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The possibility o1 proton anack on various centers in pyrrotol2. I-hlthiazole (1) has been 
evaluated. The resuhs ofsemiempiricat {MNDO, AM t, and PM3) and ab #firm (6-31G*) 
calculations ,,',ere compared. The MNDO and 6-3 IG* methods give "chemically proper" and 
qualitatively coincident results. Analysis of the intramoleculat (geometric and electronic) 
reorganization of molecule I. depending on the protonation center, has been carried out. The 
most probable attack centers, depending on the mechanism of electrophilic reaction, have 
been recognized. The energy parameters of intramolecular prototropic rearrangements in 
cation 1 and the "blocking" factor value of methyl groups reducing the corresponding complex 
stability have been evaluated, it has been established that the relative stability of the protonated 
forms does not change on going to p vrrolo[2,l-blselenium- and telluriumazoles, but the range 
of variations is considerably narrowed in the series S > Se > Te. 

Key words: pyrrolothiazole, protonation,  quan tum-chemica l  calculation, orbi tal  control.  
transition St tlI',.'S. 

A pyrrolol2, l -b l th iazole  molecule ( I )  L1 contains  lbr- 
really three heterocycl ic  systems (pyrrole, thiazole, and 
thiophene),  each o f  which plays an important role in its 
nature and synd~elic chemistry.  However, their man i f es -  

ta t ions in tile general  structure differ, thotlgh superfi- 
cially. Al though the x-system of the pyrrolc fragment is 
presented in full measure,  one of  tile C atoms in the 
thiophene part o f  the molecule is replaced by the N 
atoms. It should be expected that the electrophilic reac- 
tions of  c o m p o u n d  I resemble, to a great extent, similar 
reactions of  pyrrole cycles. At the same time. the chan- 
nels of  e lec l rophi l ic  reactions depend substantially on 
several external lactors (temperature. structure o f  tl~e 
electrophile,  medium,  counter ion,  ele.), under the ac 
tion of which the routes of tile chemical transformations 
can even challge. 

Undoubtedly ,  exper imental  inlormation about tile 
relative stabilJD of  different protonated structures and 
character o f  transit ion states of  intramolecular transfor- 
mations is ver3. impor tant  for understanding the mecha-  
nisms of  e leetrophi l ic  attacks and performing purposeful 
syntheses. However ,  il is difficult [o obtain this informa- 
tion. Therefore,  the preliminary quantum-chemical  simu- 
lation of  some possible channels of  electrophilic reac- 
tions is justified and reasonable. 

We used semiempir ica l  ( M N D O ,  3,4 A M I ,  s'6 PM37) 
and nonempir ical  (6 -31G"  basis set) methods to reveal 
the sensitivity o f  the calculated results to the applied 

approximat ion.  Most ca lcu la t ions  were performed by the 
semiempir ica l  procedures,  and the key points were addi- 
t ional ly identified in the f ramework  of  the nonempirical  
scheme.  The saddle points  on the potential energy sur- 
thee (transition states in the gas phase) were determined 
from the presence o f  .'t single negative eigenvalue of the 
matr ix o f  the secondary energy  derivatives with respect 
to tile geometr ic  parameters .  The  solvation effects were 
taken into account by a descr ibed procedure 8-1~ USillg 
two parameters:  the d ie lec t r ic  constant  (t:) of the solvent 
and the empirical cons tan t  C independent  of the atomic 
nature. The accepted n u m e r a t i o n  of  the atoms and 
substi tuents is given below. 

Detai led studies o f  the 
mechan i sms  of  the p ro to-  
na t ion  o f  pyrrole and its 
derivat ives using different  
q u a n t u m - c h e m i c a l  m e t h -  
ods 11-16 suggested, in par-  
t icular,  orbital control  o f  
the regio orientat ion o f  this 
process .  17 U n f o r t u n a t e l y ,  
this conclusion cannot  be 
extended to c o m p o u n d  I, 
for which the semiempir ical  

R 4 R 3 

4 3 

R s 5 ~ S  

R 8 R 7 
R 3. R 4, R 5, R 7, IR a = H, Me 

methods  gave different s equences  of  the relative stabili- 
ties o f  the protonated s t ructures  under study (Table I). 
All methods  preferred the C3-pro tona ted  tbrm (Fable 2) 
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T a b l e  1. Relative energies E) of  the protonated structures of 
molecule I according to the quantum-chemic:fl data + 

Proto- E,'kcal t oo l - )  

re)lion 0-31 G* A M  1 PM 3 ,",'l N DO 
center 

C, 20.8 27  1 22.6 19.3 
C:, 5.0 (I.0 0 0 1.6 
C 4 16.1 12.9 7.9 9 3  
C 5 0.0 I. I I.() 0.0 
C 7 19.1 23.5 17.7 1,1.9 
C~ 33.9 18.2 22.9 23.9 
N 44.3 35.8 273 34.5 
S 49.6 19.3 12.0 30.2 

"In each case, the full energy (eV) of the most slable form 
--18568.9913 16-31G"), -1279.5856 (MNDO). - t243 .4957  
IAMIL and -1143,2153 (PM3) was taken a,, the reference 
poinl. 

Table 2. Comnbutions of  AO to HOMO and charges of atoms 
m molecule ! 

Atom .,'Vl N DO A M I P M 3 

Cor~tribution 
C~ 0.48 047  0.48 
C; 0,10 0 03 0.01 
C< 0.44 043  (3.42 
C7 0.20 0 15 0.18 

Chargr 
C 3 -0.073 -0.161 - 0  101 
C., - 0  l l9  -0 .173 --0 146 
C< 0.002 --0.129 - 0  27,1 
C, -0.286 -0 .420 -0 .284  

because of  the orbital  p r o p e r t y .  T he  expe r imen ta l  t l]er-  
modynamic  preference of  t he  Cs-s t ruc tu re  z has  been  
t ransmit ted  onl}. by the 6 - 3 1 G *  method  and ,  w h i c h  is 
somewhat  u n e x p e c t e d ,  in t h e  M N [ ) O  v a r i a n t  (see 
Table I )." 

The ques t ion  arises: Due  to wh ich  e lec t ron  fac to rs  is 
the Cs -ca t ion  most  s table in the  M N D O  mode l  o f  the 
isolated system? The i n t l u e n c e  o f  the f ront ier  o c c u p i e d  
MO on the regio o r i e n t a t i o n  o f  p r o t o n a t i o n  can  be 
excluded ( the  gap be t w een  the  energy levels o f  the  
I t O M O  and the p reced ing  o c c u p i e d  MO is 0.79,  I . tS ,  
and 0.83 eV in the M N D O ,  A M I ,  and PM3 var ian t s ,  
respectively). Apparen t ly ,  t he  reason for the  co r r ec t  
M N D O  t ransmiss ion  s h o u l d  be searched for  in the  
changes in the e lec t ron  p a r a m e t e r s ,  which o c c u r  in 
molecule 1 upon  the a d d i t i o n  o f  a proton.  

These changes  can be e x a m i n e d  in detail  by  in te r -  
relation of  the  s t ructural  r e o r g a n i z a t i o n  due to the  effect  
of H + and the c o r r e s p o n d i n g  e lec t ron  t r : m s f o r m a t ion .  

" The calcukltions in the 3-21G and 6-21G* basis sets do not 
explicitly prefer the C:~-protonated form because of the relative 
stab,dity. 

Exchlding the source o f  s t ruc tu ra l  d e l o r m a t i o n s  (proton)  
from the calcula t ion with u n c h a n g e d  geomet ry  of mol- 
ectde i ,  we can eh,cidate  the  in t luence  of  the pure 
geometr ic  reorganizat ion in the  e lec t ron  distr ihution.  In 
the general  case, this p rob lem is very, l abo r -consuming  if 
we take into account  the muh ip ro f i l e  cha rac te r  of  the 
react ion route.,,. There tbre ,  we cons ide red  only the initial 
and final points  of  the s tud ied  p ro tona t ion  routes. The 
deformal ion  degree (,.6Ex) was es t imated  as the differ- 
ence between the energies o f  two neutral  s t ructures  (with 
opt imized  geometr ic  p a r a m e t e r s  (Eom) and those inher-  
ent in the s ta t ionary p r o t o n a t e d  state (Ex/ I~))  

Z f x ,  = E'op, - Ex, ,I,. 

The changes  in some e l ec t ron  paramete r s  due to the 
structural  reorganizat ion are p resen ted  in Tables 3 and 4. 
Naturally.  the t r ans format ions  o f  the H O M O  and charge 
d is t r ibut ions  in different f r agmen t s  of  the molecule are 
of  interest .  When  the C a t o m  is a t tacked,  the cont r ibu-  
t ion of  the  AO of this a t o m  prevails  in the rearranged 
FIOMO {see f a b l e  4). C o m p a r i s o n  o f  the compet ing  
C 5- and C3-centers  shows an explici t  loss in the increase 
in the con t r ibu t ion  of  the  AO of  the C(3) a tom "~s 
compared  to that  of  C(5).  T h i s  is most  pror touneed in 
the M N D O  method  (for C(5)  the con t r ibu t ion  increases 
from 0.44 to 0.58. and that  for  C(3)  increases from 0.48 
to 0.54, see Table 4). A s imi la r  t endency  is observed in 
the ANII and  PM3 var iants  (for  C~5) from 0.43 to 0.53 
and from 0.42 to 0.47: tbr  C(3)  from 0.47 to 0.54 and 
from 0.48 to 0.51. respectively) .  

Thus, the M N D O  var iant  is the most adequate  among 
semiempir ica l  methods  used by us. 1h r  data obta ined by 
H~is m e t h o d  indicate that  the  c o m p o u n d s  of  type 1 
during the i r  p ro tona t ion  are orb i ta l -cont ro l led .  How- 
ever, unl ike pyrroles, for w h i c h  tlle most probable proto-  
nat ion cen te r  can be c h o s e n  a l ready by the compos i t ion  
of  the H O M O  of the neut ra l  o p t i m u m  structure.  Iv for 
molecule  I this factor beg ins  to appear  only in the 
dynamics  of  structural t r a n s f o r m a t i o n  (see Table 4). 

Table 3. Deformation energies (,ZEx), dipole moments riO. and 
energies of  HOMO (E) of neutral molecule ! with optimized 
geometo' and corresponding to the protonation of different 
centers (MNDO) 

Proto- ::~Ex; ~t - E 
nation /kcal tool-9 /D  /eV 
center 

* 0.0 2.02 8.26 
C, 37.4 2.54 8.13 
C; 39.6 2 90 7.94 
C a 39.5 2.77 803 
C~ 38.2 1.70 7.04 
C7 42.6 2.81 8.09 
Cs 41.2 1.54 8.17 
S 0.7 2.02 8.29 
N 15 I !.95 8.52 

* Geometry. op t imum.  
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Table 4. (:omributions of AO to t tOMO and charges of atoms in rnolecule I with optimized geometu and corresponding to the 
protonalion of different col;lets fMNDO) 

PfO | D - 

I1;.1| I O  r l  

cCIlt~ [ 

Contlibtuion of  AO Charge 

Cs C7 C~ C 4 C 3 C 2 S N C~ (-'7 C'~ C4 C3 ('~ S N 

" 0.30 0.20 0.44 0 10 04R /).35 0.53 0 t 6  0.065 --0286 0.002 -0.1t9 -0.073 -0204 0.331 -0200 
(~ 0.20 003 I) .49 0.21 0.31 0.51 0.38 004 I}.f)31 -11234 0.028 -0.152 -0.017 -0239 0.27q -0.177 
('-3 0. t3 0.35 0.35 005 0.54 036 0 .41  0.21 -0.06t -0.309 -0.027 -0.083 -0.129 -0190 --0.378 -0.188 
Ca 0.11 0. l l  0.50 0.53 0.07 0.42 029 0.19 0.043--0.258 0 . 0 3 1 - 0 . 1 7 9 - 0 . 0 3 6 - 0 . 2 3 ~  0.330-0.177 
Cs 0.20 0.0q 0.58 0. t4 0.37 0.37 0.38 0.09 0.061 -0.305 -0.0N5 -0.056 -0.110 -0.196 0.378 -0165 
C7 0.36 0.52 024 0.11 0.44 0.11 0.49 0.27 0.097 -0.320 (/.002 -0.080 -0.006 -0.144 0.271 -0.213 
C s 0.50 0. IS 0.45 007 0.44 0.36 04h 0[5  0.010 -0.286 0.001 -0.134 -0.051 -0278 0.441 -0.181 
S 0.29 0.19 0.44 0.07 0.49 0.36 054 0.16 0.071 -0.280 0.006 -0 . t  t,) -0.073 -0  195 0.3t I -0204 
N 0.25 0.1g 0.33 0.07 0.46 0.29 049 0.16 0039 -0.266 0.007 --0 102 -0047  -0.tq9 0.310 -0.220 

Geometry optinaum. 

Then all q u a n t u m - c h e m i c a l  pa ramete rs  obta ined in the 
semiempi r i ca l  a p p r o x i m a t i o n  are  a t t r i bu t ed  to the 
M N DO variant,  unless otherwise specif ied.  

As a result o f  the deformat ion  o f  molecule  !. the 
interaction be tween  the vacant orbital  o f  the electrophile 
and its H O M O  enhances  the energy level of  the latter 
(see Table 3). This  occurs only for C i -ca rbon  centers. 
The sequence o f  the relative increase in the energy of  the 
H O M O  (C 5 -- C 3 > C 4 > C-~ > C 2 > C s) corresponds to 
the series o f  Sl.ability of  tile ca t ion ic  c~-complexes (see 
Tables I and 3). A n o t h e r  corre la t ion be tween  the stabili- 
ties of  different Cs-pro tonated  s t ructures  o f  compound  I 
and the degree o f  H O M O  t rans fo rmat ion  is observed: 
the greater an increase in the con t r ibu t ion  o f  the AO of  
the cor responding  carbon center  to the H O M O  during 
geometr ic  reorganiza t ion ,  the h igher  the stability, of the 
protonated form (see Tables I and 4). 

It is reasonable to expect that the structural rear- 
rangement  results in tile max imum increase in the elec- 
tron populatic, n !q) o f  the at tacked carbon  center. This 
occurs to a grea ter  extent for the C 5- and C~-centers 
G3,q = f).087 and 0.065, respectively) and to a less extent 
for C7 and C-~ {0.034 and 0.0.8,  respcct ivelv) .  Hov~ever. 
unlike the orbital parameters ,  a co r re la t ion  between the 
Aq~ and the sequence  of  the relat ive stability o f  the 
cationic ~ - c o m p l e x e s  is not found.  

The changes in the dipole m o m e n t s  related to the 
charge redis t r ibut ions  isee -Fable 3) s t ipulate  a decrease 
in the polarity o f  molecu le  i upon the pro tona t ion  at the 
C s- and Ca-cen te r s ,  whereas it increases  in all other  
variants. This suggests that lot  the po ten t i a l - compe t ing  
C 3- and Cs -cen t e r s  of  pro tonat ion  the polar  medium 
can change their  ratio. Quant i ta t ive  es t imat ions  of  the 
detormat ion degree  o f  molecule  ! for the C,-carbon 
forms lie in a wide interval t -6  kcal tool - I )  and do not 
correlated to the series of  their stabili ty (see Tables I and 
3). As should be expec ted  from the e l ec t ron  redistribu- 
tions (see Table  4), the ca lcu la t ions  o f  the neutral 
deformed structures that took into a c c o u n t  the sob,ent 
effect (C = I._, "~ ~: = 20) gave a decrease  in the s/ability of  
the C 5- and Ca - fo rms  by 1.3 and 2.8 kcal tool - i  respec- 

lively, and an increase in the stability o f  the C7-, 
C4-. C?-.  and C~-structures  by 2.5, 2.1, 3.3, and 
2.0 kcal mol - I ,  respectively. This confirms the assump- 
tion on the opposite influence o f  the medium polarity on 
the probabilities of  the protonat ion of the C 3- and 
C5-centers. 

1"he direct attack of a proton at the S atom is 
associated with ins ign i f i can t  structural d i s to r t ions  
(_'xg s = 0.7 kcal moI - i ,  see Table 3) and has almost  no 
effect on tile charge distribution and H O M O  structure 
(see Table 4). This indicates the possibilit,, o f  tile low- 
activation (ast proton exchange between the prototropic 
medium and S-center  of  compound  !. T ~ o  routes of 
intramolecular rearrangement  are possible within tills 
exchange under  tl~c condi t ion  that the lifetime of  the 
protonated S-form is sufficient. The first route involves 
1,3- or 1.2-rearrangcment* to form a more stable C 3 or 
C 7 cationic c>complex,  which requires substantial struc- 
tural changes {see Fables 3 and 5). In this case, the 
subsequent proton migration with energy gain cannot  be 
excluded {Table 6). 

The second route assumes the deprotonation of  the 
C 3- or (-'7-center to form a bipolar structure. Preference 
for the deprotonat ion of  one o f  tile centers cam be judged 
by the difti.'rence between the tbrmation enthalpies,  
which is 4.9 kcal mo1-1 in favor ol ' the C3-form. The Eac l 
value of the subsequent migrat ion of  a proton to position 
7 or 3 is 29.8 and 26. t kcal tool - i ,  respectively, which at 
least does not exceed the energy expendi tures  lot  
intramolecular rearrangements.  According to the used 
model, the C7-center  should be preferred in the first 
mechanism, and the position C 3 is preferential in the 
second mechanism.  

To reveal the role of alkyl  substituents, we calculated 
the relative stability of  the cationic o-complexes  with 
different posit ions of the metllyl groups and with their 
number varying. Based on a broad data scatter of the 

* Ea,:l k~r the centers C~ and C7 is 31.4 and 287 kcal rno[ -I, 
re:,,pectively. 
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Table 5. Main geomemc parameters of the neutral and protonated gtructures of molecule I 

Parameter Neulral Protonation center 

('} C3 Ca C~ C: Cs S N 

Bond 
N --C-, 
C(2)--CI3) 
N--C(5} 
C{4)--C(5) 
N--C(8) 
S--C(2} 
C(8)--C(7) 
Angle 
C(2}--N--C(8) 
C{2)--N--C{8} 
N--C(2)--C(3) 
N -C{2)- -S  
N--C(5)--C(4) 
N--C(8)--C{7} 

I,j,.~ 
1.427 1.509 1.381 1.464 I 3q5 1.475 
I 3.% 1.515 I 511 1.363 1459 1.366 
1.401 1.350 1.447 1.336 1.490 1.493 
1.395 1463 1.3(}3 1.552 1524 1.326 
1 414 1.445 1.409 1.440 1.408 1.370 
1.075 1.752 1.646 1.681 1649 1.674 
1.366 1.360 1.36;0 1.364 1379 1.512 

{g't/t,.,' d e,g 
09.2 110.9 110.9 II 1.3 I I 1.2 I08.I 
!00 108.6 107.4 108.2 100.6 t06.5 
a78 101.7 1088 1085 108.6 107.4 
10.0 I04.0 112.2 1098 1119 110.5 
06.8 1127 113.2 I12.2 I13.2 1152 
I0.5 109.8 109.{} 1096 1092 I 12.0 

.431 1.436 1.512 

.411 1.390 1.363 
383 I 407 1.498 
.417 1.395 1.302 
.470 1.407 1.492 
.651 1.686 1.683 
.514 1.368 1.356 

109. I 108.6 104. I 
1 0 7 . 4  107.  I 108 .  I 
107.5 I08.1 108.6 
II 1.3 110.2 1 I0.1 
114.5 1134 1056 
102.8 110.7 110.8 

Table 6. Activation barriers {Ea/kcal nml-I}, inleratomic dis- 
tances ;I/A;, and charges of atoms (q,,'au} in the transition stale5 
of 1,2-protom}pic shifts i-+j 

Shift s IQ.C'i IHC, IHC. qc qcj qH 

C4~C 5 39.1 1 49 1.1!7 t.24 0.05 0.11 0.12 
C4--,C3 40.7 1.50 1.35 1.22 --0.03 -0.02 0.17 
Cs-~C7 37.4 1.48 1 36 1.24 -0.04 - 0 0 7  0.22 

relat ive stability of  the protonated forms (see Table I), it 
is difficult  to asst, me that tl~c insertion o f  methyl stlb- 
s t i tuents  into specific positions can substantially change 
the series found fl)r the nonsubstituted strnctures. How- 
ever,  we may draw some conclusions about  the shift of  
the equi l ibr ium for the most stable C5-, C3-, C4-, and 
C ; - p r o t o n a t e d  derivatives {Table 7). For  example,  the 
inser t ion of  Me into position 5 resuhs in the inversion of  
the relative stability of  the C s- and C3-cat ions ,  whereas 
the sequence  of the other  two cat ions remains un- 
changed .  The ahernat ive substitution o f  the hydrogen 
a toms  in positions 7. 8, 4, and 3 by the methyl group 

Table 7. gnthalpies of lormation {kcalmol -I} of the cationic 
c~-complexes with methyl sul;stituents 

R = Me Protonation center 

C3 Ca C 5 C- 

Rv 202.3 211.2 201.0 2223 
R~: 203.7 2t 1.7 202.3 215.g 
R 5 203.7 210.0 207.7 216.7 
R4 203.9 217.1 202.1 217.1 
R 3 209.9 211.1 202.5 216.9 
R 5 = R 3 198.8 1986 196.9 205.5 
R.~ = R4 = R3 190.3 195.4 188 I 198.0 

never resulted in the invers ion o f  the in i t ia l  s tab i l i t y  
series, but made it possible to evalt,ate the b l o c k i o g  
effect o f  the methyl  group.  Th is  effect s t ipu lates the 
decrease in the relative s tab i l i t y  o f  the co r respond ing  
cat ionic c~-cofnptex by 5 - -7  k c a l m o l  - I  (see Tab le  7). 
When the methyl groups are sirnultaneously inser ted into 
two positions (5 and 3), the Cs -p ro tona t ed  form remains  
most preferential,  but it already' competes  s t rongly with 
both the C 3- and C a - p r o t o n a t e d  structures,  and the 
highest difference in the fo rmat ion  enthalpies decreases  
to ,:'d: " =  8.6 kcal tool - ! .  Fo r  s imultaneot ,s  b locking  of  
the C5-, C4-, and C3-carbon  centers,  the f o r m e r  se- 
quence of  stability remains unchanged ,  and the s imi lar  
energy difference Ac e-= 9.9 kcal tool -I  mdicates  that  the 
C, -pro tona ted  structure c a n n o t  become compe t i t i ve  by 
methyl s c reen ing  

New derivatives of  c o m p o u n d  1, pyrrolo[2,  l - b l s e -  
lenium- and tel luriumazoles,  have previously been  syn-  
thesized, t Naturally, it is necessa~ '  to c o m p a r e  the 
potential abilities of  p ro tona t ing  the most p romis ing  
carbon centers�9 As shown above  (see Table I), t\)r I the 
relative stability of  the ca t ion ic  ~ -complexes  decreases  in 
the series C 5 > C 3 > C 4 > Cv. Fhe  interval o f  the 
stability change is 14.8 k c a l m o l  - i .  On going to pyr-  
ro[o[2, I -b lse leniumazole ,  this series remains a lmos t  un-  
changed (C 5 -~ C 3 > C 4 > C7). Against the background  o f  
the al ignment of  the relative stabilities o f  the C 5- and 
C3-protonated forms, the c o m p e t i n g  ability o f  the C4- 
and CT-centers increases substantial ly (the m a x i m u m  
difference in the energies o f  these cs-complexes is A s  = 
7.6 kca lmol - I} .  The probabi l i t ies  of  the p r o t o n a t i o n  
of  these cen te r s  are st i l l  m o r e  a l igned  fo r  pyr -  
rolol2, l -b] te l lur iumazole  (.C 5 = C 3 > C4 = C7. k s  = 
2.6 kcal too l - I ) .  Therefore ,  the equil ibr ium can be pur-  
posefulty shifted, most likely, by the insertion o f  methyl  
substitt,ents into the co r respond ing  positions o f  the de-  
rivative, taking into accoun t  their  blockmg factor .  
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