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Abstract- Pyridinyl diradicals of the type P;-(CH~)~-P~ 

(Py = pyridinyl. n = 2 .  3). whjch possess two pyridinyl 

monoradicals cunnccted throueh n methylene chain, exist 

usually in equilibrium with thc meso and dl cyclorncrs formed 

by intramolecular cyclization of t h e  diradical. The equili- 

brium betwecn diradical and cyclolners tcnds overwhelmingly 

toward f h c  cyclomers in thc dark and the cyclomers photo- 

dissociate to gcnrrate the diradical. This paper concentrates 

our rcccnt results on the preparation, structure, and thcrrnal 

and photochemical behaviors of the diradicals and t h c  cyclomers 

T. 1ntrodor:tion 

Since the first preparation of I-cthyl-4-methoxycarbony1pyridinyl radica1.l a 

numller of studies on pyridinyl radicals have becn ~ndcrtnken.~ "4 The ciremistry 

of pyridinyl radicals has been established through systematic studies on the 

physic~l and organic properties. i'yridinyl dirndicnis of t . h c  typc ~>-(~il~),-i~y 

(Py = 4- rne thoxyr : i1 rbony lpyr id iny l ,  n = 2-51. which possess 1:wo stable pyririinyl 

n-radicas connected throueh a methylene chain, n'cre choscn as species favorable 
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t o  i r l v e s t i g a t c  i n t r a m o l e c n l a r  s p i r i - s p i n  i n t e r a c t i o n s .  In t h e  s e r i e s  o r  t h c s c  

d d i l s  t h e  i n t r a m o l e c u l a r  s p i n  d i p o l e  i n t e r a c t i o n  of id'' ,and t h e  i r r t r a -  

m o l e c u l a r  c h a r g e  t r a n s f c r  i n t e r a c t i o n  of 2dfi were r e p o r t e d .  Howevcr, 1:he r e s u l t s  

o b t a i n e d  a t  l-hat t i m e  i n v o l v e d  somc p rob lems  m a i n l y  c a u s c d  by t h e  1 i m i t c d  ex-  

p e r i m c n t a l  t e c h n i q u e s .  A f t e r  h a v i n g  c s t n b l  i s h e d  t h e  e x i s t c n c c  o f  a n  e r iu i l  ibrirrm 

betwccn a p y r i d i n y l  r a d i c a l  and  t h c  c o v a l e n t l y  bonded d i m ~ r s ~ " ~  a n d  j ~ h o t u l y t i c  

C-C c i c a v n g c  o r  Lht  d i m e r s  of a l k y i p y r i d i n y l  r i l d i ~ i l l s . ~ . ' ~  a r e i r l v e s t i g i i t i o n  of 

t h e  p y r i d i n y l  d i r a d i c a l s  was c a r r i c d  out. by us and made c l e a r  ? .hat  t h e  i , r c s c n t  

d i r a d i c a l s  u s u a l l y  are i n  t h c  Corm o f  c y c i o m c r s .  T h i s  r c v i c w  K i l l  c o n c c n t r a t n  

the r e c e n t  on ( a )  t h e  cyc iomer  f o r m a t i o n  oC d i r a d i c a l s ,  ( b )  s t n l c -  

Lure of '  t h e  c y c l o m e r s .  (c) t hc rmat  and ~ h o t o c h c m i c n l  b e h a v i o r  o f  t h e  c y c i o m c r s .  

and s p i n - s p i n  interaction i n  t h c  d i r a d i c a l s .  The r e a c t i o n s  o f  t h e  c y c l o m e r s  a r c  

swnmarized i n  Scheme 1. 

Li .  P r e p a r a t i o n  o f  Cyclomers  

Thc cyc ion ie r s  can b c  p r e p a r e d  by two p r u c e d u r c s  as  f ' o l l o n s .  ( P - 1 )  I l cduc t ion  o r  

b i s p y r i d i n i l l m  d i b r o n i i d e s  ( 5 .  6 )  w i t h  3% sodium amalgam i n  d e g a s s e d  a c e t o n i t r i l e  

a t  0°C .  ( P - 2 )  R e d u c t i o n  of 5 o r  6 w i t h  3% sodium amalgam i n  i120-cyc lohenur~e  ( o r  

n-hennrle) i n  n i t r o g e n  a t m o s p h e r e .  The r e d u c t i o n  p r o d u c t s  by P - ,  and  P-2 were ex- 

t r a c t e d  w i t h  2-slethyltetrahydroruran (MTIIF) i n  vacuo ,  and t h e n  t h e  s o l v e n t  was 

r c p l a c e d  by CU3CX o r  CiI3CN. Care was t a k e n  i n  h a n d i i i r g  t h e  p r o d u c t s  t o  m a i n t a i n  

t h e  I:emI)craturC lower  t h a n  25°C i n  t h c  d a r k .  I n  t h e  coursc  o f  r c d n c t i o n  o f  5 and 

6 by P - I ,  e s r  s i g n a l s  o f  t h e  c a t i o n  r a d i c a l s  ( 3 b ,  3 c .  and 3dl  p roduccd  by onc 

e l e c t r o n  r e d u c t i o n  of t h e  c o r r e s p o n d i n g  d i c a t i o n s  c o u l d  be  d e t c c t . e d ,  though  t h c  

esr s i g n a l s  disappeared by f u r t h e r  r e d u c t i o n .  The f i n a l l y  o b t a i n c d  p r o d u c t s  rrom 

5 and 6 w e r e  e a c h  a mint:ure o f  t h e  meso a n d  d l  c y c l o m e r s  formed by i n t r a m o i c c u i n r  

c y c l i z n t i o n  o f  t h e  c o r r e s p o n d i n g  d i r a d i c a l .  
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a : R = H  b : R = C H 3  c : R = C ( C H ~ ) ~  

Scheme 1 



TII. Structure a n d  Propertics of thc Cyclomers 

Reduction products of 5a, 5b, and 5e by 1'-1 and P-2 wcrc usually composed of thc 

two dinmagnctic isomers (7 a n d  8) in solution. 'I'hcsc isomers wkrc idcntificd 

independently by nmr measurcmcnts as follows. When a reduction product was 

warmed in CD3CS al: R o t ,  thc 'H nmr spcctrum chnn~cd gradually, showing thcrmnl 

conversion, and finally gave only the spcctrum of one isomer 8. In  cont:rast to 

thc thermal conversion, light irradiation to a solution of 8 al: O°C cinlscd con-  

version in the revorse direction and the '14 nmr spcctrum showed the almost pure 

solution o f  7. Analysis of the spcctrn by the aid o r  'H nmr simulation with the 

first-order approximatiori and by comparing them with the spectra of 1.2-dihydr.o- 

p y r i d i n e ~ " ~ ' ~  substantiated that 7 and 8 havc a structure of' 6.7.12a.12b-tetra- 

hydro11.2-a:2'.1'-clpyrazine. This structural assignenlent corroborated by 1;hc 

13c rmr and mass spectral measurements of 7 and 8. By r e f c r c n c c  1:o 1:he lorvcr 

stahi lit? of cis cyclomer of 2d than the trans c y ~ l o m e r , ~ ~  thc uns1:able isomcr 

was assigncd to mcso(cis)-form (7) and another isomer to dl(trnns)-forol ( 8 ) .  

?'he reduction of 5d IR = COOC113) by the P-l procedure also afforded the dinmag- 

netic product, but the 'H nror spectrum of the product nus  more complicated than 

those of t h c  products from 5a. 5b. and 5c. This complexity would bc mainly 

causcd by the coexistence of meso and dl cyclomcrs and thcsc nitrogcn-intcrcon- 

verted forms. The thermal and phot:ochemical convcrsions to cithcr sidc or meso 

and dl form wcrc unsuccessful for the cyclomers of i d .  

llhe reduction products of 6a, 6b. and Gc by thc 1'-1 proccdorr werc cach a mixture 

of the mcsoI9) and dl(10) cyclomers. The mrso cyclomers thcrmnily converted into 

the dl cyclomers and. inversely, lighl: irradia1.i"" caused conversion in thr 

rcvcrse  direction. Thus, thc convcrsions of 9 and 10 wcll rcscmblcd those of 7 

and 8. l.hc structures of 9 and 10 wcrc raadily determined by '11, nmr and 

m s s  spcctral rncasurcments and by comparing them to thc spcctra of  7 and 8 t o  bc 

a skeleton of 7,8.13a,13b-tetrahydro-6H-dipyrido[1,2-i~:2',1'cldiazepin. l'hc 

thermal and photochemical conversions of 7 & 8 and 9 + 10 were completely rc- 
vcrsiblc to each other in degasscd scaled solutions. in 1:hc two possible scruc- 

turcs for meso(7. 9) and dl(8. 10) cyclomcrs, the latcr would bc morc stable con- 

formation than the f o r m e r .  The ,nost stable conformations for 1:hese cyclomcrs a r c  

depicted. 
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9 10 
It is considered that the meso and dl cyclomers form an ~quilihrium system with 

the diradical, though the equilibrium tends overwhelmingly toward the cycloniers 

in solution. The meso and dl cyclomers of 1 and 2 posscss thcrmal and photo- 

chemical sensitivities and form the diradicals by C-C bond cleavage. This 

implies that the covalent bonds between two dihydropyridine moieties of the 

cyclomers havc a character specific to these skeletons. The solutions or  these 

cyclomers cxhibit broad absorption bands in the near-ultraviolet region (300- 

570 nm). The shape of these bands well resembles that of thc covaiently bonded 

dimers of pyridinyl  radical^.^,^.^^ This band tias been assigned to a n o - n o *  

t r a n ~ i t i o n ~ , ~  by which both photochemical and thermal dissociations arc nllowcd. 

The MTSDO/3 MO calculations for 7a and 8a recently provided the following 

structural  information^:'^ I11 The energy of la is 1 . 5  kcvl mol-l highcr than 

that of 8a in ground statc. (2) T h e  bond lcngths bctwccn ClZ,-ClZb of 7a a n d  8a 

arc 0.157 and 0.156 nm, respectively, suggesting that thc thcrmal cleavage 

bctwccn C12,-C,2b bond would easily occur. ( 3 )  llOMOs f o r  7a and 8a have mainly a 

bonding character and L,IIMOs an antibonding one at 1:hc C12,-C12b bond. a n d  the 

former possesses o ncharacter and the later a a* one. Thc results imply t h a t  

the photodissociation of 7a and 8a would occur in the cxcitcd states arising from 

1:hc T I - U *  transition. 

IV. Properties of l.l'(l.2-Ethanedlyl)bis(pyridinyl) Uirildicills and thr 

Cyclomers 

A s  mentioned above. 7 thermally isomcrixes Lo 8, while the inversc conversion is 

only observed photocheniically. Thc thcrmal isomerization could bc followed by 

nmr mcasurcmcnts for the sealed solution in CU3CX. The rates of isomerizations 



of  7n, 7b. and 7c  apparently obcyed  a f i r s t - o r d c r  k i n e t i c s .  Thc c s t i m ; , t c d  

a c t i v a t i o n  e n e r g i e s  a re  22-28 k c a l  ,mol- l .  Thesc a c t i v a t i o n  e n c r g i c s  a r e  

c o m p a r a b l e  w i t h  t h o s e  o f  0 -bond  c l e a v a r c s  i n  a h i c b  f r e c  r a d i c a l s  form i n  1.hc 

t r a n s i t i o n  ~ 1 : i i t c . ~ ~  The t h e r m a l  i s u m e r i z a t i o n  would p r o c c e d  v i a  a d i r a d i c n l  

intermediate. The t r a n s i t i o n  s l : a t c  o f  i s o m c r . i z a t i o n  would h c  somewhat r e s l . r i c r c d  

s t e r e o c h e m i c a l l y  ( p r c c x p o n e n t i n i  f a c t o r s  : ~ 0 ' ~ - 1 0 ~ ~ ) .  in  c o n t r a s t  t o  t h c  I.hcrmnl 

c o n v e r s i o n  of rmeso c p c l o m c r ,  p h o t o c h c m i c n l  c o n v e r s i o n  o f  d l  cyc lomer  i n t o  rmeso 

cyc lomer  is v e r y  r a p i d  a t  room t e m p e r a l u r u .  S u c h  a f a c i l c  C-C hond c l c a v a g e  on 

l i z h t  i r r a d i a t i o n  is  c h a r a c t e r i s t i c  of p y r i d i n y l  r a d i c a l  d i ~ n o r s . ~ , ~ \ t  can lie 

mcntionet i  t h a t  t h c  a c t i v a t i o n  c n c r g y  t o  form d l  cyc lomer  f rom t h e  d i r a d i c a l  would 

t)c c o n s i d e r a t l l y  t l i r h c r  t h a n  tha l :  t o  form t h c  meso cyc lomer  i rom t h e  d i r n d i c a i .  

bccnuse t h e  f o r m a t i o n  of d l  cyc lomer  f rom t h e  d i r a d i c a l ,  which c a n  bc  g c n e r n r c d  

by p h o t o d i s s o c i a t i o n  o f  meso a n d  d l  cyclomers a t  Low t c n l p e r a t o r c ,  d i d  n o t  occut 

S c h e m a t i c  r eac t  ion  c o o r d i n a t e  i s  t e n t n t . i v c l y  d e p i c t e d  in  F i g u r e  1 

The d i r a d i c a l  g e n e r a t i o n  i s  c l e a r l y  

o b s e r v c d  by t h e  changc  i n  t h e  ah- 
7' 
4 '\ 

8' 
s o r p t i o n  s p e c t a  o h t a i n e d  a f t e r  t h e  I \ 

/ 4 
I \ 

/ 
// I 

p h o t o l y s e s  o f  7 and 8 a t  1 9 F 0 C .  1 I \\ \ / / I 
I / I 

l r r a d i a t i u n  o f  e i t h e r  s o l u t i o n  o f  \ / I 

7 o r  8 w i t h  v i s i b l e  l i g h t  s h o r t e r  
h h v l  
0 
L 
a, 

t h a n  500 nm l e d  Lo an a p p e a r n n c c  of c 
a, 

a b s o r p t i o n  hand i n  370-390 nm, which 
a flhy I 

is  assignable t o  t h e  d i r a d i c a l  1 .  ? I 

LL 
The g e n e r a t i o n  o f  t h e  d i r a d i c a l  i s  

7 

c i e a r l y  p roven  by e s r  measurement s .  meso 8 

I r r a d i a t i o n  of e i t h e r  s o l u t i o n  of 7 
dl  

01. 8 w i t h  v i s i t l l c  l i g h t  a t  1 9 6 ' C  
F i g u r e .  1  S c h e m a t i c  r e a c t i o n  

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

meso-d l  c o n v e r s i o n s .  
s i g n a l .  T h i s  cs r  s i g n a l  is  due  t o  

t h e  t r i p l c t  t r a n s i t i o n  of' a two s p i n  

System g e n e r a t e d  by p h o t o d i s s o c i a t i o n  of a c y c l o m c r .  Thr  z c r o - f i e l d  p a r a m e t e r s  

o b t a i n e d  f o r  some d i r a d i c a l s  arc l i s t c d  i n  T a b l e  1. The D v a i u e s  werc consistent 

w i t h  a s p i n - s p i n  d i p o l a r  i n t e r a c t i o n  f a r  a n  a v e r a g c  s e p a r a t i o n  of abou t  0 . 4 9  nm. 
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Table 1. Zero-field Splitting Parameters for la. lb. lc, and ,d 

In thc photolytic generation of pyridinyl 

radical pairs from the dimer, the E value 

is usually close to zero. Therefore, thc 

above E values strongly imply that two 

pyridinyl moieties of the diradical arc 

stericslly restricted by bonding to the 

ethylene bridge. From the calculations of 

dipolar splitting tensors for the various 

conformations of diradical (Figure 2 )  using 

the following equations, 

Diradical 

la 

lb 

lc 

Id 

Figure. 2 Structure of the 
diradical 1. 

ID1 /cK1 E / cm-I r / "ma 

0.0222 0.0012 0.49 

0.0210 0.0008 0.49 

0.0219 0.0016 0.49 

0.0178 0.0017 0.53 

the agreement between the calculated and observed D values were obtained with 

@ = 90-100: This angle corresponds to that of a possible structure in which 

the two pyridinyl rings slightly rotate around the central C-C bond after 

the brcakage of C12a-C12b bond of the cyclomer in solvent matrix. The esr and 

absorption spectra due to the diradicals remained unchanged for a long period 

at -196-C, indicating that the conformation of the diradical remained fixed in 

solvent cage. With a rise in temperature of the solution, the triplet esr 

signal rapidly disappeared. Light irradiation of the cyclomer solution at 

5 0 D C  did not show any esr signal, implying that the recombination of diradical 

to form the cyclomers is very rapid. In the case of I d ,  a characteristic 

a Avcragr separation of two spins estimated from the relation 



behavior was obscrvcd at low 

tcmperature below -lOUDC. Light 

irradiation o f  the corlcentrated 

solution of cyclomer ( c  > M I  

in MTiiF at -135°C exhibited thc 

esr spectrum shown in Figure 3,a. 

which has n strong central line d~uc 

to thc monoradical moiety, besides 

thc triplet spectrum. With a rise 

in tcmperature, the triplet sllectrtlm 

deformed (Figurc 3 , b )  indicating a 

changc of interspin distance causcd 

by the rcstricted emotion of the 

dirndical . Thc subsequent iowcrinp 

of  the temperature lcd t o  a signifi- 

cant increase of the signal intensitj 

due to thc monoradical (Figore 3 . ~ 1 .  

intensity of the monoradical signal 

usually incrcascd with the cyclomcr 

concentration. Such a change in the 

Figure. 3 
Tcmpcratorc dependence of thc csr  
spectrum of id generated by  photo^ 
dissociation o i  the cyclomers in 
MTllF (c = 1.2 x 1 0 - ~ 1 1 1 ) .  

a and b wcrc r e c o r d e d  at 13S°C 
and -100T. respcctivciy with 
continuous irradiation. c was 
recorded artcr the solution of b 
was cooled down to 1 4 S T  in thc 
dark. 

csr  Spectrum may be interpreted as arising from the association of the diradical, 

as shown in Figure 4. Thc associated species should show a n  esr  spectrum rcscm- 

bling that of thc monoradical. 

Figure. 4 Association of pyridinyl rinps 

Dirudical association was parallel with a n  appearance of the absorption band at 

600 mm as well as blue color of the solution. The 600-nm band is assigned to 

the charge transfer transition characteristic of the intermolecular association 

of two pyridinyl  ring^.^^.^^ Howevcr, intermolecular bond formation o f  the 



HETEROCYCLES, Vol 30, No 2, 1990 

dirndicnl is denicd, because a typical Lriplet esr spcctrum appeared by short 

irradiation of Lhe cyclomcr solution at 19F0C. 

V .  1.1'-(1.3-Propancdiyl)bis(pyridinyl) Diradicals and thc Cyclomers 

Thr thermal and photochcmical conversions 
a 1 

of 9 and 10 fairly resemble those of 7 and 

8. Activation parameters for the thcrmal 

isomerization of meso cyciomers (activation 
c:i 

energi r s  = 1.4-20 kcal mol-I, preexponcn- . . 

tiai factors = 106-109) are smaller than 

thosc or the isumerization of 7. The 

difrerence of activation cnergies may be 

ascribcd to the larger strain energies of 

the present mcso cyclom~rs, becausc they 
100 G 
H 

have a seven-mcmbered ring containing a 

trimcthylene bridgc. in general, the ilcti- 

vation energy decreases with an increase in 

strain ~ n e r g y . ~ ~  Further, the less prr- 

exponential factors suggest that the pyridi- 

nyl rings bonded by a trimethylenc bridge 

would be moro restricted stereochcmically in 

thc transition state as compared to the 

isomerization of 7. Diiference oi the 

conformational mobility of 2 from that of 1 

appeared in the triplet esr spectum of 2. 

Trradiation of cither solution of 9a or 10a 

with visible I ight exhibited the spectrum 

of Figure 5.a. The signal intensity 

Figure. 5 
Triplct E S T  Spectra of 
2a in MTHF glass. 
a, b ,  c were  recordcd 
after 0.5, 10 ,  and 40 min 
light irradiations, 
respectivciy. d was 
recorded after n risc in 
temperature to -I4So<:. 

increased with the time of irradiation, being 

accompanied by a change of the spcctral shape 

into those of Figurcs 5.b and 5 , c .  These spectra are certainly due to the 

triplet transitions of two spin system of Za, and would be interpreted as arising 

from two triplet components. T(1) and T(2), both of which are stabilized in glassy 

matrix. A similar spectrum and change were observed for 2b. For Zc, triplet csr 

spectrum which was consistent with only one component, was observcd 



Table 2. Zero-field Splitting Parameters for 2a. Zb. 2c and 2d 

a Average separation of two spins estimntcd from the relation 

The zcro-field parameters for the triplet spcctra a r e  listed in Tablc 2. 

 he T(1) spectra of 2a and 2b appeared strongly in thc early stage of irradi- 

ation, and thc spectral intensity of the Ti21 component increased with the 

irradiation time. Upon warming t o  -14S°C, only the T(2) spcctrurn remained 

(Figure 5.d). The triplet csr spectrum of 2c was no 1.onger observed at 145'C. 

implying the lcss stability of 2c than 2a and 2b. The E valucs for the obscrved 

triplet s p e c i e s  are close to zero, indicating that the structures of the prcscnt 

diradicals are conformationally flexiblc compared with those o r  la-ld. Chnngc in 

the separation (Table 21 from metastable T(1) to stabic T(2l is attributable to 

conformational stabilization in the solvent matrix at low tcmperiitore, since the 

change occurred in thc dark at 196'C. 

The 4.4'-(dimcthoxycarbonyl) derivative (Zd) exists as the cyclomcrs under 

Usual conditions, as reported by Hermolin and ~ o s o w e r . ~ ~  The triplct esr signal 

of 2d remained unchanged for a long pcriod at 19F0C. With thc rise in tempera- 

ture to -lSODC, the signal gradually decreased accompanied by the color changc 

from colorless to a blue solution. This blue color with thc absorption at 600 

nm is characteristic of the intermolecular association of two pyridinyl rings as 

observed for thc association of id. 

We can expect the generation of similar diradicals by photodissociation from the 

corresponding cyclomers. As a preliminary examination, reduction of methylene- 

bis(pyridinium) dibromides with 3% sodium amalgam in H20/n-hexane at - 1 O 0 C  

yielded the cyclomersil21. This product was o n l y  sLable at temperature Lower 

than 0%. 1.ight irradiation of the solution of 12 at 1 9 6 %  exhibited the 
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absorption of 11 (hma,=360 nm), but showcd no esr signal. The diradical produced 

by photodissociation of 11 would be singlet spccics, because thcre will be a 

strong spin exchange between the two pyridinyl rings through the methylcnc group. 

R = C H3 , C(CH3)3 
VT. Conclusion 

The present paper concentrates our recent results on the chemistry of 1.1'- 

(1.2-ethanediyl)bis(pyridinyl) (1) and 1.1'-(1.3-propunediyl)bis(pyridinyl) 

diradicals(2). Radical-radical interaction between two pyridinyl radical 

moieties connected through t w o  to five-methylene chains has been a subject of 

investigation since 1967.5'fi'27.28 However, rcccnt studies with careful 

handling of pyridinyl radicals revealed the facile cyclomer formation for 1 and 

2.''"14 Rasing upon the results obtaincd so far, we concludc as follows: (1) 

Pyridinyl djradicals of the type P;-(cH~),-F~ (n = 2.3) arc convcrtnd to 

cyclomers of meso and dl forms under ambient conditions. (2) The meso and dl 

cyclomers are convertible to each other through thc diradical intermediate. ( 3 )  

Radical-radical interactions can occur intermolecularly, as observed for 3d and 

2d in solution at low tcmperature. The results presented hcrc first established 

the basic chemistry of the P>-(cH~),-P~ diradicals. Further cxtcnsion of the 

chemistry of pyridinyl diradicals Is promised. 
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