The c o r r e s p o n d i n g  d i f f e r e n c e  f o r  

s p e c i e s  X a n d  t h e  monomer o f  DBMBF2 i s  o n l y  1100 c m - l  ( 3 . 1  

K c a l / m o l ) .  M o r e o v e r ,  b o t h  s p e c i e s  c o e x i s t  a t  DBMBF2 

c o n c e n t r a t i o n  a s  low a s  M .  T h i s  means t h a t  i f  s p e c i e s  X 

i s  some s o r t  o f  exc imer ,  t h e  c o r r e s p o n d i n g  f o r m a t i o n  c o n s t a n t  

must be i n c r e d i b l y  l a r g e  ( > l o 5  M - I ) .  A l l  t h e s e  o b s e r v a t i o n s  

s u g g e s t  t h a t  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  r a t i o  

i s  due  t o  a n  unknown mechanism b u t  n o t  t o  a n  exc imer  

f o r m a t i o n .  A r a t i o n a l i z a t i o n  i s  t h a t  t h e  e m i s s i o n s  a t  398 and 

416 nm a r e  from two r o t a m e r s  o f  DBMBF2, r e s p e c t i v e l y .  



By analogy, we a t t r i b u t e  the  emission ( -  395 nm, Table 2- 

1) found i n  concentrated so lu t ion  of AABF2 (> M )  t o  t h e  

AABF2 excimer. 

3-1-3. DBMBF2 Fluorescence Intensity Quenching 

at 398 nm 

The dependence o f  quenching r a t e  cons tan t  (kg) f o r  t h e  

f l u o r e s c e n c e  emiss ion  a t  398 nm on e i t h e r  o x i d a t i o n  

p o t e n t i a l s  ( F i g .  2 - 1 4 )  o r  I P  ( F i g .  2-15) of t h e  quenchers 

s t r o n g l y  i n d i c a t e  an e l e c t r o n  t r a n s f e r  c h a r a c t e r  of t h e  

quenching processes.1381139 The kq values i n  the  exergonic A G O  

region  (Fig.2-14) a r e  g e n e r a l l y  smal ler  by one o rde r  of 

magnitude than those predicated from Rehm-Weller 

f o r  a  complete e l e c t r o n  t r a n s f e r  mechanism, implying t h a t  a  

complete e l e c t r o n  t r a n s f e r  from t h e  quencher t o  DBMBF2 can 

not be t h e  r a t e  l imi t ing  step.311140 We the re fo re  suggest t h a t  

t h e  exc ip lexes  of s i n g l e t  e x c i t e d  s t a t e  DBMBF2 with t h e  

quenchers a r e  involved i n  t h e  quenching processes .  However, 

l a t e r  s t u d i e s  on t h e  r e l a t e d  photoreact ions (3-3-3) reveal  

t h a t  t h e  quenching of s i n g l e t  exc i t ed  s t a t e  DBMBF2 b y  some 

e lec t ron- r i ch  o l e f i n s  a c t u a l l y  involves t h e  d i r e c t  formation 

of s o l v e n t  s e p a r a t e d  ion  r a d i c a l  p a i r  ( S S I P )  i n  t h e  

competit ion w i t h  t h e  exciplex formation. The competition of 

two quenching processes i s  a l s o  suggested by t h e  co r re la t ion  

between kq and I P  of t h e  quenchers a s  depic ted  below. A 

l i n e a r  c o r r e l a t i o n  ( E q .  3-2) was reported311141 t o  hold f o r  a  

f luorescence quenching process which i s  governed by exciplex 



m e c h a n i s m .  I n  t h e  e q u a t i o n ,  k d i f f  s t a n d s  f o r  t h e  d i f f u s i o n  

r a t e  c o n s t a n t ;  A a n d  C a r e  c o n s t a n t s .  T h e  p l o t  o f  

l o g [ k q /  ( k d i f f  - kq) 1 vs.  I P ' s  o f  t h e  q u e n c h e r s  ( e x c e p t  e n o n e s )  

l i s t ed  i n  T a b l e  2-4 d o e s  

show a s t r a i g h t  l i n e  i n  t h e  I P  > 8 . 4  e V  r e g i o n  b u t  a b e n t  

l i n e  i n  t h e  I P  < 8 . 4  e V  r e g i o n  ( F i g . 3 - 1 ) .  T h i s  c a n  b e  

r a t i o n a l i z e d  b y  a s s u m i n g  t h a t  t h e  q u e n c h i n g  p r o c e s s  i s  

o p e r a t e d  p r e d o m i n a n t l y  by  e x c i p l e x  f o r m a t i o n  when I P  > 8 . 4  e V  

Figure.3-1. D e p e n d e n c e  o f  r a tes  o f  DBMBF2 f l u o r e s c e n c e  

q u e n c h i n g  o f  v a r i o u s  q u e n c h e r s  o n  t h e i r  i o n i z a t i o n  

p o t e n t i a l s .  k d i f f  = 2 . 2  X 1 0 l 0  ~ - l s - l  i s  a d o p t e d  f o r  CH3CN a t  

20•‹ C .  



whereas t h e  d i r e c t  formation of SSIP becomes competit ive a s  

I P  goes down below 8.4 eV. 

A s  mentioned i n  Chapter 1, acetylacetone may be regarded 

a s  an e l ec t ron- r i ch  spec ies  based on i t s  redox parameters.  

Indeed, acetylacetone does quench t h e  fluorescence of DBMBF2 

with a  quenching r a t e  cons tan t  f i t s  e x c e l l e n t l y  i n  t h e  

c o r r e l a t i o n  curve shown i n  Fig.2-14 and Fig.3-1 (compound 

1 0 0 ) .  Enones a l s o  quench DBMBF2 fluorescence.  A s  one can f ind  

from Fig.2-15, t h e r e  i s  no c o r r e l a t i o n  of kq w i t h  I P 1 s .  

Though t h e  lack  of a  c o r r e l a t i o n  of kq with I P  does not 

n e c e s s a r i l y  i n d i c a t e  t h a t  t h e  quenching i s  by energy 

t r a n s f e r ,  2 4 ~ 1 4 0  t h e r e  seems t o  be a  c l u e  f o r  an energy 

t r a n s f e r  mechanism f o r  t h e  quenching by enones. The quenching 

of s i n g l e t  e x c i t e d  s t a t e  DBMBF2 b y  enones l e a d s  t o  t h e  

formation of t h e  adducts of DBM and the  enones (2-3) . I n  t he  

c a s e  of a  c y c l i c  enone (2-cyclopentenone  1 9  o r  2 -  

cyclohexenone 16)  being t h e  quencher, two 2+2 dimers of t h e  

enone a r e  a l s o  o b t a i n e d  accompanying t h e  c y c l o a d d i t i o n  

r e a c t i o n s  (2-3-2) . Notably, t h e  r a t i o s  of t h e  head-to-head 

and head- to - t a i l  dimers so  obtained (34/66 f o r  1 6  and 54/46 

f o r  1 9 )  a r e  very c l o s e  t o  those  r e s u l t e d  from t h e  d i r e c t  

p h o t o l y s i s  of t h e  enone (37/63 f o r  16  and 59/41 f o r  1 9 ) .  A s  

t h e  experiments a r e  always c a r r i e d  o u t  under condi t ions where 

v i r t u a l l y  a l l  t h e  inc iden t  l i g h t  i s  absorbed by DBMBF2, t h i s  

observat ion  sugges ts  t h a t  an energy t r a n s f e r  from s i n g l e t  

exc i ted  s t a t e  DBpBF2 t o  the  enone must have occurred. And the  



energy manifold of t h e  r eac t ive  s t a t e  of t h e  enones has t o  be 

c lose  t o  o r  below the  Es of DBMBF2 (73.0 Kcal/mol). Because of 

the  lack of fluorescence f o r  these  enones,142 the  Es data  have 

not been a v a i l a b l e  except an Es = 7 5 . 5  Kcal/mol was reported 

f o r  16.144 Nevertheless, t h e  ca lcu la t ions  by a  modified INDO 

procedure ( I N D O U V )  p r e d i c t  very low Es (n ,  K* t r a n s i t i o n )  

values f o r  methyl v iny l  ketone (18,  6 0 . 2  Kcal/mol) and 3- 

penten-2-one (17 ,  61 .3  Kcal/mol) . 1 4 3  However, t h e  r eac t ive  

s t a t e  of enones i n  t h e  quenching process does not have t o  be 

t h e  s p e c t r o s c o p i c  s i n g l e t  s t a t e .  F u r t h e r  s t u d i e s  a r e ,  

the re fo re ,  obviously needed t o  e luc ida te  the  mechanism. 

3-2. Photocycloaddition 

3-2-1. An overview 

A l l  products obtained from t h e  photolyses of DBMBF2-olefin 

systems a r e  8-diketones. According t o  a  mechanism i l l u s t r a t e d  

i n  Scheme 3-1 s i n g l e t  exc i ted  s t a t e  DBMBF2 forms t h e  exciplex 

with ground s t a t e  o l e f i n ,  within which a  2+2  cycloaddi t ion 

r e a c t i o n  occurs  t o  g ive  a  cyclobutane i n t e r m e d i a t e .  The 

spontaneous r ing  opening of the  cyclobutane gives r i s e  t o  the  

f i n a l  8-diketone p roduc t .  The c h e l a t e  r i n g  resonance no 

longer e x i s t s  i n  such a  intermediate  and t h e  BF2 complex i s  

hydrolyzed r e a d i l y  by t r a c e  of water i n  t h e  solvent  o r  the  

moisture encountered during work up. 

The chemical outcome of t h e  photo lys is  of DBMBF2-olef i n  

system i s  s i m i l a r  t o  t h a t  of t h e  de Mayo r e a c t i o n .  DBM was 

repor ted  t o  ~ h o t o a d d  t o  s tyrenes ,145 probably via a  t r i p l e t  



Scheme 3-1. 

e n e r g y  t r a n s f e r  f r o m  t h e  P - d i k e t o n e  t o  s t y r e n e s  f o l l o w e d  b y  

t h e  c y c l o a d d i t i o n  o f  t r i p l e t  s t y r e n e s  t o  t h e  g r o u n d  s t a t e  0- 

d i k e t o n e .  However,  DBM d o e s  n o t  p h o t o a d d  t o  s i m p l e  o l e f i n s  

( e . g . c y c l o h e x e n e )  a s  d e m o n s t r a t e d  b y  u s  a n d  i n  t h e  

l i t e r a t u r e .  4 3  F r o m  m e c h a n i s t i c  p o i n t  o f  v i e w ,  t h e  

p h o t o c y c l o a d d i t i o n  o f  DBMBF2 t o  s i m p l e  o l e f i n s  ( t h e  

c y c l o a d d i t i o n )  i s  e n t i r e l y  d i f f e r e n t  f r o m  t h e  d e  Mayo 

r e a c t i o n s .  The  c y c l o a d d i t i o n  i s  d i r e c t l y  r e l a t e d  t o  t h e  

q u e n c h i n g  p r o c e s s  o f  s i n g l e t  e x c i t e d  s t a t e  DBMBF2 b y  t h e  

o l e f i n s .  The  c o i n c i d e n c e  o f  t h e  kgT v a l u e s  o b t a i n e d  f r o m  

f l u o r e s c e n c e  q u e n c h i n g  w i t h  t h o s e  o b t a i n e d  f r o m  t h e  a d d u c t  

q u a n t u m  y i e l d  m e a s u r e m e n t s  ( T a b l e  2-8) c o n c l u d e s  t h a t  t h e  

s i n g l e t  e x c i t e d  s t a t e  DBMBF2 i s  i n v o l v e d  i n  t h e  r e a c t i o n .  The 

f a c t  t h a t  t h e  r e a c t i o n  i s  v i r t u a l l y  n o t  q u e n c h e d  b y  oxygen  



b u t  by  e l e c t r o n  d o n o r s  s u c h  a s  QC a n d  NBD ( T a b l e  2-9)  i s  a l s o  

i n  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n .  A s  t h e  f l u o r e s c e n c e  

q u e n c h i n g  b y  s i m p l e  o l e f i n s  h a s  b e e n  d e m o n s t r a t e d  t o  b e  

e l e c t r o n  t r a n s f e r  i n  n a t u r e  a n d  p r o c e e d s  p r o b a b l y  v i a  

e x c i p l e x  f o r m a t i o n ,  t h e  c y c l o a d d i t i o n  must b e a r  t h e  same 

Scheme 3-2. 

t y p e  a  p r o d u c t  t y p e  b p r o d u c t  

c h a r a c t e r i s t i c s .  F o r  t h e  c y c l o a d d i t i o n  w i t h  e n o n e s ,  A 

r a t i o n a l i z a t i o n  c a n  be made by  a s s u m i n g  t h a t  t h e  r e a c t i o n  

a l s o  p r o c e e d s  v i a  e x c i p l e x  f o r m a t i o n  t o  r e g i o s p e c i f i c a l l y  

g i v e  t h e  c y c l o b u t a n e  i n t e r m e d i a t e  (Scheme 3-2) wh ich  t h e n  

u n d e r g o e s  r i n g  o p e n i n g  i n  two d i r e c t i o n s  a f f o r d i n g  " t y p e  a "  

and  " t y p e  b"  f i n a l  p r o d u c t s ,  r e s p e c t i v e l y .  

DBMBF2 p h o t o c y c l o a d d s  r e g i o s p e c i f i c a l l y  t o  a c y c l i c  o l e f i n s  

( 7 ,  2 5 ,  2 7 ,  a n d  1 4 )  a n d  e n o n e s  ( 1 7 ,  18, 4 5 ,  a n d  4 6 )  w i t h  



the benzoyl attached to the more substituted carbon of the 

terminal double bond. Both DBMBF2 and BABF2 photoreact 

stereoselectively with norbornene to give predominantly the 

endo adducts. This contrasts strikingly to the general trend 

of e x o  attacks in ordinary additions by various reagents 

including nucleophiles, electrophiles, and radicals The 

stereochemistry of the DBMBF2 cycloaddition reactions most 

likely is determined by the intermediacy of exciplex 

(bimolecular and/or termolecular, vide i n f r a ) .  A specific 

geometric orientation of the partners is required in the 

exciplex intermediates and therefore account for the 

selectivities in the structure of reaction products. 

3-2-2. The Intermediacy of Triplexes 

Photocycloaddition reaction occurring within exciplexes is 

most commonly seen and most extensively studied in donor- 

acceptor addition reactions, for which several reviews have 

been written.20r147-150 The photocycloaddition reactions of 

DBMBF2 with simple olefins seem also to involve an exciplex 

mechanism as described in 3-2-1. However, the experimental 

observations can not be explained by a simple exciplex 

mechanism. 

The decreasing quantum yields of the photocycloaddition of 

DBMBF2 with 3,3-dimethyl-1-butene (7) on increasing [DBMBF2] 

(Fig.2-22) is a parallel phenomenon with the decreased 

fluorescence quenching rate (kqT for the monomer fluorescence 

at 398 and 416 nm) by 7 at high [DBMBF2] (Fig.2-12) . This is 



attributed to the competition between exciplex formation and 

excimer formation (Scheme 3-3). In contrast, the quantum 

yields of photocycloaddition reaction with cyclic olefins 

(cyclohexene, cycloheptene, and cyclooctene) increase as 

[DBMBF2] increases (Fig. 2-22) . Noticing that the DBMBF2 

monomer fluorescence quenching by cycloheptene also shows an 

decrease in the quenching rate as [DBMBFz] increases (Fig.2- 

13), the dependence of the photocycloaddition reaction with 

cyclic olefins on [DBMBFz] must be explained. We propose that 

the cycloaddition occurs from both a bimolecular exciplex and 

a termolecular exciplex intermediates, the latter of which 

consists of two acceptor (DBMBF2) moieties and an olefin 

(Scheme 3-3) . Termolecular exciplex has been known as triple 
exciplex, 151 or triplex, 1521 153 or exterplex. 154 The existence 

of triplex has been claimed mainly based on fluorescence 

spectroscopic studies of donor-acceptor systems, e.g. 

arene/1,2,4,5-tetra~yanobenzene,l~~ 1,3-dinaphthylpropane/1,4- 

dicyanobenzene,151 n a p h t h a l e n e / l , 4 - d i ~ ~ a n o b e n z e n e , ~ ~ ~ ~ ~ ~  and 

2 , 5 - d i m e t h y l - 2 , 4 - h e x a d i e n e / 9 , l O - d i c h l o r a n t h r a ~ e n e . ~ ~ ~  A 

photoinduced Diels-Alder reaction of indene and cyclic dienes 

in the presence of cyanoaromatics is also claimed to proceed 

through the formation of a triplex intermediate that 

consisted of one cyanoaromatc, one indene, and one diene 

m01ecule.l~~ In all systems mentioned above, the triplex have 

a D-D-A composit ion. However, in DBMBF2-cyclic ole fin 

systems, the triplex must have a D-A-A composition which is 

implied not only by the dependence of the quantum yield on 



Scheme 3-3: 

A = DBMBF* 0 = olefin 

* 
( A , O )  = e x c i p l e x  

* 
( A , A )  = e x c i m e r  

(A, A, 0) * = t r i p l e x  

(A,  0) * - c y c l o a d d u c t  

kym l * kt r , [OI  

2 A- (A, A) 

DBMBF2 c o n c e n t r a t i o n ,  b u t  a l s o  b y  t h e  q u e n c h i n g  o f  DBMBF2 

e x c i m e r  e m i s s i o n  b y  c y c l o h e p t e n e  ( F i g .  2 -16 )  . T h i s  q u e n c h i n g  

p r o c e s s  p r o b a b l y  c o n s t i t u t s  a c h a n n e l  t o  t h e  c y c l o a d d i t i o n  

r e a c t i o n s  o f  DBMBF2 t o  c y c l i c  o l e f i n s  v i a  t r i p l e x  f o r m a t i o n ,  

it m u s t  be r e s p o n s i b l e  f o r  t h e  o b s e r v e d  m o n o t o n i c  i n c r e a s e s  

o f  t h e  r e a c t i o n  quan tum y i e l d  w i t h  DBMBF2 c o n c e n t r a t i o n s .  A s  

p r o p o s e d  i n  Scheme 3-3, t h e  quan tum y i e l d  o f  t h e  c y c l o a d d u c t  

f o r m a t i o n  (ap) c a n  be w r i t t e n  as  t h e  sum o f  t h e  q u a n t u m  

e x p  
y ie lds  of c y c l o a d d u c t  f r o m  t h e  e x c i p l e x  ( B p  ) a n d  t h e  

t '=P 
t r i p l e x  (ap ) ,  as shown by  Eq.3-3' 

C 

For de r iva t ion ,  see Appendix 3 .  



exp t rp  bp = (Pp + (Pp 

where  [OI a n d  [A] s t a n d  f o r  t h e  c o n c e n t r a t i o n  o f  t h e  o l e f i n  

a n d  DBMBF2, r e s p e c t i v e l y ;  M a n d  N are c o n s t a n t s  d e f i n e d  a s  

f o l l o w s .  

E q . 3 - 3  s h o w s  t h a t  Qp i s  a f u n c t i o n  o f  [ A ]  a t  c o n s t a n t  

c o n c e n t r a t i o n  o f  o l e f i n ,  t h e  s l o p e  o f  w h i c h  w i l l  be p o s i t i v e  
mono 

when N > [ k e x p [ O l /  ( k d  + k e x p [ O l )  l M  a n d  n e g a t i v e  when N < 

mono mono 
[kexp[O] / (kd +kexp[O] ) ]M. The d e c a y  r a t e  c o n s t a n t  (kd  = 3 . 7  

X l o 8  s o f  t h e  DBMBF2 monomer h a s  b e e n  o b t a i n e d  f r o m  

b i a c e t y l  q u e n c h i n g  o f  DBMBF2 f l u o r e s c e n c e  a n d  t h e  

c o n c e n t r a t i o n  o f  o l e f i n s  ( [ O ]  = 1 M )  i s  f i x e d  i n  t h e  

e x p e r i m e n t s  f o r  F i g . 2 - 2 2 .  By a d o p t i n g  t h e  DBMBF2 monomer 

f l u o r e s c e n c e  q u e n c h i n g  r a t e  c o n s t a n t s  (kq  i n  T a b l e  2-4) a s  

t h e  kexp a n d  a s s u m i n g  kexm = 6 X l o 9  s - l ~ - l ,  ( c a l c u l a t e d  f r o m  

F o s t e r ' s  method135 upon  a n  a s s u m p t i o n  t h a t  t h e  h a v e - v a l u e  

- c o n c e n t r a t i o n  c h  f o r  t h e  e x c i m e r  f o r m a t i o n  i s  0 . 0 6  M, keXm - 



1/ch7 = 1/2.73 X 109 X 0.06 = 6 X 109 s-l~-l) Eq.3-3 can be 

simplified as Eq.3-6 for 7 and Eq.3-7 for 8, respectively. 

Based on the quantum yields measured at [A] = 0.01 and 0.07 M 

for both olefinst* the corresponding M and N values can be 

calculated; M = 0.53, N = 0.04 for 7 ,  and M =O. 13, N = 0.69 

for 8. The @, as function of [A] thus calculated are shown in 

Fig.2-22 as dashed curve a for 7 and dashed curve b for 8, 

which match the experimental curves reasonably well. As an 

additional proof for the reliability of the calculations 

stated above, the M values obtained from calculation match 

the values experimentally obtained as depicted below. At a 

low concentration of DBMBF2, e.g., 0.01 MI the cycloadditions 

proceed mainly through the bimolecular exciplex pathway (see 

Table 3-1). In this case the M value (Eq. 3-4) is the 

limiting quantum yield of the cycloadduct formation. 

Actually, we have experimentally obtained the limiting 

quantum yields for both D B M B F ~ - ~  and DBMBF2-8 systems (Fig.2- 

21). The experimental data (M = 0.50 for 7 and 0.14 for 8) 

The experimentally obtained quantum yields for the cycloaddition 
reactions at [DBMBF2]=0.01 M are 0.18 for 7 and 0.12 for 8 (Table 2-7); 
those at [DBMBF2]=0.07 M are 0.115 for 7 and 0.20 for 8 (Fig.2-22). 



Table 3-1. C a l c u l a t e d  C o n t r i b u t i o n s  o f  E x c i p l e x  (a:') and  

T r i p l e x  (a?) Pathways  To t h e  T o t a l  Quantum Yields  o f  t h e  

C y c l o a d d i t i o n  o f  DBMBF2 w i t h  7 a n d  8 A s  t h e  F u n c t i o n s  o f  

[DBMBF2] .a 

a .  The c o n c e n t r a t i o n  o f  o l e f i n  i s  f i x e d  a t  1 M .  

c o i n c i d e  t h e  c a l c u l a t e d  o n e s  ( M  = 0 . 5 3  f o r  7 a n d  0 , 1 3  f o r  8) 

p e r f e c t l y .  

exp t rP 
The r e l a t i v e  c o n t r i b u t i o n s  o f  aP a n d  ap t o  t h e  t o t a l  

quantum y i e l d  ap c a n  a l s o  be  e s t i m a t e d  f rom Eq.3-6 and  Eq.3-7 

a s  l i s t e d  i n  T a b l e  3-1.  A s  shown by  t h e  d a t a  i n  T a b l e  3-1, 

t h e  b i m o l e c u l a r  e x c i p l e x  f o r m a t i o n  r e m a i n s  a l w a y s  t h e  ma jo r  

p a t h w a y  o f  t h e  p h o t o c y c l o a d d i t  i o n  f o r  DBMBF2-7 s y s t e m ,  

w h e r e a s  f o r  DBMBF2-8 s y s t e m  t h i s  g r a d u a l l y  g i v e s  way t o  t h e  

t r i p l e x  mechanism a s  [ A ]  i n c r e a s e s  t o  a b o v e  0 .06  M. I n  t h e  

e x t r e m e ,  f o r  example,  i n  s a t u r a t e d  CH3CN s o l u t i o n s  ( [DBMBF2] = 



t rP  
0 .22  M )  t h e  c o n t r i b u t i o n s  o f  ap a r e  e x p e c t e d  t o  b e  32% and  

80% f o r  7  a n d  8,  r e s p e c t i v e l y .  F u r t h e r m o r e ,  t h i s  a n a l y s i s  

r e v e a l s  t h e  d i f f e r e n c e s  b e t w e e n  DBMBF2-8 a n d  DBMBF2-7 

s y s t e m s ,  i . e .  i n  t h e  f o r m e r  s y s t e m ,  t h e  e x c i m e r  mus t  b e  
exm 

quenched  by  t h e  o l e f i n  v e r y  e f f i c i e n t l y  ( k t r p  [0] >> kd ) a n d  

t h e  r a t e  o f  c y c l o a d d i t i o n  f rom t h e  t r i p l e x  a l s o  must b e  f a s t  
1 t r P  

(kP  
>> k d  ) , w h e r e a s  t h e  r a t e  o f  c y c l o a d d i t i o n  f r o m  t h e  

e x c i p l e x  must b e  s low  ( k p  << k y P )  . Indeed ,  8  h a s  b e e n  shown 

t o  be a  s t r o n g  q u e n c h e r  o f  t h e  e x c i m e r  e m i s s i o n  (kqz = 6 . 7 7  

M - ~ )  . S u b s t i t u t i n g  t h e  kqz a n d  N v a l u e s  i n t o  Eq.3-5, '  and  M 

1 t r P  exp 
v a l u e  i n t o  Eq.3-4, w e  c a n  g e t  k = 3 . 8  kd and  k p  = 0 . 1 5 k d  

P  

( a t  [0]  = 1 M ) ,  r e s p e c t i v e l y .  However,  t h e s e  r e l a t i o n s  

men t ioned  above  must b e  r e v e r s e d  f o r  DBMBF2-7 s y s t e m .  O l e f i n  

7  i s  a much weake r  q u e n c h e r  f o r  t h e  e x c i m e r  e m i s s i o n  (kqz = 

0 .47  M - I ) .  By t h e  same p r o c e d u r e  o f  c a l c u l a t i o n ,  w e  now g e t  
1 t r P  exp 

kp  = 0 . 1 4 k d  and  k p  = 1 . 1 3 k d  f o r  7 .  Of i n t e r e s t  i s  t h e  f a c t  

t h a t  i n  t h e  e x c i p l e x  pa thway,  t h e  r a t e  o f  c y c l o a d d i t i o n  ( k p )  

exp  
i s  l a r g e  f o r  t h e  less  e l e c t r o n - r i c h  o l e f i n  7  ( k p  = 1 . 1 3 k d  ) 

exp 
b u t  s m a l l  f o r  t h e  more e l e c t r o n - r i c h  o l e f i n  8 ( k p  = 0 . 1 5 k d  ) 

exp 
w i t h  r e s p e c t  t o  t h e  c o r r e s p o n d i n g  e x c i p l e x  decay  r a t e s  (kd  ) .  

T h i s  c a n  b e  r a t i o n a l i z e d  b y  q u o t i n g  a  commonly o b s e r v e d  

exm 
* T h e  t e r m  ktrp[01 / (kd + ktrp[O]) i n  E q . 3 - 5  can be r e w r i t t e n  a s  kqr/ (1 + 

exm- 
kqT) s i n c e  k t rp  = kq, [O]  = 1 M, and kd - 1 / ~ .  



phenomenon i n  donor-acceptor addi t ion  reac t ions  which proceed 

by a  bimolecular  exc ip lex  mechanism, i . e .  i n c r e a s i n g  t h e  

e x t e n t  of charge t r a n s f e r  w i t h i n  an e x c i p l e x  g e n e r a l l y  

impedes t h e  cycloaddi t ion pr0cess . l  For example, decreases i n  

quantum y i e l d  a s  t h e  donor and acceptor  become energe t i ca l ly  

more favorable  e l ec t ron  t r a n s f e r  pa r tne r s  have been recorded 

from cycloaddi t ion  reac t ions  of t r a n s - s t i l b e n e s  wi th  alp- 

unsaturated e s t e r s ,  1571 158 cyanobenzene w i t h  o l e f i n s ,  159 and N- 

methylphthalimide with olef ins .160 A hypothesis was therefore  

proposed1 t h a t  cycloaddi t ion from exciplex intermediates  i s  

inhe ren t ly  a  non-ionic process ,  which i s  a l s o  supported by 

t h e  s o l v e n t  dependence  of  s e v e r a l  d o n o r - a c c e p t o r  

photocycloaddition reac t ions  162 Namely, nonpolar solvents  

a r e  found t o  be more favorable t o  these  r eac t ions  than polar  

ones. Therefore, a  lower kp could be expected f o r  8  (IP =8 .87  

eV) and a  higher  kp fo r  7  ( I P  = 9.45 eV) due t o  t h e  non-ionic 

c h a r a c t e r  of donor-acceptor cyc loadd i t ion  from bimolecular  

exciplex intermediates.  

3-2-3 Energetics in DBMBF2-donor Interactions 

Viewing t h e  i n t e r a c t i o n s  of s i n g l e t  e x c i t e d  s t a t e  DBMBF2 

with var ious  donors, one can f i n d  a  r e l a t i o n  between the  

r eac t ion  p a t t e r n s  and t h e  ene rge t i c s  of t h e  donor-acceptor 

p a i r s .  When a  complete e l e c t r o n  t r a n s f e r  process  i s  f a i r l y  

endergonic ( A G O  > + 0 . 1  eV, e . g .  7 ,  25,  27)  c y c l o a d d i t i o n  

r e a c t i o n s  r e s u l t e d  mainly from t h e  bimolecular exc ip lex .  In 

t h e  region  of - 0 . 4  eV < A G O  < +0.1 eV ( e . g .  8, 12,  30) t h e  



t r i p l e x  f o r m a t i o n  becomes  t h e  m a j o r  p a t h w a y  a t  h i g h  

c o n c e n t r a t i o n  o f  DBMBF2 (>  0 . 0 6  M )  . N e v e r t h e l e s s ,  once  t h e  

e l e c t r o n  d o n a t i n g  a b i l i t y  o f  donor  o l e f i n s  f u r t h e r  i n c r e a s e s  

t o  v e r y  e x e r g o n i c  r e g i o n  (AGO < -0 .4  e V ,  e . g .  1, 2 ,  3) t h e  

d o n o r - a c c e p t o r  c y c l o a d d i t i o n  r e a c t i o n s  v a n i s h  a n d  c a t i o n  

r a d i c a l  m e d i a t e d  s e l f - d i m e r i z a t i o n s  t a k e  p l a c e  i n s t e a d ,  which 

h a s  b e e n  p r o p o s e d  t o  b e  i n i t i a t e d  b y  t h e  d i r e c t  f o r m a t i o n  o f  

SSIP  via a n  e l e c t r o n  t r a n s f e r  p r o c e s s  w i t h i n  e n c o u n t e r  

c o m p l e x e s  ( s e c t i o n  3 - 3 ) .  A g e n e r a l  i l l u s t r a t i o n  shown i n  

Scheme 3-4 summar izes  t h e  p o s s i b l e  pa thways t  o f  DBMBF2-donor 

i n t e r a c t i o n s  a n d  t h e i r  c h e m i c a l  consequences .  Obv ious ly ,  t h e  

f a t e  o f  t h e  r e a c t i o n  i s  d e c i d e d  by  t h e  r e l a t i v e  s i g n i f i c a n c e  

Scheme 3 - 4 :  

h u  * k d i f f [ D l  
A - A -  4 

c a t i o n  r a d i c a l  
r e a c t  i o n s  

I a 
I I I I 

, .  c y c l o a d d i t i o n  

* 
A = DBMBF2; A = s i n g l e t  e x c i t e d  s t a t e  DBMBF2; 
D = donor  o l e f i n ;  (A*--D) = e n c o u n t e r  complex; 

* 
(AD)  = e x c i p l e x ;  (AA) * = exc imer ;  
( A A D I *  = t r i p l e x ;  k = r a t e  c o n s t a n t ;  A - ' / D + '  = SSIP. 

4 

The radiative and radiationless decay process of the excited species 
in Scheme 3-5 are omitted for simplicity. 

I36 



of t h e  r a t e  constants  of various processes given i n  Scheme 3- 

4 ,  and t h e r e f o r e  governed by t h e  e n e r g e t i c  f e a t u r e  of t h e  

donor-acceptor p a i r .  For a c y c l i c  o l e f i n s ,  kexp >> ket  and kp  

>> k p l ,  t h e  major pathway i s  t h e  formation of exc ip lex  from 

which donor-acceptor cyc loadd i t ions  occur .  In  t h e  case  of 

c y c l i c  o l e f i n s ,  ket << kex,[A], and k p l  becomes competi t ive 

with kp,  i . e .  t h e  t r i p l e x  channel i s  opened. However, when 

s t r o n g  e l e c t r o n  donors a r e  involved,  ke t  >> kexp;  ke t  >> 

kex, [ A ] ,  a  complete e l ec t ron  t r a n s f e r  predominates r e s u l t i n g  

i n  c a t i o n  r a d i c a l  r eac t ions  of t h e  donor o l e f i n s .  In Scheme 

3-4 we draw dashed arrows between (AD)  * and (AAD) * because it 

i s  an assumed process with no experimental evidence.  On the  

o the r  hand, t h e  d i r e c t  t r a f f i c  between ( A D )  * and A - . / D + -  i s  

a l s o  designated by dashed arrows due t o  k,, << ket f o r  s t rong 

d o n o r s .  As w i l l  be d i s c u s s e d  i n  S e c t i o n  3-3, t h e  

monochromatic photolyses  of DBMBF2 i n  t h e  presence of very 

e l e c t r o n - r i c h  o l e f i n s ,  i . e . ,  1, 2 ,  and 3 ,  l e a d  t o  a  

conclusion, exac t ly  t h e  same as  t h e  one suggested by ~ a r i d , l ~ ~  

t h a t  t h e  e l e c t r o n  t r a n s f e r  quenching of t h e  f r e e  acceptors  

does not proceed via t h e  intermediacy of a  contac t  ion p a i r  

but  r e s u l t e d  i n  t h e  formation of t h e  so lvent  sepa ra ted  i o n  

p a i r  d i r e c t l y .  

A s  s t a t e d  above, t h e  A G O  value f o r  a  D-A p a i r  i s  c r u c i a l  

i n  determining t h e  r e a c t i o n  pathway. A complete e l e c t r o n  

t r a n s f e r  approaches d i f f u s i o n  c o n t r o l l e d  cons tant  and may 

become t h e  major pathway when A G O  goes down below -0.4 eV, 

which i s  p red ic ted  by t h e  wel l  known Rehm-Weller r e l a t i o n  



8 9 t 9 0  and a l s o  demonstrated t o  be t h e  case i n  DBMBF2-diene (1, 

2 )  systems.  A s  a  comparison, t h e s e  d ienes  do undergo 2+2 

c y c l o a d d i t i o n  r e a c t i o n  i n  CH3CN via an exc ip lex  mechanism 

red 
with 1- o r  2-cyanonaphthalene (El12 = 1.98, V ) ,  163 and 9 , l O -  

red 
dichloranthracene = 1 . 5 1  V ) ,  1 6 4  which a r e  e l e c t r o n  

red 
acceptors weaker than DBMBF2 = 1.30 V) . 

On t h e  o t h e r  hand, while DBMBF2-ole fin c y c l o a d d i t  ion  

reac t ions  proceed well  i n  t h e  endergonic region (AGO > +0.1 

V ) ,  we s t i l l  d o n ' t  know t h e  upper l i m i t  of AGO f o r  t h e  

c y c l o a d d i t i o n  r e a c t i o n s .  Presumably, t h e  r a t e  of t h e  

cycloaddi t ion reac t ions  i s  determined by the  r a t e  of exciplex 

formation (keXp i n  Scheme 3 - 4 )  i f  AGO i s  p o s i t i v e .  Further  

inc reases  i n  AGO a r e  expected t o  lower t h e  r a t e  of exciplex 

formation a s  ind ica ted  by t h e  very low DBMBF2 f luorescence  

i n t e n s i t y  quenching r a t e  constants  and consequently lower the  

y i e l d  of t h e  cyc loadd i t ion  r e a c t i o n .  Once t h e  AGO value 

becomes so p o s i t i v e  t h a t  t h e  exciplex formation can no longer 

competes with o the r  decay processes of s i n g l e t  exc i ted  s t a t e  

D B M B F 2 ,  t h e  cyc loadd i t ion  r e a c t i o n  vanishes .  Perhaps t h e  

f a i l u r e  of cyc loaddi t ion  between BABE2 and 3,3-dimethy-1- 

butene ( 7 )  can g ive  a  rough idea about how p o s i t i v e  t h e  AGO 

value should be t o  s top  t h e  donor-acceptor cycloaddi t ion by 

assuming t h a t  s i n g l e t  exc i ted  s t a t e  of DBMBF2 and BABF2 have 

s i m i l a r  l i f e t i m e s .  The oxidation p o t e n t i a l  of 7  i s  es t imated  

t o  be 2.49 V from i t s  v e r t i c a l  i o n i z a t i o n  p o t e n t i a l  ( I P  = 

red  
9 - 4 5 )  by t h e  c o r r e l a t i o n 1 0 1  of E l j 2  with I P .  The s i n g l e t  



excited state energy (E,) of BABF2 is c.a. 79 Kcal/mol (3.43 

eV) estimated from its absorption spectrum. Theref ore, the 

AGO value of a PET process for BABF2-7 system is -0.8 V as 

calculated from Eq.2-1. 

3-3 DBMBF2 Sensitized Cat ion Radical React ions 

3-3-1 The Valence Isomerization of QC and NBD 

The isomerization of QC and NBD via intramolecular valence 

rearrangement has been extensively studied due to its unique 

reaction pattern and significant mechanistic interests. At 

the early stage of studies, it was found that if the 

sensitized isomerization of QC and NBD is energy transfer in 

nature, triplet sensitizers only promote the isomerization of 

NBD to Q C ~ ~ ~ ~  166 whereas singlet sensitizers favor the 

isomerization in the reverse direction of QC to NBD.167 The 

striking influence of multiplicity of the sensitizer involved 

has been rationalized in terms of the distinction in the 

structure of intermediates resulted from singlet and triplet 

sensiti~ati0ns.l~~ In early 801s, the involvement of PET in 

the isomerization of QC and NBD in the presence of an 

electron acceptor-sensitizer, e.g. cycanoaromatics and TCB, 

was proved by a series of work. 5f23f 108f169-178 Generally, the 

isomerization under PET conditions proceeds predominantly (in 

the cases of cyanoaromatics sensitization) 23f lo8 or only (in 

the case of TCB sensitization)lo9 from QC to NBD. 



Our observation in the isomerizations of QC and NBD 

sensitized by acetylacetone and P-diketonatoboron difluori.de 

(AABF2 and DBMBF2) is fully consistent with the reaction 

patterns mentioned above. From energetic point of view (Table 

2-13), the energy transfer from acetylacetone (ET = 69 - 74 

~cal/mol)~l to NBD (ET = -70 Kcal/mol) is feasible and hence 

promotes the isomerization from NBD to QC in analogy to 

acetone or acetophenone sensitization. 166 On the other hand, 

an energy transfer from singlet AABF2 (Es < 86 ~cal/mol)* or 

DBMBF2 (Es = 73 Kcal/mol) to QC (Es > 95 Kcal/mol)' seems 

impossible. As we have proven the PET characters of DBMBF2 

fluorescence quenching by QC and NBD, the isomerization from 

QC to NBD must be promoted by the PET from QC and NBD to 

AABF2 or DBMBF2 and mediated by the cation radicals of the 

donors. 

As shown by the data in Table 2-13, the negative free 

enthalpy changes (AGO) in AABF2 and DBMBF2 sensitizations 

indicate exergonic PET reaction for both systems. The 

efficiency (a) of the isomerization on sensitization by AABF2 

or DBMBF2 is reduced with the change of solvent from CD2C12 

( = 0.06 - 0.07) to more polar CD3CN ( a  = 0.02), in 

agreement with the solvent effects found in 1-CN-Np 

sen~itizations.~~~ The lack of isomerization from NBD to QC in 

AABF2 and DBMBF2 sensitizations can be explained by quoting 

the difference in potential energy of the cation radical 

* 
Estimated from the corresponding absorption spectra in CH3CN. 
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species.lOg The p o t e n t i a l  energies  of ion r a d i c a l  p a i r s  ( E I R p )  

produced i n  an e l e c t r o n  t r a n s f e r  r eac t ion  can be ca lcula ted  
OX red 

by Eq.3-8, where ED and EA a r e  the  oxidation p o t e n t i a l  of 

t h e  donor and t h e  r educ t ion  p o t e n t i a l  of t h e  accep to r ,  

respect ive ly ;  and A E ~ ~ ~ ~  i s  t h e  solvent  s t a b i l i z a t i o n  energy 

f o r  ion separa t ion  (-0.06 eV i n  CH3CN)  . 9 1 f 9 2  The p o t e n t i a l  

energies  of species  involved i n  the  DBMBF2 sens i t i zed  QC-NBD 

Figure 3-2, Energy l e v e l s  of re levant  spec ies  i n  t h e  DBMBF2 

s e n s i t i z e d  isomerization of QC and NBD.  



isomerization are given in Fig.3-2, in which an energy gap of 

22 Kcal/mol for ground state QC and NBD is adopted.lo9 The 

energy of QC+- lies at least 7.5 Kcal/mol above that of NBD+-. 

This energy difference is sufficient to account for the 

substantially different interconversion rates of the two 

cation radical species. 

However, a notable difference of 1-CN-Np sensitization 

from AABF2 or DBMBF2 sensitization is that the isomerization 

from NBD to QC also occurs in the former though with a much 

lower efficiency (@ = 0.01) than the isomerization from QC to 

NBD (@ = 0.1).lo8 The course of isomerization in 1-CN-Np 

sensitization has been rationalized by a mechanism involving 

an intersystem conversion to triplet ion radical pairlog which 

Scheme 3 - 5 :  
1 

1 A + NBD - A-' + NBD+. (1) 

1 3 

A-. + NBD+. 0- A-' + NBD" ( 2 )  

I 

+ NBD+. - A + NBD 

is shown in Scheme 3-5 where A denotes the electron 

acceptor-sensitizer. The energy of the ion radical pair (79.8 
ox 

Kcal/mol) generated by PET from NBD = 1.54 V) to 1-CN- 

red 
Np = -1.98 V) lies well above the triplet states of both 



t h e  donor (ET = 70 Kcal/mol) and t h e  accep to r  ( E T  = 57 

~ c a l / m o l ) ~ ~ ~ f ~ ~ ~  so t h a t  the  t r i p l e t  recombination ( s t e p  4 i n  

Scheme 3-5) i s  e n e r g e t i c a l l y  f e a s i b l e .  In  c o n t r a s t ,  t h e  

energy (64.1 Kcal/mol) of t h e  ion r a d i c a l  p a i r  generated by 
red 

PET from NBD and DBMBF2 = -1.30 V) i s  lower than t h e  

t r i p l e t  s t a t e  energy of NBD (70 Kcal /mol) .  The t r i p l e t  

recombination i n  DBMBF2-NBD system, and consequently t h e  

formation of QC ( s t e p  5  i n  Scheme 3-5) a r e  p r o h i b i t e d .  

Nevertheless ,  t h i s  argument i s  not app l i cab le  t o  AABF2-NBD 

system where t h e  energy of r e su l t ed  ion rad ica l  p a i r  i s  high 

(75.2 Kcal/mol). The lack of t h e  isomerization from NBD t o  QC 

could  presumably be due t o  an i n e f f i c i e n t  i n t e r s y s t e m  

crossing ( s t e p  2 i n  Scheme 3-5) . 

3-3-2 "Diels-Alder" Reactions of Conjugated Diene 1 

and 2  Sensitized by DBMBF2 

Cation r a d i c a l  mediated vlDiels-Alder" r e a c t i o n  of two 

e lec t ron- r i ch  dienes,  1 and 2, have rece ived  much a t t e n t i o n  

d u r i n g  t h e  l a s t  d e ~ a d e s , l l l ~ l l ~ ~  and could become a  potent  

s y n t h e t i c  method. 1771178 These reac t ions ,  d i s t i n c t  from t h e  

corresponding ac id  catalyzed Diels-Alder i n  terms of product 

s t r u c t u r e s ,  can be i n i t i a t e d  e i t h e r  thermally by tris- (4- 

bromophenyl) aminium hexachloroantimonate (BAHA) 1121 1761 lE0 

o r  photochemically by  PET^^ llf l14f lE1 (Scheme 3-6, and 3-7) . 
Data i n  Table 2-15 show t h a t  t h e  "Diels-Alder" dimerization 

of 1 can be  a c h i e v e d  by t h e  s e n s i t i z a t i o n  of  P- 



d i k e t o n a t o b o r o n  d i f l u o r i d e s  a n d  o t h e r  e l e c t r o n  a c c e p t o r -  

s e n s i t i z e r s  which have n o t  been examined i n  p r e v i o u s  work. 

While BAHA c a t a l y z e d  and DCN-An s e n s i t i z e d  d i m e r i z a t i o n  g i v e  

no d i m e r  66  b u t  o n l y  65,lO t r a c e  o r  a p p r e c i a b l e  amounts of  66 

w e r e  d e t e c t e d  i n  o u r  e x p e r i m e n t s .  S i n c e  d i m e r  6 6  i s  t h e  

p r o d u c t  o f  p r o t i c  a c i d  c a t a l y z e d  r e a c t i o n  which i s  c la imed  a t  

l e a s t  1 0 0  times f a s t e r  t h a n  t h e  c o r r e s p o n d i n g  e l e c t r o n  

t r a n s f e r  pa thway l e a d i n g  t o  t h e  f o r m a t i o n  o f  6 5 , 1 • ‹  t h e  

appearance  o f  66 i n  PET c o n d i t i o n s  c o u l d  be t h e  r e s u l t  of  t h e  

t h e r m a l  r e a c t i o n  c a t a l y z e d  by t r a c e  o f  p h o t o g e n e r a t e d  a c i d s  

i n  t h e  sys tems.  The d a t a  a l s o  shows a  c o r r e l a t i o n  between t h e  

e l e c t r o n  a c c e p t a b i l i t i e s  of s e n s i t i z e r s  and t h e  e f f i c i e n c y  of  

t h e  d i m e r i z a t i o n .  Namely, t h e  e f f i c i e n c y  i n c r e a s e s  a s  t h e  

s e n s i t i z e r  becomes s t r o n g e r  e l e c t r o n  a c c e p t o r  r e g a r d l e s s  t h e  

m u l t i p l i c i t y  o f  e x c i t e d  s t a t e .  A s  t h i s  t y p e  o f  c a t i o n  r a d i c a l  

media ted  d i m e r i z a t i o n  c a t a l y z e d  by BAHA h a s  been proved t o  b e  

Scheme 3-6: 

6 5  major 6 6  minor o r  n i l  



Scheme 3-7: 

Scheme 3-8: 

55 ( endo )  
major 

tarry material 

5 6  (exo) 
minor 

= dimer; A = sensitizer 

D+./A-.  
initiation 

D + '  + A-' 

D2+ '  
propagation 

DP + D+. 

dicat ion 
termination 

H+ + radical 

a chain reaction,100 we assume that the formation of 65 in 

PET conditions also arises from a similar chain mechanism 

shown in Scheme 3-8 .  

Though the role of the anion radical of sensitizers ( A - - )  

in the chain mechanism remains still unknown, the correlation 

with the reduction potentials of sensitizers seems to imply 



t h a t  e f f i c i e n c y  of t h e  dimerizat ion i s  mainly decided by t h e  

chain i n i t i a t i o n  s t e p .  T h i s  chain i n i t i a t i o n  s t e p  involves a  

predominate format ion of solvent  separated r a d i c a l  ion p a i r s  

r a t h e r  than t h e  formation of contac t  r a d i c a l  ion p a i r s ,  on 

which a  d e t a i l e d  discussion w i l l  be given l a t e r  on ( sec t ion  

3-3-3) . 
In t h e  PET induced "Diels-Alder" r e a c t i o n s  of 2 ,  t h e  

format ion  of dimer 55 (major p roduc t )  and 56 i s  almost 

exc lus ive  i n  t h e  cases  of DBMBF2, BABF2, TCB, DCN-Np, o r  DCN- 

An s e n s i t i z a t i o n s ,  whereas t h e  products a r e  accompanied by 

t h e  formation of appreciable amounts of the  2+2 dimers 57 and 

58 when 1-CN-Np, 1-CN-Ph, o r  DDB i s  used (Table 2 - 1 4 ) .  

Apparently, t h e  2+2 dimers a r e  mainly derived from t h e  

Scheme 3-9: 

2 + 4  dimers; A = s e n s i t i z e r  

D+./A- .  
i n i t i a t i o n  

D+' + A-' 

3 * 
D + A  t r i p l e t  recombination 

~ 2 ' .  

propagat ion 
D2 + D+ '  

2+2 dimers 

d ica t  ion 
terminat ion 

H+ + r ad ica l  



t r i p l e t  diene reac t ions  which can be generated by a  t r i p l e t  

s e n s i t i z a t i o n  ( e  . g . i n  benzophenone s e n s i t i z a t i o n )  . However, 

an a d d i t i o n a l  route  leading t o  t r i p l e t  2 can be envisaged by 

t r i p l e t  recombination (or  back e l e c t r o n  t r a n s f e r )  a s  we have 

seen i n  t h e  valence isomerization of QC and NBD (Scheme 3-5).  

Indeed, t r i p l e t  recombination has been demonstrated t o  be 

r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  of 5 7  and 58 i n  t h e  

d i m e r i z a t i o n  of 2 s e n s i t i z e d  by 1 , 4 - d i c y a n o b e n ~ e n e . ~ ~ ~  

Therefore, t h e  formation of the  2+2 dimers i n  1-CN-Np, and 1- 

CN-An s e n s i t i z a t i o n s  might be a t t r i b u t e d  t o  t h e  t r i p l e t  

recombination (Scheme 3-9) of t h e  donor-acceptor ion r a d i c a l  

p a i r  though we can not completely r u l e  out t h e  competition of 

d i r e c t  t r i p l e t  energy t r a n s f e r  from t r i p l e t  e x c i t e d  s t a t e  

s e n s i t i z e r s  t o  t h e  diene.  

In an i d e a l  circumstance, t h e  formation of t r i p l e t  2 via a  

t r i p l e t  recombination i s  determined by t h e  r a t e  of t h e  back 

e l e c t r o n  t r a n s f e r  w i t h i n  t h e  s e n s i t i z e r - .  - 2+.  p a i r  and 

t h e r e f o r e  c o r r e l a t e s  t o  t h e  f r e e  enthalpy change of t r i p l e t  
0 

recombination, AG-et. Consequently, some s o r t  of c o r r e l a t i o n  
0 

between AG-,, and t h e  product r a t i o ,  (57+58) 1 (55+56) should 

0 
hopefully presents  i t s e l f .  The AG-et can be estimated by E q . 3 -  

OX 
913f182 where ( E T )  and ED stand 

OX red AGO,, = (ET)  D - ED - E~ 



f o r  t h e  t r i p l e t  e n e r g y  ( 2 . 2 7  e ~ ) ~ ~  a n d  o x i d a t i o n  p o t e n t i a l  
red 

( 1 . 3 5  e V )  95 of 2,  r e s p e c t i v e l y ;  a n d  E A  . f o r  t h e  r e d u c t i o n  

p o t e n t i a l  o f  s e n s i t i z e r s .  Indeed ,  a rough  c o r r e l a t i o n  f o r  t h e  

s i n g l e t  s e n s i t i z e r s  can  b e  s e e n  from t h e  d a t a  l i s t e d  i n  T a b l e  

3-2. The t r i p l e t  r ecombina t ion  becomes c o m p e t i t i v e  w i t h  

Table 3-2. P r o d u c t  D i s t r i b u t i o n  a n d  F r e e  E n t h a l p y  Change i n  

PET I n d u c e d  D i m e r i z a t i o n  R e a c t i o n s  o f  1 , 3 - C y c l o h e x a d i e n e  i n  

A c e t o n i t r i l e .  

E ; ~ ~  ( V )  
0 

s e n s i t i z e r  AG-et ( e V )  ( 57+58)  / (55+56)  % 

DDB 

TCB 

r e s p e c t  t o  t h e  s e p a r a t i o n  o f  f r e e  r a d i c a l  i o n s  (Scheme 3-9)  
0 

when AG-,t d e c r e a s e s  t o  be low -0 .9  e V  (1-CN-Np a n d  1-CN-Ph 

s e n s i t i z a t i o n s ) .  On t h e  o t h e r  hand ,  i n  t h e  c a s e s  o f  two 

t r i p l e t  s e n s i t i z e r s  TCB (ET = 2 .70  ev) 2 3  and  DDB, t h e  t r i p l e t  

r e c o m b i n a t i o n  i s  e n e r g e t i c a l l y  p r o h i b i t e d .  T h e r e f o r e ,  t h e  2+2 

dimers 57  a n d  58 must a r i s e  f rom a n  e f f i c i e n t  e n e r g y  t r a n s f e r  



which i s  i n  c o m p e t i t i o n  w i t h  t h e  p r imary  e l e c t r o n  t r a n s f e r  

p r o c e s s  ( t h e  f i r s t  i n i t i a t i o n  s t e p  i n  Scheme 3 - 9 ) .  

3-3-3 PET Induced Dimerization of 3 and Corresponding 

Cycloreversions 

I n  compar ison w i t h  1 and 2 ,  t h e  PET induced  d i m e r i z a t i o n  

o f  t r a n s - a n e t h o l e  ( 3 )  h a d  n o t  b e e n  r e p o r t e d  u n t i l  two 

p a p e r s 7 # *  emerged i n  December 1988, s h o r t l y  a f t e r  w e  f i n i s h e d  

t h e  i n v e s t i g a t i o n .  While o u r  o b s e r v a t i o n s  i n  t h e  r e a c t i o n  

p a t t e r n  a g r e e  wi th  t h o s e  r e p o r t e d ,  o u r  d i s c u s s i o n  w i l l  f ocus  

on some m e c h a n i s t i c  f e a t u r e s  v i e w e d  f r o m  d i f f e r e n t  

d i r e c t i o n s .  

Our f i r s t  c o n c l u s i o n  t h a t  t h e  PET induced d i m e r i z a t i o n  of  

3 i s  a  c o n c e r t e d  p r o c e s s  i s  b a s e d  on t h e  s i m p l e  p r i n c i p l e  o f  

m i c r o s c o p i c  r e v e r s i b i l i t y .  The  DBMBF2 s e n s i t i z e d  

c y c l o r e v e r s i o n s  of  e i t h e r  2 1  o r  2 2  u n d e r  PET c o n d i t i o n s  

(DBMBF2 s e n s i t i z a t i o n )  r e s u l t e d  i n  t h e  format ion  of  3 w i t h  

2 1  22 a b 

a b s o l u t e l y  no  f o r m a t i o n  of  e i t h e r  c i s - a n e t h o l e  o r  t h e  2+2  

d i m e r s  a and b t h a t  a r e  e x p e c t e d  t o  be t h e r m a l l y  more s t a b l e  

t h a n  22; t h e s e  two c y c l o b u t a n e s  would have  been formed by a  

r a p i d  s i n g l e  bond r o t a t i o n  i f  t h e  c y c l o r e v e r s i o n  a n d  

c y c l o a d d i t i o n  h a d  u n d e r w e n t  by  a  s t e p w i s e  mechanism.  



Therefore the cation radical mediated dimerization most 

likely follow a concerted mechanism leading to the formation 

of 21 and 22. A similar conclusion has been made for the 

dimerization of 3 via  thermally induced electron transfer on 

the basis of theoretical calculations,183 and also in the 9- 

CN-An sensitized PET dimerization of 3 on the basis of by- 

product analysis. 8 

As shown by Scheme 3-10, the formation of free ion radical 

species (FIS) is the consequence of ion separation from 

solvent separated ion radical pair (SSIP). However, SSIP can 

be formed v i a  two p a t h ~ a y s , ~ ~ 1 l ~ ~  either directly from the 

encounter complex or from contact ion radical pair (CIP) 

derived from exciplex. An alternative way to CIP is the 

excitation of the charge transfer (CT) complex of ground 

state D and A, which has been first theoretically predicted85 

and then experimentally Therefore, the 

relative importance of each pathway with respect to FIS 

formation can be estimated by comparison of quantum yield of 

FIS obtained from selective irradiation of monomeric acceptor 

and the CT complex, respecti~e1y.l~~ In DBMBF2-3 system the 

quantum yield of 21 resulted from the irradiation of DBMBF2 

is found about 100 times larger than that obtained from 

irradiation of the CT complex of DBMBF2 and 3 (Table 2-16) . 
This observation strongly suggests that neither the exciplex 

nor the excitation of CT complex but the direct formation of 

SSIP from the encounter complex of excited state DBMBF2 with 

3 is responsible for the PET induced dimerization of 3. 



Scheme 3-10. 

CT complex . 

I k d i f f  

kexp ket ( A -- - --- - - D (AD)  *- (A- 'D+'  ) 
encoun te r  complex e x c i p l e x  C I P  

' I  

SSIP and o t h e r  decays  

FIS 

S i n c e  t h e  e n c o u n t e r  complex i s  known t o  b e  en  route t o  

e x c i p l e x ,  t h e  o b s e r v a t i o n  mentioned above i m p l i c a t e s  t h a t  t h e  

p r i m a r y  e l e c t r o n  t r a n s f e r  from D t o  A* w i t h i n  t h e  e n c o u n t e r  

complex (ketl) i s  f a s t  enough t o  compete w i t h  t h e  e x c i p l e x  

fo rmat ion  ( k e X p ) .  Such an  e l e c t r o n  t r a n s f e r  must occur  over  a  

d i s t a n c e  o f  -7 A, t h e  c e n t e r - t o - c e n t e r  d i s t a n c e  sugges ted  f o r  

e n c o u n t e r  complex i n  p o l a r  s o l v e n t s . 1 8 4  However, few r e p o r t s  

f o r  t h e  d i r e c t  f o r m a t i o n  o f  SSIP a s  t h e  major  r e a c t i o n  

pathway i n  i n t e r m o l e c u l a r  sys tems  have been s e e n .  l E 8 1  l g3  I n  

o u r  work w e  f i n d  t h a t  t h i s  i s  t h e  c a s e  n o t  on ly  f o r  DBMBF2-3 

s y s t e m  b u t  a l s o  f o r  o t h e r  two DBMBF2 sys tems where 1 and 2 

a r e  t h e  d o n o r s  ( T a b l e  2 - 1 6 ) .  Bo th  1 and 2 c a n  form CT 

complexes ( r e f e r r e d  a s  GSC) w i t h  DBMBF2 i n  CH3CN a s  evidenced 

by t h e  a b s o r p t i o n  s p e c t r a  3 - 1 - 2  I r r a d i a t i o n  of  t h e s e  CT 



complexes do not give any d e t e c t a b l e  amount of dimers (55, 

56 ,  and 65, 66)  bu t  i r r a d i a t i o n s  of DBMBF2 do. The n i l  

importance of C I P  found f o r  t h e  t h r e e  PET induced ca t ion  

r a d i c a l  r e a c t i o n s  perhaps impl ies  t h e  commonality of t h e  

d i r e c t  formation of SSIP a s  t h e  major r eac t ion  pathway f o r  

favorable  e l e c t r o n  donor-acceptor p a i r s .  This r e s u l t s  a l s o  

support  t h e  assumed SSIP mechanism f o r  DBMBF2 f luorescence  

quenching by 1, 2, 3, and o the r  e l e c t r o n  donors with I P  < 8 . 4  

eV (see  Section 3-1-3, Fig.3-1) . 
This  f a c t  a l s o  f u r n i s h e s  a  b e t t e r  understanding of t h e  

c o r r e l a t i o n  of t h e  y i e l d  of t r i p l e t  recombination products  
0 

w i t h  c o r r e s p o n d i n g  A G - e t  v a l u e s  i n  t h e  P E T  induced 

0 

dimerization of 2  (Table 3-2) .  The inc rease  i n  AG-et has been 

concluded t o  be respons ib le  f o r  t h e  diminishing of t r i p l e t  

recombination products 57 and 58 but hard t o  expla in  why t h e  

drop i n  t h e  y i e l d  i s  so  sharp  wi th in  a  r a t h e r  narrow A G ? , ~  

range  (-0.96 t o  - 0 . 7 9  e V ) .  Cons ide r ing  t h e  t r i p l e t  

recombination has more chance [k-,t/  (k-,t  + ksp) + k - , t t /  ( k -  

e t t +  k f i s ) ]  t o  occur i n  a  react ion via exciplex formation than 

t h a t  [ k-,t ' /  (k-,t1 + k f i s )  1 i n  a  r eac t ion  via t h e  d i r e c t  

formation of SSIP, t h e  sharp  drop may be an i n d i c a t i o n  of 

change i n  t h e  r e a c t i o n  mechanism. Namely, t h e  weaker 

a c c e p t o r s  1-CN-Np and 9-CN-Ph might r e a c t  wi th  t h e  donor 

o l e f i n  mainly via exc ip lex  whereas b e t t e r  accep to r s  BABF2, 

DBMBF2, DCN-Np, and DCN-An via a  d i r e c t  formation of SSIP. 



3-4 Related Photoreaction of Acetylacetone 

3-4-1 Dimerization 

The photodimerizat ion of ace ty lace tone  can be v i s u a l i z e d  

a s  a  s p e c i a l  case  of t h e  de Mayo r e a c t i o n s :  an e x c i t e d  

a c e t y l a c e t o n e  molecule  (most p robab ly  i n  t h e  t r i p l e t  

m a n i f  o l d )  4 1 r  4 2 f  1 0 4 f 1 9 4 f 1 9 5  cycloadds t o  a  ground s t a t e  

ace ty lace tone  molecule g iv ing  t h e  cyclobutane in termedia te  

followed by a  spontaneous r i n g  opening process  and then a  

furanoid r i n g  c losure  a s  shown i n  Scheme 3-11. Of p a r t i c u l a r  

i n t e r e s t  i s  t h a t  only 7 0  out of many p o s s i b l e  s te reoisomers  

i s  ob ta ined .  The 2 + 2  cyc loadd i t ion  of e x c i t e d  and ground 

s t a t e  ace ty lace tone  molecules most l i k e l y  proceeds through a  

p o l a r  i n t e r a c t i o n ,  a  mechanism commonly assumed f o r  de Mayo 

r e a ~ t i o n s . l ~ ~ f l ~ ~  B y  assuming t h e  hydrogen bond of enol ized 

acetylacetone i s  kept i n t a c t  during t h e  reac t ion ,  a  head-to- 

head arrangement of two reac t ion  pa r tne r s  i s  required by the  

opposi te  po la r i za t ion  (Scheme 3-11) of e l ec t ron  dens i ty  along 

t h e  double bonds i n  n-n* exci ted  and ground s t a t e  molecules, 

which has been predic ted  by t h e o r e t i c a l  MO ca lcu la t ions .1g7  

The p a r a l l e l  and a n t i - p a r a l l e l  o r i e n t a t i o n s  a r e  two poss ib le  

approaches  t h a t  shou ld  g i v e  r i se  t o  t h e  cyc lobu tane  

in termedia tes  a and b, r e spec t ive ly ,  both of which l ead  t o  a  

same a c y c l i c  in termedia te  c. The r i n g  c l o s u r e  of c produces 

only dimer 7 0  but not i t s  epimer d due presumably t o  t h e  high 

conformational energy of t h e  t r a n s i t i o n  s t a t e  leading  t o  t h e  

l a t t e r .  The epimerizat ion from 7 0  t o  d should be slow i n  t h e  



presence  of H+; t h i s  i s  t h e  reason why methyl e t h e r  71 with  

c o n f i g u r a t i o n  r e t e n t i o n  i s  q u a n t i t a t i v e l y  o b t a i n e d  under  

a c i d i c  condi t ion .  

Scheme 3-11. 



3-4-2 Cycloaddition with Norbornene 

The t r i p l e t  e n e r g i e s  a r e  6 9  - 7 4  Kcal/mol f o r  

a c e t y l a c e t o n e 4 1  and 7 2  Kcal/mol f o r  norbornene . lg8  A 

r e v e r s i b l e  energy t r a n s f e r  i s  t h e r e f o r e  expected t o  coexis t  

w i t h  t h e  cyc loadd i t ion  r e a c t i o n  i n  t h e  photoreac t ions  of 

acetylacetone-norbornene system. T h i s  has been confirmed by 

t h e  appearance of norbornene dimers (80,  81)  and s o l v e n t  

a d d i t i o n  p r o d u c t s  ( 7 8 ,  7 9 )  a s  t h e  byproducts  of t h e  

cyc loadd i t ion  r e a c t i o n  under c o n d i t i o n s  v i r t u a l l y  a l l  t h e  

i n c i d e n t  l i g h t  i s  absorbed by a c e t y l a c e t o n e .  A q u e s t i o n  

t h e r e f o r e  a r i s e s :  which e x c i t e d  s t a t e  spec ies  i s  respons ib le  

f o r  t h e  cycloaddi t ion  reac t ion?  The 1,3-pentadiene quenching 

e f f i c i e n c y  (Fig.  2-38) f o r  t h e  cycloadduct (75) formation (kqz 

= 1 2 . 9  M-l) i s  c lose  t o  t h a t  f o r  t h e  acetylacetone-cyclohexene 

adduct (42) formation (kqz = 7 . 2  M-l) but much d i f f e r e n t  from 

t h a t  f o r  norbornene dimer (80 + 81)  format ion  (kqz = 150 

M - I ) .  The notable  discrepancy i n  kq2 values f o r  75 formation 

and t h e  norbornene dimer formation c l e a r l y  i n d i c a t e s  t h a t  

they  do not  o r i g i n a t e  from a  same e x c i t e d  s t a t e  s p e c i e s .  In  

a n o t h e r  word, t h e  t r i p l e t  e x c i t e d  s t a t e  norbornene i s  

involved i n  t h e  d imer iza t ion  of i t s e l f 2 0 9 ~ 2 1 0  but not i n  t he  

cycloaddi t ion  w i t h  ace ty lace tone .  Worthwhile t o  mention i s  

t h a t  t h e  low kqz values f o r  both 75 and 42 formations seems 

t o  d i s a g r e e  t h e  involvement of t r i p l e t  ace ty lace tone  i n  t h e  

d e  Mayo r e a c t i o n ,  a  m e c h a n i s m  p r e v i o u s l y  

proposed. 41r 4 2 r 1 0 4 r 1 9 4 , 1 9 5  Therefore, we r a t h e r  assume t h a t  an 

unknown e x c i t e d  s t a t e  ace ty lace tone  i s  respons ib le  f o r  t h e  



unknown e x c i t e d  s t a t e  a c e t y l a c e t o n e  i s  r e s p o n s i b l e  f o r  t h e  

c y c a d d i t i o n  r e a c t i o n s  upon which a mechanism i s  p r o p o s e d  i n  

Scheme 3-12 where  A a n d  N d e n o t e  a c e t y l a c e t o n e  a n d  

n o r b o r n e n e ,  r e s p e c t i v e l y .  The mechanism h a s  been  s i m p l i f i e d  

by  assuming  e i t h e r  A* and  N~ have r o u g h l y  t h e  same l i f e t i m e  or 

t h e  u n i m o l e c u l a r  d e c a y s  o f  A* a n d  N3 are  n e g l i g i b l e  due  t o  

v e r y  f a s t  b i m o l e c u l a r  i n t e r a c t i o n s  i n  t h e  p r e s e n c e  o f  l a r g e  

amounts  o f  g r o u n d  s t a t e  r e a c t a n t s .  Based  on t h i s ,  one  c a n  

p r e d i c t  t h a t  t h e  quantum y i e l d  o f  75 (aadd) s h o u l d  be 

Scheme 3-12: 

kdim 
N3 + N - dimers 

p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  n o r b o r n e n e  a s  h a s  been  

o b s e r v e d  ( F i g .  2-40)  . Fur the rmore ,  ( ~ ~ . 3 - 9 ) *  d e r i v e d  a c c o r d i n g  

t o  t h e  mechanism (Scheme 3-12)  r e v e a l s  t h a t  t h e  r a t i o  o f  

quantum y i e l d s  f o r  t h e  7 5  f o r m a t i o n  (aadd) a n d  n o r b o r n e n e  

dimer f o r m a t i o n  (adim) i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  

For  derivation,  see Appendix 4 .  



o f  a c e t y l a c e t o n e  a n d  t o  t h e  r e c i p r o c a l  c o n c e n t r a t i o n  o f  

n o r b o r n e n e .  T h i s  i s  a l s o  e x p e r i m e n t a l l y  f o u n d  t o  b e  t r u e  

( F i g . 2 - 3 9 ,  2-40) . A s  i n d i c a t e d  b y  t h e  i n t e r c e p t  ( 1 . 2 )  a n d  

s l o p e  ( 2 1  M-l) o b t a i n e d  f rom t h e  p l o t  o f  r v a l u e  ( y i e l d  o f  

7 5 / y i e l d  o f  d i m e r s )  vs. a c e t y l a c e t o n e  c o n c e n t r a t i o n  (E'ig.2- 

3 9 ) ,  t h e  r a t e  c o n s t a n t  o f  c y c l o a d d i t i o n  (kadd) i s  c l o s e  t o  t h e  

ra te  c o n s t a n t  of e n e r g y  t r a n s f e r  ( k l  = 0.83 kadd) whe rea s  t h e  

ra te  c o n s t a n t  o f  n o r b o r n e n e  d i m e r i z a t i o n  (kdim) i s  much slower 

t h a n  t h e  r a t e  c o n s t a n t  o f  t h e  r e v e r s e  e n e r g y  t r a n s f e r  f rom 

t r i p l e t  n o r b o r n e n e  t o  a c e t y l a c e t o n e  (k-1 = 8 . 8  kdi,). Assuming 

t h e  t r i p l e t  e n e r g y  g a p  be tween  a c e t y l a c e t o n e  a n d  n o r b o r n e n e  

i s  z e r o ,  t h e  r a t e  c o n s t a n t  o f  e n e r g y  t r a n s f e r  i n  hexane  can  

b e  es t imated b y  t h e  t h e o r e t i c a l  c a l c u l a t i o n : 8 8 ~ 1 9 9  k l  = k-1 = 

0 . 5  kd i f f  = 1.1 X 101•‹ s - l M - l .  On t h e  b a s i s  o f  t h i s  a s s u m p t i o n  

t h e  r a t e  c o n s t a n t s  f o r  t h e  c y c l o a d d i t i o n  (kadd )  a n d  t h e  

d i m e r i z a t i o n  (kdim) are  c a l c u l a t e d  t o  b e  1 . 3  X 101•‹ a n d  1 . 3  X 

1 0 " ~  S - ~ M - ~ ,  r e s p e c t i v e l y .  A c c o r d i n g  t o  t h e  i n t e r c e p t  a n d  

s l o p e  o f  Eq.3-9 o b t a i n e d  f rom F ig .2 -39 ,  r v a l u e  s h o u l d  b e  a 

f u n c t i o n  o f  n o r b o r n e n e  c o n c e n t r a t i o n  p r e s e n t e d  by Eq.3-10, i f  

t h e  c o n c e n t r a t i o n  of a c e t y l a c e t o n e  i s  f i x e d  a t  0 .052  M .  The 

d a s h e d  c u r v e  i n  F ig .2 -40  i s  c a l c u l a t e d  f rom Eq.3-10, showing 

a good ag reemen t  w i t h  t h e  e x p e r i m e n t a l  d a t a .  

The  c y c l o a d d i t i o n  r e a c t i o n  o f  a c e t y l a c e t o n e  w i t h  

n o r b o r n e n e  p r o c e e d s  most  l i k e l y  b y  t h e  mechanism f o r  t h e  d e  



Mayo reactions (Scheme 1-2). The cis-exo configuration of the 

sole adduct 7 5  is determined by the intermediacy of the 

cyclobutane and the steric effects. 1461 200 Though the trans 

isomer 83 is obviously thermally more stable than 7 5 ,  it is 

not formed in the cycloaddition but readily formed from acid- 

catalyzed epimerization of 7 5 .  The failure to obtain Aldol 

condensation products from 7 5  is due not only to the fast 

epimerization but also to the much higher activation energy 

required by the transition state leading to the cis-fused 

multicyclic compounds (Scheme 3-13). This is because that a 

twisting around C2-C3 bond of norbornene frame is required by 

the favorable chair conformation of the cyclohexanone moiety 

in the transition state a. Such a twisting will increase its 

potential energy in comparison with that in transition state 

b where no such twisting is needed. 

Scheme 3-13: 

& slow * &;( 
7  5  H 0 a H 



3-4-3 Solvent Addition 

A c e t y l a c e t o n e  c a n  a c t  a s  a  t r i p l e t  s e n s i t i z e r  a s  w e  have  

s e e n  i n  the  s e n s i t i z e d  v a l e n c e  i s o m e r i z a t i o n  o f  NBD t o  QC (3- 

3 - 1 )  a n d  i n  t h e  e n e r g y  t r a n s f e r  f r o m  e x c i t e d  s t a t e  

a c e t y l a c e t o n e  t o  n o r b o r n e n e  t o  g i v e  b y p r o d u c t s  s u c h  a s  80 ,  

81, a n d  minor  amounts o f  s o l v e n t  (hexane-norbornene)  a d d i t i o n  

p r o d u c t s  7 8  a n d  79 .  However, s o l v e n t  a d d i t i o n  p r o d u c t s  t u r n  

o u t  t o  be t h e  m a j o r  p r o d u c t s  when o t h e r  s o l v e n t s  a r e  u s e d  

( t h o s e  l i s t ed  i n  column 1 i n  Table 2 - 1 7 ) .  S e v e r a l  t r i p l e t  

e x c i t e d  s t a t e  s e n s i t i z e d  s o l v e n t  a d d i t i o n  r e a c t i o n  o f  

n o r b o r n e n e  h a v e  b e e n  f o u n d  s c a t t e r e d  i n  l i t e r a t u r e ,  i . e .  

x y l e n e  s e n s i t i z e d  a d d i t i o n  o f  m e t h a n o l , l g 8  a c e t o p h e n o n e  o r  

x y l e n e  s e n s i t i z e d  a d d i t i o n  o f  C H 3 C N , 1 2 2 t 2 0 1  a n d  t h e  

p h o t o a d d i t i o n  o f  a c e t o n e . 1 2 1  W e  f ound  t h a t  a c e t y l a c e t o n e  o r  

a c e t o n e  s e n s i t i z e d  p h o t o a d d i t i o n  r e a c t i o n s  o f  a  number o f  

s o l v e n t s  t o  n o r b o r n e n e  g i v e  t h e  a d d u c t s  i n  h i g h  c h e m i c a l  

y i e l d s .  T h i s  t y p e  o f  r e a c t i o n  p e r h a p s  c a n  s e r v e  a s  a  

c o n v e n i e n t  s y n t h e t i c  method f o r  n o r b o r n a n e  d e r i v a t i v e s  some 

o f  which a r e  c o m m e r c i a l l y  u s e f u l ,  e . g .  t h e  a d d u c t s  o f  1 ,3 -  

d i o x o l a n e  (88a) h a v e  b e e n  u s e d  i n  t h e  f r a g r a n c e  i n d u s t r y  .202  

A c h a i n  r a d i c a l  mechanism h a s  b e e n  p r o p o s e d  f o r  t h e  

a d d i t i o n  r e a c t i o n  o f  CH3CN a n d  a c e t o n e ,  12*f l g 8 1  * o l  which i s  

s u p p o r t e d  b y  t h e  o b s e r v a t i o n  t h a t  t h e  a d d i t i o n  r e a c t i o n  o f  

a c e t o n e  t o  n o r b o r n e n e  c a n  be t h e r m a l l y  i n d u c e d  b y  

p e r o x i d e s  . 2 0 3 1 2 0 4  The quantum y i e l d s  f a r  g r e a t e r  t h a n  u n i t y  

f o r  t h e  a c e t y l a c e t o n e  s e n s i t i z e d  s o l v e n t  a d d i t i o n  r e a c t i o n s  

found  i n  o u r  work ( T a b l e  2-18) p r o v i d e  a  c o m p e l l i n g  e v i d e n c e  



f o r  t h e  c h a i n  mechanism p r o p o s e d  i n  Scheme 3 - 1 4 .  T r i p l e t  

n o r b o r n e n e  i s  g e n e r a t e d  b y  e n e r g y  t r a n s f e r  f rom e x c i t e d  s t a t e  

a c e t y l a c e t o n e  (A)  o r  a c e t o n e  and  unde rgoes  hydrogen 

Scheme 3-14: 

A s  + SH 

adduc t  
p r o p a g a t  i o n  

A- +A 

adduc t  1 t e r m i n a t i o n  

hU r e a c t  i o n  
3 A + A - 7 5 - -  76 + 77 + 82 (10) 



a b s t r a c t i o n  from t h e  so lvent  (SH) i n  t h e  chain i n i t i a t i o n  

s t e p s .  The r a d i c a l  cha in  i s  ope ra ted  with t h e  s o l v e n t  

r a d i c a l ( S - )  a s  t h e  chain c a r r i e r  ( s t e p  3 and 4 ) .  Step 5 and 6 

probably c o n s t i t u t e  another chain propagation process leading 

t o  t h e  formation of a  byproduct 80.  There a r e  s e v e r a l  s i d e  

r eac t ions ,  i . e .  s t e p s  8, 9,  1 0 ,  accounting f o r  t h e  formations 

of t h e  byproducts. While none of t h e  byproducts seems t o  have 

connect ion with t h e  chain te rminat ion ,  we suggest  t h a t  t h e  

combination of norbornene r a d i c a l  and S. ( s t e p  7 )  could be 

t h e  major terminat ion s t ep ,  which most l i k e l y  occurs within 

t h e  solvent  cage immediately a f t e r  t h e  hydrogen a b s t r a c t i o n .  

This r a d i c a l  combination has been previously suggested t o  be 

one p o s s i b l e  r e a c t i o n  pathway t o  t h e  formation of C H 3 C N  

add i t ion  product.  1221 *01 Moreover, t h e  in-cage coupling ( s t e p  

7 )  probably can be used t o  explain why only exo adducts  a r e  

e x c l u s i v e l y  obta ined  from acetone,  CH3CN, C H z C 1 2 ,  and 1,l- 

dichloroethane  but epimeric mixture a r e  r e s u l t e d  f o r  o the r  

s o l v e n t s .  For  example,  t h e  two ep imers  from 1 , 2 -  

d ichloroethane a r e  obtained with a  y i e l d  r a t i o  of 16/20. I t  

i s  we l l  known t h a t  ground s t a t e  norbornene t ends  t o  be 

at tacked p r e f e r e n t i a l l y  from the  exo s i d e  by various reagents  

i n c l u d i n g  r a d i c a l s .  1461 205 However, t h i s  s t e r e o s p e c i f i c i t y  

might be l o s t  ( o r  p a r t i a l l y  l o s t )  i n  a  coupling reac t ion  of 

two r a d i c a l  spec ies .  Therefore, t h e  formation of s i g n i f i c a n t  

amount of endo  adduct  cou ld  be an i n d i c a t i o n  of t h e  

importance of t h e  in-cage coupling f o r  c e r t a i n  so lvents ,  e .g .  

1,2-dichloroethane. 



The a d d i t i o n  o f  CH3CN t o  n o r b o r n e n e  w a s  r e p o r t e d  t o  be 

i n i t i a t e d  b y  s i l v e r  ( I )  s a l t 1 2 2  o b v i o u s l y  by  a n  e l e c t r o n  

t r a n s f e r  p a t h w a y .  Is i t  p o s s i b l e  t o  c o n d u c t  t h e  s o l v e n t  

a d d i t i o n  r e a c t i o n s  men t ioned  above  u n d e r  PET c o n d i t i o n s ?  A s  

d e s c r i b e d  i n  2-2, t h e  i n t e r a c t i o n  o f  s i n g l e t  e x c i t e d  s t a t e  

DBMBF2 w i t h  n o r b o r n e n e  i n  CH3CN o n l y  r e s u l t s  i n  t h e  donor-  

a c c e p t o r  c y c l o a d d i t i o n  b u t  n o t  s o l v e n t  a d d i t i o n  r e a c t i o n .  

T h i s  i s  r e a s o n a b l e  b e c a u s e  g e n e r a t i o n  o f  n o r b o r n e n e  c a t i o n  

r a d i c a l  i n  t h e  s y s t e m  i s  e n e r g e t i c a l l y  f o r b i d d e n ,  i . e .  t h e  

f r e e  e n t h a l p y  change f o r  a  comple te  e l e c t r o n  t r a n s f e r  p r o c e s s  

i n  t h i s  s y s t e m  i s  p o s i t i v e  (AGO - 0 . 1  e V )  .* T h e r e f o r e ,  w e  u s e  

a s t r o n g e r  e l e c t r o n  a c c e p t o r - s e n s i t i z e r ,  TCB, t o  g e n e r a t e  t h e  

no rbo rnene  c a t i o n  r a d i c a l  by t h e  PET, t h e  p r o c e s s  o f  which i s  

h i g h l y  e x o t h e r m i c  ( A G O  - -0 .7  e V )  . I n d e e d ,  f r ee  r a d i c a l  

s p e c i e s  a r e  g e n e r a t e d  upon i r r a d i a t i o n  i n  t h e  TCB-norbornene 

s y s t e m  as d e m o n s t r a t e d  by  t h e  NMR a n d  ESR s t u d i e s  (2-5-3c) .  

However ,  i n s t e a d  o f  t h e  s o l v e n t  a d d i t i o n  p r o d u c t s ,  

c h l o r o n a t e d  n o r b o r n a n e s  93 a n d  94 are o b t a i n e d  f rom hexane ,  

b e n z e n e ,  CH2C12 o r  CH3CN. P resumab ly ,  t h e  e x p e c t e d  s o l v e n t  

a d d i t i o n  r e a c t i o n  i s  b u r i e d  by  o t h e r  c o n c u r r e n t  c o m p l i c a t e d  

r a d i c a l  r e a c t i o n s ,  t h e  s t u d y  o f  which i s  beyond t h e  s c o p e  o f  

t h i s  work.  

C 

See T a b l e  2-4, and  compare norbornene  (15) w i t h  cyc lohexane  ( 1 2 ) .  



3-5 Concluding Remarks and Proposals for 

Further Studies 

I n  summary, t h e  s t u d i e s  w e  have  been  c a r r i e d  o u t  on t h e  

p h o t o p h y s i c s  a n d  p h o t o c h e m i s t r y  o f  P - d i k e t o n a t o b o r o n  

d i f l u o r i d e s  a n d  r e l a t e d  p h o t o r e a c t i o n s  o f  a c e t y l a c e t o n e  l e a d  

t o  t h e  f o l l o w i n g  c o n c l u s i o n s .  

( 1 ) .  The f l u o r e s c e n c e  o f  DBMBF2 i s  q u e n c h e d  by  v a r i o u s  

e l e c t r o n  d o n o r s  i n c l u d i n g  s i m p l e  o l e f i n s .  The quench ing  r a t e  

c o n s t a n t s  c o r r e l a t e  w e l l  w i t h  i o n i z a t i o n  p o t e n t i a l s  o f  t h e  

d o n o r s  a n d  f ree  e n t h a l p y  changes  (AGO) i n  t h e  c o r r e s p o n d i n g  

PET p r o c e s s e s .  

( 2 )  . The q u e n c h i n g  o f  s i n g l e t  e x c i t e d  s t a t e  DBMBF2 by 

e l e c t r o n  d o n o r s  p r o c e e d s  ma in ly  by e x c i p l e x  f o r m a t i o n  whereas  

a c o m p l e t e  

q u e n c h i n g  

s e p a r a t i o n  

e x e r g o n i c  ( 

e l e c t r o n  t r a n s f e r  mechanism i n c o r p o r a t e s  i n  t h e  

l e a d i n g  t o  t h e  d i r e c t  f o r m a t i o n  o f  s o l v e n t  

i o n  r a d i c a l  p a i r  when t h e  q u e n c h i n g  becomes v e r y  

I P  < 8 . 4  eV ,  AGO < -0.4 eV) . 
( 3 )  . DBMBF2 e x c i m e r  f l u o r e s c e n c e  e m i s s i o n  (522 nm) i s  found 

i n  c o n c e n t r a t e d  CH3CN s o l u t i o n s  (> 0.05M), which i s  quenched 

by  c y c l o h e p t e n e .  

( 4 ) .  DBMBF2 c a n  form ground s t a t e  complexes  w i t h  a  ser ies  o f  

e l e c t r o n  d o n o r s .  The e m i s s i o n s  o f  t h e  g round  s t a t e  complex 

w a s  o b s e r v e d  f rom n e a t  1 , 3 - c y c l o h e x a d i e n e  a n d  2 ,4 -d ime thy l -  

1 ,3 -pen tad iene  o r  t h e i r  s o l u t i o n s  i n  hexane .  

( 5 ) .  The P -d ike tona toboron  d i f l u o r i d e s  pho tocyc loadd  t o  donor  

o l e f i n s  r e g i o s p e c i f i c l y  a n d / o r  s t e r e o s e l e c t i v e l y  i n  CH3CN t o  

g i v e  6 - d i k e t o n e s .  The p h o t o c y c l o a d d i t i o n  o f  DBMBF2 o n l y  o c c u r s  



t o  o l e f i n s  w i t h  I P  > 8 .4  eV,  and p roceed  predominant ly  v i a  a  

b i m o l e c u l a r  e x c i p l e x  i n t e r m e d i a t e  f o r  t h e  a c y c l i c  o l e f i n s  (IP 

> 9 e V )  b u t  ma in ly  v i a  a  t r i p l e x  i n t e r m e d i a t e  a t  [DBMBF2] > 

0.06 M f o r  c y c l i c  o l e f i n s  ( 8 . 4  eV < I P  < 9 e V ) .  

( 6 ) .  The s i n g l e t  e x c i t e d  s t a t e  P-diketonatoboron d i f l u o r i d e s  

can induce  c a t i o n  r a d i c a l  r e a c t i o n s  f o r  s e v e r a l  donor o l e f i n s  

( I P  < 8 . 4  e V )  , i .e .  t h e  v a l e n c e  i s o m e r i z a t i o n  o f  QC t o  NBD, 

t h e  l lDie l s -Alder"  r e a c t i o n  o f  1 ,3 -cyc lohexad iene  and 2 , 4 -  

dimethyl-1,3-pentadiene, and t h e  2+2 d i m e r i z a t i o n  o f  t r a n s -  

a n e t h o l e .  These  r e a c t i o n s  a r e  s u g g e s t e d  t o  be i n i t i a t e d  

mainly  by t h e  s o l v e n t  s e p a r a t e d  i o n  r a d i c a l  p a i r s  formed from 

a n  e l e c t r o n  t r a n s f e r  from t h e  donor  t o  s i n g l e t  DBMBF2 o v e r  

-7A d i s t a n c e  i n  encoun te r  complexes. 

( 7 ) .  Ace ty lace tone  photodimer izes  r e g i o  and s t e r e o s e l e c t i v e l y  

i n  n o n - p o l a r  s o l v e n t s  v i a  t h e  p h o t o c y c l o a d d i t i o n  o f  a n  

e x c i t e d  s t a t e  molecule  w i t h  a  ground s t a t e  molecule  t o  g i v e  a  

f u r a n o i d  compound a s  t h e  f i n a l  p r o d u c t .  The s t e r e o c h e m i s t r y  

i s  c o n t r o l l e d  by s t e r e o e l e c t r o n i c  e f fec ts  i n  t h e  t r a n s i t i o n  

s t a t e  o f  t h e  c y c l o a d d i t i o n  and t h e  s t e r i c  e f f e c t s  i n  t h e  

f u r a n o i d  c l o s u r e  s t e p .  

( 8 ) .  The p h o t o c y c l o a d d i t i o n  o f  a c e t y l a c e t o n e  w i t h  norbornene  

i n  h e x a n e  p r o c e e d s  v i a  t h e  i n t e r a c t i o n  o f  e x c i t e d  s t a t e  

a c e t y l a c e t o n e  w i t h  g round  s t a t e  n o r b o r n e n e .  Meanwhile, a n  

e n e r g y  t r a n s f e r  f r o m  e x c i t e d  s t a t e  a c e t y l a c e t o n e  t o  

n o r b o r n e n e  a l s o  o c c u r s  c a u s i n g  t h e  d i m e r i z a t i o n  of  

norbornene.  



(9). Acetylacetone can sensitize a series of solvent addition 

reactions to norbornene. The involvement of radical chain 

mechanism is strongly supported by the quantum yield 

measurement (<f, >> 1) . 
Based on this, we have good reason to regard P- 

diketonatoboron difluorides as a new type of electron 

acceptor-sensitizers. The complexation with BF2 also 

drastically modify the reactivities of the parent diketone, 

therefore may provide a useful synthetic pathway. In 

comparison with cyanoaromatics, DBMBF2 is better than 

monocyano compounds and comparable to dicyano compounds in 

terms of electron acceptability. Generally, the BF2 complexes 

have fairly large extinction coefficients, a necessity for 

being a good sensitizer. The synthesis of BF2 complexes is 

easy and can be made in situ, which is of great convenience, 

especially to synthetic applications. However, the poor 

solubility and photoinstability in non-polar solvents 

restrict their use. Precaution also has to be taken to avoid 

protic acid which will destroy BF2 complexes. 

The study of the photochemistry of P-diketonatoboron 

difluorides now deserves a variety of in-depth 

investigations. Some of them are tabulated below. 

(1). There is an immediate need to conduct time-resolved 

emission spectroscopic studies to verify the excimer 

formation of P-diketonatoboron difluorides. As stated in 

section 3-1-2, we still can not ascertain the reason for the 

concentration dependence of the relative fluorescence 



i n t e n s i t i e s  of DBMBF2 a t  398 and  416 nm. Fo l lowing  t h e  b u i l d -  

up  a n d  d e c a y  manners  o f  t h e  two p e a k s  w i l l  h o p e f u l l y  s u p p l y  

more i n f o r m a t i o n  a b o u t  t h e  o r i g i n s  o f  t h e  e m i s s i o n s .  

( 2 ) .  To u s e  ESR a n d  t r a n s i e n t  a b s o r p t i o n  s p e c t r o s c o p y  t o  

i n v e s t i g a t e  t h e  s t r u c t u r e  and  dynamic p r o p e r t i e s  o f  t h e  a n i o n  

r a d i c a l s  o f  BF2 complexes .  

( 3 ) .  F l a s h  p h o t o l y s i s  s t u d i e s  o f  DBMBF2-donor s y s t e m s  may 

r e v e a l  more m e c h a n i s t i c  d e t a i l s  o f  t h e  PET i n t e r a c t i o n s .  A 

g r o u p  o f  a n a l o g u e s  c o v e r i n g  a wide I P  r a n g e ,  e . g .  c o n j u g a t e d  

d i e n e s ,  96 a l k y l  b e n z e n e s ,  l ee  a n d  1 , 3 - d i o x o l e s ,  31 a r e  good 

c a n d i d a t e s  f o r  t h e  d o n o r .  I n  t h e  c a s e  o f  a l k y l  benzene ,  t h e  

t r a n s i e n t  a b s o r p t i o n  o f  b o t h  d o n o r  a n d  a c c e p t o r  migh t  be 

r e c o r d e d  s i m u l t a n e o u s l y .  

( 4 ) .  W e  have  p roposed  a  mechanism f o r  t h e  p h o t o c y c l o a d d i t i o n  

o f  DBMBF2 w i t h  enones ,  i n  which b o t h  " t y p e  a "  a n d  " t y p e  b" 

. a d d u c t s  a r e  a t t r i b u t e d  t o  t h e  i n t e r a c t i o n  o f  s i n g l e t  s t a t e  

DBMBF2 w i t h  ground s t a t e  enones  ( s e c t i o n  3-2-1, Scheme 3 - 2 ) .  

A s  a s i n g l e t  e n e r g y  t r a n s f e r  f rom DBMBF2 t o  enones  h a s  been  

d e m o n s t r a t e d  t o  o c c u r ,  w e  c a n  n o t  v i g o r o u s l y  e x c l u d e  t h e  

p o s s i b i l i t y  t h a t  t h e  e x c i t e d  s t a t e  enones  p a r t i c i p a t e  i n  t h e  

c y c l o a d d i t i o n  r e a c t i o n s .  T h e r e f o r e ,  t h i s  r e a c t i o n  o b v i o u s l y  

n e e d s  more m e c h a n i s t i c  s t u d i e s ,  e . g .  oxygen q u e n c h i n g .  S i n c e  

oxygen v i r t u a l l y  d o e s  n o t  quench  e i t h e r  t h e  f l u o r e s c e n c e  o r  

t h e  c y c l o a d d i t i o n s  o f  DBMBF2, w e  may conduc t  oxygen quenching  

t o  t h e  c y c l o a d d t i o n  w i t h  e n o n e s .  I f  t h e  a d d i t i o n  o f  oxygen 

d o e s  i n f l u e n c e  t h e  y i e l d s  a n d  t h e  d i s t r i b u t i o n s  o f  t h e  t w o  



t y p e  o f  c y c l o a d d u c t s ,  t h i s  w i l l  b e  a  c l u e  o f  t h e  

p a r t i c i p a t i o n  o f  e x c i t e d  s t a te  enones .  

( 5 ) .  W h i l e  a  l a r g e  number o f  o t h e r  P - d i k e t o n a t o b o r o n  

d i f l u ~ r i d e s ~ ~ - ~ ~  c a n  b e  p h o t o c h e m i c a l l y  s t u d i e d ,  o f  p a r t i c u l a r  

i n t e r e s t  i s  what w i l l  happen t o  d i a l k y l -  o r  d i a r y l b o r o n  P- 

d i k e t ~ n a t e ~ ~  unde r  PET c o n d i t i o n s .  

( 6 ) .  I n s t e a d  o f  BF2 c o m p l e x e s ,  s i l i c o n  a n d  p h o s p h o r u s  

complexes  o f  P-d ike tones  are a l s o  p r o m i s i n g  a s  b e i n g  e l e c t r o n  

Table 3-3: Some S i l i c o n  a n d  Phosphorus  Complexes of 
P - ~ i k e t o n e s  . a  

compound formula  r e f e r e n c e  

a . A A  s t a n d s  f o r  t h e  a c e t y l a c e t o n a t o  group;  DBM, 

d i b e n z o y l m e t h a n a t o  group;  BA, b e n z o y l a c e t o n a t o  g roup .  



acceptor-sensitizer. The complexes listed in Table 3-3 are 

thermally stable but their photophysical and photochemical 

properties have not been examined at all. Unfortunately, the 

electrochemical data of these complexes are not available 

either. However, the structures of these compounds and NMR 

data of some of them have been published. For example, 101 

and 103a showed significant down field shifts of the methine 

proton signals by 0.86 and 0.74 ppm with respect to that of 

acetylacetone, respectively. Compounds 103d - 103g also 

showed similar down field shifts. These large down field 

shifts are even larger than that found in AABF2 ( 0 . 6 5  ppm), 

indicating deficiencies in electron densities at the diketone 

moiety of these complexes. Moreover, 103a has been claimed to 

be electron-accepting and used as a sensitizer in 

electrophotography . *06 Of particular interest among these 
complexes listed in Table 3-3 is compound 102b. Unlike other 

hexacoordinated silicon complexes which exist in an 

equilibrium of cis and trans isomers in solution, 102b only 

takes the trans configuration with no isomerization at room 

temperat~re.~~ This could avoid any complexity arising from a 

possible photoinduced cis-trans isomerization in this type of 

complexes. In addition, attaching functional groups to the 

phenyl rings in 102b would vary the electron acceptability 

and hence facilitate systematic studies. 



CHAPTER 4 EXPERIMENTAL 

4-1. General Conditions and Material 

4-1-1. Chemicals 

(a) . Solvents 

Reagent grade acetonitrile (Fisher or Caledon) was used as 

supplied in preparative photolysis and spectro grade 

acetonitrile (BDH) in spectroscopic measurements. 

Methylcyclohexane (BDH, reagent) for the phosphorescence 

measurements was fractionally distilled twice. Hexanes 

(Mallinkrodt, AR grade) and ethyl acetate (BDH, AR grade) 

were used as supplied in either photolysis or chromatography. 

Dichloromethane (Fisher, Reagent grade) was distilled over 

phosphorus pentoxide under nitrogen atmosphere. Benzene 

(Fisher, Reagent grade) was distilled before use. 

All deuterated solvents for NMR studies, chloroform-d 

(MSD) , methylene-d2-chloride (MSD) , benzene-dg (MDS) , 
acetonitrile-d3 (MSD) , and acetone-dg (ICN) were used as 

supplied. 

(b) . Diketones 

Acetylacetone (BDH, regent grade), dibenzoylmethane 

(Aldrich), and benzoylacetone (Aldrich) for the preparation 

of BF2 complexes were used without purification. 

Acetylacetone, 2,4-hexanedione (Aldrich,98%), 6-methyl-2,4- 

heptanedione (Aldrich, 99%) , and 2,2,6,6-tetramethyl-3,5- 



heptanedione (Aldrich,95%) were distilled prior to use in the 

photolysis. 

(c) . O l e f i n s  

All olefins except norbornene (Aldrich) employed in 

photolysis and/or fluorescence quenching were distilled right 

before use. They were 1-hexene (Aldrich), 1,5-hexadiene 

(Aldrich) , 3,3-dimethyl-1-butene (Aldrich) , cyclopentene 

(Aldrich) , cyclohexene (BDH, AR grade), cycloheptene 

(Aldrich) , cylooctene (Matheson, practical), 1,3- 

cyclooctadiene (Columbian Carbon), 1,5-cyclooctadiene 

(Aldrich), 1-methylcyclohexene (Aldrich, Technical), 

norbornadiene (Aldrich), quadricyclane (~ldrich)., 

cyclopentadiene dimer (Aldrich), 1,3-pentadiene (Matheson, 

technical), 2,4-dimethyl-1,3-pentadiene (Aldrich) , 1,3- 

cyclohexadiene (Aldrich) , trans-anethole (Eastman), methyl 

vinyl ketone (Aldrich, Technical), 3-penten-2-one (Aldrich, 

technical), ethyl acrylate (Aldrich), 2-cyclopentenone 

(Aldrich), 2-cyclohexenone (Aldrich), and 2-cyclopentenone 

ethylene ketal (Aldrich) . 

(d)  . S e n s i t i z e r s  

Acetone (BDH, AR grade) and acetophenone (Matheson, 

practical) were distilled. Benzophenone (Fisher, certified), 

2,3,5,6-tetrachloro-1,4-benzoquinone (Aldrich, 99%), and 2,3- 

*~uadric~clane is mentioned here for convenience. 
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dichloro-5,6-dicyano-1,4-benzoquinone (Aldrich) were 

recrystallized from methanol, methanol/acetonitrile, and 

dichloromethane/ethyl acetate, respectively. 1 - 

cyanonaphthanlene (Eastman,), 9-cyanoanthracene (Aldrich,), 

9-cyanophenanthrene (Aldrich, 9 7 % ) ,  and 1-methoxynaphthanlene 

(Aldrich) were sublimed. 

(e) . Others 
C 

Octadecane (Eastman), decane (Aldrich), dodecane 

(Eastman), and decalin (Fisher, purified grade) were used as 

supplied as the internal standards for GC analysis. T r i s ( p -  

bromopheny1)aminium hexachloroantimonate (Aldrich) and 

benzhydrol (Aldrich) were also used as supplied. 

4-1-2. Analytical Equipment 

Gas chromatography (GC) analyses were performed on a 

Hewlett-Packard 5790 chromatograph using a flame ionization 

detector. The chromatograph was equipped with an OV-1 (12 m X 

0.20 mm) or HP-1 (25 m X 0.20 mm) capillary column and 

connected to a Hewlett-Packard 3390A chart integrator. 

Preparative GC was conducted on a Varian 1700 chromatograph 

equipped with an OV-1 packed column (4' X 0.25", 15%, 

chromsorb A, 60-80 mesh). Melting points were determined on a 

Fisher-Johns apparatus (uncorrected) . Infrared (IR) spectra 
were recorded on the following spectrophotometers. Perkin- 

Elmer 1310 (neat film), Perkin-Elmer 559B (neat film or KBr) , 
Bruker IFS 85 (GC-FTIR) , and Bomen Michelson 120 (FT-IR) . The 



r e l a t i v e  i n t e n s i t i e s  of I R  s i g n a l s  a r e  r e p o r t e d  a s  s 

( s t r o n g )  , m (medium), o r  w (weak) . L e t t e r  "b" s tands  f o r  a  

broad peak and "sh" f o r  a  shoulder peak. Mass spec t ra  ( M S )  

and gas chromatography - mass spec t ra  (GC-MS) were taken with 

a  Hewlett-Packard 5985 GC-MS system by e l e c t r o n  impact 

ion iza t ion  ( E I )  and/or chemical ion iza t ion  ( C I )  mode. Routine 

nuc lea r  magnetic resonance (NMR) s p e c t r a  were obtained on 

e i t h e r  a  Bruker 100SY spectrometer equipped with Aspect 2000 

software o r  a  Bruker WH400 spectrometer .  Two dimension ( 2 D )  

NMR spec t ra  were recorded on t h e  l a t t e r .  Chemical s h i f t s  (8) 

f o r  and l 3 ~  s p e c t r a  a r e  r e p o r t e d  i n  ppm w i t h  

te t ramethyls i lane  a s  t h e  reference,  whereas those f o r  19E' and 

1 1 ~  w i l l  be spec i f i ed  where t h e  spec t ra  appear. The s p l i t t i n g  

p a t t e r n s  of s i g n a l  a r e  p resen ted  a s  s ( s i n g l e t ) ,  d  

( d o u b l e t ) ,  t ( t r i p l e t ) ,  q  ( q u a r t e t ) ,  o r  m ( m u l t i p l e t )  . A 

broadened s i g n a l  i s  denoted a s  bs ,  bd, and so  on .  The 

m u l t i p l i c i t i e s  of 13c s i g n a l  a r e  spec i f i ed  as  q  (pr imary) ,  t 

( secondary) ,  d  ( t e r t i a r y ) ,  and s (qua te rna ry )  . Coupling 

cons tan t s  a r e  repor ted  i n  Hz .  Attempted chemically induced 

dynamic nuclear  p o l a r i z a t i o n  ( C I D N P )  s t u d i e s  were conducted 

on a  Varian EM360 spectrometer equipped with a  quar tz  l i g h t  

p ipe .  Electron spin resonance (ESR)  spec t ra  were obtained on 

a  Varian E-4 spectrometer.  U l t r a v i o l e t  and v i s i b l e  (UV/VIS) 

s p e c t r a  were recorded on a  Varian Cary 210 o r  a  P h i l i p s  

PV8720 spectrophotometer. Emission spec t ra  were obtained on a  

Perkin-Elmer MPF44B spectrophotometer (uncorrec ted) .  



4-1-3.  Photo lys i s  Apparatus 

Method 1. (Large  s c a l e  p r e p a r a t i o n s )  

A c y l i n d r i c a l  Hanovia t y p e  p h o t o c e l l  of  280 o r  175 m l  

c a p a c i t y  was f i t t e d  w i t h  a  side arm a t  t h e  t o p  and  a  g a s  

i n l e t  e x t e n d e d  t o  t h e  bo t tom.  A P y r e x  w a t e r - c o o l e d  lamp 

h o u s i n g  was i n s e r t e d  i n t o  t h e  c e l l  which  c o n t a i n e d  t h e  

r e a c t i o n  s o l u t i o n .  Dur ing i r r a d i a t i o n ,  t h e  p h o t o l y s a t e  was 

m a g n e t i c a l l y  stirred w h i l e  a  slow s t r e a m  o f  p u r i f i e d  n i t r o g e n  

was a l l o w e d  t o  p u r g e  t h r o u g h  from t h e  g a s  i n l e t  and e s c a p e  

f rom t h e  s ide arm. A c o n d e n s e r  w i t h  a  mercury  s e a l  was 

connec ted  t o  t h e  s i d e  arm i n  o r d e r  t o  r educe  t h e  s o l v e n t  l o s s  

and s e c u r e  t h e  oxygen-f ree  c o n d i t i o n .  The l i g h t  s o u r c e  was a  

200 W (654A36) o r  450 W (679A36) Hanovia medium p r e s s u r e  

mercury lamp. 

Method 2 .  ( Q u a l i t a t i v e  e x p e r i m e n t s )  

The l i g h t  s o u r c e s  and t h e  lamp h o u s i n g  were t h e  same a s  

d e s c r i b e d  i n  Method 1. P y r e x  tes t  t u b e s  (13 X 100 mm) 

c o n t a i n i n g  r e a c t i o n  s o l u t i o n s  w e r e  p l a c e d  a round  t h e  wa te r -  

coo led  lamp housing.  

Method 3. (Quantum y i e l d  measurements and s m a l l  s c a l e  

p r e p a r a t i o n s )  

Pyrex  test  t u b e s  c o n t a i n i n g  samples were even ly  mounted i n  

a  "merry-go-round" which was p l a c e d  i n  t h e  c e n t e r  of  a  

Rayonet p h o t o r e a c t o r  equipped w i t h  e i t h e r  RPR-3000 A (16 X 2 1  



W) or RPR-3500 A (16 X 24 W) lamps depending on the 

requirement of the experiment being carried out. The 

temperature of the reaction mixture was 30-3S0, maintained by 

ventilation throughout the irradiation. 

Method 4 .  (Quantum yield measurement) 

The monochromator set consisted of a LPS251HR power 

supply, a LH150 lamp housing with a Oriel 200W Xenon-mercury 

lamp (cat No: 6291) as the light source, and a Kratos GM252 

grating monochromator. The set and the photocell mounted on a 

cell holder were aligned up on a photobench to ensure the 

focused incident light fallen into the photolysate solution 

in the photocell (Fig.4-1) . The distance between the front 
face of the photocell and the exit-end of the grating 

monochromator was fixed at 15.0 mm for all experiments. The 

current, wavelength, and band width were kept identical for 

all experiments. 

lamp housing grating monochromator 
I cell holder 

Figure 4-1. The set-up of monochromatic photolysis. 



4 - 2 .  Spectroscopic Studies on 

P-~iketonatoboron Difluorides 

4-2-1. Preparation of BF2 Complexes 

(a) . Acetylacetonatoboron Difluoride (AABF2) 

To a  50 m l  round-bottom f l a s k  equipped w i t h  n i t r o g e n  sweep 

was p l a c e d  b o r o n  t r i f l u o r i d e - e t h e r  ( 5 . 0 6  g ,  0 .035 mol) . 
A c e t y l a c e t o n e  (3 .5  g ,  0.035 mole)  was t h e n  added d ropwise  

u n d e r  magne t i c  s t i r r i n g .  While hydrogen f l u o r i d e  was e v o l v e d  

d u r i n g  t h e  r e a c t i o n ,  t h e  r e a c t i o n  m i x t u r e  became warm and 

t u r n e d  g r a d u a l l y  t o  brown i n  c o l o r .  A f t e r  t h e  hydrogen  

f l u o r i d e  e v o l u t i o n  c e a s e d ,  t h e  m i x t u r e  was t r a n s f e r r e d  t o  a  

d i s t i l l a t i o n  a p p a r a t u s .  Crude AABF2 ( 4 . 8  g ,  91%) a s  a p a l e  

l i q u i d  t h a t  s o l i d i f i e d  upon s c r a t c h i n g  was o b t a i n e d  from t h e  

d i s t i l l a t i o n  under reduced p r e s s u r e .  ~ e c r y s t a l l i z a t i o n  t w i c e  

i n  anhydrous  e t h e r  gave  w h i t e  c r y s t a l s  ( 3 . 1  g ,  5 9 % )  w i t h  

m.p.= 40.5  - 41.5O c l o s e  t o  t h e  r e p o r t e d  m e l t i n g  p o i n t s ,  39- 

40•‹ 37 and 4 3 0 . ~ ~  MS ( m e  E I  mode) 148 (M+, ~ o , ~ ~ B ) ,  147 

( M + ,  10,  ~ O B ) ,  133  ( 9 4 ) ,  132 ( 2 2 ) ,  129 (561, 128 ( 1 4 )  ; I R  ( f i l m )  

2970, 2930, 1560, 1385, 1365, 1170, 1080, 1021, 958, 817cm-I; 

NMR, 6 (ppm) :  1~ ( i n  ~ 6 ~ 6 )  1 . 2 5  (6H,S) ,  4 .61  ( ~ H , s ) ;  1 3 ~  ( i n  

CgDg) 23.1,  101.1, 192.1; 1 1 ~  ( i n  CD3CN, N,B407-10H20 i n  H z 0  a s  

t h e  r e f e r e n c e )  -9.06 (S)  ; 



(b) . Dibenzoylmethanatoboron Dif luoride (DBMBF2) 

To a CH3CN solution (10 ml) containing dibenzoylmethane (2 

g, 8.9 mmol) was slowly added boron trifluoride-ether (1.42 

g, 10 mmol). The reaction mixture was magnetically stirred 

overnight under dry nitrogen. After remained hydrogen 

fluoride and the solvent were removed by purging nitrogen 

through the reaction mixture followed by flash evaporation, 

the crude DBMF2 was obtained as yellow powder. 

Recrystallization in benzene gave bright yellow crystals (2.1 

g, 86.7%) with m.p.= 192-4O (lit .37 193-4O) . All samples for 
spectroscopic measurements were recrystallized twice from 

CH3CN which resulted in a lower yield (-70%, m.p. 193-4O). the 

absorption spectra of AABF2 and DBMBF* are shown in Fig.4-2. 

(c) . 1-Benzoylacetonatoboron Dif luoride (BABF2) 

1-Benzoylacetone (18.11 g, 50 mmol) was dissolved in 75 ml 

of dry acetonitrile, to which was added dropwise boron 

trifluoride-ether (10.6 g, 75 mmol) . The resulting solution 
was magnetically stirred at ambient temperature for 3 h. The 

solvent and liberated hydrogen fluoride were then removed 

under reduced pressure. The residue was taken up in 

dichloromethane, washed with saturated sodium bicarbonate and 

water and then dried over magnesium sulfate. The yellow 



Figure 4-2. The a b s o r p t i o n  s p e c t r a  of AABF2 and DBMBF2 i n  
CH3CN. A, [AABF*] = 2 .00  X M, 1 . 0 0 0  c m  ce l l ;  B,  [DBMBF2] 

= 2 . 0 0  X 10 '~ M, 0 . 100  c m  c e l l .  



p o w d e r  o b t a i n e d  a f t e r  e v a p o r a t i o n  o f  t h e  s o l v e n t  w a s  

r e c r y s t a l l i z e d  t w i c e  f r o m  CH2C12-hexanes ( 8 / 2  v / v )  g i v i n g  

b r i g h t  y e l l o w  c r y s t a l s  ( 4 . 2  g ,  m.p.= 153-4O lit.61 1 5 7 O ) .  

E v a p o r a t i o n  o f  t h e  s o l v e n t  f rom t h e  mo the r  l i q u o r  f o l l o w e d  by  

r e c r y s t a l l i z a t i o n  f rom b e n z e n e  g a v e  a d d i t i o n a l  4 . 0  g  o f  t h e  

p r o d u c t  w i t h  b r o w n i s h  y e l l o w  c o l o r  (m.p.  152-4O) r a i s i n g  t h e  

t o t a l  y i e l d  t o  7 8 . 1 % .  

(d) . 2,6-Tetramethyl-3,s-Heptanedionatoboron 

Dif luoride (TMHBF2) 

To a n  CH3CN s o l u t i o n  ( 1 5  m l )  c o n t a i n i n g  t h e  d i k e t o n e  ( 2 . 5  

g ,  1 3 . 6  mmol) w a s  a d d e d  d r o p w i s e  b o r o n  t r i f l u o r i d e - e t h e r  

( 2 . 1 5  g ,  1 5 . 1  m m o l )  u n d e r  s t i r r i n g  a t  a m b i e n t  t e m p e r a t u r e .  

A f t e r  2  h  o f  r e a c t i o n ,  n i t r o g e n  w a s  p u r g e d  t h r o u g h  t h e  

r e a c t i o n  m i x t u r e  f o r  1 5  min .  E v a p o r a t i o n  o f  t h e  s o l v e n t  by  

f l a s h  d i s t i l l a t i o n  g a v e  t h e  c r u d e  TMHBF2 as p a l e  powder which 

w a s  r e c r y s t a l l i z e d  f rom CH2C12-hexane ( 5 / 9 5  v / v ) ,  g i v i n g  w h i t e  

c r y s t a l s  ( 2 . 7 5  g ,  8 7 % )  ; m.p. 98-9g0, (lit . 6 2  83O), IH NMR ( i n  

CgDg) , 6 (ppm) : 6 .14  ( l H ,  s )  , 1 . 2 9  ( 1 8 ~ ~  s )  . 

4-2-2.  The Emission Spectra of AABF2 and DBMBF2 

A s t o c k  s o l u t i o n  o f  AABF2 ( 1 . 0 0  X 10-I  M )  o r  DBMBF2 ( 1 . 0 0  X 

1 0 - I  M )  i n  a s p e c t r o s c o p i c  g r a d e  s o l v e n t  was p r e p a r e d  by  

w e i g h i n g  a p p r o p r i a t e  amount o f  t h e  s u b s t r a t e  i n t o  a 5  m l  

v o l u m e t r i c  f l a s k .  The s o l v e n t  w a s  a d d e d  t o  d i s s o l v e  t h e  

s amp le  t o  make t h e  s t o c k  s o l u t i o n .  The work ing  s o l u t i o n s  were 



made b y  c o n s e c u t i v e  d i l u t i o n s  w i t h  t h e  same s o l v e n t  i n  

v o l u m e t r i c  f l a s k s  s t a r t i n g  f r o m  t h e  s t o c k  s o l u t i o n .  The 

s o l u t i o n s  o f  DBMBF2 i n  hexane and  me thy lcyc lohexane  were made 

b y  a d d i n g  a n  a p p r o p r i a t e  amount o f  t h e  s t o c k  s o l u t i o n  i n  

C H 3 C N  i n t o  3 m l  o f  t h e  n o n p o l a r  s o l v e n t s .  N e i t h e r  

p r e c i p i t a t i o n  n o r  p h a s e  s e p a r a t i o n  upon mix ing  was o b s e r v e d  

when t h e  c o n c e n t r a t i o n  o f  DBMBF2 was below 5 X l o m 5  M. Samples 

f o r  f l u o r e s c e n c e  measurement w e r e  undegassed  w h i l e  t h o s e  f o r  

p h o s p h o r e s c e n c e  measurement were p u r g e d  w i t h  n i t r o g e n  f o r  5 

min p r i o r  t o  u s e  i n  a s e p t u m - s e a l e d  q u a r t z  p h o s p h o r e s c e n c e  

c e l l .  

4-2-3. T h e  Concentrat ion  Dependence of Absorption and 

NMR Spectra  of DBMBF2 

The DBMBF2 s o l u t i o n s  i n  CH3CN f o r  a b s o r p t i o n  s p e c t r u m  

measurement were made by f o l l o w i n g  t h e  p r o c e d u r e  d e s c r i b e d  i n  

4 -2 -2 .  The q u a l i t a t i v e  m e a s u r e m e n t s  of  t h e  a b s o r p t i o n  

s p e c t r a  o f  c o n c e n t r a t e d  samples  (1 x M and  1 X 10-I  M) 

w e r e  c o n d u c t e d  i n  a f i l m  ce l l  made f rom two p i e c e s  o f  q u a r t z  

p l a t s  t i e d  up  w i t h  r u b b e r  bands  a t  b o t h  e n d s .  The t h i c k n e s s  

o f  t h e  s o l u t i o n  f i l m  formed by  i n j e c t i n g  a s o l u t i o n  i n t o  

between t h e  p l a t s  was e s t i m a t e d  t o  be c a .  0 . 0 3  mm a s  OD = 1 . 5  

was o b t a i n e d  f rom a CH3CN s o l u t i o n  o f  DBMBF2 (1 X M) . 

However, t h e  measurements  h a d  t o  b e  c a r r i e d  o u t  q u i c k l y  t o  

a v o i d  t h e  i n t e r f e r e n c e  o f  e v a p o r a t i o n  a l o n g  t h e  e d g e s  o f  t h e  

c e l l .  More d i l u t e d  samples  were measured i n  s t a n d a r d  UV cel ls  

w i t h  p a t h  l e n g t h s  of  0 .10 t o  5 . 0 0  c m .  



The s tock  so lu t ion  f o r  NMR s t u d i e s  was made by weighing 

2 7 . 2  mg of DBMBF2 i n t o  1 m l  of CDC13 ([DBMBFz] = 1 X 10-I M )  . 

Subsequent d i l u t i o n s  of t h e  s tock  s o l u t i o n  a f fo rded  t h e  

samples with adequate concent ra t ion .  The measurements were 

c a r r i e d  out on a  Bruker WH400 spectrometer.  

4-2-4. Quenching of DBMBF2 Fluorescence Intensity 

(a) . General Procedure 

DBMBF2 s o l u t i o n s  ( 5  X - 5  X M) i n  C H 3 C N  

(spectroscopic grade) used f o r  the  quenching experiments were 

f r e s h l y  made from a  stock so lu t ion  of DBMBF2 (1.00 X 10-I M) . 
The c o n c e n t r a t i o n  of quenchers were a d j u s t e d  by d i r e c t  

a d d i t i o n  of a  quencher i n t o  a  f luorescence  c e l l  which 

c o n t a i n e d  DBMBF2 s o l u t i o n  ( 2  m l )  o r  b y  d i s s o l v i n g  an 

appropr ia t e  amount of a  quencher with a  s tock s o l u t i o n  of 

DBMBF2 i n  volumetric f l a s k s .  A co r rec t ion  f o r  t h e  d i l u t i o n  

e f f e c t  was made when t h e  d i r e c t  add i t ion  method app l i ed .  A 

r i g h t  angle  c e l l  was used when t h e  concentrat ion of DBMBF2 

was lower than  1 X M .  Otherwise a  f r o n t  face  c e l l  was 

used. In both case t h e  exc i t a t ion  wavelength was f ixed  a t  365 

nm. The fluorescence i n t e n s i t y  r a t i o ,  1,/1, was determined a t  

398  nm un less  otherwise s p e c i f i e d .  A l l  10/1 r a t i o  and/or 

corresponding Stern-Volmer p l o t s  a r e  given a s  follows. 



(b) . Biacetyl 

Table 4-1. The Q u e n c h i n g  o f  DBMBF2 ( 1 . 0  X M)  

F l u o r e s c e n c e  I n t e n s i t y  by B i a c e t y l  i n  CH3CN. 

[ b i a c e t y l ]  
10-3 M 

(c) . 3,3-Dimethyl-1-Butene (7) 

Table 4-2. The Quench ing  o f  DBMBF2 F l u o r e s c e n c e  I n t e n s i t y  by  

7 i n  CH3CN. The Wavelength and  C o n c e n t r a t i o n  Dependence. 

[DBMBF2] ( M )  = 5 X 10-6 1 x 10-3 1 X lo--2 
[TI ---------------- 

10-IM Loni (nm) = 398 416 416 416 

t o  be c o n t i n u e d  a t  n e x t  p a g e .  

181 



Table 4-2. ( c o n t  . )  

(d) . Cycloheptene ( 8 )  

Table 4-3. The Q u e n c h i n g  o f  DBMBF2 F l u o r e s c e n c e  I n t e n s i t y  by 

8  i n  CH3CN. The Wavelength and  C o n c e n t r a t i o n  Dependence.  

[DBMBF2] ( M )  = 5 X lo-6 1 x lo-3 1 X l o - 2  
[ 7 I ---------------- 

10-IM Loni (nm) = 398 416 416 416 



(e) . Olef ins, Enones, and Other Quenchers 

[quencher] X 100M 

[quencher] XI  00M 

Figure 4-3. Stern-Volmer plots of DBMBF2 fluorescence 
quenching in CH3CN. A, [DBMBF2] = 2.0 X M; curve 1, 
quadricyclane (4) ; curve 2, 2,3-dihydropyran (9) ; curve 3, 
norbornadiene (10) ; curve 4, ethyl vinyl ether (11) ; curve 5, 
cyclohexene (12) . B, [DBMBF2] = 5.0 X 10-5 M; curve 1, 1.3- 
cyclohexadiene (2) ; curve 2, 2,4-dimethyl-1,3-pentadiene (1) ; 
curve 3, l,3-cyclooctadiene (13); curve 4, l,3-pentadiene 
(14) ; curve 5, norbornene (15) . 
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Figure 4 - 4 .  Stern-Volmer plots of DBMBF2 fluorescence 
quenching in CH3CN. C, [DBMBFzI = 5.0 X M; curve 1, 2- 
cyclohexenone (16) ; curve 2,3-penten-2-one (17) ; curve 3, 
methyl vinyl ketone (18); curve 4, acetylacetone; curve 5, 2- 
cyclopentenone (19) ; curve 6, 2-cyclopentenone ethylene ketal 
(20) ; curve 7 ,  ethyl acrylate ( 4 5 )  . D. [DBMBFz] = 5.0 X 10-5 

M; curve 1, trans-anti-trans dimer of anethole (21); curve 2, 
trans-syn-trans dimer of anethole (22); curve 3, N , N , -  
dimethylaniline (23) ; curve 4, trans-anethole (3) . 



4 - 3 .  Photocycloaddition of P-~iketonatoboron 

Difluorides with Simple Olefins 

4-3-1 .  General Procedure o f  Preparative Photolys is  

Unless  o t h e r w i s e  s p e c i f i e d ,  t h e  g e n e r a l  procedure  

d e s c r i b e d  below was fo l lowed throughout  t h e  p r e p a r a t i v e  

p h o t o l y s i s  of P-diketonatoboron d i f luor ide-o lef in  systems. To 

a  CH3CN so lu t ion  (30 m l )  of a  d i f l u o r i d e  (1.5 mmol, 5 .0  X 

M )  was added a  f r e s h l y  d i s t i l l e d  o l e f i n  (15 mmol, 5 .0 X 1 0 - I  

M ) .  S ix  Pyrex t e s t  tubes  (100 X 13 mm) loaded w i t h  t h e  

s o l u t i o n s  were placed i n  a  "merry-go-round" mounted i n  a  

Rayonet photoreactor .  DBMBF2 and BABF2 systems were i r r a d i a t e d  

with a  350 nm l i g h t  source, whereas AABF2 systems with a  300 

nm l i g h t  s o u r c e .  The r e a c t i o n  t ime was c o n t r o l l e d  by 

monitoring t h e  disappearance of t h e  BF2 complex on G C .  The 

r e a c t i o n  was i n t e r r u p t e d  when t h e  consumption of t h e  B F 2  

complex reached g r e a t e r  than  80% except  f o r  very slow 

reac t ions .  

A t  t h e  end of r eac t ion ,  t h e  photo lysa tes  usual ly  showed 

yellow o r  brown i n  co lo r .  Most crude products obtained from 

f l a s h  evapora t ion  of t h e  so lvent  were d i r e c t l y  taken f o r  

f l a s h  chromatography. In t h e  case of low conversion of t h e  

d i f l u o r i d e ,  t h e  crude products were t r e a t e d  with 30-50 m l  of 

hexanes t o  p r e c i p i t a t e  out most of t h e  unreacted d i f l u o r i d e  

before column separa t ion .  Hexanes containing 20-30% volume of 

e t h y l  a c e t a t e  were used a s  the  e luen t .  



The g e n e r a l  r e a c t i o n  p r o f i l e s  are g i v e n  i n  S e c t i o n  2-2 a n d  

s p e c t r o s c o p i c  data o f  t h e  p r o d u c t s  are g i v e n  as  f o l l o w s .  

4-3-2 .  DBMBF2 to Olefins 

Table 4-4. I R  Data o f  t h e  C y c l o a d d u c t s  of DBMBF2 w i t h  

O l e f i n s  . a 

a d d u c t  ( c m - l )  

w i t h  a c y c l i c  o l e f i n s  

2 6 3075 ( w )  , 2970 (m)  , 2944 (m)  , 2876 ( w )  , 1694 (s, s h )  , 
1687  (s)  , 1605  (m)  , 1589  ( m )  , 1 4 5 6  (s) , 1375  ( m , b ) ,  

1232 ( s ,b )  , 981 (m)  , 762 ( w )  , 715 ( m ) ,  7 0 1  ( m )  . 

w i t h  c y c l i c  o l e f i n s  

31a 3072 ( w )  , 2962 (s) , 2886 ( w )  1 6 9 5  (s, s h )  1684 ( s )  I 

1604 (m)  , 1589  ( w )  , 1456  (s)  , 1372  (m, b) , 1226  (st b) I 

1189  ( w )  , 1 0 1 1  (m)  , 763  ( m )  , 719 ( m )  , 7 0 1  (m) . 

t o  be c o n t i n u e d  a t  n e x t  p a g e .  



Table 4 -4 .  (cont.) 

32 3075 (w)  , 2942 (s) , 2872 ( m )  , 1696  (sf s h )  I 1687  (s) I 
1 6 0 5  (m) , 1589  (m)  , 1456  (s) , 1368  (m)  , 1289  (m)  , 
1260  (s) , 1 2 2 1  (s)  , 1188  ( m )  , 1020  ( m )  , 1 0 1 1  (m) , 
991  (m)  , 972 (w)  , 956 ( w )  , 898 ( w )  866 ( w )  I 

8 0 1  ( w )  , 762 (s) , 7 0 1  (s) . 

3079 (w) , 2942 (s) , 2874 ( m )  , 1 6 9 5  (sf  s h )  , 1686  (s)  

1606  (m)  , 1589  (m)  , 1457 (s) , 1280  (m, b) , 1224 (s)  t 

1190  (m)  , 1012  (m)  , 765 (m)  , 704 ( s )  . 

36a ( 8 6 % )  3082 ( w )  , 2993  ( w )  , 2963 (s) , 2901  ( w )  , 2891 ( m )  , 
+36b ( 1 4 % )  1692 (s, s h )  , 1 6 8 1  (s)  , 1606  (s) , 1589  ( m )  , 
(KBr)  1458  (s)  , 1376  (m)  , 1339  (m) , 1300  (s) , 1246  ( m )  , 

1230 (s) , 1012  ( m )  , 777 (s)  , 760 ( m ) ,  7 5 1  ( w )  

716 ( m )  , 700 (s) , 662 (m)  , 620 (m)  . 

3 8 3075 ( w )  , 3030 ( w )  2945 ( s ,b )  2880 ( w )  I 

1692 (s, s h )  , 1680 ( s ,b )  , 1 6 0 3  (s) , 1597 (m)  , 
1455  (s) , 1279  ( m , b )  , 1226  ( s , b )  , 1189  ( m )  , 1 0 1 1  ( m )  , 
760 (s) , 706 (s) . 

a Measured  by n e a t  f i l m s  u n l e s s  o t h e r w i s e  s p e c i f i e d .  

I87 



Table 4-5. GC-MS Data  o f  t h e  Cyc loadduc t s  o f  DBMBF2 wi th  

Olef  i n s .  

adduct  m / e  (CI) m / e  (EI) 

with  c y c l i c  o l e f i n s  

31a 292 (M+,  6 ) ,  173 ( 8 2 ) ,  1 0 5  ( l o o ) ,  77 ( 4 3 )  . 

-- - - - 

t o  b e  con t inued  a t  nex t  page.  



Table 4-5. (cont . )  

with 1,3-pentadiene 

4 1 a 2 93 (M++1) 

4 1b 293 (M++l) 

4 1 c  293(~++1) 

4 1 d  293(~++1) 

Table 4-6.  IH Chemical Shifts (8) and Coupling Constants (J) 
of the Cycloadducts of DBMBF2 with ole fin^.^ 

adduct 6  (ppm) and J (Hz) 

with acyclic olefins 

2 6 6 :  Hlf3.56(m) ;H2,2.64 (ddd) ;H3,2.84 (ddd); 
H4,2.08 (dddd) ; H ~ ~ 2 . 3 8  (dddd) ; 

other H's:0.83(3H,t);1.22(4H,m);1.45(1H,m); 

1.87 (lH,m) ;7.0-8.1 (lOHfm,phenyl) . 
J: 51~4'7.8; JII 5=7.8; J2,3=17.6; J2,4=7.7; 

J2,5=7.8; J3,4=8.1; J3,5=6.1; J4,5=14 .l. 

to be continued at next page. 
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Table 4-6. (cont.) 

2 8 8: H1~3.58 (m) ;H2,2.61(ddd) ;H3,2.79(ddd); 

H4,2.OO(m); Hgr2.32(dddd); 

other H1s:1.53(1H,m);2.0(3H,m);4.96(2H,m); 

5.69 (lH,m) ;7 .O-8.1 (lOHImIphenyl) . 
J: J1,5=8. 1; J2,3=17.3; J2,4=7 .l; J2,5=6.6; 

J3,4=6.0; J3,5=7.4; J4,5=16.0. 

8: H1,3.59 (dd) ;H2,2.53 (ddd) ;H3,2.68 (ddd) ; 

H4,2.21(dddd); H5,2.43(dddd) ; 

other Hts:1.01(9H, s.Me); 

6.95-8.0(10H,mrpheny1). 

J: J1,4=2.9; J1,5=12.0; J2,3=16.9; J2,4=7.1; 

J2,5=5.0; J3,4=7.3; 53, 5=5. 1; 54, 5=13.2. 

with cyclic olefins 
31a 6: ~1,3.86 (ddd) ;H2,2 -87 (dd) ;H-jr 3.04 (dd) ; 

Hqr2.96(m); other H1s:1.52(1H,m); 

1.78 (2H,m) ; 1.93 (lH,m) ; 2 -11 (lH, m) ; 

6.95-8.00 (IOH, m,phenyl) .' 

J:JlI4=6.8; J2,3=16.5; J2,4=6.9; J3,4=6.3. 

6: HI, 3.65 (ddd) ;HZ, 2.85 (dd) ;H3, 3.10 (dd) ; 

Hqt2.85(m);other H1s:1.15-2.15(10Hfm); 

7.00-7.95 (10H,m, phenyl) . 
J: 51~4'3.8; J2,3=20.6; J3,4=8.7. 

to be continued at next page. 



Table 4-6. (cont.) 

6: H1,3.48 (d) ;H2,2 -82 (dd) ;H3,3 -13 (dd) ; 

H4,2.79(m) ;other H1s:0.9-1.5(4Hrm); 

1.15 (lH,m, syn bridge H) ; 2 .O4 (lH,m, 

bridge head) ; 2.27 (lH, m, anti bridge H) ; 

2.45 (lH, m, bridgehead) ; 

7 .O-8.1 (lOH,m,phenyl) . 
J: J1,4=7.4; 52, 3=19.9; J2,4=8.1; J3,4=9.0. 

6: HI, 3.87 (ddd) ;H2,2.86 (dd) ;H3,2.50 (dd) ; 
Hqf3.05(m);other H1s:1.48-2.57(9Htm); 

5.58(1Hfm); 5.76(1H,m); 

7.05-8 .O5 (lOH,m,phenyl) . 
J: J1,4=4.0; J2,3=15.5; J2,4=10.2; J3,4=4.4. 

with 1,3-pentadiene 

41a(CDC13) 6: H1,4.17(ddd);H2,2.98(m);H3,3.08(m) 

H4,1.99(m);H5,2.33(m);other H's: 

1.65 (3Hrdd.Me, J=6.6,1.OHz) ;5.52 (lH,m) ; 

5 .58 (lH,m) ; 7.42-8.05 (lOH,m,phenyl) . 
J: J1,4=6.9; J1,5=8.2. 

41b(CDC13) 8: H1,4.57(ddd);H2,-3.0(m);Hgr-3.1(m) 
~4,-2.O(m);H5,-2.3(m);other H's: 

1.69(3Hfdd.Me, J=7.5,1.8Hz) ;5.45 (lH,ddq) ; 

5.66 (lH,dq) ;7.42-8.05 (lOH,m,phenyl) . 
J: J1,4=7.3; J1,5=7.7. 



a .  I n  C6D6 u n l e s s  o t h e r w i s e  s p e c i f i e d .  HI deno tes  t h e  t e r t i a r y  

a pro ton ;  H2 and Hg,  t h e  secondary a p r o t o n s ;  H4 and H5, t h e  

p r o t o n s  p t o  bo th  c a r b o n y l s .  

Table 4-7. 13c Chemical S h i f t s  of  t h e  Cycloadducts  of  DBMBF2 

w i t h  O l e f i n s  ( i n  CDC13)  . 

adduct  6 (ppm) 

w i t h  a c y c l i c  o l e f i n s  

26 1 3 . 6 4 ,  22 .61,  26 .09,  29 .34,  32 .07 ,  35 .76 ,  

45 .01,  127.82,  128 .05 ,  128 .34 ,  128 .50 ,  

1 3 2 . 7 5  (2C) , 136 .78 ,  137 .29 ,  1 9 9 . 5 6 ,  2 0 3 . 7 0 .  

w i t h  c y c l i c  o l e f i n s  

3 1 a 23.57,  28 .94,  32 .22,  39.08,  39 .61,  48 .32 ,  

127 .73 ,  128 .11 ,  128 .20 ,  128 .40 ,  1 3 2 . 6 3  (2C 

137.00,  137.63,  199 .54 ,  202.98.  

t o  be con t inued  a t  nex t  page.  
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Table 4-7. ( c o n t  . )  

w i t h  1 , 3 - p e n t a d i e n e  

41a 1 8 . 0 0 ,  26 .72,  35 .70,  49.60,  1 2 7 . 5 1 , 1 2 8 . 0 6 ,  

128 .46 ,  128 .60 ,  128 .85 ,  129 .25 ,  129.44,  

132 .99 ,  136 .80 ,  137 .12 ,  199 .95 ,  201 .10 .  

4-3-3. AABF2 t o  Cyclohexene (12) 

F i v e  m l  THF o r  CH3CN s o l u t i o n  c o n t a i n i n g  5 X M AABF* 

a n d  1 M c y c l o h e x e n e  (12) w a s  i r r a d i a t e d  w i t h  a 300 nm l i g h t  

s o u r c e  f o r  8  h  g i v i n g ,  i n  b o t h  cases, a s o l e  p r o d u c t  42 as 

c o n f i r m e d  b y  c o i n j e c t i o n  i n  GC w i t h  t h e  a u t h e n t i c  s a m p l e .  F o r  

a c o m p a r i s o n ,  s o l u t i o n s  o f  a c e t y l a c e t o n e  (5 X M) a n d  12 

(1M) i n  v a r i o u s  s o l v e n t s  were a l s o  p h o t o l y z e d  u n d e r  same 

c o n d i t i o n s .  D e c a l e n e  ( 2  X M )  w a s  a d d e d  as  t h e  i n t e r n a l  

s t a n d a r d  i n  a l l  r u n s  b e f o r e  i r r a d i a t i o n  i n  o r d e r  t o  d e t e r m i n e  

t h e  y i e l d s  o f  p h o t o a d d u c t s .  The r e s u l t s  are g i v e n  i n  Table 4- 

8 .  



Table 4-8. Photolysis of AABF2-12 and Acetylacetone-12 

System in Various  solution^.^ 
- - - pp - --- - 

solvent [AABF21(M) [acetylacetonel (MI yield of 42 (%I 

THF 5 .  O ~ X I O - ~  

THF 0 

CH3CN 5 .  0 6 ~ 1 0 - ~  

CH3CN 0 

hexane 0 

a. [I21 = 1 M. 8 h irradiation. 
b. Calculated based on the amount of acetylacetone or AABF2 

in the beginning of the reaction. 

4-3-4. BABE'* to Olefins 

Table 4-9. IR Data of the Cycloadducts of BABF2 to ole fin^.^ 

compound u (cm-l) 

a Neat film. 



Table 4-10. GC-MS Data of t h e  Cycloadducts of BABF2 t o  

Olef ins  . 

compound m/e (EI) 

Table 4-11. 1~ Chemical S h i f t s  (6,  i n  C6D6)  and Coupling 

Constants (J) of t h e  Cycloadducts of BABF2 t o  Olef ins .  

t o  be continued a t  next page. 



Table 4-11. ( c o n t . )  

adduc t  6 (ppm) and J (Hz) 

Table 4-12. Chemical S h i f t  ( i n  C g D g )  of t h e  Cycloadducts  

of  BABF2 t o  O l e f i n s .  

compound 6 (ppm) 



4-3-5. Quantum Y i e l d  Measurement  

Quantum y i e l d  measurements  f o r  t h e  p h o t o c y c l o a d d i t i o n  

r e a c t i o n s  o f  DBMBF2 w i t h  s e l e c t e d  o l e f i n s  (7 ,  25, 27,  1 2 ,  8, 

and  3 4 )  were c o n d u c t e d  i n  a  a i r - c o o l e d  "merry-go-round" - 

Rayonet p h o t o r e a c t o r  set  a s  d e s c r i b e d  i n  4-1-3 (Method a )  o r  

on a  monochromator (Method b) . I n  Method a, t h e  a c t i n o m e t e r  

and  sample  p h o t o c e l l s  (Pyrex  tes t  t u b e ,  100 X 1 3  mm ) were 

e v e n l y  p l a c e d  on t h e  "merry-go-round" which r e v o l v e d  s l o w l y  

a t  t h e  c e n t e r  of  t h e  Reyonet  p h o t o r e a c t o r .  The volume of  

a c t i n o m e t r y  s o l u t i o n  and t h o s e  o f  sample s o l u t i o n s  were k e p t  

i d e n t i c a l .  Whenever a  t u b e  was p u l l e d  o u t  o f  t h e  r e a c t o r  f o r  

a n a l y s i s ,  a n o t h e r  t u b e  l o a d e d  w i t h  DBMBF2 s o l u t i o n  ( a t  same 

c o n c e n t r a t i o n  o f  t h e  sample s o l u t i o n )  was immediately p u t  i n  

t h e  p l a c e  t o  ma in ta in  t h e  c o n s i s t e n c y  of  i r r a d i a t i o n .  

Benzene s o l u t i o n s  o f  benzophenone ( 5  X M )  and  

benzhydrol  (1 X 10-I M )  were degassed and t h e n  i r r a d i a t e d  f o r  

5 min .  The c o n s u m p t i o n  o f  benzophenone  was measured  

s p e c t r o p h o t o m e t r i c a l l y  a t  340 nm from which t h e  a b s o r b e d  

l i g h t  i n t e n s i t y  ( i n  E i n s t e i n / m i n )  was de termined.  O 8  A quantum 

y i e l d  o f  0.74 was adop ted  f o r  t h e  a c t i n o m e t e r  . 2 0 7  Octadecane 

( 2 . 0  X M )  was added i n t o  t h e  sample s o l u t i o n s  b e f o r e  

i r r a d i a t i o n  a c t i n g  a s  t h e  i n t e r n a l  s t a n d a r d  f o r  GC a n a l y s i s .  

The convers ion  of  DBMBF2 was c o n t r o l l e d  l e s s  t h a n  30% a t  t h e  

end of  i r r a d i a t i o n s .  



4-4. Photocycloaddition of DBMBF2 to 

Enones 

4-4-1. General Methods 

A CH3CN solu t ion  (30 m l )  of DBMBF2 (1 .5 mrnol, 5.0 X 

M) and a  f r e s h l y  d i s t i l l e d  enone (15 rnrnol, 5 . 0  X 10-I M )  

were d i s t r i b u t e d  i n t o  6 Pyrex t e s t  tubes (100 X 13 mm) and 

then  i r r a d i a t e d  with a  350 nm l i g h t  source according t o  

Method 3 descr ibed  i n  4-1-3. The disappearance of DBMBF2 was 

monitored by GC a n a l y s i s .  The reac t ion  s o l u t i o n s  turned t o  

brownish a f t e r  a  few hours of i r r a d i a t i o n .  The crude products 

obtained from f l a s h  evaporation of t h e  solvent  were d i r e c t l y  

taken f o r  f l a s h  chromatography. In t h e  case of low conversion 

of t h e  d i f l u o r i d e ,  t h e  crude products  were t r e a t e d  before 

column separa t ion  w i t h  30-50 m l  of hexanes t o  p r e c i p i t a t e  out 

most of t h e  unreacted DBMBF2. Hexanes contained 25-30% volume 

of e t h y l  a c e t a t e  were used a s  t h e  e luen t .  

4-4-2. Photolysis of DBMBF2 with 18, 17, and 4 5  in 

CH3CN 

The p r e p a r a t i v e  pho to lyses  were i n t e r r u p t e d  when t h e  

consumption of DBMBF2 reached -85%. A l l  t h e  cycloadducts 

ob ta ined  from chromatography were o i l s  with p a l e  yellow 

c o l o r .  The general  reac t ion  condi t ions and p r o f i l e s  a r e  given 

i n  Table 2-11 and spec t roscopic  da ta  of t h e  products  a r e  

shown a s  follows. 



T a b l e  4-13. I R  D a t a  ( n e a t  f i l m )  o f  t h e  C y c l o a d d u c t s  o f  
DBMBF2 w i t h  Enones.  

compound 



Table 4-14. GC-MS Data of of the Cycloadducts of DBMBF* with 

Enones. 

adduct m/e (CI) m/e (EI) 



Table 4-15. IH Chemical Shifts (6) and Coupling Constants 
(J) of the Cycloadducts of DBMBF2 with Enones (in CgDg) . 

compound 6(ppm) and J(Hz) 

4 7 a  6: 1.54 (3H, s,Me) , 2.31 (2Hft,H2H3), 
2.04(2HItdfH4H5), 5.57(1HftfH1), 7.0- 

8.2 (lOH, m, phenyl) . 
J: J1,4=J1,5=6.5, J214=J2,5=J3,4=J3r5=5.8. 

to be continued at next page. 



Table 4-15. ( c o n t . )  



Table 4-16. Chemical S h i f t s  (6, i n  C g D g )  o f  t h e  

Cycloadducts  o f  DBMBF2 w i t h  Enones.  

adduc t  6 (ppm) 

a .  One s i g n a l  was b u r i e d  i n t o  t h e  s o l v e n t  peaks .  



4-4-3. The Identification of Dirners of cyclopentenone 

(16) and cyclohexenone (19) . 
A s o l u t i o n  of 1 9  (1 M )  i n  CH3CN ( 5  m l )  was placed i n  a 

Pyrex t e s t  tube (100 X 13 mm) and i r r a d i a t e d  f o r  55 min  with 

a 200 W Hanovia medium pressure  mercury lamp according t o  

Method 2 descr ibed  i n  4-1-3. The photo lysa te  was analyzed by 

GC, showing two products with a a rea  r a t i o  of 40.8:59.2. Both 

f r a c t i o n s  gave a same parent  peak a t  m/e = 1 4 4  on t h e  GC-MS 

s p e c t r a .  The minor product (40.8%) was then  ass igned a s  t h e  

head-to-head, c i s - a n t i - c i s  dimer, 54,  and t h e  major one 

( 5 9 . 2 % )  a s  t h e  head- to - t a i l  analogue, 53, according t o  t h e  

l i t e r a t u r e . l o 6  The a u t h e n t i c  samples of 5 1  and 52 were 

p r e p a r e d  from 1 6  and i d e n t i f i e d  by t h e  same procedure 

descr ibed  above. The product d i s t r i b u t i o n s  of t h e  dimers a r e  

l i s t e d  i n  Table.2-12. 



4-5. Cation Radical Reactions Sensitized by 

Diketonatoboron Difluorides. 

4-5-1. The Sensitized Valence Isomerization of 

Quadricyclane (QC) and Norbornadiene (NBD ) 

(a) . General procedure 

A c e t y l a c e t o n e ,  AABF2, a n d  DBMBF2 were u s e d  a s  t h e  

s e n s i t i z e r s  i n  t h e  s e n s i t i z e d  i s o m e r i z a t i o n  o f  QC and  N B D .  

S o l u t i o n s  o f  a  s e n s i t i z e r  a n d  a  s u b s t r a t e  (QC o r  N B D )  i n  a  

d e u t e r a t e d  s o l v e n t  (CD2C12  o r  CD3CN, 0 . 5  m l  e a c h )  p l a c e d  i n  a  

Py rex  NMR t u b e  ( 5  mm i n  d i a m e t e r )  was i r r a d i a t e d  a c c o r d i n g  t o  

Method 3 d e s c r i b e d  i n  4 - 1 - 3  a n d  m o n i t o r e d  b y  NMR 

s p e c t r o s c o p y .  A  b e n z o p h e n o n e - b e n z h y d r o l  a c t i n o m e t e r  was 

i r r a d i a t e d  u n d e r  t h e  i d e n t i c a l  c o n d i t i o n s  t o  r e c o r d  t h e  

a b s o r b e d  l i g h t  i n t e n s i t y .  A 300 nm l i g h t  s o u r c e  was u s e d  f o r  

a c e t y l a c e t o n e  a n d  AABF2 s e n s i t i z a t i o n s  and  a  350 nm l i g h t  

s o u r c e  f o r  t h e  DBMBF2 s e n s i t i z a t i o n .  

The s o l v e n t  p e a k s  (CHDC12 i n  C D 2 C 1 2 ,  CHD2CN i n  CD3CN) were 

t a k e n  as i n t e r n a l  s t a n d a r d s  f o r  c a l c u l a t i o n s  o f  t h e  

i s o m e r i z a t i o n  y i e l d s .  Based on t h e  i n t e g r a l  r a t i o s  o f  t h e  NBD 

NBD 
s i g n a l s  o v e r  t h e  s o l v e n t  p e a k s  ( R i n t  = [ i n t e g r a l  o f  t h e  4 

o l e f i n i c  p r o t o n s  o f  N B D ] /  [ i n t e g r a l  o f  t h e  s o l v e n t ] )  and  t h a t  
QC 

of  t h e  QC s i g n a l s  o v e r  t h e  s o l v e n t  p e a k s  (Rint  = [ i n t e g r a l  of  

t h e  6 t e r t i a r y  p r o t o n s  o f  Q C ] / [ i n t e g r a l  o f  t h e  s o l v e n t ] )  and  

t h e  i n i t i a l  c o n c e n t r a t i o n  ( C ,  i n  M )  o f  t h e  s u b s t r a t e ,  t h e  

y i e l d s  o f  t h e  i s o m e r i z a t i o n  (Y) were c a l c u l a t e d  a c c o r d i n g  t o  



E q . 4 - l a  o r  4 - l b  w i t h  a n  a c c u r a c y  o f  1 0 - 2 0 % .  E q . 4 - l a  i s  f o r  

t h e  i s o m e r i z a t i o n  f r o m  QC t o  NBD a n d  E q . 2 - l b  f o r  t h e  

i s o m e r i z a t i o n  f r o m  NBD t o  QC, 

NBD QC 
Y = 6Rint/4Rint ( 0 )  

Qc NBD 
Y = 4Rint / 6Rint ( 0 )  

Qc NBD where  Rint(0) a n d  Rint(0)  d e n o t e  t h e  s i g n a l  a r e a  r a t i o  b e f o r e  

i r r a d i a t i o n .  The quan tum y i e l d s  (a) were t h e n  es t imated b y  

Eq.4-2,  where  V w a s  t h e  volume o f  r e a c t i o n  s o l u t i o n  

( i n  l i t e r ) ;  t ,  t h e  i r r a d i a t i o n  t i m e  ( i n  m i n ) ;  a n d  I ,  t h e  

a b s o r b e d  l i g h t  i n t e n s i t y  ( i n  E i n s t e i n s / m i n ,  2 . 0 8  X f o r  

t h e  300  nm l i g h t  s o u r c e  a n d  1 . 6 1  X f o r  t h e  350 nm l i g h t  

s o u r c e ) .  The quan tum y i e l d s  o b t a i n e d  w h e r e f r o m  a r e  l i s t e d  i n  

Table 2-13. 

(b). Attempted CIDNP Studies on the Isomerization of 

QC and NBD Sensitized by AABF2 and DBMBF2 

Deaerated s o l u t i o n s  o f  QC ( 5  X M) o r  NBD ( 5  X 10-5 M )  

a n d  a s e n s i t i z e r  (AABF2 o r  DBMBF2, 1 X M )  i n  C D 2 C 1 2  o r  

CD3CN ( 0 . 5  m l  e a c h )  were e x a m i n e d .  To a P y r e x  NMR t u b e  ( 5  rnrn 

i n  diameter) c o n t a i n i n g  a s a m p l e  w a s  i n s e r t e d  a q u a r t z  r o d  



( 4 . 8  mm i n  d i a m e t e r )  t h e  l ower  e n d  o f  which was merged i n t o  

t h e  s o l u t i o n  w i t h  no  a i r  b u b b l e  i n  be tween .  The q u a r t z  r o d  

w a s  u s e d  a s  a l i g h t  p i p e  t o  i n t r o d u c e  t h e  l i g h t  i n t o  t h e  

s a m p l e .  A s  shown i n  F ig .4-5 ,  t h e  NMR t u b e  was p l a c e d  i n  t h e  

c a v i t y  o f  a  V a r i a n  EM360 s p e c t r o m e t e r  a n d  a d j u s t e d  t o  e n s u r e  

t h a t  t h e  l o w e r  e n d  o f  t h e  l i g h t  p i p e  s a t  r i g h t  above  t h e  

p r o b e  c o i l .  A 1000 W h i g h  p r e s s u r e  mercury  lamp ( W i l d )  was 

u s e d  a s  t h e  l i g h t  s o u r c e .  The l i g h t  beam p a s s e d  t h r o u g h  a 

P y r e x  f i l t e r  ( f o r  AABF2 s e n s i t i z a t i o n )  o r  GWV f i l t e r  ( f o r  

DBMBF2 s e n s i t i z a t i o n )  was r e f l e c t e d  by a n  UV m i r r o r  t h e n  

f o c u s e d  o n t o  t h e  u p p e r  end  o f  t h e  l i g h t  p i p e .  F i v e  s c a n s  ( 2  

min e a c h )  were r e c o r d e d  i m m e d i a t e l y  a f t e r  t h e  l i g h t  was 

t u r n e d  o n .  No C I D N P  s i g n a l  was o b s e r v e d  i n  e i t h e r  AABF2 o r  

DBMBF2 s e n s i t i z a t i o n .  

m i r r o r  

l e n s e  

l i g h t  p 

p r o b e  

i p e  

c o i  

1 I 
t I  f i l t e r  

NMR t u b e  

lamp 

Figure 4-5. A s c h e m a t i c  i l l u s t r a t i o n  o f  t h e  s e t - u p  f o r  C I D N P  

s t u d i e s .  



4-5-2. The "Diels-Alder" Reaction of 1,3- 

Cyclohexadiene (2) 

(a) . The Preparative Photolysis 

A solution of 2 (1.2 g, 5 X 10-I M) and DBMBF2 (407 mg, 5 X 

M) in CH3CN (30 ml) was irradiated for 6 h with a 350 nm 

light source according to method 3 described in 4-1-3. 

DBMBF2 remained essentially unconsumed after irradiation as 

estimated from the GC analysis. The residue obtained after 

evaporation of the solvent was chromatographed (5% ethyl 

acetate in hexanes) affording the crude products (640 mg, 

53%) which contained 2 dimers of 2 as suggested by two GC 

peaks which showing the same parent peak at m/e = 160. The 

crude products was chromatographed again on the same column 

(2% ethyl acetate in hexanes) to give a major product (380 

mg) ; IH NMR (CgDg) , 8 (ppm) 1.0-1.6 (6H, m) , 1.8 (lH, m) , 

6.25 (2H,m) . This compound was confirmed to be the endo 2+4 
dimer (55) by coinjection with the authentic sample obtained 

from the thermal dimerization of 2 (vide infra) . The pure 
minor product was not isolated but identified to be the exo 

2+4 dimer (56) by coinjections with the authentic samples 

obtained from the thermal dimerization and the benzophenone- 

sensitized dimerization of 2 (vide infra). The 2+2 dimers 57 

and 58 were not found in the photolysate according to the GC 

analysis. 



(b) . Comparison of Various Sensitizers 

The photodimerizations of 2 sensitized by DBMBF2, BABF2, 

tetrachloro-1,4-benzoquinone (TCB), 2,3-dichloro-5,6-dicyano- 

1,4-benzoquinone (DDB) , 9-cyanophenanthrene (9-CN-Ph) , 1- 

cyanonaphthanlene (1-CN-Np), 1-methoxynaphthanlene (1-MeO- 

Np), and benzophenone were examined under identical 

conditions. Solutions containing 2 (1 M), a sensitizer (1 X 

M), and the internal standard (decane, 5 X M) in 

CH3CN (1 ml each) were irradiated for 1 h with a 350 nm light 

source according to Method 3 described in 4-1-3. The 

resulting photolysates were directly taken for GC analysis. 

The irradiation time and the relative yields of the 4 dimers 

of 2 in the presence of various sensitizer are listed in 

Table 2-14 along with the results of the thermal dimerization 

and previously published results. 

(c) . Preparation of the Authentic Samples 

The authentic samples of 55 and 56 were made by the 

thermal dimerization of 2. A sealed capillary tube containing 

10 p1 of 2 was heated at 200' for 30 min in a silicone oil 

bath. The reactant was then taken up in acetone (10 ml) for 

GC analysis. Two peaks with a area ratio of 4:l were found as 

the sole products on the GC trace. The major product was 

assigned as the endo dimer, 55, and the minor as the exo 

dimer, 56, according to the previous report.23 



The a u t h e n t i c  samples of 57 and 58 were ob ta ined  by 

benzophenone (63) s e n s i t i z e d  dimerizat ion of 2 .  A Pyrex NMR 

t u b e  ( 5  mm i n  d i a m e t e r )  loaded w i t h  n e a t  2 ( 0 . 5  m l )  

conta in ing  t h e  s e n s i t i z e r  (-5 X lo -*  M )  was i r r a d i a t e d  with a  

350 nm l i g h t  source f o r  1 h .  The r e s u l t i n g  reac t ion  mixture 

was d i l u t e d  with acetone (30 m l )  f o r  GC a n a l y s i s .  Three main 

peaks were de tec ted ,  one of which was i d e n t i f i e d  t o  be 56  by 

comparison wi th  t h e  the rmolys i s  p roduc t s  of 2 .  Other two 

peaks have a  r a t i o  of ca .  3 : l ;  t h e  major one was assigned t o  

57 and t h e  minor t o  58 according t o  t h e  l i t e r a t ~ r e . ~ ~  

4-5-3. The "Die l s -Alder"  R e a c t i o n  2 ,4-Dimethyl -1 ,3-  

p e n t a d i e n e  (1) 

( a ) .  The P r e p a r a t i v e  P h o t o l y s i s  

A s o l u t i o n  of 1 (1 g, 3.5 X 10-I  M) and DBMBF2 (0.41 g, 5  X 

M )  i n  CH3CN (30 m l )  was d i s t r i b u t e d  i n  6 Pyrex t e s t  tubes 

(100x13 mm) and i r r a d i a t e d  f o r  1 2  h  w i t h  a  350 nm l i g h t  

source according t o  Method 3 descr ibed  i n  4-1-3. The crude 

p r o d u c t s  ob ta ined  from evapora t ion  of t h e  s o l v e n t  was a 

mixture of o i l  and s o l i d  m a t e r i a l ,  which was then  t r e a t e d  

with hexanes (30 m l )  r e s u l t i n g  i n  t h e  separa t ion  of t h e  crude 

dimers of 1 (630 mg, 63%) a s  a  c o l o r l e s s  l i q u i d  and recovered 

D B M B F 2  (390 mg) a s  a  b r i g h t  yellow powder which was 

i d e n t i f i e d  by GC ana lys i s .  The crude product was analyzed by 

GC,  showing two components w i t h  r e l a t i v e  y ie lds  of 82.5% and 

17.5%, r e s p e c t i v e l y .  The crude product was chromatographed 



( 3 %  e t h y l  acetate i n  h e x a n e s )  t o  give two  p u r e  compounds; t h e  

m a j o r  o n e  (-250 mg) a n d  t h e  m i n o r  o n e  (-25 mg) w e r e  a s s i g n e d  

as t h e  d i m e r s  6 5  a n d  66,  r e s p e c t i v e l y ,  b a s e d  o n  t h e  MS a n d  IH 

NMR data a n d  c o i n j e c t i o n s  w i t h  t h e  a u t h e n t i c  s a m p l e s  made by  

Gassman I s  m e t h o d .  l o  65, GC-MS ( m / e ,  E I  mode) 192 (M', 3  6 )  , 

1 7 7  ( 7 ) ,  1 4 9  ( 5 4 ) ,  1 3 5  ( l o ) ,  1 2 1  ( 2 0 ) ,  96  ( l o o ) ,  a n d  8 1  ( 4 4 ) ;  IH 

NMR ( C 6 D 6 )  6: 1 . 0 2  (3H, S )  , 1. H s , 1 . 2 3  (3H, s )  , 1 . 6 6  (3H, 3)  I 

1 . 7 0  ( l H , m ) ,  1 . 7 4  ( 6 H , m ) ,  1 . 9 2  ( 2 H , m ) ,  5 . 1 7  ( l H , m ) ,  a n d  

5 . 5 1  ( l H , m )  . 6 6 ,  GC-MS ( m / e ,  E I  mode) 1 9 2  ( M + ,  11) , 1 7 7  ( 2 0 ) ,  

1 4 9  ( 2 8 ) ,  1 3 5 ( 3 4 ) ,  1 2 1  ( 6 8 ) ,  9 6 ( 1 0 0 ) ,  a n d  8 1  ( 4 4 ) ;  IH NMR ( C g D g )  

6: 1 . 0 1 ( 3 H 1 s ) ,  1 . 0 8 ( 3 H 1 s ) ,  1 . 1 2 ( 3 H , s ) ,  1 . 1 3 ( 3 H f s ) ,  1 . 6 0 ( 2 H 1 m ) ,  

1 . 6 7  ( 3 H I  S )  1 . 8 3  ( 3 H l  S )  1 1 - 9 9  ( l H I b s )  1 4 - 8 4  ( 1 H f b s )  

5 . 0 5  ( l H , b s )  , a n d  5 . 2 0  ( l H , b s )  . 

(b). Comparison of Various Sensitizers 

S o l u t i o n s  c o n t a i n i n g  1 ( 2 . 0  X 10-I  M) , a s e n s i t i z e r s  ( 5  X 

M ) ,  a n d  t h e  i n t e r n a l  s t a n d a r d  ( d e c a n e ,  5,O x ~ o - ~  M )  i n  

CH3CN (1 m l  e a c h )  were i r r a d i a t e d  f o r  2  h  a n d  t h e n  a n a l y z e d  

b y  f o l l o w i n g  t h e  p r o c e d u r e s  d e s c r i b e d  i n  4 - 5 - 2 ( b ) .  The GC 

t races  showed t h a t  6 5  a n d  6 6  were t h e  m a j o r  p r o d u c t s  w i t h  a 

t o t a l  GC y i e l d *  g rea te r  t h a n  8 5 %  f o r  a l l  s a m p l e s .  The 

d i s t r i b u t i o n  o f  t h e  t w o  d i m e r s  a n d  t h e  r e l a t i v e  e f f i c i e n c i e s  

o f  t h e  d i m e r i z a t i o n  w i t h  r e s p e c t  t o  t h e  DBMBF2 s e n s i t i z a t i o n  

are  g i v e n  i n  T a b l e  2-15. 

' t h e  r a t i o  of GC peak a r e a  over  t h e  t o t a l  peak a r e a  appeared on t h e  GC 
t r a c e  except  t h o s e  of t h e  so lven t  and r e a c t a n t s )  

21 1 



4-5-4. Monochromatic Photolysis of 2 and 1 in the 

Presence of DBMBF2 

CH3CN s o l u t i o n s  ( 2  m l  e a c h )  o f  a d i e n e  ( 2  o r  1, 5  X 10- I  

M )  a n d  DBMBF2 ( 2 . 0  X M) i n  a n  1 c m  UV c e l l  were 

p h o t o l y z e d  f o r  120 min on a monochromatic a p p a r a t u s  d e s c r i b e d  

i n  Method 4 ( s e c t i o n  4-1-3) . Decane  ( 5 . 0  X M )  was 

a d d e d  i n  t h e  s o l v e n t  b e f o r e  t h e  r e a c t i o n  a s  t h e  i n t e r n a l  

s t a n d a r d  f o r  GC a n a l y s i s .  The c u r r e n t  o f  power s u p p l y  f o r  t h e  

lamp was k e p t  a t  8 .20  A t h r o u g h o u t  t h e  e x p e r i m e n t s .  The band 

w i d t h  ( 3 . 3  nm) a n d  t h e  h e i g h t  o f  e n t r y  a n d  e x i t  s l i t s  (15  mm 

f o r  b o t h )  w e r e  a l s o  f i x e d .  The p h o t o l y s e s  w e r e  c o n d u c t e d  a t  

312 .8  a n d  437 nm r e s p e c t i v e l y .  The 200 W xenon-mercury lamp 

( O r i e l )  had  a n  o u t p u t *  o f  43 pw/cm2, nm a t  3 1 2 . 8  nm where t h e  

m a j o r i t y  o f  i n c i d e n t  l i g h t  was a b s o r b e d  by DBMBF2. The lamp 

had  an  o u t p u t  of 27 p ~ / c m ~ , n m  a t  4 3 7  nm where DBMBF2 d i d  n o t  

a b s o r b  b u t  i t s  ground s t a t e  complexes  (GSC) w i t h  e i t h e r  2 o r  

1 d i d . #  While t h e  i r r a d i a t i o n  a t  437 nm ended  up  w i t h  n o t h i n g  

showed up  on t h e  GC t r a c e s ,  t h e  i r r a d i a t i o n  a t  312 .8  nm d id  

r e s u l t  i n  t h e  f o r m a t i o n  o f  55 a n d  65 r e s p e c t i v e l y  f rom 2 and  

1 i n  a  t i n y  b u t  d e t e c t a b l e  amount a s  shown i n  F i g . 4 - 6 .  The 

r e l a t i v e  l i g h t  i n t e n s i t i e s  a b s o r b e d  by  t h e  r e a c t i o n  s o l u t i o n s  

a t  e a c h  w a v e l e n g t h  w e r e  c a l c u l a t e d  b a s e d  on t h e  o u t p u t  r a t i o  

o f  t h e  lamp a n d  t h e  a b s o r b a n c e s  o f  s o l u t i o n s  a t  t h e  g i v e n  

w a v e l e n g t h .  By a s suming  t h a t  t h e  s e n s i t i v i t y  l i m i t  o f  t h e  GC 

The output data of the lamp were cited from the manual (cat. No 6219) 
supplied by the maker. Conditions of output measurement were identical for 
all wavelengths. 
# The absorption spectrum of DBMBF2 and those of the ground state complexes 
of DBMBF2 with 2 or 1 are given in Fig.4-2 and Fig.2-8, respectively. 



w a s  10-5 M, t h e  u p p e r  l i m i t  o f  t h e  r e l a t i v e  quantum y i e l d s  a t  

3 1 2 . 8  nm w i t h  r e s p e c t  t o  t h o s e  a t  3 1 2 . 8  nm (@312.8) 

w e r e  e s t i m a t e d  b y  Eq.4-3.  The quantum y i e l d s  t h u s  c a l c u l a t e d  

are g i v e n  i n  T a b l e  2-16. 

@437 = ( o u t p u t  r a t i o  o f  t h e  lamp, 43 /27)  

X ( l / l i g h t  a b s o r b e d  by  t h e  GSC a t  437 nm) 

X ( y i e 1 d  a t  437 nm/y i e ld  a t  312 ,8  nm) 

Xa312.8 

Figure 4-6. The GC s p e c t r a  o f  t h e  monochromat ic  p h o t o l y s i s  

o f  DBMBF2-1 s y s t e m  a t  312.8  ( s p e c t r u m  A) a n d  437.0  nm 

( s p e c t r u m  B). The p e a k  a t  RT = 4.64 min i s  o f  t h e  d i m e r  65. 



4-5-5.  The Sensitized Dimerization of 

trans-Anethole (3) 

(a). Preparation of Dirner 21 

A n i t r o g e n - p u r g e d  s o l u t i o n  of  t r a n s - a n e t h o l e  (3 ,  1 .60 g,  

3 . 6  X 10-I M )  and TCB ( 0.37 g, 5  X M )  i n  d r y  CH2C12 (30 

m l )  were i r r a d i a t e d  f o r  140 min a c c o r d i n g  t o  Method 3 

d e s c r i b e d  i n  4-1-3. The r e s i d u e  o b t a i n e d  from e v a p o r a t i o n  of  

t h e  s o l v e n t  was a l l o w e d  t o  p a s s  t h r o u g h  a  s h o r t  column 

( s i l i c a  g e l ,  60 mash, 3  cm i n  l e n g t h  and 2  cm i n  d i a m e t e r )  t o  

remove t h e  remained  s e n s i t i z e r  and a  minor amount of  t a r s  

formed d u r i n g  t h e  i r r a d i a t i o n .  The column was t h e n  washed by 

h a x a n e s / e t h y l  a c e t a t e  (90 /10)  b i n a r y  s o l v e n t  (100 m l )  . The 

e l u e n t s  were combined and  t h e n  e v a p o r a t e d  u n d e r  r e d u c e d  

p r e s s u r e  t o  g i v e  t h e  c r u d e  dimers (300 mg) .  The GC t r a c e  

showed t h a t  t h e  c r u d e  p r o d u c t s  c o n t a i n e d  a  ma jor  f r a c t i o n  

( 7 3 % )  a n d  a  minor  f r a c t i o n  ( 2 7 % ) .  The c r u d e  p r o d u c t  was 

chromatographed (3% e t h y l  a c e t a t e  i n  hexanes )  t o  a f f o r d  120 

mg o f  t h e  major  p r o d u c t  (120 mg, c o n t a m i n a t e d  b y  12% of  t h e  

minor  p r o d u c t ) ;  GC-MS m / e  ( C I  mode) 2 9 7 ( ~ + + 1 ) ;  ( E I  mode) 

296 ( M + , z ) ,  148 ( 1 0 0 ) ;  IH NMR (CDC13)  6: 1.21(6H1d,Me) ,  1.70-  

2  . O O  (2H,m,methine),  2 .83  ( 2 H , d , b e n z y l i c ) ,  3 .80  (6H, s,OMe), 6.8- 

7 . 2  (8H,m,phenyl)  ; 13c NMR (CDC13)  6: 1 8 . 8 0 ,  43 .29,  52.64,  

55 .26 ,  113 .87 ,  127 .73 ,  1 3 6 . 0 4 ,  1 5 8 . 1 5 .  The I H  NMR d a t a  

matched t h o s e  of  21 r e p o r t e d  i n  t h e  l i t e r a t u r e . l o O  Therefore ,  

t h e  two p r o d u c t s  were a s s i g n e d  a s  t h e  d imers  2 1  (major )  and 

22 (minor)  , r e s p e c t i v e l y .  



(b). Preparation of Dimer 22 

F o l l o w i n g  t h e  p r o c e d u r e s  r e p o r t e d , 4 1  a s o l u t i o n  o f  3 (15  

g )  i n  c y c l o h e x a n e  (175  m l )  was i r r a d i a t e d  u n d e r  n i t r o g e n  f o r  

20 h .  The l i g h t  s o u r c e  was a  200 W Hanovia  medium p r e s s u r e  

m e r c u r y  l amp  t h r o u g h  a  P y r e x  f i l t e r .  The r e m o v a l  o f  t h e  

s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  gave  r ise t o  y e l l o w  o i l y  c r u d e  

p r o d u c t s  wh ich  c o n t a i n e d  o n l y  o n e  m a j o r  f r a c t i o n  w i t h  93% 

p u r i t y .  The c r u d e  p r o d u c t s  were c h r o m a t o g r a p h e d  ( 2 . 5 %  e t h y l  

a c e t a t e  i n  h e x a n e s )  t o  a f f o r d  a p u r e  o i l y  p r o d u c t  ( 2 . 2  g )  ; 

GC-MS m / e  (CI mode) 297 ( ~ + + 1 )  ; ( E I  mode) 296 (M', 2) , 148 (100)  ; 

1~ NMR (CDC13) 6: 1 . 2 4  ( 6 H , d , M e ) ,  2 . 8 0  ( 2 H , m , m e t h i n e ) ,  

3 . 4 6 ( 2 H , d , b e n z y l i c ) ,  3.73(6H,s,OMe),  6 .7-7 .2(8H,m,phenyl ) .  

The 1~ NMR d a t a  m a t c h e d  t h o s e  o f  2 2  r e p o r t e d  i n  t h e  

l i t e r a t u r e .  41 

(c) . Dimerization of 3 Sensitized by DBMBF2, BABF2, 

9-CN-An, and TCB 

A CH3CN s o l u t i o n  (1 m l )  c o n t a i n i n g  3 ( 5 . 0  X 10-I  M )  and  a  

s e n s i t i z e r  ( 2  X M )  was i r r a d i a t e d  w i t h  a  350 nm l i g h t  

s o u r c e  a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3 .*  The 

samples  were t a k e n  f o r  GC a n a l y s i s  i n  c e r t a i n  t i m e  i n t e r v a l s  

a n d  t h e n  p u t  b a c k  i n t o  t h e  "merry-go-round" f o r  f u r t h e r  

p h o t o l y s i s .  O c t a d e c a n e  ( 2 . 0  X M )  w a s  a d d e d  t o  t h e  

s o l u t i o n s  p r i o r  t o  i r r a d i a t i o n  as t h e  i n t e r n a l  s t a n d a r d  f o r  

GC a n a l y s i s .  Fo r  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  2 1  a n d  22 ,  t h e  

* When TCB (1 X M)  was used a s  t h e  s e n s i t i z e r ,  t h e  sample was 
d e a e r a t e d  by purg ing  n i t rogen  through f o r  3 min p r i o r  t o  i r r a d i a t i o n .  



c a l i b r a t i o n s  with r e s p e c t  t o  t h e  i n t e r n a l  s t andard  were 

c a r r i e d  out with t h e  a u t h e n t i c  samples of 21 and 22. The 

y i e l d s  of 21 and 22 along t h e  i r r a d i a t i o n  time s c a l e  f o r  each 

sample a r e  shown i n  Fig.2-26 - 2-29. A t  t h e  end of photolysis  

( 4  h )  , DBMBF2 and BABF2 remained e s s e n t i a l l y  not consumed as  

shown by t h e  G C  a n a l y s i s  and t h e  pho to lysa tes  showed a  

yellow-brown c o l o r .  I n  t h e  c a s e  of 9-CN-An be ing  t h e  

s e n s i t i z e r ,  two GC peaks o the r  than t h e  peaks of 21 and 22 

appeared a t  RT = 4.8 - 5.0 min (250•‹, HP-1, 25 m )  both having 

a  parent peak a t  m/e = 351 on t h e  GC-MS spec t ra .  The GC t r a c e  

showed t h a t  about 40% of 9-CN-An was consumed i n  4 h  of 

i r r a d i a t i o n .  In TCB-3 system, t h e  o r i g i n a l  dark purple  color  

had faded a f t e r  4 h  of i r r a d i a t i o n .  The change i n  t h e  

c o n c e n t r a t i o n  of TCB upon t h e  i r r a d i a t i o n  could  no t  be 

monitored by t h e  GC t h a t  was equipped only  wi th  an F I D  

de tec to r .  

(d). DBMBF2 Sensitized Cycloreversion of 21 and 22 

CH3CN s o l u t i o n s  ( 5  m l  each) of 21 (1.03 X l o - *  M )  o r  22 

( 1 . 9 2  X M )  with DBMBF2 (2 .0  X M )  added a s  t h e  

s e n s i t i z e r  and octadecane (2.0 X M )  added a s  the  i n t e r n a l  

s tandard f o r  GC ana lys i s  were placed i n  Pyrex t e s t  tubes and 

i r r a d i a t e d  w i t h  a  350 nm l i g h t  source according t o  Method 3 

desc r ibed  i n  4-1-3. The disappearance of t h e  dimers and t h e  

formation of 3 were followed by GC a n a l y s i s  and t h e  r e s u l t s  

a r e  shown i n  Fig.2-30 and 2-31. A yellow co lo r  was developed 

immediately upon adding DBMBF2 i n t o  t h e  so lu t ions  of 21 or  22 



a n d  remained  a t  t h e  end  o f  i r r a d i a t i o n .  I n  b o t h  c a s e s  DBMBF2 

d i d  n o t  show any  o b s e r v a b l e  d e c r e a s e  i n  c o n c e n t r a t i o n  a t  t h e  

end  o f  i r r a d i a t i o n  a s  shown by GC a n a l y s i s .  

(e) . The Direct Photolysis of 22 in CH3CN 

A u n d e g a s s e d  s o l u t i o n  of 22 ( 2 . 0  X M )  i n  CH3CN (5 m l )  

c o n t a i n i n g  o c t a d e c a n e  ( 2 . 0  X l o v 3  M )  a s  t h e  i n t e r n a l  s t a n d a r d  

f o r  GC a n a l y s i s  was i r r a d i a t e d  w i t h  a  300 nm l i g h t  s o u r c e  f o r  

4 h  a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3 .  The 

p h o t o l y s a t e  was d i r e c t l y  a n a l y z e d  b y  GC a t  c e r t a i n  t i m e  

i n t e r v a l s .  The r e s u l t s  a r e  shown i n  F ig .4-7 .  

0 6 0 120 180 
Irradiation time min 

Figure 4-7. The direct  p h o t o l y s i s  o f  22 i n  CH3CN. The 
i n i t i a l  c o n c e n t r a t i o n  o f  22 was 2 .0  X lo -*  M .  



(f) . The Monochromatic Photolysis 

A CH3CN s o l u t i o n  o f  3 ( 5 . 0  X 10-I M )  and  DBMBF2 ( 2 . 0  X l o w 2  

M )  w a s  i r r a d i a t e d  monochromat i c ly  a t  3 1 2 . 8  nm a n d  437 nm, 

r e s p e c t i v e l y ,  unde r  t h e  c o n d i t i o n s  same a s  t h o s e  d e s c r i b e d  i n  

4-5-4 e x c e p t  o c t a d e c a n e  ( 2 . 0  X 10-3 M )  was a d d e d  a s  t h e  

i n t e r n a l  s t a n d a r d  p r i o r  t o  t h e  p h o t o l y s i s  a n d  a  w i d e r  band 

w i d t h  ( 5  nm) was u s e d  i n s t e a d .  The p h o t o l y s a t e  was d i r e c t l y  

a n a l y z e d  b y  G C ,  s h o w i n g  b o t h  2 1  a n d  2 2  f o r m e d  u p o n  

i r r a d i a t i o n  a t  e i t h e r  w a v e l e n g t h .  The y i e l d s  o f  t h e  two 

dimers were c a l c u l a t e d  fo rm t h e  GC p e a k  a r e a  r a t i o n  w i t h  

r e s p e c t  t o  t h a t  o f  t h e  i n t e r n a l  s t a n d a r d  and  l i s t e d  i n  T a b l e  

2-16. 

A t  312 .8  nm, t h e  d i s t i n c t i o n  c o e f f i c i e n t  o f  3 (E3) was 

1833  a n d  t h a t  o f  DBMBF2 (EDBMBF2) Was 4100.  T h e r e f o r e ,  o n l y  

8 . 2 %  o f  t h e  i n c i d e n t  l i g h t  was a b s o r b e d  by DBMBF2. A t  437 nm, 

E3=O, EDBMBF2=Of whereas  t h e  a b s o r b a n c e  o f  t h e  g round  s t a t e  

complex (GSC) o f  DBMBF2 w i t h  3 w a s  1 .634  ( r e a d  from F i g . 2 - 9 ) ,  

c o r r e s p o n d i n g  t o  98% o f  t h e  i n c i d e n t  l i g h t  a b s o r b e d  a t  t h e  

w a v e l e n g t h .  The r a t i o  o f  o u t p u t s  o f  t h e  lamp a t  312 .8  nm and  

437 nm i s  43/27.  Tak ing  t h e  y i e l d  o f  21  a s  t h e  measure  of  t h e  

quantum y i e l d  o f  a n e t h o l e  c a t i o n  r a d i c a l  a n d  a s s u m i n g  t h e  

y i e l d  i s  p r o p o r t i o n a l  t o  t h e  i r r a d i a t i o n  t i m e  i n  low 

c o n v e r s i o n  r a n g e ,  t h e  r e l a t i v e  quantum y i e l d  o f  t h e  c a t i o n  

r a d i c a l  i n  t h e  m o n o c h r o m a t i c  p h o t o l y s i s  a t  437 nm w i t h  



r e spec t  t o  t h a t  a t  312.8 nm was c a l c u l a t e d  by t h e  equation 

shown below. 

a 4 3 7  = [ (y ie ld  of 2 1  a t  437nm) / ( y i e l d  of 21 a t  312.8nm) ] 

X(output r a t i o  of t h e  lamp) 

X(f rac t ion  of l i g h t  absorbed by DBMBF2) 

X [ l / ( f r a c t i o n  of l i g h t  absorbed by t h e  GSC a t  437nm)l 

X@312. 7 

= (O.O25/O.34)~(43/27)XO.O82X(l/O.98)~@~~~.7 

= o.01@312.7. 

4 - 6 .  Photolysis of DBMBF2 in the Presence of 2- 

Cyclopentenone Ethylene Ketal (20) - A False 

Photoreaction 

4 - 6 - 1 .  DBMBF2 "Sensitized" Dimerization of 20 

A CH3CN so lu t ion  (30 m l )  containing f r e s h l y  d i s t i l l e d  20 

(1.89 g, 5 X 1 0 - I  M) and DBMBF2 (0 .41  g, 5 X M )  was 

placed i n  6 Pyrex t e s t  tubes  (100 X 13 mm) and i r r a d i a t e d  

with a  350 nm l i g h t  source according t o  Method 3 desc r ibed  

i n  4-1-3. A f t e r  2 . 5  h  i r r a d i a t i o n ,  t h e  p a l e  yellow reac t ion  

mixture turned  t o  brownish yellow. The solvent  was removed by 

f l a s h  d i s t i l l a t i o n  t o  g ive  a  wet yellow res idue  which was 

t r e a t e d  with 30 m l  of hexanes. A yellow p r e c i p i t a t e  (0.35g) 

was f i l t e r e d  out and i d e n t i f i e d  t o  be a  mixture of DBMBF2 and 



dibenzoylmethane by t h e  GC a n a l y s i s .  The f i l t r a t e  contained 

s i g n i f i c a n t  amount of 2-cyclopentenone a s  shown by GC 

a n a l y s i s .  The enone, unreacted k e t a l ,  and t h e  so lvent  were 

removed from t h e  f i l t r a t e  by f l a s h  evaporat ion t o  g ive  a  

c r u d e  p r o d u c t  ( 0 . 5  g )  which c o n t a i n e d  f r a c t i o n  A 

( 1 9 % ) , f r a c t i o n  B and C ( 8 1 % ) ,  and t r a c e  of f r a c t i o n  D shown 

by t h e  GC ana lys i s .  The crude product was then passed through 

a  f l a s h  chromatography column (30% e t h y l  a c e t a t e  i n  hexanes) 

a f f o r d i n g  pure f r a c t i o n  A (33 mg) , f r a c t i o n  B (73 mg), and 

f r a c t i o n  C ( 1 0 0  mg) . F r a c t i o n  A (95)  showed up on t h e  GC 

spec t ra  a s  a  broadened s i n g l e  peak but proved t o  be a  mixture 

of two compounds (95a and 95b) by IH NMR spectroscopy. 95 

was t r e a t e d  with hydrochlor ic  a c i d  i n  CH3CN/H20 (1:l v/v) 

b inary  solvent  t o  give two new compounds 98a and 98b with a  

r a t i o  of 4 / 6  a s  shown by t h e  GC ana lys i s .  Fract ion B (96a, 50 

mg) and C (96b, 50 mg) were a l s o  t r e a t e d  with hydrochlor ic  

a c i d  i n  C H 3 C N / H 2 0  1 1  v v  b inary  so lvent  f o r  l h  a t  room 

temperature t o  give 98a and 98b, r e s p e c t i v e l y ,  a s  confirmed 

by c o i n j e c t i o n s .  The h y d r o l y s a t e s  were n e u t r a l i z e d  wi th  

aqueous NaHC03 followed by abs t rac t ion  with e t h e r .  The crude 

p r o d u c t s  o b t a i n e d  from e v a p o r a t i o n  of e t h e r  were 

chromatographed (10% e t h y l  a c e t a t e  i n  hexanes) t o  give pure 

98a (35 mg, 89%) and 98b (33 mg, 8 4 % ) ,  r e s p e c t i v e l y .  The 

spec t roscop ic  d a t a  of 95, 96a, 96b, 98a, and 98b a r e  given 

i n  Table 4-17 - 4-20. 

The c o n t r o l  experiment i n  t h e  dark gave no product a f t e r  

1 2  h  s torage  as  checked by GC ana lys is .  



Table 4-17. IR Data of  95, 96a, 96b, 98a, and 98b. 

dimer 

Table 4-18. MS Data o f  95, 96a, 96b, 98a, and 98b. 

dimer MS We)  

t o  be continued a t  next page. 
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Table 4-18. (cont.) 

- -- -- - - -- 

Table 4-19. IH NMR Data of 96a, 96b, 98a, and 98d. 

Compound 6(ppm) and J(Hz) in CgDg 

96a 0.93 (lH, m) , 0.98 (lH, dm) , 1.40 (lH, dm), 

1.55 (lH, dm), 1.71 (lH,m), 1.81-1.90 (3~,m), 

1.99(1Hfbd), 2.34(1H,dm) , 2.61(1Hrdm)r 
2 .7l (lH,ddd), 2.32-2.53 (4H,m) . 

to be continued at next page. 
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Table 4-19 .  (cont . )  



T a b l e  4-20.  13c NMR Da ta  o f  9 6 a ,  96b,  9 8 a ,  a n d  9 8 d .  

Compound 6 (ppm) i n  ~ 6 ~ 6 .  

a .Ca rbony1  c a r b o n s  were m i s s i n g  due  t o  too low c o n c e n t r a t i o n .  

4-6-2.  T h e  D i m e r i z a t i o n  of 20 " C a t a l y z e d "  by t r i s ( p -  

b r o m o p h e n y 1 ) A m i n i u m  H e x a c h l o r o a n t i m o n a t e  (BAHA) 

To a s o l u t i o n  o f  2 0  ( 3 5  mg, 0 . 2 8  mmol) i n  d r y  

d i c h l o r o m e t h a n e  ( 1 0  m l )  was a d d e d  BAHA ( 1 6 3  mg, 0 . 2 0  mmol) 

u n d e r  n i t r o g e n  a t m o s p h e r e  a t  O•‹C. A f t e r  30 min o f  m a g n e t i c  

s t i r r i n g  t h e  r e a c t i o n  m i x t u r e  was t a k e n  o u t  a n d  p a s s e d  

t h r o u g h  a s h o r t  column t h e  u p p e r  h a l f  o f  which  w a s  f i l l e d  

w i t h  s i l i c a  g e l  (230-400 mesh, 10x50 mm) a n d  t h e  l o w e r  h a l f  

w i t h  b a s i c  a l u m i n a  (80-200 mesh, 10x50  mm) . The e l u e n t  ( 5 0  

m l ,  e t h y l  acetate a n d  hexanes  i n  1:l r a t i o )  was c o l l e c t e d  and  

t h e n  t h e  s o l v e n t  was removed u n d e r  r e d u c e d  p r e s s u r e  t o  g i v e  a 

o i l y  r e s i d u e  ( 1 9 . 7  mg, 5 6 % )  which c o n s i s t e d  o f  95,  96a ,  96b,  



and trace of 98a, 98b as confirmed by coinjection with the 

authentic samples obtained from DBMBF2 "sensitizedw 

photodimerization of 20. The residue was treated with 

hydrochloric acid in methanol/H20 (4:l v/v) to give 98a and 

98b as the sole products. 

A controlled experiment, in which all conditions were 

the same as described above except 2,6-lutidine (54 mg, 0.5 

mmol) was added prior to the reaction, was qualitatively 

examined. No product was found i n  t h e  GC t r a c e s  checked 

i n  10, 30, and 140 min a f t e r  aAHA was added. 

4-6-3. The P h o t o l y s i s  o f  DBMBF2-20 System i n  the  

Presence o f  Pyridine 

Two Pyrex test tubes (100 X 13 mm) containing C H 3 C N  

solutions (5 ml each) of DBMBF, (5 X M) and 20 ( 5  X 10-I 

M) I in one of which was added pyridine (1 X 10-I M), were 

irradiated for 90 min with a 350 nm light source in an 

identical condition according to Method 3 described in 4-1- 

3. While the sample without pyridine produced at least 4 X 

M of 95 as the major product estimated from the GC peak 

ratio against the internal standard (octadecane, 2.0 X 

M), t h e  sample wi th  pyr id ine  added gave no product a t  

a l l .  The pH values of the two sample were measured after the 

irradiation by mixing reaction solutions (0.2 ml) with equal 

amount of distilled water. The sample without pyridine added 

showed pH = 4, whereas the sample with pyridine added, pH = 

6.5, as shown on a test paper (BDH). 



4-6-4. Acid-Catalyzed Dimerization of 20 

To two CH3CN solutions (5 ml each) of 20 (5 X 10-I M) were 

added one drop of BF3-ether or sulfuric acid (98%) at room 

temperature respectively, and the reaction mixtures were 

checked by GC in 15 min. Both samples gave mixtures of 95, 

96a 96b and trace of 98a and 9 8 b  as well as 2- 

cyclopentenone, which was confirmed by coinjections with the 

authentic samples. 

4-6-5. Dimerization of 20 by Direct Irradiation 

A nitrogen-purged CH3CN solution ( 5  ml) of 20 (5 x 10-I M) 

in a Pyrex test tube (13 x 100 mrn) was irradiated by a 350 nm 

light source for 1 h according to Method 3 described in 4-1- 

3. The resulting reaction mixture was directly taken for GC 

analysis. As shown on the GC trace, two major products, 99a 

and 99b, were obtained in a ratio of 46:54. The MS data of 

99a [ (m/e), CI: 209 (Mt+l); EI: 208 (Mt,7), 126 (23), 99 

(loo), 86 (21), 55 ( 6 ) ]  and 99b [(m/e), CI: 209 (~++1); EI: 

208 ( M  1 1  , 125 (23), 99 (82), 86 (loo), 55 (9) 1 suggested that 

they are the monoketal dimers. Upon adding a few drops of 

diluted hydrochloric acid, 99a and 99b were then readily 

converted to the cis-anti-cis, head-to-head cyclopentenone 

dimer 54, and the cis-anti-cis, head-to-tail dimer, 53, 

respectively. This was confirmed by coinjections with the 

authentic samples obtained by the photodimerization of 2- 

cyclopentenone in CH~CN. 4 1 ~  106 



4 - 7 .  Photodirnerizat ion of  Acetylacetone 

4-7-1. Photolysis of Acetylacetone in Hexanes 

A solution of acetylacetone (1 g) in hexane (30 ml) was 

distributed in 6 Pyrex test tubes (100 X 10 mm) and sealed 

with a septum under nitrogen. These tubes were irradiated 

with a 300 nm light source for 36 h according to Method 3 

described in 4-1-3. The crude photolysate was evaporated and 

the residue was chromatographed (8% ethyl acetate in hexanes) 

on a silicic column. The major fraction (450 mg) was 

recrystallized from ethyl acetate-hexanes (1:6 v/v) binary 

solvent giving colorless parallelepiped crystals (compound 

70), m.p. 73-4O; GC-MS (CI mode) : 183 (M+-H~O+~); (EI mode) : 

182 (M+-H~o, 0.5), 157 (9), 139 (l8), ll5(30), 97 (52), 71 (131, 

and 43(lOO); IR, (neat) 3450, 2988, 1710, 1358, 1177, and 

1104 cm-l; IH NMR (in CgDg) , 8 3,89(dd, lH, J = 10.6 and 7.5 

Hz), 2.40(dd, lH, J = 10.6 and 13.4 Hz), 1.78 (dd, lHI J = 7.5 

and 13.4 Hz), 2.14 (s, 3H), 2.07 (s, 3H), 1.65 (lHI D20 

exchangeable), 1.24 (s, 3H), and 1.06 (s, 3H) ; UV, 287.5 nm (E 

57) . The IH NMR spectrum of 70 in CgDg kept changing upon 

storage: the original signals decreased gradually while new 

signals appeared and increased to reach an equilibrium in 

about 12 hours. The major new peaks appeared at 1.06, 1.51, 

1.55, 1.76, 2.03 and 2.25 ppm, respectively, all as singlet. 

The addition of trace of water accelerated the appearance of 

these new peaks. 70 dissolved readily in water and polar 

organic solvents. 



4-7-2. X-ray Crystallographic ~ n a l ~ s i s *  

The crystal structure of dimer 70 (Fig.4-8) was 

investigated with an ENRAF-NONIUS CAD diffractometer. A piece 

of the crystal (from CH2C12-hexane, m.p. 73-5O C )  of 

dimensions 0.41 X 0.28 X 0.25 mm was examined. The crystal 

data are given as follows: C10H1604 mMT = 200.2; monoclinic, 

PZ1/C; a = 16.766(2), b = 7.736(2), c = 11.024(1) A , P = 

130.44 (2)O; V = 1088.2 A3; z = 4, Dx = 1.222 g/cm3, p(MoKa) = 

Figure 4-8. Perspective drawing of the molecular structure 

of 70.  

 h he X-ray crystallographic analysis was carried out by Prof. Sheng-Zhi Hu 
at The Department of Chemistry, Xiamen University, Xiamen, P. R. China. 
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0 . 8 8  c m - l ,  h = 0 .71013  A .  Of 2315 u n i q u e  r e f l e c t i o n s  c o l l e c t e d  

t o  2&, = 520, 1661  w i t h  I > 3 0 ( I )  w e r e  c o n s i d e r e d  o b s e r v e d  

a n d  u s e d  f o r  t h e  r e f i n e m e n t .  LP  c o r r e c t i o n s  a n d  P S I  

a b s o r p t i o n  c o r r e c t i o n  were a p p l i e d .  The E map o b t a i n e d  f rom 

d i r e c t  m e t h o d s  u s i n g  MULTAN-82 programme g a v e  a l l  non-  

h y d r o g e n  a t o m s .  A f t e r  s e v e r a l  c y c l e s  o f  f u l l - m a t r i x  l eas t -  

sqare a n i s o t r o p i c  r e f i n e m e n t ,  d i f f e r e n c e  F o u r i e r  s y n t h e s e s  

g a v e  t h e  h y d r o g e n  a t o m s .  C o n v e r g e n c e  w a s  r e a c h e d  a t  Rf = 

0 . 0 4 0  a n d  Rw = 0 . 0 5 1  w i t h  O = [CT2(~,) + 0 . 0 0 0 4 1 ~ 1 ~  + 1 . 0 1 - l .  

A l l  r e s i d u a l  p e a k s  i n  t h e  f i n a l  d i f f e r e n c e  map were u n d e r  

0 . 3 3  eA-3. 

4-7-3. Preparation of the Methoxylated Dimer 71 

A  s o l u t i o n  o f  70 (180  m g ,  0 . 9  mmol) i n  m e t h a n o l  ( 50  m l )  

c o n t a i n i n g  3  d r o p s  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  was 

s t i r red  a t  room t e m p e r a t u r e  f o r  1 0  min.  The s t a r t i n g  m a t e r i a l  

d i s a p p e a r e d  i n  5  m i n u t e s  a n d  a new p e a k  c l e a n l y  showed u p  on  

t h e  GC t r aces .  The s o l u t i o n  was  n e u t r a l i z e d  t o  PH = 6 w i t h  

m e t h a n o l i c  KOH s o l u t i o n  a n d  t h e n  e v a p o r a t e d .  The r e s i d u e  w a s  

t a k e n  u p  i n  e t h e r  ( 30  m l )  a n d  washed  w i t h  s a t u r a t e d  NaHC03 

s o l u t i o n  a n d  water.  The r e s i d u e  f r o m  t h e  e t h e r  s o l u t i o n  w a s  

p a s s e d  t h r o u g h  a s i l i c i c  a c i d  column t o  a f f o r d  71 ( 109  mg) a s  

a c o l o r l e s s  o i l ;  GC-MS: (CI  mode) 1 8 3 ( ~ + - O C H ~ ) ;  ( E I  mode) 

1 8 3  ( M + - O C H ~ ,  l o ) ,  1 7 1  ( 3 9 ) ,  1 3 9  ( 5 5 ) ,  97 ( 9 5 )  a n d  4 3  ( 1 0 0 )  ; 

I R ( n e a t )  2980 ,  2811 ,  1 7 0 8 ,  1447 ,  1 3 7 6 ,  1 3 4 8 ,  1309 ,  1210 ,  

1099 ,  1058  a n d  854 c m - l ;  IH NMR (CgDg)  3 . 8 1  ( H c t  ddd, J = 7 . 7 ,  



0 . 4 ,  a n d  1 1 . 4  H z ) ,  2 . 8 9 ( s ,  3H),  2 .37  ( H a t  dd ,  J=11 .4  a n d  12 9  

H z ) ,  2 . 0 4  (s ,  3H) ,  1 . 9 8  ( d l  3H, J = 0 . 4  H z ) ,  1 . 8 7  (Hb, dd ,  J = 1 2 . 9  

a n d  7 . 7  H z ) ,  1 . 2 0  (s, 3H) and  1 . O 1  (s,  3H) ; 13c NMR 205 .18  (CO)  , 

2 0 9 . 9 9 ( C O ) ,  1 0 7 . 7 2 ( s ) ,  8 9 . 3 2 ( s ) ,  5 3 . 8 2 ( d ) ,  4 9 . 2 2 ( q ) ,  

40 .72  ( t ) ,  3 0 . 7 1  ( q )  , 24 .05  ( q ) ,  21 .22  (q) , a n d  2 0 . 7 7  ( q )  . I n  IH 

NOE d i f f e r e n c e  s p e c t r a ,  i r r a d i a t i o n  o f  t h e  C1-CH3 p r o t o n s  

c a u s e d  enhancement o f  Ha and  v i c e  v e r s a ,  a n d  i r r a d i a t i o n  o f  H, 

c a u s e d  enhancement  o f  Hb b u t  n o t  H a .  I n  s e l e c t i v e l y  d e c o u p l e d  

I ~ c  s p e c t r a ,  when a s e l e c t i v e  d e c o u p l i n g  was a p p l i e d  t o  H,, 

C6-Me1 C1-Me, o r  C4-Me,  s i g n a l  c o l l a p s e  o r  l i n e  s h a r p e n i n g  

were o b s e r v e d  a t  53 .82  a n d  205 .18  ppm, 3 0 . 7 1  a n d  209 .99  ppm, 

1 0 7 . 7 2  a n d  2 1 . 2 2  ppm, 2 0 . 7 7 ,  8 9 . 3 2  a n d  2 0 9 . 9 9  ppm, 

r e s p e c t i v e l y .  

4-7-4. Photolysis of Acetylacetone in Various Solvents 

N i t r o g e n  p u r g e d  s o l u t i o n s  o f  a c e t y l a c e t o n e  (400 mg i n  e a c h  

s o l u t i o n ,  0.8 M) i n  v a r i o u s  s o l v e n t s  (hexane ,  benzene ,  CH2C12, 

CH3CN, THF, a n d  CH30H, 5  m l  e a c h )  w e r e  p u t  i n  Py rex  t e s t  t u b e s  

(100  X 1 3  mm) a n d  i r r a d i a t e d  b y  a 300 nm l i g h t  s o u r c e  f o r  20 

h a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3. The p h o t o l y s a t e s  

were a n a l y z e d  b y  GC, t a k i n g  t h e  amount o f  d i m e r  70 formed  i n  

h e x a n e  as  t h e  e x t e r n a l  s t a n d a r d .  About  1 / 1 0  amount o f  70 was 

f o r m e d  i n  b e n z e n e ;  o n l y  t r ace  amount  o f  70 w a s  f o r m e d  i n  

CH2C12; no  d i m e r  w a s  d e t e c t e d  i n  e i t h e r  CH3CN, THF, o r  CH30H. 



4-7-5. Attempted Photolysis of Other P-~iketones in 

Hexane 

2,4-hexanedione (72) , 2,2,6,6-tetramethyl-32-heptanedione 

(73), 6-methyl-2,4-heptanedione (74), dibenzoylmethane (DBM) , 

and benzoylacetone (BA) were examined. A solution of a ketone 

(5 X 10-I M) in hexane (5 ml) were sealed in a Pyrex test tube 

under nitrogen and irradiated for 72 h by a 300 nm light 

source (for 72, 73, and 74) or a 350 nm light source ( for 

DBM and BA) according to method 3 described in 4-1-3. For 

all runs, the diketone remained as the major peak ( >  90% in 

area ratio) on GC traces after the irradiation. Two very 

small GC peaks were respectively found in the photolysates of 

72 and 74, showing parent peaks at m/e = 210 and 268, 

respectively, in the GC-MS spectra. No dimers were found for 

73, DBM, and BA by GC-MS analysis. 

4-8. Photocycloaddition of Acetylacetone to 

Norbornene 

4-8-1. Photolysis of Acetylacetone-Norbornene System 

in Hexane 

A deaerated solution of acetylacetone (150 mg, 5 X M) 

and norbornene (1.5 g, 5 X 10-I M) in hexane (30 ml) was 

distributed in 6 Pyrex test tubes (100 X 13 mm) and 

irradiated by a 200 W Hanovia medium pressure mercury lamp 
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f o r  48 h a c c o r d i n g  t o  Method 2 d e s c r i b e d  i n  4-1-3.  The 

p h o t o l y s a t e  c o n t a i n e d ,  b e s i d e s  t h e  e x c e s s  n o r b o r n e n e ,  a m a j o r  

f r a c t i o n  ( 7 5 )  a n d  o t h e r  10  m i n o r  f r a c t i o n s  (76 -81  a n d  8 2 a -  

8 2 d )  b u t  e s s e n t i a l l y  n o  a c e t y l a c e t o n e  as  s e e n  f r o m  t h e  GC 

a n a l y s i s .  The r e t e n t i o n  t i m e s ,  r e l a t i v e  p e a k  r a t i o s  on GC 

a n a l y s i s ,  a n d  t h e  GC-MS d a t a  o f  e a c h  f r a c t i o n s  a re  g i v e n  i n  

T a b  4-20 a n d  4-21 ,  r e s p e c t i v e l y .  T h e  p h o t o l y s a t e  was  

c h r o m a t o g r a p h e d  (20% e t h y l  acetate i n  h e x a n e s )  g i v i n g  7 5  (144 

m g ,  49.5% based on a c e t y l a c e t o n e )  as a co lo r l e s s  o i l ; '  

'H NMR (CDC13) : 6 2 . 8 6  (H3, dd,  J = l 8 . 8 ,  9 . 8 H z ) ,  2 . 8 1  (Hl ,bd ,  J = 8 . 6 ,  

1. l H z ) ,  2 . 4 0  (H2,dd,  J = 1 8 . 8 ,  5 . 4 H z ) ,  2 . 20 -2 .27  ( H 4  a n d  Hg ,  m )  , 

2 . 1 l ( M e 2 , s , 3 H ) ,  2 .05 (Me l , s , 3H) ,  1 . 8 9 ( H g , s r J = 2 H z ) ,  1 .79(H7,dm,  

J = 1 0 . 4 , 2  . O r  2 .  OHz) , 1 . 4 9 - 1 . 5 9  ( H g  a n d  H l l , m ,  2H) ,  1 . 1 8 - 1 . 3 3  ( H i 0  

a n d  H12 ,m,  2H),  1 . 0 8  ( H g ,  dm, J=10 .4 ,1 .8 ,1 .1Hz3  ; 13c NMR (CDC13) 8: 

2 9 . 4 6 ,  2 9 . 6 0 ,  3 0 . 0 1 ,  3 2 . 2 7 ,  3 4 . 2 7 ,  4 1 . 4 0 ,  4 1 . 5 2 ,  4 1 . 7 6 ,  

45 .29 ,  56 .39 ,  209.31,  211 .93 .  

 he MS data are reported i n  Table 4-21.  
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Table 4-21. The R e t e n t i o n  T i m e  (RT) and  ~ e l a t i v e  Area  R a t i o  

(AR) o f  t h e  P r o d u c t s  o f  Acetylacetone-Norbornene S y ~ t e m . ~  

p r o d u c t  

76 77 78 79 8 80 81 82a 82b 82c 82d 

a .  I n  hexane,  p h o t o l y z e d  f o r  72 h  w i t h  a 200 W medium 

p r e s s u r e  mercury lamp t h r o u g h  a  Pyrex  f i l t e r .  The GC spec t rum 

was t a k e n  a f t e r  removal o f  hexane and u n r e a c t e d  norbornene  by 

f l a s h  d i s t i l l a t i o n .  

b .  OV-1 column (12 m X 0 .20  mm) , 180•‹. 

c .  The r a t i o  o f  t h e  GC peak a r e a  a g a i n s t  t h e  t o t a l  a r e a  of  

a l l  peaks  appea red  on t h e  GC trace e x c e p t  t h e  s o l v e n t  peak .  

The sum o f  AR i n  t h i s  t a b l e  i s  9 4 . 6 % .  

Table 4-22. GC-MS Da ta  o f  t h e  P r o d u c t s  o f  A c e t y l a c e t o n e -  

Norbornene System. 

compd m / e  (CI ,  M + + I )  m / e  (E I )  

-- 

t o  be c o n t i n u e d  a t  n e x t  page  



Table 4-22. (cont.) 



4-8-2. Quenching of the Cycloaddition by 1,3- 

Pentadiene 

S o l u t i o n s  f o r  t h e  q u e n c h i n g  e x p e r i m e n t  were p r e p a r e d  by  

p i p e t t i n g  a p p r o p r i a t e  a m o u n t  o f  a  s t o c k  s o l u t i o n s  

( [ a c e t y l a c e t o n e ]  = 5 . 4 7  X M, [ n o r b o r n e n e ]  = 5 . O O  X 10-I 

M, [ 1 , 3 - p e n t a d i e n e ]  = 6 . 2 5  X l o - *  M, i n  h e x a n e )  i n t o  5 m l  

v o l u m e t r i c  f l a s k s  which  were t h e n  f i l l e d  up w i t h  a n o t h e r  

s t o c k  s o l u t i o n  ( [ a c e t y l a c e t o n e ]  = 5 . 4 7  X M, [ no rbo rnene ]  

= 5 . 0 0  X 10-I M I  [ I ,  3 -pen tad iene ]  = 0, i n  hexane)  . Octadecane  

( 2 . 5 3  X M )  was a d d e d  t o  b o t h  s t o c k  s o l u t i o n s  a s  t h e  

i n t e r n a l  s t a n d a r d  f o r  GC a n a l y s i s .  The s o l u t i o n s  c o n t a i n i n g  

v a r i o u s  amoun t s  o f  1 , 3 - p e n t a d i e n e  (0 -6 .25  X M) were 

d i s t r i b u t e d  i n  6 s ep tum-sea l ed  Pyrex  t e s t  t u b e s ,  pu rged  w i t h  

d r y  n i t r o g e n  f o r  5  min, a n d  t h e n  i r r a d i a t e d  w i t h  a  300 nm 

l i g h t  s o u r c e  a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3. The 

i r r a d i a t i o n  w a s  s t o p p e d  i n  3 . 5  h  f o r  s a m p l i n g  t h e n  resumed 

f o r  a n o t h e r  11 h by  when t h e  l o s s  o f  a c e t y l a c e t o n e  was s t i l l  

less t h a n  40% a s  shown b y  t h e  GC a n a l y s i s .  The r e l a t i v e  

quan tum y i e l d  o f  75 a s  w e l l  a s  t h o s e  o f  80  a n d  82  were 

o b t a i n e d  f r o m  t h e  GC p e a k  r a t i o s  a n d  p l o t t e d  a g a i n s t  

c o n c e n t r a t i o n  of 1 , 3 - p e n t a d i e n e  a s  shown by Fig.2-38.  

4-8-3. The Concentration Dependence 

D e a e r a t e d  h e x a n e  s o l u t i o n s  ( 5  m l  e a c h )  c o n t a i n i n g  

a c e t y l a c e t o n e  ( 5 . 2 1  X M )  , o c t a d e c a n e  ( 5 . 0 4  X MI 
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i n t e r n a l  s t a n d a r d ) ,  and v a r i o u s  c o n c e n t r a t i o n s  of  norbornene 

( 5 . 0 0  X l o q 2  M - 6.24 X 10-I M )  were p l a c e d  i n  Pyrex  t e s t  

t u b e s  and i r r a d i a t e d  f o r  6 .5  h  w i t h  a  300 nm l i g h t  s o u r c e  

a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3. The p h o t o l y s a t e s  

were a n a l y z e d  by GC, showing  t h a t  t h e  c o n s u m p t i o n  o f  

a c e t y l a c e t o n e  was less t h a n  20%. The r a t i o s  of GC peak a r e a  

o f  t h e  p r o d u c t s  w i t h  r e s p e c t  t o  t h a t  of  t h e  i n t e r n a l  s t a n d a r d  

w e r e  t a k e n  a s  t h e  r e l a t i v e  y i e l d s  and t h e  r e s u l t s  a r e  shown 

i n  Fig.2-40. 

The dependence o f  t h e  p r o d u c t  y i e l d s  on t h e  c o n c e n t r a t i o n  

o f  a c e t y l a c e t o n e  was a l s o  de te rmined  by t h e  same exper imenta l  

p r o c e d u r e  a s  d e s c r i b e d  above, e x c e p t  t h e  i r r a d i a t i o n  t i m e  was 

s h o r t e n e d  t o  5  h  and t h e  c o n c e n t r a t i o n  o f  norbornene  ( 5 . 0 3  X 

10-I  M )  was f i x e d ,  whereas t h a t  of  a c e t y l a c e t o n e  v a r i e d  from 

5 . 1  X M t o  3 . 0  X 10-I M .  The r e s u l t s  a r e  shown i n  F ig .2 -  

39 .  

4-8-4. Aldol Condensation of 75 

(a). 75 in Acidic Methanol 

I n t o  a  m e t h a n o l i c  s o l u t i o n  (20 m l )  c o n t a i n i n g  75 ( 1 0 0  mg, 

0 . 5 1  mmol) was added 2  d r o p s  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  

a c i d .  The r e a c t i o n  m i x t u r e  was s t i r red f o r  3.75 h  a t  ambient  

t e m p e r a t u r e  a n d  t h e n  n e u t r a l i z e d  t o  PH = 6  by a d d i n g  

m e t h a n o l i c  NaOH and t h e n  evapora ted .  The r e s i d u e  was t a k e n  up 

i n  e t h e r  (50  m l )  which was washed w i t h  s a t u r a t e d  aqueous  

NaHC03 f o l l o w e d  by d i s t i l l e d  w a t e r  and  t h e n  d r i e d  o v e r  

magnesium s u l f a t e .  The GC a n a l y s i s  showed t h a t  t h e  e t h e r  



solution contained unreacted 7 5  (5.5% relative yield 

according to the GC peak area) , 83 (73.9%), 84a (14.3%), 84b 

(6.3%). The residue from the ether solution was 

chromatographed (20% ethyl acetate in hexanes) affording 83 

(55 mg) and 84a (12 mg) as colorless oils. 2-exo-acetonyl-3- 

endo-acetyl-norbornane (83) ; IR (neat) 2935 ( s )  , 2852 (m) , 
1703 (s), 1346 (s, b) , 1222 (m) , 1164 (m, b) , 944 (w) , cm-l; GC-MS 
(m/e, CI mode) l95(~++l); (m/e, EI mode) 194 (M+, 10) l76(ll), 

138 (57), 127 (loo), 109 (50), 93 (56), 43 (40) . IH NMR (CgDg) , 8: 

1.02 (H8,dm,J=10.0, 1.5,1.5,1.5Hz), 1.11-1.18 (H101H12, mr 2H) 

1.22 (H7,dm, J=10.011.8Hz), 1.31-1.44 (Hg, Hll,m, 2H), 1.73 (Hz, 

dd, J=14.g18.8Hz), 1.77 (Me, s, 3H), 1.78 (HgImI J=1.8,1.5Hz), 

1.81 (Me, s, 3H), 1,98 (H3,dd, J=l4.9,6.6Hz), 2.12 (HI, dd, J=7.2, 

3 .~Hz), 2.15 (Hg,m, J=3.3,2.111.5Hz), 2.49 (H4, m, J=1.8,1.5Hz) ; 

13c NMR (CgDg) , 8: 23.72, 28.95, 29.06, 29.38, 37.61, 38.16, 

40.84, 42.39, 49.68, 61.51, 206.05, 206.63. 84a, GC-FTIR 

2961, 2881, 1684 cm-l; GC-MS (m/e) 176(~+,36), l6l(6), 

148 (13), 109 (12) 93 (8) 82 (100) . 'H NMR (C6D6) I 6: 1.11 (Hg, dm, 



(b). 83 in Acidic Methanol 

A s o l u t i o n  of 83 (300 mg, 0.15 mmol) i n  methanol ( 6  m l )  

wi th  1 drop of concen t ra ted  hydroch lo r i c  a c i d  added was 

ref luxed f o r  1 1 . 6  h. The reac t ion  mixture was then cooled and 

d i l u t e d  with 50 m l  of methanol f o r  GC a n a l y s i s .  The GC t r a c e  

showed t h a t  t h e  r eac t ion  mixture contained no t r a c e  of 7 5  but 

unreacted 83 ( l 3 . 5 % ) ,  84a (57.6%) and 84b (28.9%) . 

(c) . 7 5  in Acidic CH3CN 

A s o l u t i o n  of 7 5  (5  mg, 0.025 mmol) i n  CH3CN ( 5  m l )  with 1 

drop of concentrated hydrochloric ac id  added was s t i r r e d  f o r  

15 min a t  room temperature. The reac t ion  so lu t ion  was d i lu ted  

with 15 ml of CH3CN and then analyzed by G C .  t h e  GC t r a c e  

showed t h a t  t h e  r e s u l t i n g  s o l u t i o n  contained unreacted 7 5  

(7%) and 83 (93%) .  



4-9. Sensitized Solvent Addition to Norbornene 

4-9-1. Preparation of the Solvent Adducts 

To ni t rogen purged so lu t ions  of norbornene ( 1 . 0 - 1 . 9  X 1 0 - I  

M) i n  a  solvent  was added acetone (5-12.5% by volume) as  t h e  

s e n s i t i z e r  except i n  t h e  experiment where acetone i t s e l f  was 

t h e  s o l v e n t .  The s o l u t i o n s  were i r r a d i a t e d  w i t h  a  200 W 

Hanovia medium pressure lamp through a  Pyrex f i l t e r  o r  with a  

300 nm l i g h t  source.  The i r r a d i a t i o n  was applied u n t i l  almost 

a l l  norbornene disappeared on t h e  GC t r a c e .  The photolysates  

were then evaporated and chromatographed (2-5% e t h y l  a c e t a t e  

i n  hexanes) t o  give the  adducts a l l  a s  co lo r l e s s  o i l .  Some of 

t h e  adduc t s  ( 7 7 ,  8 6 ,  8 7 ,  8 8 ,  and 8 9 )  had ve ry  s t r o n g  

p l e a s a n t  odor.  The samples f o r  microanalys is  were f u r t h e r  

p u r i f i e d  by p r e p a r a t i v e  GC ( O V - 1 ,  4 '  X 0 . 2 5 " ) .  The 

experimental  condi t ions  and t h e  y i e l d  of adducts  a r e  l i s t e d  

i n  Table 2-17 and t h e  a n a l y t i c a l  d a t a  of t h e  adducts  a r e  

given i n  Table 4-23 - Table 4-26.  

Table 4-23. I R  Data of t h e  Adducts of Norbornene t o  Various 

Solvents.  a 

compound 

2 9 4 6  (s) , 2869 (m) , 1712 (s) , 1452 ( w )  , 1 4 0 6  (w) 

1353 (m) , 1172 (m)  . 
t o  be continued a t  next page 



Table 4-23. (cont . )  

86a+8 6b 

(GC-FTIR) 

87a+87b 2950 (s) , 2912 (w) , 2870 (m) , 2852 (w) , 1450 (m) , 
1352 (w) , 1279 (w) , 1121 (s) , 1099 (w) , 1081 (m) , 
903 (m) , 884 (m) . 

a. Neat film unless otherwise specified. 



Table 4-24. GC-MS Data of the Adducts of Norbornene to 

Various Solvents. 

90 145 (M++l-~1~9) 143 ( ~ + + 1 , ~ ~ ~ 1 )  

143 (M++l-cl123) 

107 (100) 

to be continued at next page 



Table 4-24. (cont.) 

Table 4-25. IH NMR Chemical ~hift(6) and Coupling Constants 

(J) of the Adducts of Norbornene to Various Solvents. 

compound 6 (ppm) and J (Hz) 

7 7  (CsD6) 0.90 (dm, lH) , 1.00 (dm, 1H) , 1.09-1.23 (m, 3H) 
1.37-1.53(mI3H), 1.68(sr3H), 1.79-1.90(mt3H), 

1.98 (dm, lH) , 2.10 (bs, lH) . 

85 (CDC13) 1.07-1.25 (m, 3H), 1.20 (dm, IH, J=~O. 0) , 
1.30 (dm, lH, J=10.0,2 -0, 2 .O,l. 8 ) ,  

1.45-1.61(mt3H), 1.82(dddd,lHtJ=8.0,7.5,7.4,4.8), 

2.13(bstlH), 2.15(dd,l~,J=16.2,7.4), 

2.23 (dd, lH, l6.2,8.O) , 2.28 (m, lH) . 

86a (CDC13) 0.99 (dddd, lH, J=11.8,5 .0, 4.8,2.8), 

1 .O9 (dm, lH, J=10. I), 1.12-1.24 (m, 2H), 

1.31-1.59 (m, 5H), 1.78-2.03 (m, 4H), 2.18 (bs, lH), 

2.33 (bs,  IH) , 3.49 (m, IH) , 3.73 (m, lH) , 3.84 (m, lH) . 
to be continued at next page 



Table 4-25. (cont.) 

(CgDg) 0.92 (dm, lH, J=12.0), 1.04-1.28 (m, 4H), 

1.40 (dm, lH, 9.9), 1.43-1.77 (m, 7H), 2.15 (bs, lH), 

2.73(bsrlH), 3.42(dddrlH1J=9.8,7.5t 6.1), 

3.57-3.66 (m, 1H) , 3.77-3.83 (m, 1H) . 

86b (CDC13) 1.1-1.95 (m, l3H), 1.98 (bs, lH) , 2.23 (bs, lH) , 
-3.50 (m, lH) , -3.70 (m, lH) , -3.80 (m, lH) . 

(cgDg) 1.04-1.77(mI13H), 1.97(bstlH), 2.25(bsllH), 

3 .SO (m, lH) , -3.60 (m, lH) , -3.70 (m, lH) . 

87a (CgDg) 0.81 (m, 1H) , 0.97-1.15 (m, 4H), 1.22-1.52 (m, 4H) , 
2.07(bsflH), 2.68(bstlH), 3.05-3.26(m 2H)t 

3.33-3.55 (m, 4H), 3.72 (m, lH) . 

87b (CgDg) 0.97-1.70 (m, 9H), 1.82 (bs, lH) , 2.18 (bs, lH), 
3.05-3.26 (m, 2H), 3.33-3.55 (m,4H), 3.78 (m, lH) . 

88a (CgDg) 1.07 (ddddd, lH, J=9.8,1.8,1.8,1.8,1.0), 

l.Og(m,lH) ,1.38-1.52(m,3H), 

1.56 (ddddd, lH, J=9.8, 1. 9, 1. 9, 1. 9, 1.9) , 
1.65(dm,J=12.1,4.8,2.5,1.2), 

1.86(ddddtlH,J=7.5,6.1,5.2,1.8), 

2.17 (bs, lH, J=4.8,4 .Of 1. 9, 1.8), 

2.5l(bs,lH,J=3.8,1.9,1.8), 

3.40 (m, 2H), 3.56 (m, 2H), , 4.65 (dl lH, J=6 

to be continued at next page 



Table 4-25.  (~0nt.l 

0.97-1.63 (m, 9H), 1.65 (bs, 1H) , 2.17 (bs, 1H) , 
3.29(ddflH,J=7.2,7.2), 

3.53(ddd1 lH,J=7.2,6.8,6.8), 

3.70 (dd, lH, J=7.2,6.8), 4.78 (s, lH) , 4.99 (st lH) . 

1.15 (dm, lH) , 1.20-1.38 (m, 3H), 1.47-1.63 (m, 3 ~ ) ,  
2.15 (dddd, lH, J=9.2,9.2,5.5,1.0) , 2.32 (bs, lH) , 
2.45 (bd,lH, J=3.5), 5.36(d,lHf J4.2) . 

0.84 (bdd, lH, J=10 .0,1.1), 1.88-1.97 (m, 2H), 

1.02 (dm, lH, J=10.0,1.8,1.8,1.8), 1.22-1.37 (m, 4H), 

1.68(bs,lH), 1.72(dddd,lH,J=9.3,7.5,6-0,1.8), 

2.03(bs,lH), 3.28(dd,lH,J=11.9,3.3) , 
3.45 (ddd,lH, J=9.3,5.5,3.3). 

0.52 (dm, lH) , 0.83-0.99 (m, 3H), 0.99-1.08 (m, 2H), 
1.24-1.42 (m, 2H), 1.96 (bs, lH) , 2.49 (bs, lH) , 
3.22 (dd, lH, J=12.2,6.3), 3.27-3.38 (m, 2H) . 



Table 4-26. M i c r o a n a l y s i s  Data  o f  85 and 89.  

8 5  Calcd.  C: 79.95, H:  9.69, N: 10.35. 

Found 79.66, 9.96 10.39. 

8 9 Calcd.  C: 77.76, H:  11.76.  

78.12, 11.70 

4-9-2. Solvent Addition Reactions Sensitized by 

Acetylacetone 

S o l u t i o n s  o f  n o r b o r n e n e  ( 2 3 5  mg, 5  X 10-I  M) and 

a c e t y l a c e t o n e  (25  mg, 5 X M) i n  v a r i o u s  s o l v e n t s  ( 5  m l  

e a c h )  were p l a c e d  i n  Pyrex  t es t  t u b e s  (100 X 13 m m ) ,  purged 

w i t h  n i t r o g e n  f o r  5  min, and t h e n  i r r a d i a t e d  w i t h  a  300 nm 

l i g h t  s o u r c e  f o r  2 . 5  h  accord ing  t o  Method 3 d e s c r i b e d  i n  4 -  

1-3.  The r e a c t i o n  s o l u t i o n s  were checked by GC immedia te ly  

a f t e r  t h e  i r r a d i a t i o n .  The major  p r o d u c t s  w e r e  i d e n t i c a l  wi th  

t h o s e  o b t a i n e d  i n  a c e t o n e - s e n s i t i z e d  s o l v e n t  a d d i t i o n  

r e a c t i o n s  (4-9-1) a s  p roved  by c o i n j e c t i o n s  and t h e i r  GC-MS 

s p e c t r a .  A s  shown by t h e  GC a n a l y s i s ,  a c e t y l a c e t o n e  was on ly  

s l i g h t l y  consumed (<  1 0 % ) .  The GC y i e l d s  o f  t h e s e  major  

p r o d u c t s ,  namely, t h e  r a t i o  o f  peak a r e a  of  t h e  p r o d u c t  ( s )  

o v e r  t h e  sum of  a l l  peak a r e a s  a p p e a r e d  on t h e  GC spec t rum 

e x c e p t  t h e  s o l v e n t  and u n r e a c t e d  r e a c t a n t s ,  were: 63.1% (85, 



i n  C H ~ C N ) ,  7 3 . 3 %  ( 8 6 a  + 86b ,  i n  THF) , 62 .1% (8% + 87b ,  i n  

l , 4 - d i o x a n e ) ,  5 8 . 6 %  ( 8 9 ,  i n  i s o p r o p a n o l ) ,  83 .8% ( 9 0 ,  i n  

CH*C12), a n d  7 7 . 9 %  ( 9 1 a  + 91b,  i n  1 , 2 - d i c h l o r o e t h a n e )  . The 

m i n o r  p r o d u c t s  a p p e a r e d  a l s o  less t h a n  15% i n  GC y i e l d ,  

h a v i n g  a  s i m i l a r  c o m p o s i t i o n  a s  t h a t  f o u n d  i n  a c e t o n e -  

s e n s i t i z e d  r e a c t i o n s  (4-9-1) t h o u g h  77 showed up  o n l y  i n  t i n y  

amount (< 3%) . 

4-9 -3 .  Q u a n t u m  Y i e l d  m e a s u r e m e n t s  of A c e t y l a c e t o n e -  

S e n s i t i z e d  S o l v e n t  A d d i t i o n  R e a c t i o n s  of N o r b o r n e n e .  

The s o l u t i o n s  f o r  t h e  quantum y i e l d  m e a s u r e m e n t s  were 

p r e p a r e d  by  w e i g h i n g  n o r b o r n e n e  ( - 9 5  m g ) ,  a c e t y l a c e t o n e  (-54 

m g ) ,  a n d  dodecane  (-8 m g ,  i n t e r n a l  s t a n d a r d  f o r  GC a n a l y s i s )  

i n t o  10  m l  v o l u m e t r i c  f l a s k s  which were t h e n  f i l l e d  up  w i t h  a  

s o l v e n t  (CH3CN, C H 2 C 1 2 ,  o r  THF) . Each s o l u t i o n  ( 4  m l )  was 

p i p e t t e d  i n t o  a  Py rex  tes t  t u b e  (100 X 1 3  mm) and  t h e n  purged  

w i t h  n i t r o g e n  f o r  5 min.  The t e s t  t u b e s  were s e a l e d  u n d e r  

n i t r o g e n  a n d  p u t  i n  a  "merry-go-round" a l o n g  w i t h  a n o t h e r  

t e s t  t u b e  c o n t a i n i n g  a  d e a e r a t e d  benzophenone -benzhydro l  

a c t i n o m e t e r  ( 4  m l )  a s  d e s c r i b e d  i n  4-3-5. These 4 t e s t  t u b e s  

w e r e  e v e n l y  p l a c e d  and  i r r a d i a t e d  w i t h  a  300 nm l i g h t  s o u r c e  

a c c o r d i n g  t o  Method 3 d e s c r i b e d  i n  4-1-3. The a c t i n o m e t e r  

was p u l l e d  o u t  i n  5 min a n d  i t s  p l a c e  was i m m e d i a t e l y  t a k e n  

by  a n o t h e r  t es t  t u b e  l o a d e d  w i t h  a  CH3CN s o l u t i o n  ( 4  m l )  of  

a c e t y l a c e t o n e  ( 5  X M) t o  k e e p  t h e  c o n s i s t e n c y  o f  
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i r r a d i a t i o n .  The p h o t o l y s a t e s  w e r e  a n a l y z e d  by  GC a f t e r  35 

min o f  i r r a d i a t i o n  by when t h e  c o n s u m p t i o n s  o f  n o r b o r n e n e  

w e r e  less t h a n  5 % .  The quantum y i e l d s  o f  t h e  a d d u c t s  were 

c a l c u l a t e d  a c c o r d i n g  t o  t h e  a b s o r b e d  l i g h t  i n t e n s i t y  (1 .205  X 

E i n s t e i n / m i n )  a n d  t h e  p e a k  area r a t i o s  t o w a r d s  t h e  

i n t e r n a l  s t a n d a r d .  The r e s u l t s  a n d  e x p e r i m e n t a l  c o n d i t i o n s  

a r e  l i s t e d  i n  T a b l e  2-18. 

4-9-4. The Photolysis of Norbornene-TCB System 

S o l u t i o n s  o f  n o r b o r n e n e  (1 X 10-I  M )  a n d  TCB (-2 X M, 

e x c e p t  i n  hexane  where -2 X M )  i n  v a r i o u s  s o l u t i o n s  ( 5  

m l  o f  hexane ,  C H 2 C 1 2 ,  THF, CH3CN, o r  b e n z e n e )  e a c h  c o n t a i n e d  

i n  a  s e a l e d  P y r e x  t e s t  t u b e  (100 X 1 3  mm) were p u r g e d  w i t h  

n i t r o g e n  f o r  5  min and  t h e n  i r r a d i a t e d  w i t h  a  200 W Hanovia 

medium p r e s s u r e  mercury  lamp f o r  4 h  a c c o r d i n g  t o  Method 2 

d e s c r i b e d  i n  2-1-3. The c o l o r  o f  r e a c t i o n  s o l u t i o n s  i n  hexane  

a n d  THF d i d  n o t  c h a n g e  upon i r r a d i a t i o n ,  w h e r e a s  t h o s e  i n  

C H 2 C 1 2 ,  CH3CN, and  benzene  had  t u r n e d  f rom l i g h t  y e l l o w  t o  

d a r k  r e d  a t  t h e  e n d  o f  r e a c t i o n .  The p h o t o l y s a t e s  were  

checked  b y  GC a n a l y s i s  which showed a  main peak (compound 93) 

a t  a  r e t e n t i o n  t i m e  ( R T )  o f  1 .97  rnin (120•‹, OV-1, 12 M )  w i t h  

a  h i g h  GC y i e l d  (70  - 90%) f o r  a l l  s o l v e n t s  e x c e p t  i n  THE. 

T h e r e  were t h r e e  minor  p e a k s  a p p e a r e d  on t h e  GC t r a c e s  a t  

l o n g e r  RT, 2 . 6 2 ,  2 . 7 2 ,  a n d  3 . 1 2  min,  r e s p e c t i v e l y .  The 

p h o t o l y s a t e s  o b t a i n e d  from CH3CN and  CH2C12 w e r e  combined and  
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evaporated giving a dark red residue. The viscous oily 

residue was taken up in haxanes (10 ml) and passed through a 

short column (neutral alumina, 80-200 mesh, Fisher, 2 cm in 

length and 1 cm in diameter) which was then washed with 

another 10 ml of hexanes. The combined eluents were 

evaporated to give a yellow oil (49 mg) which contained 93 

(-75%) and one of the three minor products (94, -15%) as 

shown by the GC analysis. The pure samples of 93 and 94 for 

NMR studies were obtained from the preparative GC described 

in 2-1-2. 93, GC-MS m/e (CI) 132 (M+, 9,37~1), 130 ( ~ + , 2 7 , ~ ~ ~ 1 ) ,  

95 (100) ; (EI) 132 (M+, 1, 37~1), 130 (M+, 4, 35~1), 95 (9), 79 (l7), 

67 (loo), 53 (28), 41 (48) ; I H  NMR (C6Dg) 8 :  

1.19(dm,lH,J=1.1,1.6,2.0,9.9Hz), 1.48(ddddd,lH,J=1.6,1.6,1.6, 

2.2,lO.lHz) , 1.54-1.68 (m, 2H), 1.72 (dddd, lH, J=1.6,4.9,8.9, 

12. OHz) , 2.03 (ddd, lH, 5=2.2,7.4,13.6Hz), 2.26 (dddd, lH, J=2 .O, 

3.0,3.9,13.6Hz), 2.29 (ddddd, lH, J=1.6,2.0,2.0,3.9,10. 1Hz) , 

2.47 (bs, lH, J=1.1,1.1,1.6,2.0,3.9Hz), 2.78 (bd, lH, J=0 . I ,  1 .l, 

1.6,l. 6,4.9Hz), 3.11 (ddd, lH, J=0.7,1.6,3 .O, 7.4Hz) . 94, GC-MS 
m/e (CI mode) 168 ( (M+, 1, 237~1), 166 ( (M+, 5,35~137~1), 164 (M+, 9,2 

%l), 131 (30), 129 (100) . IH NMR (C6Dg) 8: 0.74 (dddd, lH, 

J=2.5,4.6,9.1,12.5Hz), 0.90 (dddd, lH, J=1.6,1.6,2.6,10.7Hz), 

0.97 (ddddd, lH, J=1.6,4 .O, 4.6,12.5,12.5Hz), 1.14 (dddd, lH, J=4.2, 

4.9,12.5,12.5Hz), 1.57 (ddddd, lH, J=1.5,1.6,2.4,2.5,10.7Hz), 

1.76(dddd,1H,J=2.4,4.2,9.1t12.5Hz), 1.98(bs,lH,J=1.5,1.6,4.0, 

4.3Hz), 2 .O1 (bd, lH, J=1.6,1.6,4.9Hz), 3.57 (dd, lH, J=2.6,2.7Hz), 

4.08 (ddd, lH, J=1.6,2.7,4.3Hz) . 



4-9-5. The NMR Studies of Norbornene - TCB System 

under Irradiation 

A deaerated CD2C12 s o l u t i o n  ( 0 . 7  m l )  o f  n o r b o r n e n e  (-1 X 

10- I  M) a n d  TCB (-2 X l o q 2  M )  i n  a n  NMR t u b e  was p u t  i n t o  a n  

EM360 NMR s p e c t r o m e t e r  a n d  i r r a d i a t e d  w i t h  a l i g h t  beam 

t h r o u g h  a P y r e x  f i l t e r  b y  t h e  set u p  f o r  t h e  a t t e m p t e d  CIDNP 

s t u d i e s  (4-5-lb) . The IH s p e c t r a  were c o n s e c u t i v e l y  (1 min 

e a c h  s c a n )  r e c o r d e d  b e f o r e ,  d u r i n g ,  a n d  a f t e r  t h e  

i r r a d i a t i o n .  The s i g n a l s  o f  o l e f i n i c  a n d  b r i d g e h e a d  p r o t o n s  

o f  n o r b o r n e n e  showed u p  v i v i d l y  i n  t h e  s p e c t r u m  t a k e n  b e f o r e  

t h e  i r r a d i a t i o n  ( s p e c t r u m  A i n  F i g . 4 - 9 ) ,  t h e n  s t a r t e d  t o  

b r o a d e n  a f t e r  t h e  l i g h t  w a s  t u r n e d  on a n d  e v e n t u a l l y  l o s t  i n  

t h e  b a s e l i n e  i n  3 min ( s p e c t r a  B-D i n  F i g . 4 - 9 ) .  However, t h e y  

resumed  i m m e d i a t e l y  when t h e  l i g h t  w a s  t u r n e d  o f f  ( s p e c t r u m  E 

i n  F i g . 4 - 9 ) .  The d i s a p p e a r a n c e  a n d  r e s t o r a t i o n  o f  t h e  p r o t o n  

s i g n a l s  c o u l d  be r e p e a t e d  a g a i n  a n d  a g a i n  b y  s w i t c h i n g  t h e  

l i g h t  o n  a n d  o f f  a l t e r n a t i v e l y .  

4-9-6. ESR Studies on Norbornene - TCB System 

(a). TCB in Benzene 

A s o l u t i o n  o f  TCB ( 2 . 0  X M )  i n  b e n z e n e  ( 0 . 5  m l )  w a s  

p l a c e d  i n  a q u a r t z  ESR t u b e  ( 5  mm i n  d i a m e t e r )  a n d  d e a e r a t e d  

b y  t h r e e  f r o z e n - t h a w  c i r c l e s .  The s a m p l e  w a s  p u t  i n  t h e  

c a v i t y  o f  a V a r i a n  E-4 ESR s p e c t r o m e t e r  e q u i p p e d  w i t h  a  



A .  befere  i rrad ia t ion  bridge head 

W1 

B .  l i g h t  on 

C .  l i g h t  on 

D .  l i g h t  on 

E .  l i g h t  o f f  

,,/ldT \8hbikqd4dp 1, 
Figure 4-9.  The 'H NMR s p e c t r a  (60 MHz, C D 2 C 1 2 )  o f  

no rbo rnene  (-1 X 10'' M) i n  t h e  p r e s e n c e  o f  TCB (-2 X M) . 
The m a g n e t i c  f i l e d  was c a l i b r a t e d  by  a e x t e r n a l  TMS sample i n  

t h e  same s o l u t i o n .  The f i e l d  was found d r i f t i n g  d u r i n g  t h e  

i r r a d i a t i o n  due t o  t h e  change i n  t e m p e r a t u r e .  The s c a n  speed  

was 0 . 5  min.  



window o n  t h e  s ide  o f  t h e  c a v i t y  f r o m  w h e r e  t h e  l i g h t  was 

i n t r o d u c e d  i n .  The l i g h t  s o u r c e  w a s  a n  1000  W h i g h  p r e s s u r e  

m e r c u r y  l a m p  ( W i l d )  t h r o u g h  a P y r e x  f i l t e r .  The m a g n e t i c  

f i e l d  w a s  c a l i b r a t e d  w i t h  a s t a n d a r d  s a m p l e  ( g  = 2 . 0 0 2 6 0 )  

s u p p l i e d  b y  V a r i a n .  It w a s  c h e c k e d  t h a t  t h e r e  w a s  n o  s i g n a l  

d e t e c t e d  f r o m  t h e  s a m p l e  b e f o r e  t h e  i r r a d i a t i o n .  An ESR 

s i g n a l  a t  g = 2 . 0 0 6 1  w i t h  a peak- to -peak  w i d t h  o f  6 . 5  G was 

d e t e c t e d  when t h e  l i g h t  w a s  t u r n e d  o n  ( s p e c t r u m  A i n  F i g .  2- 

4 1 ) .  A same s a m p l e  w i t h  t i n y  amount of t e r t - n i t r o s o b u t a n e  (-1 

X l o e 6  M )  a d d e d  w a s  a l s o  examined ( F i g . 2 - 4 2 )  . 

( b ) .  N o r b o r n e n e  - TCB S y s t e m  

A s o l u t i o n  o f  n o r b o r n e n e  ( 1 . 0  X 10-I  M)  a n d  TCB ( 2 . 0  X 

M )  i n  b e n z e n e  ( 0 . 7  m l )  was d e a e r a t e d  a n d  t h e n  examined  on t h e  

ESR s p e c t r o m e t e r  a c c o r d i n g  t o  t h e  p r o c e d u r e  d e s c r i b e d  a b o v e  

(4-9-6, a ) .  A v e r y  s t r o n g  s i g n a l  a t  g  = 2 . 0 0 5 0  w i t h  n o  

h y p e r f i n e  s t r u c t u r e s  was r e c o r d e d  a f t e r  t h e  l i g h t  was t u r n e d  

o n  as  shown i n  F i g . 2 - 4 1 .  C o n s e c u t i v e  s c a n s  were a p p l i e d  i n  

o r d e r  t o  f o l l o w  t h e  g e n e r a t i o n  a n d  d e c a y  o f  t h e  s i g n a l .  To  a 

same s a m p l e  w a s  a d d e d  CF3COOH (-1 X l o v 2  M )  b y  i n j e c t i o n  

t h r o u g h  t h e  r u b b e r  s e p t u m  on t h e  t o p  o f  t h e  ESR t u b e  a n d  t h e  

ESR s p e c t r u m  w a s  t a k e n  i m m e d i a t e l y  w i t h  t h e  l i g h t  o n .  The 

a d d i t i o n  o f  a c i d  r e s u l t e d  i n  a s h a r p  d r o p  i n  i n t e n s i t y  o f  t h e  

s i g n a l  as shown i n  F i g . 2 - 4 1 .  The s p e c t r a  o f  a n o t h e r  s a m p l e  

w i t h  t e r t - n i t r o s o b u t a n e  (-1 X M )  a d d e d  were a l s o  r e c o r d e d  

( F i g . 2 - 4 2 )  . 
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APPENDICES 

A-1.  The False Quenching of DBMBF2 Excimer Emission by 

Acrylonitrile 

I t  h a s  b e e n  r e p o r t e d  t h a t  a c r y l o n i t r i l e  c o u l d  a c t  a s  a  

s p e c i f i c  q u e n c h e r  f o r  c e r t a i n  e x c i p l e x e s ,  e . g . ,  t h e  9- 

cyanophenanthrene/diethylaniline e x c i p l e x .  208 I n  an  a t t e m p t  of 

u s i n g  a c r y l o n i t r i l e  t o  quench t h e  DBMBF2 exc imer  e m i s s i o n  a t  

5 2 2  nm i n  CH3CN, w e  o b s e r v e d  t h a t  t h e  a d d i t i o n  o f  

a c r y l o n i t r i l e  d i d  c a u s e  a  d e c r e a s e  i n  t h e  e m i s s i o n  i n t e n s i t y  

a s  shown i n  F i g . A l  ( s p e c t r u m  A)  . A s  t h e  quench ing  expe r imen t  

was c o n d u c t e d  by  d i r e c t l y  i n j e c t i n g  f a i r l y  l a r g e  amounts o f  

t h e  q u e n c h e r  i n t o  t h e  f l u o r e s c e n c e  c e l l  which c o n t a i n e d  a  

CH3CN s o l u t i o n  o f  DBMBF2 ( 2  m l ,  0 .100  M ) ,  t h e  c o n c e n t r a t i o n  of  

DBMBF2 was changed upon t h e  a d d i t i o n  o f  quenche r .  C o n s i d e r i n g  

t h a t  t h e  i n t e n s i t y  o f  t h e  exc imer  e m i s s i o n  was s e n s i t i v e  t o  

t h e  c o n c e n t r a t i o n  o f  t h e  f l u o r e s c e r  i n  t h e  c o n c e n t r a t i o n  

r a n g e  where t h e  e x c i m e r  and  monomer e m i s s i o n s  c o e x i s t e d ,  we 

examined t h e  d i l u t i o n  e f f e c t  on t h e  exc imer  e m i s s i o n  a s  w e l l .  

A d j u s t i n g  t h e  DBMBF2 c o n c e n t r a t i o n  f rom 0 .100  M t o  0 .0816  M 

b y  i n j e c t i n g  t h e  b l a n k  s o l v e n t  (CH3CN) i n t o  t h e  s ample  

i n s t e a d ,  w e  f ound  t h e  d e c r e a s e  i n  t h e  e m i s s i o n  i n t e n s i t y  a t  

5 2 2  nm was j u s t  a s  much a s  t h a t  o b s e r v e d  f r o m  t h e  

a c r y l o n i t r i l e  "quench ing"  a s  shown by  F i g . A l ( s p e c t r u m  B ) .  

T h e r e f o r e ,  w e  c o n c l u d e d  t h a t  a c r y l o n i t r i l e  d i d  n o t  r e a l l y  

quench  t h e  e m i s s i o n  o f  DBMBF2 e x c i m e r .  T h i s  a l s o  a l e r t e d  u s  

t o  u s i n g  a c r y l o n i t r i l e  o r  o t h e r  s m a l l  p o l a r  m o l e c u l e  t o  



quench  t h e  e m i s s i o n  o f  a n  exc imer  o r  e x c i p l e x  e m i s s i o n  where 

h i g h  c o n c e n t r a t i o n  o f  t h e  q u e n c h e r  u s u a l l y  h a d  t o  b e  

employed. 

spec t rum A spec t rum B 

curve# [DBMBF21 [acrylonitrile] curve# [DBMBF2] [acrylonitrile] 

(M) (M) (MI (M) 
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Figure A l .  The f a l s e  q u e n c h i n g  o f  DBMBF2 exc imer  e m i s s i o n  by 

a c r y l o n i t r i l e  i n  CH3CN. h e ,  = 380  nm. S p e c t r u m  A :  
a c r y l o n i t r i l e  "quenching".  Spectrum B:  t h e  d i l u t i o n  e f f e c t .  



A-2.  The GSC of TCB and trans-Anethole 

The light yellow color of a TCB solution (6 X M) in 

CH3CN changed to dark purple upon addition of trans-anethole 

(3, M) . The absorption spectra of TCB showed a new band 
with h,,, = 541.6 nm in the presence of 3 (Fig.A2). The 

absorbance of the new band increased with increasing [3]. The 

Benesi-Hildbrand plot (2-1-2) gave perfect straight lines 

(Fig.A3), indicating the formation of a GSC (K = 0.69 M-l) of 

TCB with 3. 

curve # [ trans-anethole] (M) j 

Figure A2.  The absorption spectra of GSC of TCB and 3 in 

CH3CN at 20•‹. [TCB] = 0.006 M. 



I I I 
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l/ [ t r a n s - a n e t h o l e ]  (M-l) 

Figure A3.  The Benesi-Hildbrand plot of TCB/3 system in 

CH3CN ( [TCBI = 0.006 M) . Data were adopted from Fig.A2 at 

595.0 nm and 541.6 nm, respectively. 



A-3. The Derivation of Eq.3-3 

A c c o r d i n g  t o  Scheme 3-4 a n d  by  assuming  a quantum y i e l d  of  

u n i t y  f o r  t h e  s i n g l e t  e x c i t e d  s t a t e  DBMBF* (A* i n  t h e  scheme) , 
t h e  quantum y i e l d s  of  t h e  e x c i p l e x  ( a e x p )  a n d  t h e  e x c i m e r  

( a e x m )  can  be w r i t t e n  a s  Eq.A-1 and  Eq.A-2, 

where  [OI a n d  [ A ]  d e n o t e  t h e  c o n c e n t r a t i o n s  o f  o l e f i n  a n d  

DBMBF2, r e s p e c t i v e l y ;  a n d  t h e  r a t e  c o n s t a n t s  a r e  d e f i n e d  

a c c o r d i n g  t o  Scheme 3-4. Consequen t ly ,  t h e  quantum y i e l d  o f  

t h e  t r i p l e x  ( a t r p )  can  b e  o b t a i n e d  by Eq.A-3. 

k t r p  [ol 
@ t r p  = exm 

k t r p [ O l  + kd 

T h e r e f o r e ,  t h e  quantum y i e l d  

e x c i p l e x  (a?) c a n  b e  e x p r e s s e d  b y  Eq.A-4; 

@ex, (A-3  

o f  t h e  c y c l o a d d u c t  f rom t h e  



and t h a t  f o r  t h e  cycloadduct f r o m  t h e  t r i p l e x  (@Erp) b y  E q . A -  

( p P  = k, ' 
P t r p  @ t r p  

kp' + kd 

(A-5 

B y  d e f i n i n g  c o n s t a n t s  M and N as f o l l o w s ,  

E q . A - 4  and E q . A - 5  a re  t h e n  s i m p l i f i e d  t o  E q . A - 8  and E q . A - 9 ,  

r e s p e c t i v e l y .  

O b v i o u s l y ,  t h e  t o t a l  q u a n t u m  y i e l d  of t h e  c y c l o a d d u c t  (Op) i s  



Substituting Eq.A-8 and Eq.A-9 in to Eq.A-10, we obtain Eq.A- 

11 (Eq.3-3), 

the first derivative of which is: 

Therefore, if 

then 

whereas if 

then 



A-4.  The Derivation of Eq.3-9 

Based  on Scheme 3-13, one  c a n  d i r e c t l y  w r i t e  Eq.A-13 to A- 

15 , 

d[N"l= 
d t  k l  [A*] [N] - k-1 [N*] [A] - kdim[~*]  [N] (A-15) 

where  A, N ,  P I  a n d  D d e n o t e  a c e t y l a c e t o n e ,  n o r b o r n e n e ,  

c y c l o a d d u c t  86, a n d  d i m e r s  o f  n o r b o r n e n e ,  r e s p e c t i v e l y .  By 

a p p l y i n g  s t e a d y  s t a t e  t r e a t m e n t  t o  Eq.A-15, i . e .  l e t  

Eq.A-16 i s  o b t a i n e d .  

[N*] = 
k l  [A*] [Nl 

k-1 [A] - kdim[NI 

T h e r e f o r e ,  Eq.A-14 c a n  be r e w r i t t e n  t o  Eq.A-17 b y  

s u b s t i t u t i n g  Eq.A-16 i n t o  i t s  r i g h t  s i d e .  



Then Eq.3-9 i s  o b t a i n e d  as Eq.A-18 h e r e  by d i v i d i n g  Eq.A-13 

with  Eq.A-17. 

thank pou. 


