
HETEROCYCLES, Yo1 24, No 9, 1986 

THE ELECTROPHTLTC SUBSTITUTION OF HETEROAROMATIC COMPOUNDS. PART 53.' THE 

EXPERIMENTAL ORIENTATION IN THE ELECTROPHILTC SUBSTITUTION OF 1-PHENYLPYRIDINIUM 

CATIONS, AND A THEORETICAL TREATMENT OF ELECTROPHILIC SUBSTITUTION ORIENTATIONS 

IN N-PHENYLHETEROCYCLES 

Alan R. Katritzky.  assa an M. hid-allah, ~vdson ~uce,and Mari ltarelson 

Department of Chemistry, university of Florida, Geinssville, Florida 32611, 

U.S.A. 

George P. Ford 

Oeparrment of Chemistry, muthern Methodist University,Dallas, Texas 75275. 

U.S.A. 

matract- m it ration, svlfonarion and bromination of the title compound occur in - 
the mara position of the 1-phenyl group. This meta substitution, and the para 

substitution previously observed for other N-phenylheterocycles, cannot he 

explained by static reactivity indices. "orever ,  a HNOO analysis, raking account 

of the near degeneracy of the two top  HOMO,^, and using experimentally probable 

interannular anglee, allows rationalization of the orientations observed. 

vorlaender has that the 1-phenylpyridinium cation (11 undergoes nitration at the et. 

position of the phenyl substituent.  he reported orientation is sanewhat surprising, as K 

phenyl groups attached to five-membered rings fend to be nitrated in the position, even when 

reaction takes place an a cation (cf. pyrazoles 1,3 3-pyra~olonss.~ 5-pyra~olones.~ isidazoles 

661. mthermore, the indo~enium cation (11 undergoes nitration exclusively para to the positive - 
pole to yield i.7 mreover, while the nitration of 1-phenyl-4-pyridone lcf. 91 is reported to 

occur in the para p o ~ i t i o n . ~  1-phenyl-5-methyl-2-pyridone (cf. 101 1% nitrated in the a 
posit ion.8 OH 



/ Table I. 13c NXF? Chemical Shifts of 1-Phenylpyridinium Tetrafluoroborate Derivatives. I 
pyridinim ring phenyl ring 

compd. C-2 C-3 C-4 C-1 C-2 C-3 C-4 C-5 C- 6 

4 144.8 128.2 146.6 - 141.8 124.7 124.1 127.8 130.2 131.3 

d Solutions in Dnso-& except 2 in OMS&& + TPA. b Peaks overlap. 

There appears to be no previovs record of other electrophilic substitution reaotions of the 1- 

phenylpyridinium cation 111. Because Of these facts we have reinveetigatsd the nitration and 

studied some further typical electrophilic substitutions. we find that compound 111 indeed 

undergoes nitration (fuming HN03, d. 1.5. 85 OCI, sulfonafion (30 \ aleun. 118 OCI, and bromination 

(Br2, 150 OC), to give in each case the corresponding msfa svbetifvfsd darivafive 12). 131, and Is 
in 60. 46, and 45% isolated yield, respectively.   he canpounds were isolated as the 

tetrafluoroborate salts. Examination of the crvde reaction products by TLC and by 13c m gave no 

evidence for the formation ~f any -- or para-substituted derivatives.   he orientation of the 

products was proven by 13c Nnn (Table 1 1  which ahore clearly the asymmetrical nature of the 

substitution in the phenyl ring. 

Calculations: calcvlatione were carried out on compavnde 1, 2, and 7-10 using the published M W W  

formalimo and parameterizationl1 uith standard program  package^.^^^^. The geometry of compound 5 

raa  completely optimized. I" other cases the optimization was limited to the interannular 

distances and angles with the remaining geonetrical variablee fixed at the NNW values for the 

correeponding mononuclear species. 

me coefficients of the highest ~ccupied molecular orbital (~01401 and the prtial atomic charges at 

tha m s t a  and pera positions are summarized in  able 2. m t h  aete of simple reaotivity indicsa 

suggest'2"3 that electrophilic eubstitution should occvr predominantly a t  the meta position in 

a11 compounds. This, however, is in contradiction uith experiment for all but the l-phenyl- 

pyridinium cation (I). Unfortunately, there are at lsaer two difficulties associated with this 

approach.  he HNW calculations lead to energy minima which, a p r t  from the rigid indolanium ion 

121. correspond to interannurar angles (alpha) near 90'. ~t seems highly likely that this is an 

artifact of the w e n  knovn tendency of the method to overestimate non-bcnded rep~leione.11.'~ 



HETEROCYCLES, Vol 24, No. 9, 1986 

m u s ,  f o r  biphenyl the MNDO minimum ensrgy also corresponds t o  a lpha c l o s s  to 90°, whereas t h e  

value of t h i s  angle  is 2 2 . ~ ~ 3 . 5 ' . ~ ~  =he second problem is a s s o c i a t e d  with the neg lec t  

of the deeper  ly ing  molacular o r b i t a l s  i m p l i c i t  i n  any t reatment  based only on HOnO p r o p e r t i e s .  It 

was pointed ou t  same time ego1'  t h a t  d i f f i c u l t i e s  a r i a a  i n  t h e  PMO a n a l y s i e  of t h e  n v c l e o p h i l i c i t y  

of d i f f e r e n t  s i t e s  i n  s u b s t i r u t e d  benzenes vhers  the higheat  occupied molecules o r b i t a l 8  are c loee  

i n  energy. 

=able  2. Reac t iv i ty  ~ n d i c e s  obtained from MNOO c a ~ c u l a t i o n s  

Compd. ~ h e n y l  Ring caHOHO d e l t a C b  

Pos i t ion  

0.477 -0.033 

0.002 -0.004 

-0.553 -0.029 - 
-0.278 -0.003 

m- 0.475 -0.041 m- 

P- -0.001 P- 

%he canonical  HOMO c o e f f i c i e n t  of t h e  pZ-" a t  the p a r t i c u l a r  s i t e  in  the s u b s t r a t e  of 

e l e c r r o p h i l i c  a d d i t i o n  r e a c t i o n .  b ~ h a  p a r r i a l  charge at the  s i t e  in  the r e a c t i o n  

s u b s t r a t e .  

~ h l s  i s  a l s o  t h e  case for compounds 1, and 7-10 where t h e  e n e r g i e s  of the two hlghes t  ly ing  

molecular o b i t a l e  d i f f e r  by l e s s  than 0.2 e v  f o r  a u  in t e rannu la r  angles .  I" these s i t u a t i o n s  the 

following expression f o r  t h e  r e a c t i v i t y  index a t  atom X: 

has been propoeed,16 where CHOMO and CRmO-l are the c o e f f i c i e n t s  of rhs  h ighee t  and next  highest  

occupied molecular o r b i t a l s  at atom X and Delta E i e  the energy d i f f e r e n c e  between the  two 

o r b i t a l e .  D i s  a nlnnerical cons tan t  and it vsa se t ima ted12*17  t h a t  D - 3 f o r  n i t r a t i o n .  

=able  3. ~ s l a t i v e  Energies  and Reac t iv i ty  Ind ices  f o r  

D i f f e r e n t  confoxmarions of  compound 1. 
alphaoa E m l t a  E f~ f. Delta E~~ 

~kca l /mol l  (koal/moll l ev )  

%he angle  between t h e  two r i n g  p lanes .  b ~ h e  energy d i f f e r e n c e  of  two HOMO-8. 

- 2 5 4 7 -  



Table 4 - Relative ~ n e r ~ i e s  and Reactivity 

for Different conformations of Canpound 2. 

alphaa E Delta E fP fm Delta 

Idegl (kca~/mo~l lkcal/moll lev) 

a 4  cf. the corresponding footnotes at '?able 3. 

Calculated values of fm and fp for various interannular anglee in compounds 1, 5. 2, 9, and 2 are 

s h o w  in =able$ 3-7. We have also included the relative energiea for each value of alpha. 

However, it should be pointed out that since the geometries were not cwpletely optimized, these 

d a m  exaggerate the energetic difference between the planar (alpha oO1 and perpendicular (alpha 

90°1 forms. since the incorrect treament of the interannular angle is associated with 

deficiencies in the MNW formalism for the internuclear repulsion function,14 reactivity indices 

baaed on the electronic wavefunction should be reliable. ~ h u s ,  at angles near 20-25' the 

reactivity of compounds~, A,?,  a n d 2  ie in each case predicted to be higher at the para 

Figurs 1. The relative snergiee and reactivity indicea fp and fm for the compaunds (11 and (3) as 

the function of interennvlar angle, alpha. 
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position. For compound 1, the meta position should be more reactive for all angles lcf pig. 1). 

Theee conclusione now correepond with the experimental obsarvations. For crapovnd 1, in which the 

rings ere constrained to be coplanar, the para position is also predicted to be more reactive 

l€p-0.3581 fm-0.302) in agreement with experiment ~ u t  not with predictions based ~olely on the xano 

coefficients. 

~elative mergies and Reactivity 

~ndices fx for mfferent conformatione of the Cmpound 2 
alphad Delta E 

f~ 

Em Delta E~ 

ldeg) lkcsl/moll lkcal/moll lev) 

a-b cf. the corresponding footnotes at Tabla 3. 

Table 6 - Relative Energies and Reactivity Indices fX 

tor Different contormations of compound 5 
alphaa E Delta E 

f~ fm 
Bit. E~ 

IN-C bl. AO) lkcal/oolI lkcal/mol) lev) 

a-bcf. the corresponding footnotes at m b l e  3. 



I Table 7 - Relative Energies .nd neac t iv i ty  lndioea fx -1 

alpha' 

IN-c bl .  A") 

f o r  o i f re renr  conformations of compound 9. 
E Delta E f~ f. Delta E~ 

lkcal/moll 1 kcal/mol) IsVI 

a-bcf. the corresponding foornofes at Table 3. 

M a l te rna t ive ,  but f a r  more conpursrionany intensive approach to the same problem involves 

ca lcu la t ion  of the r e l a t i ve  energies of the meland intermediates d i rec t ly .  This avoids the 

inherent in  the use of reaction indices,  but i s  still subject  ro the problems 

associated with the correct treatment of the interannular  angles. These calcvlafione vere car r ied  

our for  the protonation of compounds~.  1, and 9 (=able 8 ) .  &gain the perpendicular conformations 

[alpha - go0) of protonated 1 and 9 ware calcvlated to be energy minima. nere the calculat ions 

r e r e  l imited to the planar and perpendicular conformations. However, a l l  geme t r i e s  Were  

completely optimized subject only to the inhelent  symmetry constraints .  mr the planer compound, 

7 ,  the most reactive s i r e  was again predicted t o  he para t o  the nitrogen pole (lowest DELTA H E ) .  - 
1x1 the prpendicular  conformations, the preferred s i t e s  of attack of 1 and 9 vere t h e  metn, and in 

the planar conformatione, the para posit ions.  "owever, for 1 the latter difference r a e  ra ther  

~ i g u r e  2. Correlation of the three highest lyin 

pi  Orbitale in  the planar and perpendicular 
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~ i v e n  the c l e a r  importance of the interannular  ang le ,  and the <ole of borh highest  ly ing  o r b i t a l e ,  

it is of i n t e r e s t  to examine f u r t h e t .  The forms of the three highest  lying p i  o r b i t a l s  i n  the 

planar  and p r p a n d i c u l a r  conformations of are shorn i n  ~ i g .  2. rn the former the HOMO ( p i  6) is 

symmetric v i t h  its l a r g e s t  c o e f f i c i e n t  a t  the pare-posi t ion of the phenyl r i n g ,  while the (HOMO 

- 1 1  ( p i  51 i s  a n t i s m e t r i c  d f h  a zero c o e f f i c i e n t  a t  the para-position. m the in te rannula r  

r ing  angle increasee,  two e f f e c t s  are evident. F i r s t l y ,  the antibonding in te rac t ion  between the 

t w o  r i n g s  in P i  6 i s  el iminated,  r e s u l t i n g  i n  a mare t i g h t l y  bovnd o r b i t a l  in  the perpendicular 

confornation. Secondly, charge de loca l iza t ion  between the r i n g s  is reduced ns the in te rannula r  

angle increaeen. ~ h u s ,  the energies of o r b i t a l s  concentrated on the phenyl r ing in the planar  form 

are ra i sed  ( P i  51. while those concentrated on the charged r i n g  are lowered ( p i  4).  he overa l l  

result is there fore  an inversion of the two highest  p i  o r b i t a l s  and a corresponding reduction in 

the f a v o r a b i l i t y  of para- r e l a t i v e  to mefa-attack. The grea te r  preference for  para-at tack 

predicted i n  the planar  geometry of 2 r e l a t i v e  t o  the present  case follows from the p r e f e r e n t i a l  

r a i s i n g  of the energy of the symmetric ( P i  61, r e l a t i v e  t o  the antisymmetric ( P i  51, o r b i t a l  by the 

OH group i n  the 4-position of the hsteroaromatic r ing.  

EXPERIMENTAL 

NI~R spec t ra  were recorded r i t h  a varian EM 360L spertrometer  or an a Nicoler  NT-300 

spectrcmeter ,  operat ing a t  a f i e l d  of 7 T e s l a  using ne4si  as a standard. 1 %  NNR spec t ra  were 

recorded with a JEOL JNH - PX 100 Fourier  transform N m  spectrometer. Melting po in t s  were recorded 

an n m f l e r  hot-stage a p p a r a t w  and are uncorrected. 1 - ~ h e n y l w r i d i n i m  te t ra f luorobora te  was 

Prepared w i n g  a l i t e r a t u r e  method, mp 178 OC; [ l i t .  mp 178 o ~ ~ . 1 8  

1-13-NitrophenylIpyridinim Tetrafluoroborafe (21.- I-Phenylpyridinim te t ra f luorobora te  10.5 g ,  2 

mmo11 was ref luxed v i t h  fuming n i t r i c  acid 12 ol, d. 1.51 f o r  8 h. me react ion mixture was then 

cooled and t rea ted  with s fher  t o  give white c r y e t a l e .  (0.36 9 .  61%) which are f i l t e r e d  and 

r e c r y s t a l l i z e d  from methanol as prisms. mp 170 Oc; 'H nmr I lcD3~2sOl d e l t a :  8.03 ( i n .  t, J - 4 H z ,  

5-Cgl, 8.34 ( 3  H, m, beta-Cg + 6-CHI, 8.57 (lH, d .  2 - 4 Hz, 4-CHI, 8.86 (2H, o, gamma-Cz+ 2-CHI, 

9.39 (2H, d . 2  - 3 Hz, alpha-CHI. s. Calcd. f o r  CIlH9BP4N2O2: C 45.84, 11 3.14, N 9.71. 

mund: C 45.88, H 3.03, N 9.78. - 

1-(3-Sulphoniophenyll~yridinium Terrafluoroborate 131.- 1 -~henylwr id in ium te f ra f luorobora te  (0.5 

g .  2 m o l ~  was heated v i t h  30% oleum 13 m l )  a t  118 OC f o r  16 h.  he react ion mixture was then 

cooled and t rea ted  r i t h  e t h e r ,  the s t i c k y  mate r ia l  which separated out was t r ea ted  with methanol t o  

give white p l a t e s  of 121 (0.31 9 ,  46.1, mp 350 OC; nor IlCD312SOl d e l t a :  8.08-8.68 15 H ,  n, Ar + 

gamma-CZ), 8.95 12 H, t, J - 4 HZ, beta-c*, 9.5 ( 2  H ,  d ,  J - 3 HZ, alpha-CHI. ( s a t i e f a c t o r y  

ana lys i s  was not obtained due t o  l o s s  of compound during a n n y e i s . 1  



1-(3-~romophenyllpyridinii Terraflvorolmrate ( 4 ) .  - I -~heny lpyr id in ium t e t r a f l v o r o b o r a t e  (0.5 g ,  2 

mmol) heated r i t h  b r m i n e  (0.35 g, 2.2 m o l l  i n  a sea led  tube a t  150 OC for 24 h. The r e a c t i o n  

mixture  was then t r e a t e d  r i t h  chloroform to g i v e  white  s o l i d  bromo d e r i v a t i v e  (5) I 0.30 g ,  44.7 %I 

vhioh c r y s t a l l i r e d  ~ r m  methanol ae needlea,  mp 108'~: ' H  nmr IlCD3L2S0] d e l t a :  7.7-8.15 ( 4  H ,  rn, 

h r l ,  8.30 ( 3  H, t ,  J - 4 He, gamma-CH), 8.68 L3H, t, J - 4 H z ,  beta-CHI, 9.20 I2 H, d ,  J = 3 Hz, 

alpha-CH); e. Calcd. for CllH9BBrF4N: C 41.04, H 2.82; N 4.35. Pound: C 40.70, H 2.70, N 

4.20. 
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