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The poss ib i l i t i e s  of modern  quan tum-chemica l  methods fo r  the invest igat ion of the e lec t ronic  
s t r u c t u r e s  and reac t iv i t i e s  of f i v e - m e m b e r e d  h e t e r o a r o m a t i c  compounds a re  examined.  

The c r i t e r i a  that  have long been at the disposal  of c h e m i s t r y  a re  p resen t ly  inadequate for  the explanation 
and, especia l ly ,  the predic t ion  of the ehemica l  behavior  o fhe te rocyc l i c  compounds.  Fo r  this r ea son  the number  
of quan tum-chemica l  s tudies whose final a im is the c reac t ion  of a b roade r  theore t ica l  bas is  for  organic chem-  
i s t r y  is p resen t ly  growing at an inc reas ing  ra te .  

The t a sk  that we set  for  our se lves  in the compilat ion of the p resen t  review was to make it poss ib le  for  
the organic  c h e m i s t - r e a d e r  to evaluate  the a r sena l  of means  and poss ib i l i t ies  now at the disposal  of quantum 
c h e m i s t r y .  As objects  for  this examina t ion  we se lec ted  re la t ive ly  s imple  a roma t i c  s y s t e m s  - furan,  pyr ro le ,  
and thiophene - which f o r m  a single " t r iad"  of s im i l a r  and, in addition, different in s eve ra l  r e spec t s  f ive-  
m e m b e r e d  he t e rocyc l e s .  It s e e m e d  expedient to us to d iscuss  p r e c i s e l y  those a roma t i c  sy s t ems  that  have a 
definite wel l -known sum of chemica l  p r o p e r t i e s .  

The p r e sen t  review is devoted to quan tum-chemica l  calculat ions p e r f o r m e d  p r i m a r i l y  a f t e r  1968: i .e. ,  
a f t e r  both s e m i e m p i r i c a l  methods,  which take into account all  of the va lence  e lec t rons ,  and nonempir ica l  me th -  
ods, which take into account all of the e lec t rons  of the sys t em,  began to be widely used. The application of 
these  methods to calculat ions of  typical  ~r-e lect ron sy s t ems  such as he t e roa romat i c  molecules  was just i f ied 
p r i m a r i l y  by the fact  that  in calculat ions within the 7r - e l e c t r o n  approximat ion  the re  is cons iderable  a r b i t r a r i -  
ness  in the se lec t ion of the computat ional  p a r a m e t e r s ,  and this leads to ambigui ty  in the resu l t s .  

The review cons is t s  of two p a r t s .  The f i r s t  par t  is  devoted to the calculat ion of the physical  p rope r t i e s  
of h e t e r o a r o m a t i c  molecu les  and to the applicat ion of the methods of quantum c h e m i s t r y  fo r  the in te rpre ta t ion  
of the s p e c t r a  (photoelectronic,  UV, NMR, and ESR) of these  sy s t ems .  A b r i e f  descr ip t ion  of the quantum- 
chemica l  methods of calculat ion is given at the beginning of this pa r t .  The second pa r t  is  devoted to the s t r ic t ly  
chemica l  p rope r t i e s  of f i v e - m e m b e r e d  h e t e r o a r o m a t i c  molecules ;  i .e . ,  to the i r  r eac t iv i t i e s .  

The p rob lems  of the a romat i c  c h a r a c t e r  of f i v e - m e m b e r e d  he te rocyc les  a re  not d i scussed  in the rev iew,  
s ince the recen t ly  published l a rge  review of Cook, Katr i tzky,  and Linda [1] was devoted to this topic.  

C a l c u l a t i o n  o f  t h e  E l e c t r o n i c  S t r u c t u r e s  a n d  P h y s i c a l  P r o p e r t i e s  

o f  F i v e - M e m b e r e d  H e t e r o a r o m a t i c  M o l e c u l e s  

Quantum-Chemica l  Methods of Calculation.  Se l f -cons is tent - f ie ld  (SCF) methods within the MO LCAO 
approximat ion  developed by Har t r ee ,  Foek, and Roothaan [5-7] have found wide appl icat ion in the calculat ions 
of mo lecu l a r  s y s t e m s .  However,  the i r  applicat ion even in the LCAO f o r m  is fraught with a number  of com-  
putational diff icult ies .  The p rob lems  in the calculat ion of mul t i cen te r  i ~ e g r a l s  that a r i s e  when Slater  type 
orbi ta ls  (STO) 

X~lm sT~ =[(2n)l] -I'2- (2~),,+12.r.-i. exp ( -~ r )  -Yt.,(O, ~)~ 
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a re  used in mo lecu la r  calculat ions a re  ove rcome  by means  of approximat ion of the STO by a set  of Gauss ian  
type functions (GTO) [8-10]: 

X,,~,~TO =2n+X[(2n - 1)!!]-I/-~. (2a) -,,4. ~z(2,~+U/4.rn-1. exp (--ar2) �9 Y~,~ (,0, ~). 

However,  s ince the STO r a t he r  than the GTO are  the solutions of the cent ra l  f ield problem,  many  m o r e  
GTO a r e  n e c e s s a r y  for  an adequate r ep resen ta t ion  of the p rob lem.  The radia l  H a r t r e e - F o c k  (HF) functions 
when r--r behave like exp ( -~ r ) ,  and a min imum of two GTO are  the re fo re  n e c e s s a r y  to desc r ibe  the solution 
in this  region [11]. The expansion of the HF AO with respec t  to the GTO, which leads to energies  close to the 
HF limit,  contains 15-16 t e r m s  for  a toms of the second per iod [12]. Calculation, within this bas i s ,  of r a the r  
l a rge  molecules  is e x t r e m e l y  t ime  consuming and labor ious ,  s ince it r equ i res  calculat ion of an enormous  num- 
ber  of i n t eg ra l s .  The development of s impl i f ied  nonempir ica l  and numerous  s e m i e m p i r i e a l  MO LCAO me th -  
ods for  the examinat ion of the behav ior  of the e lec t ron  in mo lecu la r  sy s t ems  is t he re fo re  comple te ly  natural .  
The s impl i f ied nonempir ica l  methods a re  cha rac t e r i zed  by the fact  that a l imited expansion of the STO with 
r e spec t  to the GTO is used for  the calculat ion.  The STO-3G method* is the mos t  well-known var ian t  of this 
approach [13-15]. 

Let  us examine the pr incipal  approximat ions  that reduce  the SCF MO LCAO of the Ruothaan equation [7] 

Z F~,,c,,~= Z S~c~e~ (1) 
,r %, 

to equations of one or  another  s e m i e m p i r i c a l  method.  In equation (1)  

F~,. = H~,. + G~,,. (2) 

is  the Fockian ma t r i x  e lement  

Z vA(r  (3, 
A 

*Here  and subsequently,  we  will use the abbrev ia ted  names  of the computat ional  methods genera l ly  adopted in 
the  l i t e r a t u r e .  The expansions of these  names  can be found in the or iginal  communicat ions ,  the ci tat ions to 
which a r e  given in the review.  



TABLE 2. Range of Application of Methods of the CNDO and INDO 
Type  

C N D O / B W 2 9 ,  C N D O  S ao, I N D O  S P  24 CNDO/227 '28 '  I N D O 2 1  M I N D O / I ( 2 , 3 ) 2 0 , 4 1 , 4 2  

Charge distributions, dipole mo- 
ments, spin-density distributions, 
and magnetic properties 

Heats of formation, 
geometries, and 
force constants I V spectra and ion- 

ization potentials 

TABLE 3. L i t e r a t u r e  Sources  Contain- 
ing Quan tum-Chemica l  Calculat ions of 
F i v e - M e m b e r e d  Aromat ic  Here to -  
cycles  

Compound 
Method 

pyrrole I furan I thiophene 

HMO 
PPP 
EHT 
CNDO 
ab inilio 

43--54 47, 54, 88, 84 47, 54, 90-98  
55--60 50, 59, 51, 63, 86 58, 6I, 85, g9--1O5 

84-68  65, 67 106, 107 
68--73 69, 7I,  72, 74, 75, 86--88 87, 108--110 

68, 77--82 80, 82, 59 82, 111--115 

t akes  into account the in te rac t ion  of the e lec t rons  with the nuclei, 

G ~ , . = . ~  P~~ [<~v /~ . a> - I  <~to/v~> ] 
%'ff 

is  the in t e re l ec t ron  interact ion,  

(4) 

<gtv/>,c~>= ~ ~q~(1)%,(1)r-~2~>,(2)~d2)cl'tld'r2 (5) 

is the in tegra l  of in terac t ion  between the AO, and 

OCC 

P>.~=2~ -~, c~.cio (6) 
i 

is  the densi ty ma t r i x  e lement .  

The pr inc ipa l  approximat ion,  which is p rac t ica l ly  common to all of the s e m i e m p i r i e a i  methods,  is ap-  
proximat ion  of the Hp. v m a t r i x  e lements  by seve ra l  empi r i ca l  va lues .  The remain ing  approximat ions  per ta in  
to approximat ion  of ~he in tegra ls ,  neglect  of some or  other  in tegra ls ,  etc.  In this case ,  all  of the s e m i e m p i r i c a l  
approaches  can be divided into two la rge  subgroups .  The f i r s t  subgroup includes methods with allowance for  
over lap  in which a s y s t e m  of equations of the (1) type is solved.  The second subgroup includes the so -ea i l ed  
methods  of ze ro  different ia l  over lap,  in which it is a s sumed  that S#v = f ~ ( 1 ) ( P v  (1)dT =0 when ~ ~ v ,  i .e. ,  
Spv = 6 p v �9 An e x e m p l a r y  scheme of var ious  s e m i e m p i r i c a l  methods d iscussed  in the l i t e r a t u r e  is p resen ted  
in Table  1. 

When the 7r-e lect ron approximat ion  is used (the cr e lec t rons  and the inner e lec t rons  a r e  cons idered  to be 
a nonpolar izable  f ramework},  the scheme  presen ted  in Table  1 s impl i f ies  to the se r i e s  ab i n i t i o ~  P P P  [36, 37] 
(CNDO analog}---c0 -HMO [38]--* HMO [39] (s imple  Hh'ckel method}. The advantages  and disadvantages  of the 
var ious  approaches  have been examined in quite some detail  and quite graphical ly  by Clark  [40]. We note only 
two pecu l ia r i t i es  of the s e m i e m p i r i c a l  computat ional  methods that a re  fundamental ,  in our opinion, for  the sub- 
sequent exposit ion.  The f i r s t  is the imposs ib i l i ty  of the c o r r e c t  descr ip t ion  of all  or  a sufficiently extensive 
set  of physical  p rope r t i e s  of a molecule  within the f r a m e w o r k  of one s e m i e m p i r i c a l  method.  A consequence 
of this  was the development  of different  va r ian t s ,  pa r t i cu la r ly  of methods of the CNDO or INDO type.  The 
range of the i r  applicat ion is p resen ted  in Table  2. 

The second pecul iar i ty  pe r ta ins  m o r e  to s e m i e m p i r i c a l  than to empi r i ca l  approaches  (EHT, HMO, and 
pa r t i cu l a r l y  PPP}.  This  involves not only the need to use  different  se ts  of p a r a m e t e r s  fo r  the calculat ion of 
different  p rope r t i e s  but a l so  to the l imi ta t ion due to the fundamental  imposs ib i l i ty  of the application of the same  
p a r a m e t e r s  fo r  the calculat ion of different  types  of molecu les .  This  c i r cums tance  led to the development  of a 



T A B L E  4.  C a l c u l a t e d  and  E x p e r i m e n t a l  V a l u e s  (eV) of  t h e  F i r s t  and 
Second Ionization Potentials in Pyrrole, Furan, and Thiophene 

Pyzrole Furan Thiophene 
Method 

,,-type I h-type h-~:ype I h;ype ,,-type [ h-'zype 

ab  initio 

CNDO/2 

EHT 

Exptl. value 

8,13 
(a~-~) 

11,68 
(ar-~) 

10,29 
( a ~ )  
8,21 (~) 

9,50 
(Sa--~)~ 

13,34 
( h i - - n )  68 

11,20 
(b~--~) ~8 

~,20 (~)~ 

9,06 
(a~--n) 

12,16 
(a~-~) 

8,88 (:0 

11,03 
(b~--~) ~ 

14,96 
(&--~)* 

10,3 (~)117 

9,04 
(a~--~) 
11,87 

( a r ~ )  
12,51 

(ar-~) 
8,87 (~) 

9,30 
(bi--=) m 

13,13 
(bl--~)* 

12,80 
( b l - - n )  m6 
9,52 (~)n7 

T h i s  r e v i e w .  

TABLE 5. Results of Calculation of the UV Spectra of Pyrrole, 
Furan, and Thiophene by the CNDO/S Method 

Compound 

-Pyrrole 

Furan 

Thiophene 
(The upper calculated 

value pertains to the 
sp basis, and the 
lower value pertains 
to the spd basis) 

~ym- 
Imetry 

1 B 2  

IB 2 

1A 1 
1B 2 

]B~ 

~Aa 

IA I 

~B2 

AE, e V  

exptl, calc,- 

5,71a8 
6,5 
7,1 

5,9 u8 
6,5 
7,4 

52am 

5,3 

5,6 

6,6 

exptL 

0,I' 
0,0~ 

0,1 

0,1 

Wea~ 

Stron l 

cale. 

0,080 
0,006 
0,I29 
0,479 
0,078 
0,009 
0,368 
0,097 
0,2 
0,1 
0,1 
0,2 
0,6 
0,08 
0,08 
0,4 

Type of 
transition 

.'~-+ 7c * 
:t--~Jt * 

71--~.'T * 

T A B L E  6. C h a r  

F u r a n ,  and  T h i o  

;es on t h e  A t o m s  and D i p o l e  M o m e n t s  of  P y r r o l e ,  

~hene 

P yrrole Furan Thiophe ne 
Position 

ab fnilio 79 CNDO/2* ab initio s9 CNDO/2* ab initio m CNDO/2* 

--0,748 
+0,341 
- -  0,407 
--0,031 
- 0,075 
-0,106 
-0,159 
- 0,096 
-0,255 
+ 0,339 
+0,202 
+0,193 

2,01 

0 
N, OOr S,~ 

y 
O 

y 
~y 

C3(41 -q" 
Z 

3(4)-H 
IJcalc,D1" 
Pexp, D 

- -  0,428 
,+D,311 
-0,117 
+0,132 
--0,073 
+ 0,059 
+,0,030 
-0,082 
-0,052 
,+0,112 
--0,008 
+0,003 

1,73 
1,80 

--0,637 
+0,230 
--0,407 
+0,t51 
-0,032 
+0,119 
--0,066 
-0,143 
--0,143 

+0~i-14 
+0,111 

0,64 

-- 0,393 
+0,256 
--0,137 
+D,168 
--0,068 
+O,100 
+0,014 
- 0,060 
-0,046 

+,0~05 
+0,009 

0,74 

--0,225 
+0,240 
+0,015 
--0,160 
--0,085 
-- 0,245 
--0,208 
-0,035 
- 0,243 

+0749 
+0,232 
0,44 

0,67 

--0,213 
+0,165 
--0,048 
- - 0 , 0 1 1  
-- 0,026 
-- 0,037 
+ 0,008 
+0,022  
+,0,030 

+ 0,026 
+0,004 

0,28 
0,53 

* T h i s  r e v i e w .  
T h e  r e s u l t s  of  ab  i n i t i o  c a l c u l a t i o n s  of  t h e  d i p o l e  m o m e n t s  a r e  

p r e s e n t e d  in  [82]. 

l a r g e  r u m b e r  of  s c h e m e s  and  f o r m u l a s  f o r  t h e  s e l e c t i o n  of p a r a m e t e r s ,  and,  a s  a c o n s e q u e n c e  of  t h i s ,  c o m -  

p a r i s o n  of  t h e  r e s u l t s  b e c o m e s  i m p o s s i b l e .  

In  c o n c l u s i o n ,  w e  p r e s e n t  c i t a t i o n s  t o  s t u d i e s  in  w h i c h  s u f f i c i e n t l y  d e t a i l e d  d a t a  f r o m  c a l c u l a t i o n s  of  t h e  

a b o v e - m e n t i o n e d  h e t e r o c y c l e s  by  v a r i o u s  m e t h o d s  ( T a b l e  3) a r e  p r e s e n t e d .  A m o r e  d e t a i l e d  d i s c u s s i o n  of  

s o m e  of t h e s e  s t u d i e s  w i l l  be  p rese ,  n t e d  b e l o w .  



TABLE 7. Relat ive  Bonding Energ ies  
of the I s  E lec t rons  (AE i) in Furan  
and Thiazole  Calculated by the 
CNDO/2 Method [136] 

AEi' AEi exp '  
eV eV [135] 

: Cz(a) 

~'/~ss ~ C2 5 2 64 
C5 ! 

(o,o) 
--1,2 

(o,o) 
+0,7 
-1 ,2  

(o,o) 
--1,1 

-0 ,7  
+0,4 
(o,o) 

Ionization Potent ia l  and UV Spect ra .  The f i r s t  and second ionization potentials  calculated by var ious  
methods that  take into account all  of the e lec t rons  or only the va lence  e lec t rons  and the corresponding exper i -  
menta l  va lues  a r e  p resen ted  in Table  4. In conformi ty  with Koopmans '  t heo rem [116], the ionization potential  
was  a s sumed  to equal to the magnitude of the level  of the upper (or second f rom the upper) occupied MO, taken 
with the opposite sign. 

It is apparent  f r o m  Table  4 that  the nonempir ica l  approach comple te ly  sa t i s fac to r i ly  conveys the ioniza-  
tion potent ials  of the h e t e r o a r o m a t i c  molecu les .  The ag reement  is considerably  wor se  both with respec t  to 
the magnitude of the f i r s t  and second ionization potentials  and with r e spec t  to the ra t io  between them in the 
case  of s e m i e m p i r i c a l  methods .  

P r e c i s e l y  these  c i r cum s t ances  led to the use  of the so -ca l l ed  CNDO/S method with va r i ab le  " s p e c t r o -  
scopic" p a r a m e t r i z a t i o n  r a the r  than the CNDO/2 method for  the calculat ion of the e lec t ronic  spec t r a  within 
the a l l -va lence  approximat ion .  The resu l t s  of calculat ions of the UV spec t r a  of pyr ro le ,  furan, and thiophene 
(in the sp and spd bases)  with al lowance for  the confignrat ional  in teract ion a re  p resen ted  in Table 5. 

It is  apparent  f r o m  Table  5 that  the calculated values  and the exper imenta l  data a r e  in quite sa t i s fac to ry  
ag reemen t .  All of the lower  t rans i t ions  per ta in  to those of the v --* ~r* type; this was due to the extensive use 
of calculat ions within the ~ - e l e c t r o n  approximat ion for  the analysis  of the UV spec t r a  of compounds of the 
h e t e r o a r o m a t i c  s e r i e s .  Thus the P P P  method was used for  calculat ions of the UV spec t r a  of condensed and 
dihetaryl  compounds fo rmed  by pyr ro le ,  furan, and thiophene [101, 102, 105, 120-131]. In addition, the CNDO/S 
method was also used for  the calculat ion of some  he t e roa roma t i c  der iva t ives  [131-133]. 

Charge Distr ibut ion and Dipole Moments .  The calcula ted  charge  densi t ies  and dipole moments  a re  p r e -  
sented in p rac t ica l ly  all  of the studies l is ted in Table  3. I soe lec t ronic  density maps  a re  also p resen ted  in some 
of them [67, 75, 107, 113] for  thiophene, furan,  and py r ro l e .  The distr ibution of charges  in he t e roa roma t i c  
de r iva t ives  obta inedwithinthe  f r a m e w o r k  of the ~r-electron approximat ion is a l so  p resen ted  in studies involving 
calculat ions of the UV s p e c t r a  [120-131]. The 7r, ~, and total  charges  on the a toms and the dipole moment s  of 
py r ro le ,  furan,  and thiophene (spd basis)  calcula ted by the ab initio and CNDO/2 methods are  p resen ted  in 
Table  6. 

It is apparent  that  despite  some quanti tat ive differences ,  both the ab initio approach and the CNDO/2 
method qual i tat ively identical ly convey the charge  distr ibution in both the 7r and ~ sys tems ;  the calculated 
dipole moment s  also sufficiently sa t i s fac to r i ly  reproduce  the exper imenta l  va lues .  

The bonding energy E i of  the inner e lec t rons  de te rmined  f rom the x - r a y  e lec t ron  spec t ra ,  may  s e rve  as 
yet  another  exper imenta l  c r i t e r ion  of the magnitude of the charge on the a toms .  It is a s sumed  [135] that 

Ef=Ei~ Z qj ' 

j ~ i  f i j  

where  Ei ~ is  the energy of a level  in the atom, and the remain ing  t e r m s  de te rmine  the potential  f rom the charge  
in the molecule .  The k yalue depends on the choice of computat ional  methods.  The re la t ive  bonding energies  
of the l s  e lec t rons  in furan  and thiazole  calcula ted by the CNDO/2 method (k=25 eV/unit  of charge) a re  p r e -  
sented in Table  7. 

NMR Spect ra .  In format ion  regard ing  the e lec t ronic  s t r uc tu r e s  and the s t ruc tu res  of compounds can 
be obtained f r o m  the NMR s pec t r a  both f rom the magni tudes of the chemical  shifts  (or) and f rom the 



T A B L E  8. Calcula ted  (by the CNDO/2 method) 
Chemica l  Shifts of  the  I3C Nuclei  in  F u r a n  and 
P y r r o l e  

Compound [ % + a  e a%, 3 ~alc). 

I (calcl ppm 

I Furan �9 C2 -208,92 14,91 t6,00 
Cs - 194,01 

Pyrrole C2 -205,66 9,16 10,20 
C3 - 196,50 

a82, 3 (exp }, 
ppm 

T A B L E  9. S p i n - S p i n  Coupling Constants  JHM HN (Hz) in Furan ,  

Thiophene,  2 -  and 3 - F o r m y l t h i o p h e n e s ,  and F u r f u r a l  

Molecule 

Furan 

Thiophene 

2-Formylthiophene, cis-S,O/ 
trans-S,O 

3-Formylthiophene, cis- 
S,O/txans-S,O 

Furfural, cis-O,O/ 
trans-O,O 

M, N 

2,3 
2,4 
2,5 
3,4 

2,3 
2,4 
2,5 
3,4 

3,4 
4,5 
3,5 

CHO, 3 
CHO, 4 
CHO, 5 

2,5 
2,4 
4,5 

CHO, 2 
CHO, 4 
CHO, 5 

3,4 
4,5 
3,5 

CHO, 3 
CHO, 4 

CHO, 5 

CNDO/SP I NDO-FPT 

1;9 ''~ 1,81ss 
1,7 2,1 
1,7 2,8 
3,8 3,8 
6,8* 4,615s 
1,9 2,0 

.2,7 2,4 
4,2 4,7 
3,1/3,1157 3,41s8 
5,2/5,2 4,1 
1,4/1,4 1,9 
0,2/0,I 
0/0,5 
0,7/0 
1,8/1,7 I59 1,915s 
2,6/2,6 2,1 
6,5/6,5 3,8 
0,3/0,2 
0,3/0 
0/0,6 
2,9/2,91~7 "f __/2,81~ 
1,5/1,5 --/1,3 
1,3/ 1,3 
0/0, i 
0/0,5 
0,5/0 - - .  

* This  rev iew.  
Data  f o r  ca lcu la t ions  with ~ j = 5 . 5  a r e  p resen ted .  

Exptl. 

1,8156 
0,8 
1,5 
3,3 
4,9156 
1,0 
2,8 
3,5 
3,5,6~ 
5,0 

0,9 
1,4161 
2,7 
5,2 

0,7 
3,51~ 
1,7 
0,8 

0,45 
0,45 

s p i n -  spin coupling cons tan t s  (JMN). On the bas i s  of the  genera l  t h e o r y  of chemica l  shif ts  p roposed  by R a m s e y  
[137], the chemica l  shift  t e n s o r  can be divided into t h r e e  cont r ibu t ions  [138] 

~ = ~ d + ~ p + ~ ' ,  (7) 

w h e r e  a d is  the" d iamagne t ic  cont r ibu t ion  to shielding,  ap is the pa r amagne t i c  cont r ibut ion  to  shielding,  and a '  
is  the cont r ibut ion  f r o m  the ad jacent  a toms .  The t h e o r y  of chemica l  shif ts  was  developed by Karp lus  and Pople  
[139] w i t h i n t h e  f r a m e w o r k  of the  MO method .  In con fo rmi ty  with this  t heo ry  

A~ . . . . .  (8) (rd -- 3 t n c  2 ri 

w h e r e  s u m m a t i o n  i s  p e r f o r m e d  over  a l l  e l ec t rons ,  and r i i s  the  d i s t ance  f r o m  a g iven e l e c t r o n  to the  nuc l eus .  
The diamagnetic contribution can be expressed in terms of the effective charge of the nucleus ZA* [140]. In 
the  ca se  of the c a r b o n  a tom 

~d ~ = 4 , 4 5 Z * A Q a ,  (9) 
w h e r e  

Z* =3,25--0 ,35(QA-4) ,  (10) 
and QA is  the  total  e l ec t ron  dens i ty  on a given a tom 

1 ~ ~k 
~a.~ = ~  (oxxA.~ + oyy. a +  ~zz.~ ), (11) 

occ vac 
2e='/~ 

Dl2C2 
/ J B 



w i t h  analogous expres s ions  fo r  o~X and o'y/~y. 

Finally,  ~ '  i s  a quantity that,  in the genera l  case ,  i s  m o s t  difficult to calcula te .  However,  it is of i m -  
por tance  only for  the chemica l  shif ts  of p ro tons .  It  can be d i s r ega rded  fo r  heavy nuclei (for example,  13C). 

In the case  of cycl ic  molecu les  the re  is yet another  contribution to the magnet ic  shielding of the nuclei - 
r - the delocal izat ion contr ibution or  contribution of the r ing cur ren t .  The effect  of the ring cur ren t  of an 
a r o m a t i c  r ing on the chemica l  shif ts  of the nuclei  of a side chain is widely used in the d iscuss ion  of s t e r e o -  
chemica l  p r o b l e m s .  Insofa r  as the cyclic s y s t e m  of bonds i t se l f  is concerned,  a t tempts  a r e  cur ren t ly  being 
made  to l ink data on ring cu r r en t s  with the a romat ic i ty  of the r ing.  These  p rob l ems  have been d iscussed  in 
[141-143] for  h e t e r o a r o m a t i c  s y s t e m s .  

Fu r the r  s impl i f ica t ions  in theore t ica l  calculat ions of the chemica l  shif ts  of 13C nuclei involve the in t ro-  
duction in Eq. (12} of the ave rage  energy  of excitat ion [144] etc. ,  up to the construct ion of co r re la t ions  between 
the 13C chemica l  shift and the magnitude of the total  charge  on a given carbon a tom.  It should be noted that  c o r -  
re la t ions  between the chemica l  shift of the proton and the charge  on the carbon atom bonded to it a re  also com-  
ple te ly  sa t i s fac to r i ly  fulfi l led for  a rom a t i c  (including heteroarornat ic)  compounds.  A m o r e  detai led d e sc r i p -  
t ion of methods for  the calculat ions of chemical  shifts  and cor re la t ions  between chemica l  shifts and charges  
on a toms is given in [145, 146]. 

The calcula ted  (within the f r a m e w o r k  of the CNDO/2 method [70]) and exper imenta l  chemical  shifts of 
the ~3C nuclei  in furan  and py r ro l e  a r e  p resen ted  in Table  8. It is quite difficult to compare  the absolute values  
of the chemical  shifts in this case,  but the Ar and A6 values  a r e  in comple te ly  ag reement  with one another .  

Calculat ions of the 13C chemica l  shifts  by var ious  methods and cor re la t ions  between the chemica l  shifts  
of 13C nuclei o r  protons  and the cha rges  on ca rbon  a toms  a re  also p resen ted  in [64, 148-152]. 

In addition to the chemica l  shifts ,  other impor tan t  p a r a m e t e r s  of the PMR spec t r a  of molecules  a re  the 
s p i n - s p i n  coupling constants  (J). The re  a r e  t h r ee  contr ibutions to s p i n - s p i n  coupling: in terac t ion  of the nu -  
c l ea r  magnet ic  momen t s  with the orb i ta l  moment s  of the e lec t rons  (orbital  contribution), dipole in terac t ion  be -  
tween the magnet ic  momen t s  of the e lec t rons  and the nuclei ( s p i n - d i p o l e  contribution), and F e r m i  in terac t ion  
(contact  contribution).  The l a t t e r  plays the mos t  impor tan t  role ,  at leas t  in the s p i n - s p i n  coupling of protons .  

The re  a re  cur ren t ly  two a l te rna t ive  methods for  the calculat ion of s p i n - s p i n  coupling constants  in mo le -  
cules .  A method for  the calculat ion of J based  on "finite per turba t ion  theory" (FPT) was developed by Pople 
and c o - w o r k e r s  [153] and was used within the INDO approximat ion  for  calculat ions of  a large number  of mole -  
cules .  The MO theory  and the FPT  a re  found within the approximat ion of the un res t r i c t ed  H a r t r e e - F o c k  (UHF) 
method and, in conformi ty  with the la t ter ,  differ  somewhat  for  e lec t rons  with opposite (a and fl ) spins .  The 
d i f fe rences  in the MO for  a and fl spins a r i s e  due to the per turba t ion  t e r m s  added to the diagonal e lements  of 
the Hamil tonian m a t r i x  cor responding  to the s-AO of a tom B. The JAB constants  a r e  calculated by means  of 
different ia t ion techniques,  s ince they a r e  propor t iona l  to the der iva t ives  of the induced (by magnet ic  nucleus 
]3) spin populations of the s-AO of a toms A: 

Here ,  

O h (13) 

Then, 

IAB = )*s" ]0" ~As �9 (15) 

The e m p i r i c a l  coefficient  k j t akes  into account the fact  that  s imply  the difference in the orbi ta l  energ ies  is 
used  in the denominator  of Eq. (14) ins tead of the energ ies  of the s i n g l e t - t r i p l e t  exci ta t ions  n e c e s s a r y  in the 
case  of se l f -cons i s t en t  MO. This  approach  has been cal led the RHF/SP  method [154]. 

jo=IK~K~; K 8~ . -~ =--5-  g ~ v A " / s ~  (0) 12. 
c t  

The second approach is based  on the fact  that the Op/ph der iva t ives  in the Huekel approximat ion  a r e  equi- 
valent  to the a t o m -  atom polar izabi l i t i es  

OCt VaC 

= -4 Ej-E~ SASB i j 



TABLE 10. Exper imenta l  and 
Calculated (by the INDO method) 
ihfc Constants  (Oe) in the P y r -  
role  Anion Radical  [166] 

att 

2 
3 
4 
5 

I Exptl. INDO 

45+2 45 
11+2 8 

--  0,5 
11+-2 5 

TABLE 11. Exper imenta l  and 
Calculated (by the INDO method) 
ihfc Constants  (Oe) in the Furan  
Anion Radical  [167] 

Exptl. ]NDO 

17 21 
61 72 (-)3 -2 

( - )3  - 4  

The resu l t s  of calculat ions of JHH in furan,  thiophene, and fo rmyl  thiophenes by these  two methods a re  
p r e s e n t e d  in Table  9. A X j va lue  of 7 was used in the calculat ions by the CNDO/SP method.  

We note that  calculat ions o f  the J constants  may  prove  to be important  in theore t ica l  e s t ima tes  of the 
p r e f e r r e d  conformat ion.  In fact ,  as  we will demons t ra tebe low,  d i rec t  quan tum-chemica l  calculat ions,  because  
of some defects  in the p a r a m e t r i z a t i o n  of the s e m i e m p i r i c a l  methods,  m a y  give a prac t ica l ly  ze ro  difference 
in energ ies  fo r  the cis  and t r ans  conformat ions  of 3- formyl tMophene [163]. However,  fo r  the calculated JCHO, 5 
constants  quite convincingly a t tes t  to the fact  that 3- formyl th iophene exis ts  p r i m a r i l y  in the t r ans -S ,O con- 
format ion .*  This  is in ag reemen t  with the exper imenta l  data [164]. 

Calculat ions of F r e e  Radicals  of the He te roa roma t i c  Ser ies .  In ESR spec t roscopy  the mos t  access ib le  
informat ion  regard ing  the e lec t ronic  s t r u c t u r e s  of rad ica l s  in solution is  a ssoc ia ted  with the hyperfine s t ruc -  
tu re  (hfs) of the s pec t rum  de te rmined  by the i so t ropic  hyperf ine  coupling (ihfc) of the unpaired e lec t ron  with 
the nucleus. Within the MO LCAO approximat ion,  the express ion  for  the ihfc constant has the fo rm 

8 ~  ~ 2 a~ =--Tg~t~VNI~ (0) / 9s.~, (16) 

where  PSN is the diagonal e lement  of the spin density m a t r i x  corresponding to the s-AO of a given atom, which 
is  a lso  found by quan tum-chemica l  calculat ion.  The INDO method within the UHF approximat ion has  found 
g rea t e s t  applicat ion fo r  calculat ions of the ihfc constants  in f r ee  rad ica l s .  Ini t ial ly fo rmula ted  for  e lements  
f r o m  H to F [21], it was  subsequent ly  also extended to e lements  of the th i rd  per iod [165]. The e lements  of the 
spin density m a t r i x  within the UHF approximat ion a re  de te rmined  quite s imply  as the difference in the co r -  
responding e lements  in the densi ty m a t r i x  fo r  e lec t rons  with a and fi spins.  

Radicals  of two types  have been calculated in the he te roa romat ic  s e r i e s .  The f i r s t  type a r e  anion rad ica l s  
f o r m e d  by the addition of an e l ec t ron  to a he t e roa roma t i c  molecule .  In this case  unsubsti tuted he t e roa roma t i c  
molecu les  may  undergo r a the r  unexpected changes that  a r e  hardly  cha rac t e r i s t i c  of s i x - m e m b e r e d  a romat i c  
molecu les .  For  example ,  in the py r ro l e  anion radica l  hydrogen is t r a n s f e r r e d  f r o m  ni t rogen to the a - c a r b o n  

a tom [166]: 

The energe t ics  of this p roce s s ,  calculated by the INDO method, a re  p resen ted  in the scheme  below, and 
the exper imenta l  and calculated ihfc constants  for  the pyr ro le  anion rad ica l  a r e  p resen ted  in Table  10. 

*We note that  in [159], in analogy with 2- formyl th iophenes ,  the following symbols  we re  adopted: 

It O 
~ - ~ C " n  ~ c%'o 

trans-S,O cis -S,O 

these  designations a re  the opposite of  those used in [163], which should be cons idered  to be incor rec t .  



-7 a,90eV 2,0s eV 

H 

In the  f u r a n  an ion  r a d i c a l  the C - O  bond is  c l eaved  to give an acyc l i c  a - e l e c t r o n  an ion  r a d i c a l  [167]. 
H H I t v \  ~ ~ / 1 t ~  

+ e ~ H ~ - - C "  " E - - H  
~t It NO . # x 

The ihfc cons t an t s  of the  r e s u l t i n g  an ion  r a d i c a l  a re  p r e s e n t e d  in  Ta b l e  11. 

Ca lcu l a t i ons  of an ion  r a d i c a l s  f r o m  n i t r o f u r a n  and n i t ro th iophene  d e r i v a t i v e s ,  which r e t a i n  t h e i r  m o l e c u -  

l a r  s t r u c t u r e s  when  they  c a p t u r e  an e l ec t ron ,  w e r e  p e r f o r m e d  in  [168, 169 ]. 

The  second  type of r a d i c a l s  c o n s i s t s  of r a d i c a l s  f o r m e d  by de tachment  of an  H a tom f r o m  t he  s ide  cha in  
of a subs t i t u t ed  h e t e r o a r o m a t i c  m o l e c u l e .  F u r f u r y l  and th ieny l  r ad i ca l s  [170, 171] a r e  typ ica l  example s  of 

such  r a d i c a l s  (Table  12). 

Ca lcu l a t i ons  of r a d i c a l s  of the th iophene  s e r i e s  wi th in  the  7 r - e l ec t ron  a p p r o x i m a t i o n  w e r e  made  in  [173]. 

Rota t iona l  I s o m e r i s m  in  Subs t i tu ted  Compounds  of the H e t e r o a r o m a t i c  S e r i e s .  The  p r o b l e m  of the con-  
f o r m a t i o n s  of subs t i t u t ed  compounds  of the  h e t e r o a r o m a t i c  s e r i e s  is  c u r r e n t l y  be ing  d i s c u s s e d  i n t ens ive ly ,  
s ince  it  m a y  be of f undamen ta l  va lue  for  the a n a l y s i s  and i n t e r p r e t a t i o n  of e x p e r i m e n t a l  data (for example ,  
NMR or  IR s p e c t r o s c o p i c  data) .  The d i r ec t  q u a n t u m - c h e m i c a l  so lu t ion  of th is  p r o b l e m  by d i r ec t  ca l cu la t ion  
and c o m p a r i s o n  of the e n e r g i e s  of v a r i o u s  c o n f o r m a t i o n s  is  compl i ca t ed  by the  fact  that  the ca Icu la ted  (as wel l  
as  the expe r imen t a l )  d i f f e r ences  in the  e n e r g i e s  a r e  r e l a t i v e l y  sma l l ,  w h e r e a s  the d i f f e r ences  in  the dipole 
m o m e n t s  of the c o n f o r m a t i o n s  a r e  qui te  la rge ,  so tha t  the e q u i l i b r i u m  m a y  be shif ted m a r k e d l y  to one or  the 
o ther  s ide  depending  on the  po l a r i t y  of the so lven t .  Ca lcu l a t i ons  of the d i f f e rence  con fo rma t ions  of 2 - f o r m y l -  
f u r a n  by the CNDO/2 method  with a l lowance  for  the so lva t ion  e n e r g y  on the b a s i s  of c l a s s i c a l  e l e c t r o s t a t i c  

TABLE 12. E x p e r i m e n t a l  and Ca lcu la ted  (by the  INDO 
method) itffc Cons tan t s  (Oe) in  2 - F u r f u r y I  and 2 -  and 
3 - T h i e n y l  Rad ica l s  

Radical 

2 -Fuffuryl 

2-Thienyl 

3-Thienyl 

~  

3 
4 
5 

CH2 (I) 
CH2 (2) 

3 
4 
5 

CH2 (1! 
CH2 (2) 

2 
4 
5 

CH2 (I) 
CH~ (2) 

Exptl. 

( - ) 8,79 ~7~ 
1,28 

(-)7,87 
( - )  13,32 
(-)13,01 
(-)8,26 ~72 

1,62 
(-)7,89 

( - ) 14.22 
( - ) 13,97 
(-)8,94 ~r2 
{ - } 0 , 7 5  

1,86 
( - )  16.89 
( - )  16.39 

I N D O  

3,29 
--6,44 

- 14,79 
- -  14s 
-9,45 ~> 

3,62 
--7,14 

- 13,99 
- 13,85 
-- 10,61 ivt 
--2,61 

2,33 
- -  15,94 
- 15,73 

TABLE 13. E x p e r i m e n t a l  and Ca lcu la t ed  S tab i l i t i e s  (AE) of the  c i s -  
O,O and t r a n s - O , O  I s o m e r s  of F u r f u r a l  in  Var ious  Solvents  and 
B a r r i e r s  to Rota t ion  (AE*) of the CHO Group [174] 

AE, kcaI/mole AE*, kcal/mole 
Solvent e 

exptl, eale. exptl- e alc. 

Gas 1,0 1,5 { 1,5) 8,1--8,7 8,5 
CF2CI2 2,9 0,34 0,29 
Me202 ( - !20 ~ 12,0 -0,58 -0,60 10,5 10.4 
D,\ISO 45,0 -- 0,84 --0,85 
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Fig. 1. Possible instances of a change inthe 
energy of two sys tems during a reaction: 
1) range of the effect of reactivi ty indexes in 
the isblated molecule approximation; 2) local-  
ization approximation; 3) activated complex 
approximation. 

theory  were  made in [174]. The differences in the energies (AE = E c i s - E t r a n s )  and the b a r r i e r s  to rotation 
(AE*) in various solvents are  presented in Table 13. The experimental  AE and AE* values were  determined 
on the basis of an analysis of the NMR spectra .  

Similar  calculations of pyr ro le  and thiophene carbonyl derivatives were made in [157, 159, 163, 175-177]. 
The fact that the conformation with the CHO group perpendicular  to the plane of the ring is the most  stable 
(from the calculation} in the case of 3-formylthiophene [163] is unexpected. This result  can hardly be con- 
s idered to be in agreement  with fact, and it may most  likely be associated with some e r r o r s  in the parametr iza-  
tion of the CNDO/2 method for  elements of the third period. 

The EHT and CNDO/2 methods were used in [178] for calculation of the rotational b a r r i e r s  in i somer ic  
dihetaryls .  

Ro leo f thedOrb i t a l s  of Sulfur in Thiopheaes.  The problem of the effect of the outer d-AO of sulfur on 
the physical  and chemical  proper t ies  of compounds of the thiophene ser ies  has frequently been discussed in 
the l i te ra ture .  In part icular ,  a la rge  review by Clark [179] has been devoted to it. Since then there have been 
a number of nonempirical  calculations of thiophene [82, 111-115], on the basis  of which it can be concluded that 
the inclusion of the d-AO of sulfur in the basis leads to the following results:  1) a decrease  in the overal l  en- 
ergy of the system; 2) a more  uniform distribution of the v charge over the molecule; 3) improvement in the 
agreement  between the calculated and experimental  ionization potentials and dipole and quadrupole moments.  

The qualitative picture of the spacing of the electronic levels and the charge distribution remains  un- 
changed. 

This effect of the 3d-AO coincides on the whole with the effect noted by Dyatkina and Klimenko for in- 
organic sulfur compounds [180], and the low populations of the 3d-AO in the thiophene (on the order  of 0.18 
electron [113]), together with the low valence of sulfur in thiophene, make it possible to consider  them to be 
cer tain correc t ions  that take into account the polarizat ion of the valence s and p-AO during bond formation 
and give a more  precise  total wave function of the molecule.  A detailed discussion of the modern state of the 
problem of the effect of the outer vacant AO has been given in the review mentioned above [180]. 

R e a c t i v i t i e s  of F i v e - M e m b e r e d  H e t e r o a r o m a t i c  

C o m p o u n d s  

Method of Reactivity Indexes. The present ly  used quantum-chemical  es t imates  of reactivi t ies are  pr i -  
mar i ly  based on a l inear relationship between the free energies,  i .e. ,  

Ig k.i=A+BW~, (17) 

where A and B are empir ical  constants,  and W i is the reactivi ty index calculated directly in the MO method.* 

All of the react ivi ty indexes present ly  used can be divided into two groups.  The f i rs t  group includes in- 
dexes based on values obtained by calculation by the MO method of an individual molecule of the reactant,  which 
is the so-cal led isolated molecule approximation. Values of this sor t  are  f ree  valences,  charge densities, pc-  

*In the general  case,  the indexes may be not only calculated values but also experimental ly determinable values 
such as ionization potentials, dissociat ion constants of carboxylic acids, etc. 
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lar i t ies ,  boundary e lec t ron densities, etc. The indexes of the second group are  detern~ined by calculation of a 
possible sys tem corresponding to the t ransi t ion (or intermediate) state and pertain to the so-cal led  local iza-  
tion approximation; it can also be regarded  as the activated complex approximation.  

The ranges of potential curves  corresponding to different groups of react ivi ty indexes are  presented in 
Fig. la. 

An instance inwhich the use of reactivity indexes may lead to an incorrect representation of the relative 
react ivi t ies  of A and B molecules  is presented in Fig. lb .  This is a case  in which neither the indexes of the 
f i r s t  or  second group "work." A situation in which the indexes of only one group (more often the f i rs t  group5 
give incor rec t  information regarding the react ivi ty is possible.  

Finally, one should take into account another c i rcumstance  that has a direct  bearing on heterocycl ic  sys -  
t ems .  All of the react ivi t ies  of the f i rs t  group enumerated above are  substantiated theoret ical ly  only for a l te r -  
nating hydrocarbo~ sys tems,  a pecul iar i ty  of which is uniform charge distribution and "symmetr ica l"  disposi-  
tion of the occupied and vacant orbital  equations. Nonuniformity of the charge distribution and the MO levels, 
which, in par t icular ,  is also charac te r i s t i c  for  he te roaromat ic  molecules,  leads to the disappearance of the 
conformity between the different indexes, and a separate  analysis of the applicability of the methods used is 
n e c e s s a r y  in each case for  the select ion of the mos t  suitable method for  the theoret ical  descript ion of the r e -  
activity.  

Electrophil ic  Substitution Reactions.  The substitution (electrophilic,  radical,  or nucleophilic} reactions 
of pyrrole ,  furan, and thiophene are  directed pr imar i ly  to the ring ~ position. Data that make it possibIe to 
give a quantitative evaluation of the react ivi t ies  of f ive -membered  he te roaromat ic  compounds (for example, 
see the review on electrophflic substitution [18115 have been recently obtained in a number of studies by means 
of direct  kinetic measurements  or  by the method of competitive react ions .  

The resul ts  of calculations of the relative activit ies of the var ious  positions of the he teroaromat ic  ring 
in electrophil ic substitution react ions ca r r i ed  out within the f ramework  of the 7r - e l ec t ron  approximation con- 
t radic t  not only the experimental  resul ts  but also contradict  one another.  } 'or example, the following theoret i -  
cal es t imates  of the react ivi t ies  of var ious  positions have been proposed for thiophene: ~ =S =fi [92, 93], S< 
~<  fl [58, 94], S <fi <~ [47, 101, 182, 183], fi < S< ~ [184], and ~ <S< fl [185]. A s imi la r  situation has existed 
in calculations of other f ive -membered  aromat ic  he terocycles .  The situation improved somewhat with the de- 
velopment Of semiempi r ica l  approaches that make it possible to take all of the valence electrons into account 
in the calculation. Thus in 1968 Hermann calculated pyrrole ,  furan, and their  protonated (in the ring ~ and fi 
positions} fo rms  (or complexes) by means of the CNDO/2 and EHT approaches [72]. In conformity with [186], 
the localization energy in calculations within the al l -valence approximation can be defined as 

A + = Eb ~ZH-_ Eb M 
, (IS) 

where Eb M and Eb MH+, respectively, are the energies of bonding of the aromatic molecule and its a complex 
with a proton. The ff complex was postulated by Wheland [187] as the intermediate state of aromatic electro- 
philic substitution, and there is currently no doubt that it exists (see earlier reviews [181, 188]). The relative 
rate constant for electrophilic substitution in a series of similarly constructed aromatic molecules can then 
be defined as 

Ige 
ig k/ko= -const - ~ -  AA + (19) 

or, at constant tempera ture ,  

lg k/k0 = cAA +, (2 05 

where k and k 0 are  the rate  constants for electrophilic substitution in the investigated (M) and standard (O) 
molecules  (usually in benzene), A A + = A M + - A o  +, and c is the coefficient of proportionali ty,  which depends on 
the method of calculation and the chemical  nature of the electrophile.  The relative rate constants for  deutera-  
tion in acid of thiophene, furan, and pyrro le  [189], calculated by this method, and the corresponding exper imen-  
tal  values [190] a re  presented in Fig.  2a. The A + values for  furan and pyr ro le  were  borrowed f rom [72], and 
the values for  th iophenewere  calculated in [189]. Coefficient c = - 0.5203 was determined by the method of 
least  squares .  Similar calculations for  i somer ic  thienothiophenes and a compar ison of the calculated A + values 
with the experimental  data on the rate constants fo r  acetylation, chlorination, formylation,  and dedeuteration in 
acid for  the i somer ic  thienothiophenes were  made in [191]. On the basis  of the data obtained in [189, 191] it 
could be concluded that the A + value calculated with allowance for  all of the valence electrons qualitatively suf- 
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Fig. 2. Relationship between the calculated [from 
Eqs. (20) (a) and (23) (b)] and the experimental  
ra te  constants for  deuteration in acid relative to 
benzene for f ive-membered  he teroaromat ic  com-  
pounds: 1) thiophene (3); 2) thiophene (2}; 3) 
furan (3); 4) furan (2); 55 pyrro le  (25. 

TABLE 14. Reactivity Indexes in the D i e l s -  
A ide r  Reaction [201] 

Molecule 

Benzene 
Pyrrole 
Thiophene 
Furan 
Cyclopenta- 

diene 
els-Butadiene 

Overlap populations 
C(~)--C(s) C(s)--C(4) 

0,5206 . 0,5206 
0,5777 0,4916 
0,5950 0,4774 
0,6837 0,5326 
0,6215 0,4288 

0,6076 0,4034 

1,000 
1,175 
1,246 
1,283 
1,449 

1,506 

ficiently sa t isfactor i ly  conveys the relative react ivi t ies  of the various positions of the rings of he te roaromat ic  
molecules .  At the same time, the quantitative agreement  leaves much to be desi red (see Fig. 2a5. 

As an alternative to the method of localization energies  we examined an approach that takes into account  
the formation of a complex with part ial  or  complete charge t r ans fe r  [a charge t r ans f e r  complex (CTC)] as an 
intermediate  step in the react ion [189]. Variants of this sor t  of approach have been periodical ly examined in 
the l i t e ra tu re  [192-194]. It is assumed that the kinetic scheme of electrophilic substitution has the form 

hm 
ArH+X + ~ (ArH .. .  X) +, (1) 

h-rn 

k i 
(ArH.. .  X) + ~ ArHX + (o-complex). j. (25 

The rate of this p rocess  in the case of a s teady-s ta te  (ArH ... X) + concentrat ion and a shift to the left of 
the equilibrium of react ion (15 obeys the equation of a bimolecular  react ion 

d[ArHX +] 
k[ArH][X+], 

dt 

where k =kiK and K=km/k_  m. At constant volume or  p r e s su re  

K= exp (ASo/R) exp {f(l~, QE)/RT}, (215 

where I M is the ionization potential of the molecule, and QE is the electron affinity of the electrophfle.  Then, 
for a se r ies  of s imi lar ly  constructed molecules,  

k lg e [--AE*+~(AIm, QE)]. (225 ig = 
Assuming that the relative energy of format ion of the CTC in the investigated se r ies  is proportional to 

the change in the ionization potential and, for the determination of AE*,  that the result ing CTC has the prop-  
er t ies  of a radical  pair  and obeys the Semenov-Po lany i  rule, we obtain an expression for the general ized re -  
activity index: 
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/ ,  

~ - - A A A  + +BAI. (23) lg 

The re la t ive  constants  for  deuterat ion in acid [A = -  0.1543, B = -  0.4533 (kca l /mole) - l ] ,  calculated f rom 
Eq. (23), and the co r respond ing  expe r imen ta l  data  for  py r ro le ,  furan,  and thiophene a r e  p resen ted  in Fig.  2b. 
We note that this  is the f i r s t  known quanti tat ive theore t i ca l  in te rpre ta t ion  of exper imenta l  data on the re la t ive  
r eac t iv i t i e s  of py r ro l e ,  furan,  and thiophene. 

At the s ame  t ime,  s i m p l e r  reac t iv i ty  indexes also prove  to be useful in the analys is  of exper imenta l  data. 
In pa r t i cu la r ,  the charges  on the a toms  have been used for  the d iscuss ion  of the reac t iv i t i es  of earbonyl  com-  
pounds of the thiophene and furan  s e r i e s  and the i r  ca rbonyl -  oxygen-protonated  f o r m s  [157, 159]. 

T h e  tota l  charges  on the r ing a toms in molecu les  of unprotonated and protonated 2- and 3-formylthiophene,  
ca lcula ted  by the CNDO/2 method, a re  p resen ted  in the scheme  below: 

+ 0,02fi--~+ 0,04 + 0 , 0 ~ - ~  0,  

i1 II 
O 0 

--.,H + 

I A  iS  

I1 A l ib  

As seen f r o m  the m o l e c u l a r  d iagrams  p resen ted  above, of the f r ee  (unbonded with a substituent) ring po-  
s i t ions in the case  of In, the 5 position, to which the e lect rophi l ic  a t tack should also be directed,  has the most  
negative charge;  this i s  in comple te  ag reement  with the avai lable  exper imenta l  data. In the case  of protonated 
f o r m  IB the lowest  posi t ive  charge  is  found in the 4 posi t ion.  Thus the 4 posit ion becomes  p r e f e r r e d  for  r e a c -  
t ion with an e lec t rophi l ic  agent, and this makes  it poss ib le  to explain the charge  in the di rect ion of e l ec t ro -  
philic a t tack in complexes  of carbonyl  compounds of the thiophene s e r i e s  with Lewis acids .  

Protonat ion of II does not lead to a change in the c h a r a c t e r  of the e lec t ron  density distribution, and the 
5 posit ion re ta ins  the g r ea t e s t  negative charge .  

Finally,  the data obtained make it poss ible  to unders tand why ~-acyl th iophenes  a re  inclined to undergo 
t r ansacy la t ion  and s i m i l a r  p r o c e s s e s  involving rep lacement  of the acyl group by the attacking electrophi le ,  
whe rea s  fi i s o m e r s  do not display this abili ty under s i m i l a r  conditions. In fact,  the mos t  negative charge  in 
IA and IB is local ized in the 2 posit ion, and, although r ep lacemen t  of an acyl group by the e lect rophi le  is  con- 
s ide rab ly  m o r e  difficult than d i sp lacement  of a proton, a l a rge  surplus  negat ive charge should favor  the f o r m e r  
p r o c e s s  to an apprec iab le  extent.  

In the case  of II the charge  in the 3 posit ion is e i ther  posi t ive (IIA) or  negative (IIB} but is equal in mag-  
nitude to the charge  in the 5 posit ion.  Considering the fact  that  the  acyl group in the 3 posit ion should be r e -  
placed, whe reas  the proton in the 5 posit ion should be substituted, it can be concluded that substi tution in the 
5 posit ion should be  m o r e  l ikely.  

The reac t iv i t i es  of f i v e - m e m b e r e d  he t e roa roma t i c  molecules  in substi tution reac t ions  have a lso  been 
d i scussed  in [54, 74, 76, 84, 85, 98, 126, 131, and 195-199]. 

Cycloaddition React ions .  T h e r e  a r e  s e ve ra l  studies in the l i t e ra tu re  devoted to an examinat ion of the r e -  
ac t iv i t ies  of f i v e - m e m b e r e d  he t e roa rom a t i c  molecules  in D i e l s - A l d e r  reac t ions .  In the f i r s t  study [87] the 
reac t iv i t i e s  of thiophene, thiophene 1,1-dioxide,  and furan were  analyzed within the f r a m e w o r k  of the ref lect ion 
method [200]. The idea of this approach cons is t s  in an analys is  of the s tabi l izat ion energy  of the level  of the 
v orb i ta l s  of the diene during reac t ion  with - S - ,  - S O 2 -  , or - O -  to give thiophene, thiophene 1,1-dioxide, or  
furan.  The theore t ica l  o rde r  of reac t iv i t i e s  of the invest igated compounds in cycloaddition was es tabl i shed on 
the bas i s  of the data obtained: furan  > thiophene 1,1-dioxide > thiophene. D ie tmar  [88] used the INDO method 
with t r a n s f o r m a t i o n  of the MO obtained to local ized MO for  analysis  of the reac t iv i t i es  of pyr ro le ,  furan,  and 
cyclopentadiene.  The diene c h a r a c t e r  of the molecule  was de te rmined  on the bas i s  of the f rac t ion  of the 
densi ty  local ized on the double bonds.  It follows f r o m  the resu l t s  of the calculat ions that  the reac t iv i ty  of 
cyclopentadiene is h igher  than thatof  furan  and higher  than that  of py r ro l e .  Final ly,  a s i m i l a r  study was made 
in [201] under the assumpt ion  that  the tendency to undergo the D i e l s - A l d e r  reac t ion  can be co r r e l a t ed  with the 
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ratio (R) of the overlap populations in the formal double and single bonds. This "H~ckel' ser ies  of reactivities 
obtained on the basis of ab initio calculations is presented in Table 14. 

It should be noted that in contrast to substitution reactions in aromatic compounds, a unified approach 
to the theoretical evaluation of reactivities has not yet been formulated for cycloaddition reactions. This is 
also reflected in the contradictory results of the studies examined above. Thus, according to the data in [201], 
thiophene, which practically does not undergo reactions of this type, should be more reactive than pyrrole,  and 
this clearly does not correlate  with the experimental data. 

C O N C L U S I O N S  

In undertaking the present review, the authors attempted to make a comparative evaluation of the quan- 
tum-chemical  methods currently used for  the calculation of the physical properties and reactivities of hetero- 
aromatic compounds. In summarizing all of the material  set forth above, it may be concluded that a number 
of physical propert ies of heteroaromatic molecules such as the charge distribution, dipole moments, NMR 
spin-spin  coupling constants, and ESR isotropic hyperfine coupling constants are quite satisfactorily described 
by the existing quantum-chemical methods. The situation is somewhat worse in the case of ionization poten- 
tials, UV spectra, 13C nuclear chemical shifts, and conformational calculations. Finally, there have been prac-  
tically no calculations of the vibrational spectra and the chemical shifts of protons (except for the simple cor-  
relation relationships between ~i,i and the charge on the adjacent carbon atoms). The situation is s imilar  in 
the case of calculations of the reactivit ies of heteroaromatic compounds. As seen from the data presented in 
this review, whereas the reactivities of the compounds under consideration in electrophilic substitution reac-  
tions can be theoretically evaluated quite reliably and unambiguously, the results of various approaches may 
differ substantially in the evaluation of the reactivities in reactions of the Die ls -Alder  type. 

The authors thank Professor  Ya. L. Gol'dfarb for the introduction he wrote for this review and for a: 
number of valuable comments, as well as Doctor of Chemical Sciences L. I. Belen'kii for his useful discussion. 
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M E C H A N I S M  O F  H A L O G E N  S U B S T I T U T I O N  

IN T H E  E L E C T R O C H E M I C A L  R E D U C T I O N  

O F  H A L O N I T R O F U R A N S  IN D I M ' E T H Y L F O R M A M I D E  

I .  M.  S o s o n k i n ,  G .  N .  S t r o g o v ,  
V .  N.  N o v i k o v ,  a n d  T .  K o P o n o m a r e v a  

UDC 547.722.45 : 541.138.3 

The polarographic  reduction of 2 - h a l o - 5 - n i t r o f u r a a s  i nd ime thy l fo rmamide ,  which leads u l t imate ly  
to r ep l acemen t  of the halogen by hydrogen to give a ni t rofuran,  was  studied. The ESR spec t r a  
of ha loni t rofuran  anion rad ica l s  (Hal =C1, Br) we re  recorded .  Only the spec t rum of the n i t ro-  
furan anion rad ica l  can be obse rved  in the reduction of 2 - I -5 -n i t r o fu ran .  It is shown that the 
s tabi l i t ies  of the anion rad ica l s  of  the haloni t rofurans  and the mechan i sm of the i r  subsequent  
t r ans fo rma t ions  depend to a cons iderable  degree  on the nature  of the halogen. 

The halogen in 2 -ha lo -5 -n i t ro fu rans  (HNF) is re la t ive ly  eas i ly  exchanged by var ious  nucleophilic group-  
ings [1, 2], but the m e c h a n i s m  of these  t r ans fo rma t ions  has  not yet been adequately asce r t a ined .  It is known 
that  ac t iva ted  nucleophilic subst i tut ion reac t ions  include acts  involving e lec t ron  t r a n s f e r  and the fo rmat ion  of 
anion rad ica l s  (AR) or  dianions (DA) as in t e rmed ia te s  [3, 4]. It  t he re fo re  s eemed  of in te res t  to follow the 
t r a n s f o r m a t i o n s  of the HNF a f t e r  e lec t ron  t r a n s f e r  and to study the reac t iv i t i e s  of the i r  AR. 

We invest igated the polarographic  behavior  of HNF on a dropping m e r c u r y  e lec t rode  (DME) in dimethyl-  
f o r m a m i d e  (DMF) (Table 1). It is  shown that 2 -C1-5-n i t ro furan  (CNF) adds the f i r s t  e lec t ron  r eve r s ib i l i t y  to 

TABLE 1. Reduction Potent ia ls  of HNF on a DME in DMF in a 
0.1 N Bu4NC104 Base  Elec t ro ly te  ( re la t ive  to a sa tu ra ted  ca lomel  
e lect rode)  

Subs t i t - -E '*  AE'*. li'lim, --E(/~, AE". i" l i  m. -E~};, hE'". i ' " l im.  
uent V '/2" mV I~A V mV IDA v mv pA 

CI- 0,995 
Br- 0,965 
I- 0,840 
H- 1,060 

58 L6 
59 I~6 
60 3,1 
59 1,6 

2,290 
2,220 
1,080 
2,330 

/ 
140 [ 7,8 
[95 / 7,9 
59 t ,5 

120 4,6 
2,~0 iSo 45 

* The potent ia ls  a r e  given with allowance for  the r e s i s t ance  of the 
cel l .  

AE = E3 /4 -  E~/4. 
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