
Russian Chemical Bulletin, Vol. 47, ,Vo. 9, September, 199S 1677 

Structure and isomerization of arenonium ions of dichiorobenzenes 
in the gas phase. A theoretical study 

Yu. A. Borisov** and B. C. Garrett ~ 

~ N. Nesmeyanov Institute of  Organoelement Compounds, Russian Academy of  Sciences, 
28 ul. Vavilova, 117813 Moscow, Russian Federation. 
Fax: +7 (095) 135 5085. E-mail: yabor@ineos.ac.ru 

bEnvironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, 
Richland, Battelle Boulevard, Richland, 99352 Washington, USA. 
Fax: +1 (509) 375 6631. E-mail: bruce_c garrett@ccmaiI.pnl.gov 

Ab initio MP2 calculations of all isomeric arenonium ions (AI) of orrho-, meta-, and 
para-dichlorobcnzenes in the gas phase were carried out with fidl optimization of geometry 
with the 6-31G" basis set. The calculated proton affinities depend substantially on the 
position of geminal center in the corresponding dichlorobenzenonium ion and decrease in 
the series 1,2-dichloro-4H-benzenonium > 1,2-dichloro-3H-benzenonium > 1,2-dichloro- 
2H-benzenonium; 1,3-dichloro-4ll-benzenonium > 1,3-dichloro-21t-benzenoninm > 
1,3-dichloro-5H-benzenonium > 1,3-dichloro-31f-benzenonium; 1,4-dichloro-2//-benzeno- 
nium > 1,4-dichloro-4t/-benzenonium. The structures of transition states and activation 
energies (E~) of almost all 1,2-shifts of H and CI .',toms in AI were determined. The 
activation energies of migrations of H atoms are about 6 kcal tool - I  less than those of 
migrations of CI atoms in similar structures. The isomerization routes and relations between 
the rate constants for isomerization of dichlorobenzenes through AI were established. 

Key words: ab initio calculations, MP2 method: dichlorobenzenes, arenonium ions, 
proton affinity; 1,2-shifts of H and C1 atoms, activation energy. 

Individual  i somers  of  d i ch lo robenzenes  ( D C B )  are 
i m p o r t a n t  init ial  c o m p o u n d s  for p roduc t ion  o f  various 
chemica l s  such  as drugs,  pesticides, dyes, t he rmos tab le  
polymers ,  etc. It is of  interest  to study i somer iza t ion  of  
D C B  since some  isomers  canno t  be ob ta ined  directly. 
l somer i za t ion  of  D C B  can occur  at the s t rongly acidic 
cen te r s  of  the  cata lyst  surface Lz and  in superacidic  
so lu t ions .  3 It is a s s u m e d  tha t  i somer i za t ion  occurs  
t h rough  i n t e r m e d i a t e  fo rmat ion  of a r e n o n i u m  ions (AI) 
o f  DCB.  

Recent ly ,  4,5 one  of  the  authors  of  this work has 
pe r fo rmed  q u a n t u m - c h e m i c a l  studies of  the  e lec t ronic  
s t ruc ture  and  react ivi ty  of  D C B a r e n o n i u m  ions by the  
semiempi r i ca l  A M I  me thod .  The  pro ton  affinit ies for 
different  pos i t ions  of  i someric  DCB molecules  and act i -  
va t ion energies  o f  migra t ion  of  H a toms  in AI were 
de t e rmined .  

The  aim of  th is  work was to carry out  a more  in- 
dep th  s tudy o f  DCB a r e u o n i u m  ions and  the i r  i someric  
t r ans fo rma t ions  by the  ab initio M P 2 / 6 - 3 1 G *  method .  

Procedure for Calculations 

The calculations of DCB and their AI were carried out at 
the second-order level of Mellcr--Plesset perturbation theory. 
(MP2) 6 with the 6-31G* basis set. The geometries of all 
systems were optimized using analytical gradients withotTt 

considering the symmetry point group. The quasi-Newton 
method of synchronous transition 7 was used for the calculation 
of transition states. The calculations were carried out using the 
GAUSSIAN-92, GAUSSfAN-94, ~,9 and GAMESS to pro- 
grams on CRAY C-90 (Livermore, California, USA), CRAY 
J-90 (Berkeley, California, USA), and DEC AXP 3000-400 
(Moscow, Russian Federation) computers. 

Results and Discussion 

Calculations of  the geometry and electronic structure 
of  DCB arenonium ions 

The  n u m b e r i n g  of  the  a t o m s  in i somer ic  D C B  
a r e u o n i u m  ions used in this  s tudy is given below. S tn ic -  
tnres  1--3 cor respond  to a r e n o n i u m  ions of  1 ,2 -DCB,  
s t r u c t u r e s  4 - - 7  c o r r e s p o n d  to a r e n o n i u m  ions  of  
1 ,3 -DCB,  and s t ruc tures  8, 9 cor respond  to a r e n o n i u m  
iotas of  1 ,4 -DCB ( S c h e m e  1). 

The  results of  ca lcu la t ions  of  the geomet ry  of  neutra l  
DCB molecules  arc given in Table  1, in which  the  
neares t  in t e ra tomic  d is tances  and  bond  angles ill ortho-, 
meta-, and para-isomers of  D C B  obta ined  f rom the  
ab initio M P 2 / 6 - 3 1 G *  ca lcu la t ions  are listed. T h e  cal- 
cu la ted  values of  total energies  and q u a n t u m  cor rec t ions  
for ze ro -po in t  energy are also given in Table 1. 

The  calculated in te ra tomic  distances and angles in 
recta-isomer of d i ch lo robenzene  can be compared  with 
the  available exper imenta l  data for tile 1 ,3 -DCB tool- 
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ecule in the gas phase obtained by the combined analysis 
of electron diffraction, microwave spectroscopy, and 
N M R  (in a liquid-crystal solvent) data. tt The interatomic 
distances and bond angles we calculated deviate from 
experimental data by -0.5%. This is a rather good agree- 
ment between theoretical and experimental geometric 
parameters of 1,3-C12C6H 4 molecule in the gas phase. 
The calculated series of relative stabilities of isomeric 
DCB is in qualitative agreement with the experimental 
data. tz If the energy of formation of ortho-isomer is taken 
as 0, then the relative stabilities (kcal mol - t )  can be 
ordered as follows (the experimental values of relative 
energies of formation are given in parentheses): 1,2-DCB, 
0 (0); 1,3-DCB, - I . 85  (-1.08+0.50); and 1,4-DCB, 
-1.87 (-I .84+0.5) .  The zero-point energy corrections 
AE(ZPC) are nearly the same for all three isomers of 
neutral DCB molecules. 

The optimized values of geometric parameters of ana- 
lyzed structures 1--9 of arenonium DCB ions and the 
zero-point energy corrections AE(ZPC) are listed in 
Table 2. 

The proton affinities can be calculated as differences 
between the total energies of neutral molecules of ortho-, 
meta-, and para-isomers of DCB (see Table 1) and those 
of AI in the gas phase. These results are listed in 
Table 3. Along with the data obtained by the 
M P2/6-3 IG* method, this table summarizes the results 
of HF/6-31G* calculations (with optimization of the 
geometry of corresponding molecules and arenonium 
ions by the HF/6-31G* method). 

Table 1. Results of calculations o f  the structure of DCB 
molecules in the gas phase: nearest in teratomie distances (i--j), 
bond angles (i--j--k), total energies (E), and zero-point energy 
corrections (AE( ZPC) ) 

Parameter 1 ,2 -DCI3  t,3-DCB* 1,4-DCB 

i--j/h 
1--2 
2--3 
3--4 
4--5 
5--6 
I--6 
I--7 
2--8 
3--9 
4--10 
5--11 
6--12 

i--j--k/deg 
1 - - 2 - - 3  
2--3--4 
3--4--5 
4--5--6 
5--6--1 
6--1--2 
7--1--2 
8--2--3 
9- -3- -4  
10--4--5 
1 I - -5 - -6  
12--6-- I  

E/au 
AE(ZPC)/au 

t.401 1.394 (1.3906) 1.395 
1.397 1.394 (1.3906) 1.394 
1.393 1.395 (1.3944) 1.395 
1.396 t.395 (l.4069) t.395 
.393 1.395 (I.4-069) 1.394 
.397 1.395 (I.3944) 1.395 
.732 1.739 (1.7390) [.739 
.732 1.085 (t.1071) 1.086 
.086 1.739 (1.7390) 1.086 
.087 1.086 (I.O973) 1.739 
.087 1.087 (I.I 050) 1.086 
.086 1.086 (1.0973) 1.086 

119.8 118.3 (118.09) 119.6 
120.3 121.6 (122.27) 119.6 
120.0 118.8 (118.[3) 120.9 
120.0 121.0 (121.10) 119.6 
120,3 118.8 (118.13) 119.6 
119.8 121.6 (122.27) 120.9 
121.4 II8.9 (118.9l) 119.6 
118.8 120.9 (121.19) 120.4 
120.9 119.5 (118.82) 120.1 
120.5 121.1 (120.68) 119.6 
119.6 119.5 (119.45) 120.4 
118.8 120.1 (121.19) 120.1 

-1149.5191 - I  149.5220 -1149.5220 
0.0815 0.0814 0.0814 

* Corresponding experimental values 11 are given in parentheses. 

Calculations of activation energies of isomerization 
of DCB arenonium ions 

Arenonium DCB ions undergo isomeric transforma- 
tions followed by migration of  H or CI atoms. These 
processes are of importance for the synthesis of  those 
DCB isomers which cannot be obtained directly. We 
determined the structures of  transition states of  migra- 
tion of H and CI atoms for all AI considered by the 
quasi-Newton method of synchronous transition. 7 

The calculated structures o f  eight transition states 
(structures 10--17) describe almost all transformations 
of isomeric DCB arenonium ions and are shown in 
Scheme 2. 

The geometric parameters, total energies, and zero- 
point energy corrections for transition states 10--17 are 
listed in Table 4. 

When discussing the geometry of DCB arenouium 
ions it should be noted tha t in  all structures the proton is 
bonded to one of C atoms to form a local structure close 
to the tetrahedral structure. Attachment of the proton to 
a carbon atom not bonded to the CI atom (structures 2, 
3, 5, 6, 7, and 9) does not lead to violation of planarity 



Structure and isomerizat ion of arenoniunl  ions Russ. Chem. Bul/., {q;I. 47, No. 9, September, 1996' 1679 

Table 2. Geometric parameters of arenonium ions of DCBs in the gas phase: intcratomic distances (i--j), bond angles 
(i--j--k), dihedral angles (i--j--k--l). and AE(ZPC) values 

Pa ramete r 1 2 3 4 5 6 7 8 9 

i--j/A 
I--2 
2--3 
3--4 
4--5 
5--6 
I--6 
1--7 
2--8 
3--9 
4--10 
5--11 
6--12 
O* 

i--j--k/deg 
I - - 2 - - 3  
2--3--4 
3--4-.5 
4--5 --6 
5--6-- I 
6-- I--2 
7--I--2 
8--2--3 
9--3--4 
10--4--5 
I I - -5- -6  
12--6--I 
b* 

i--j--k--t/deg 
1 - - 2 - - 3 - - 4  
2--3--4--5 
3--4--5--6  
4--5--6--1 
5--6--1--2  
7--1--2--3 
8--2--3 --4 
9--3--4--5 
10--4--5--6 
I I - - 5 - - 6 - -  1 
12--6--I--2 
C* 

AE(ZPC)/au 

.492 1.397 1.431 1.382 1.408 

.482 1.476 1.374 1.470 1.378 

.367 1.470 1.467 1.468 1.479 

.417 1.370 1.465 1.377 1.476 

.397 1.412 1.369 1.406 1.363 

.387 1.404 1.419 1.414 1.425 

.677 1.707 1.678 1.710 1.685 

.772 1.682 1.709 1.087 1.086 

.088 1.108 1.089 1.767 1.691 

.085 1.088 1.109 1.088 1.106 

.088 1.085 1.088 1.086 1.088 

.087 1.089 1.085 1.089 1.085 

.114 1.106 1.109 1.126 1.106 

115.9 120.4 il8.3 120.0 118.7 
121.3 117.5 122.1 117.5 121.8 
119.0 120.8 116.7 119.8 115.7 
123.2 119.1 121.1 119.7 122.1 
119.6 123_9 119.9 122.8 118.7 

120.07 118.4 122.0 119.0 123.1 
119.1 122.2 120.1 121.1 118.5 
111.8 117.8 120.7 118.4 121.2 
121.9 t09.2 118.6 114.6 117.9 
120.0 121.4 109,6 122.0 109.6 
118.1 119.4 120.2 1t9.5 120.3 
119.8 117.3 118.6 118.1 119.4 
103.7 109.2 109.6 100.l 109.6 

.410 1.483 1.422 

.410 1.483 1.366 

.382 1.379 1.479 

.460 1.404 1.479 

.460 1.404 1.366 

.382 1.380 1.421 

.711 1.689 1.678 

.090 t.105 1.085 

.711 1.689 1.088 

.088 1.085 1.782 

.112 1.089 1.088 

.088 1.086 1.086 

.112 1.104 I.I11 

.372 

.472 

.473 

.389 

.395 

.420 

.712 

.088 

.107 

.684 

.086 

.089 

.107 

23.0 116.1 118.9 121.0 
19.2 121.3 121.6 117.1 
20.1 118.6 115.8 120.6 
18.5 1242 121.6 119. t 
20.1 118.6 t18.9 123.3 
19.2 121.3 122.6 118.9 
19.4 117.3 118.7 121.8 
18.5 109.1 121.6 I I,q.2 

121.4 121.5 117.5 109.0 
119.2 120.6 111.6 120.9 
109.2 117.9 120.9 120.2 
120.7 120.7 119.5 118.1 
109.2 109.2 105.6 109.0 

-10.2 0.0 0.0 12.4 0.0 0.0 -0.1 5.1 0.0 
5.7 -0.1 0.0 -12.1 0.1 0.0 0.I -8.5 0.0 

-1 .7  0.1 0.0 7.4 0.0 0.0 -0.1 8.5 0.0 
2.8 -0.0 0.0 -2.8 0.0 0.0 0.0 -5.1 0.0 

11.2 0.0 0.1 3.1 0.1 0.0 0.0 1.3 0.0 
-173.9 -180.0 -180.0 176.0 -180.0 180.0 180.0 178.4 -180.0 
-143.6 -180.0 -180.0 -173.5 180.0 -180.0 -123.9 -177.9 -179.9 
-179.0 -124.6 -180.0 -150.4 180.0 180.0 180.0 174.9 124.6 
- t78 .6  -180.0 -124.8 -178.8 124.0 180.0 -180.0 137.5 180.0 
-177.3 -180.0 -180.0 -179.0 180.0 125.7 180.0 178.4 -180.0 
-176.5 -180.0 180.0 -177.6 -180.0 -180.0 180.0 178.3 -180.0 

101.9 124.6 124.7 96.1 -124.0 -125.7 123.8 -107.8 -124.7 

0.0938 0.0929 0.0927 0.0929 0.0933 0.0918 0.0934 0.0938 0.0927 

" Parameter "a" for AI 1--9 corresponds to the following interatomic distances: 2--13 (1), 3--13 (2), 4--13 (3), 3--13 (4), 
4--13 (5), 5--13 (6), 2--13 (7), 4--13 (8), and 3--13 (9); parameter "b" corresponds to tile following bond angles: 13--2--3 
(1), t3--3--4 (2), 13--4--5 (3), 13--3--4 (4), 13--4--5 (5), 13--5--6 (6), 13--2--3 (7), 13--4--5 (8), and 13--3--4 (9), and 
parameter "c" corresponds to the following dihedral angles: 13--2--3--4 (1), [3--3--4--5 (2), 13--4--5--6 (3), 13--3--4--5 
(4), 13--4--5--6 (5), 13--5--6--1 (6), 13--3--4--5 (7), 13--4--5--6 (8), and 13--2--3--4 (9L 

of  the carbon skele ton of  AI. However,  if the carbon 
a tom to which  pro ton  is at tached forms a C- -CI  bond 
(structures 1, 4, and 8), the planarity of  the carbon 
skeleton o f  AI is violated.  For instance,  the 2 - - 3 - - 4 - - 5  
dihedral  angle in s t ructure  4 exceeds 10 ~ Alternat ion of  
C - - C  bonds  occurs  in the carbon skeleton of  AI, viz., 
the lengths o f  the C - - C  bonds  with the part icipation of  
the " te t rahedral"  C a tom are within the limits 1.46-- 
1.49 A,, those  o f  ne ighbor ing bonds are 1.36--1.39 ~.. 

and those of  more  dis tant  bonds are 1.40--1.42 A. The 
C - - H  bonds at the "tetrahedral" C a tom are longer than 
other bonds (1.10--1.13 A). 

The character of the electron density distribution in 
DCB arenoniunl ions shows that ( I )  "tetrahedra]" C 
a toms  have large negative charges ( f rom -0 .41  to 
--0.49); (2) tile effective charges on C] a toms vary over 
a wide range (from +0.10 to +0.24) depending  on 
their  position; and (3) an appreciable  a l ternat ion of  
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Table 3. Total energies (E/au) and proton affinities (PA/kcal tool -l) of 1,2-, 1,3- and 1,4-DCB 
(protonation with different localization of proton) 

Molecule Proton -E PA -E PA PA with inclu- 

position HF/6-31G* MP2/6-31G* sion of ZPC 

1,2-DCB C(1), C ( 2 )  1148.7829 179.4 1149.7881 168.7 161.0 
C(3), C ( 6 )  1148.7910 184.5 1149.8004 176.4 169.3 
C(4), C ( 5 )  1148.7922 185.2 1149.8018 177.3 170.3 

1,3-DCB C(t), C ( 3 )  1148.7765 172.5 1149.7781 160.6 153.4 
C(4), C ( 6 )  1148.8033 189.3 ll49 8125 182.2 174.7 
C(5) 1148.7847 177.6 1149.7903 168.3 161.8 
C(2) 1148.801l 187.9 1149.8102 180.8 173.2 

t,4-DCB C(I), C ( 4 )  1148.7886 179.9 1149.7919 167.4 161.5 
C(2), C(3), 
C(5), C ( 6 )  1148.7935 183.0 1149.8006 172.9 167.7 
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charges along the chain of the carbon atoms in the ring 
OCCU IS. 

Analysis of the data in Table 4 makes it possible to 
draw some important conclusions. The position of car- 
bon atom bonded to the CI atom is the least favorable 
for the pro;.ou addition to the DCB molecule. In the 
case of ortho-isomer, positions C(4) and C(5) are the 
most favorable while positions C(3) and C(6) are less 
favorable for the proton addition, though the energy 
difference does not exceed 1 kcal tool -t .  This means 
that positions C(4), C(5), C(3), and C(6) in ortho- 
isomer are approximately equivalent. The situation dif- 

fers substantially in the case of rneta-isomer where the 
most stable forms of AI are those in which proton is 
added to C(4) or C(6) atoms. The  arenonium ion with 
proton bonded to the C(2) atom is less favorable (ap- 
proximately by 1.5 kcal tool - I )  while that with the 
proton at the C(5) atom is considerably unfavorable. 
The most stable AI in the case ofpara-isomer are those 
where proton is added to C(2), C(3), C(5), or C(6) 
atoms. When comparing the calculated absolute proton 
affinity (PA) of DCB isomers it should be noted that it 
increases on going from ortho- (177.3 kcal tool - i )  to 
recta-isomer (182.2 kcal tool - i )  and decreases on going 
from recta- to para-isomer (172.9 kcal tool-I). We have 
no information on experimental values of the proton 
affinity of 1,2-, 1,3-, and 1,4-DCB; however, the regu- 
larity we obtained for DCB isomers is also characteristic 
of difluorobenzene (DFB) isomers. It is known from the 
published data t3 that the proton affinity in the series 
1,2-DFB, 1,3-DFB, and 1,4-DFB changes as follows: 
175.7, 180.0, and t71.5 kcal mol - I ,  respectively. 

The proton affinity of benzene molecule calculated by 
the MP2/6-31G* method is equal to 181.3 kcal tool - i  
and that with inclusion of zero-point energy corrections is 
equal to 175.9 kcal mol -I. The experimental value 13 is 
equal to 180.0 kcal tool -I. Thus, according to our calcula- 
tions, the proton affinity decreases approximately by 
5--8 kcal tool -I on going from benzene molecule to 
ortho- and para-isomers of DCB, while it changes only 
slightly on going from benzene molecule to raeta-isomer 
of DCB (the proton affinity increases by 2 kcal tool -I 
without inclusion of zero-point energy corrections). 

Some peculiarities of the structure of transition states 
of 1,2-migrations of H and CI atoms should be noted. In 
transition state, the migrating group (H or CI atom) is 
always above or under the plane of AI ring. For in- 
stance, the 10--3--4--5 dihedral angle in structure I0 
(see Table 3) corresponding to migration of H atom is 
95 ~ while the 9 - -2 - -3 - -4  dihedral angle in structure 12 
correspondiqg to migration of CI atom is 109.6 ~ It is of 
interest that migration of a H atom in AI is accompa- 
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Table 4. Geometric parameters of transition states 10--17: interatomic distances (i--j), bond angles 
(i--j--k), dihedral angles (i--j--k--l), total energies," and zero-point energy corrections 

Parameter 10 11 12 13 14 15 16 17 

i--j/A 
I--2 1.409 1.435 1.417 1.391 
2--3 1.414 1.460 1.471 1.431 
3--4 1.449 1.402 1.453 1.453 
4--5 1.413 1.394 t.367 1.402 
5--6 1.388 1.400 1.432 1.390 
6--1 1.411 1.398 1,381 1.413 
I --7 1.700 1.696 1.710 1.708 
2--8 1.700 1.715 1.088 1.086 
2--9 2.176 1.258 2.113 2.728 
3--9 1.088 1.377 1.905 1.730 
3-- I 0 1.321 ~.088 1.089 1.204 
4--11 1.088 1.086 1.086 1.088 
5-- 12 1.086 1.087 1.086 1.086 
6--13 1.086 t.087 t.088 1.087 

i--j--k/deg 
I - -2- -3  118.8 118.5 120.1 119.2 
2--3--4 120.5 [20.4 118.4 119.4 
3--4--5 119.2 119.3 119.1 119.0 
4- -5--6  1t9.4 121.2 121.5 120.2 
5- -6- - I  122.0 121.6 121.8 121.1 
6--1--2  120.2 118.8 118.9 120.6 
7--1--2 120.8 120.5 118.8 119.8 
8--2--3 118.7 118.7 119.0 119.4 
9--2--3  25.6 60.3 61.2 33.7 
9- -3--4  119.1 107.4 113.5 119.1 
10--3--4 55.2 122.6 117.8 68.9 
11--4--5 122.2 121.5 121.9 122.7 
12--5--6 120.8 119.1 118.5 120.4 
13--6--1 118.2 118.2 118.9 118.9 

i--j--k--I/deg 
I - -2 - -3 - -4  -0 .7  -3 .7  -5 .3  6.7 
2- -3- -4- -5  0.8 3.0 3.0 -7 .2  
3--4--5--6 -0.6 -2 .5  -0.8 6.0 
4--5--6--1 0.2 2,7 0.8 -4 .2  
5 - -6 - -1 - -2  0.0 -3 .4  -3.1 3.7 
7- -1- -2- -3  -180.0 -177.3 -177.0 178.2 
8- -2- -3- -4  --179.7 -172.2 164.9 -176.2 
9 - -2 - -3 - -4  --176.4 89.3 -109.6 -162.2 
10--3--4--5 95.1 --178.3 153.0 89.0 
I I - -4- -5- -6  --174.4 179.5 179.2 180.0 
12--5--6--1 -179.4 -178.8 178.8 179. I 
13- -6 - - I - -2  --179.8 179. l 176.8 -178.7 

AE/au -0.7812 -0.7735 -0.7636 -0.7722 
AE(ZPC)/au 0.0897 0.0899 0.0931 0.0902 

1.405 1.370 1.413 
1.456 1.450 1.454 
1.429 1.470 1.413 
1.389 1.413 1.401 
.404 1.376 1.396 
.399 1.441 1.401 
.707 t.708 1.703 

1.089 1.086 1.089 
.513 2.174 1.303 
.207 1.089 1.303 
.728 1.910 1.089 
.086 1.087 1.703 
.087 1.085 1.087 
.088 1.088 1.087 

.396 

.404 

.453 

.426 

.383 

.415 

.703 

.086 
2.183 
1.089 
1.381 
1.719 
1.087 
1.087 

19.4 119.2 119.7 119.6 
19.3 1186 119.7 120.2 
18.9 120.0 119.0 118.5 
21.4 119.1 121.3 119.9 
21.0 122.0 121.3 121.0 
19.5 120.9 119.0 120.7 
t9.2 121.1 119.6 120.0 
18.4 119.4 118.6 119.6 
47.9 26.5 56.1 25.1 

104.6 117.3 108.9 118.1 
119.9 77.1 121.5 52.6 
121.9 120.9 121.5 120_6 
119.2 t20.9 119.6 121_1 
118.9 118.2 119.1 119.3 

7.1 -4 .3  -0.1 3.6 
-6.1 5.4 -0 .4  -3 .6  

4.1 --4.5 0.4 3.0 
-3 .0  2.6 0.1 -2 .4  

3.9 --1.6 --0.6 2.5 
177.3 179.8 -179.0 178.3 

-178.4 176.6 -175.3 -178.7 
95.2 149.9 93.8 -179.0 

-168.8 - t 0 4 . 6  -175.6 -94.1 
- 178.7 166.4 - 179.0 170.8 

180.0 179.3 -179.9 178.4 
-178.5 178.1 179.6 -179.7 

-0.7710 -0.7660 -0.7805 -0.7752 
0.0901 0.0932 0.0896 0.0897 

* Total energy E = -1149 + AE(au). 

nied by a s l ight  dev ia t ion  o f  the  subs t i tuents  at the  C - - C  
bond  involved in to  mig ra t ion  from the  r ing plane in the  
opposi te  d i r ec t i on  relat ive to the  migra t ing group. In tile 
case o f  r n i g m t i o n  o f  the  CI a tom the  devia t ion of  the  
subs t i tuen ts  f rom the  C - - C - - C  plane can  exceed 15 ~ 

The  effective charges  on  migrat ing H a toms in trmksi- 
t ion states differ  slightly f rom corresponding values in AI. 
At the  same  t ime,  the  charges  on  migrat ing CI a toms in 
t ransi t ion states are smal ler  than  those in AI. For instance,  
the  c h a r g e  on  the  CI a tom in structure 12 is +0.18 e; 
whereas  it is e q u a l  to +0.25 e in a renon ium ion 3. 

The  data  o n  t rans i t ion  states 1 0 - - 1 7  make  it possible 
to d e t e r m i n e  the  ac t iva t ion  energies  and  es t ima te  the  
re la t ions  be tween  the  rate cons tan t s  for DCB isomer iza-  
t ion  t h rough  the  fo rma t ion  o f A l .  I somer iza t ion  of  DCB 
can  be descr ibed by the fol lowing scheme:  

k I k~ 
"' " ~, 1 , 4 - C I 2 C 6 H a ,  1 , 2 - C I 2 C 6 H  4 ~k.. i  1 , 3 -C I2C6H 4 ~'k_~ 

where  kt ,  k_f,  k 2, and  k_ 2 are tile rate c o n s t a n t s  for 
co r r e spond ing  stages. Let us assume that  only  the  mos t  
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Table 5. Activation energies (Ea) of t,2-shifts of H and CI 
arums as elementary steps of DCB isomerization through 
arenonium ions 

Reaction E,a/kcal mo1- 

3- -2  2--1 I - -4  4--5  4- -8  8--9 

Direct 12.9 16.9 I5.4 3.7 7.6 t0.5 
(11.0) (15.0) (14.9) (2.1) (7.8) (7.9) 

Reverse 12.0 9.2 9.1 25.3 16.2 15.9 
(10.0) (6.7) (9.3) (23.3) (15.9) (14.0) 

Note. Corresponding values with inclusion of zero-point energy 
corrections (ZPC) are given in parentheses. 

stable form of  a renon ium ion occurs upon proton addi- 
t ion to the D C B  molecule .  This is an actually justified 
assumption, since according to N MR spectroscopy data, 3 
the fraction of  the most stable 1,3-DCB AI (structure 5) 
is -95%.  Thus,  according  to our calculations,  AI of  
1 ,2-DCB,  1 ,3-DCB,  and 1 ,4-DCB will have structures 
3, 5, and 9, respectively,  before isomerization. Then  the 
t ransformat ion of  the most  stable structure o f  1 ,2-DCB 
AI into the most  stable 1 ,3-DCB AI will occur  through 
four  success ive  1 ,2-shif ts  of  H and CI a toms:  
3 ~ 2 ~--~ 1 ~ 4 ~-.~-- 5. 

Transformat ion o f  the most stable 1 ,3-DCB AI into 
the  most  s table  1 , 4 - D C B  AI can o c c u r  th rough 
three successive 1,2-shifts of  H and CI atoms, viz., 
5 ~ 4 ~ 8 ~ 9. The  activation energies of  indi- 
vidual 1,2-shifts o f  H and CI atoms for the reactions of  
isomerization of  D C B  through AI are listed in Table 5. It 
follows from the data  in Table  5 that the transformation 
o f  structure 2 into structure 1 (E~ -- 15.0 kcal tool - l )  is 
the l imit ing (with the highest  act ivat ion energy of  
t ,2 -sh i f t )  s tage o f  i somer iza t ion  of  1 ,2 -DCB into 
1 ,3-DCB through AI and that the transformation of  
structure 5 into structure 4 (E  a --- 23.3 kcal mol - I )  
is t he  l i m i t i n g  s tage o f  the  reverse  reac t ion  
( I , 3 - D C B  ~ 1 ,2-DCB).  The  transformation of  struc- 
ture 5 into structure 4 ( E  a = 23.3 kcal mol - l )  is the 
l imiting stage of  isomerizat ion of  1,3-DCB into 1,4-DCB 
through a r e n o n i u m  ions and the t ransformat ion  of  
structure 8 into structure 4 (E~ = 15.9 kcal tool -~) 
is t he  l i m i t i n g  s tage o f  the  reverse  reac t ion  
( t , 4 - D C B  ~ 1 ,3-DCB).  

Taking into account  the values of  activation energies 
of  individual react ion stages and the number  of  t ,2-shifts 

of  H and CI atoms in the cou r se  o f  isomerizat ion,  we 
obtained the following relations for the rate constants  
for reaction of  DCB isomerizat ion:  k 1 > k_l, k 2 < k_2, 
and k_ l < k 2. The relations we found  are in agreement  
with the data obtained la in s tudies  of  DCB isomeriza-  
tion on zeolites. 
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