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Electronic structure, geometry, and stability of organic cations, 
dications, and donor-acceptor complexes 
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Geometric, electronic, and energy characteristics of the complexes formed in the 
CF4" hAlF 3 (n = I or 2) and CBr 4 • nA1Br 3 (n = 1, 2, or 4) systems have been determined by 
the semiempirical AMI method. Besides the donor-acceptor complexes, the CBr3+...AIBr4 -,  
CBr3+...AI2Br7 -,  CBr22+...(AIBr4-)2, and CBr22+...(AI2BrT-)2 ionic complexes can be formed 
in the CBr 4 • nAIBr 3 systems. In the cations and dications of polyhalomethanes (when Hal = 
CI, Br, or !) in both the free and bound (included in ionic complexes) states, carbon atoms 
carry negative charges, the C--Hal bonds are substantially shortened, and the positive charges 
are located on one-coordinate halogen atoms. These cations and dications can be considered 
as halenium ions that differ from halonium salts with dicoordinate halogen atoms. In the 
cationic and dicationic complexes of the CBr4.nAIBr3 systems, the maximum positive 
charges on the Br atoms are 0.39 and 0.94, respectively. Fluorine-containing cations and 
dications have structures similar to those of carbenium ions, whereas in the CF4-nAIF3 
systems (n = I or 2), only donor-acceptor complexes are formed. 

Key words: polyhalomethanes, complexes with aluminum halides, organic cations and 
dications, donor-acceptor complexes, superelectrophiles, cations and dications of bromenium, 
quantum-chemical calculations, AM I method. 

Recently, we found that polyhalomethanes exhibit 
properties of aprotic organic superacids in the presence 
of AIBr 3. Thus,  the CBr 4 • nAIBr3, CHBr  3 • nAIBr 3 (n = 
1 or 2), CCI4" 2AIBr 3, and CHCI 3 • 2AIBr 3 systems effec- 
tively catalyze cracking, isomerization, oligomerization, 
brominat ion of alkanes and cycloalkanes, z,3 and carbony- 
lation of cycloalkanes 4.5 under  mild conditions.  Previ- 
ously, examples of halogenation,  n carbonylat ion,  7 and 
ionization of saturated hydrocarbons s under the action 
of po lyha lomethanes  in the presence of SbF 5 and 
HF" SbF 5 have been reported. The nature of the par- 
ticles responsible for the activity of the CX 4. nAIX 3 
systems (X = Hal) is not understood. The structures of 
t r i h a l o m e t h y l  c a r b e n i u m  ion (a),  7 t r i ha lome thy l  
carbocation with the CI--*SbF 5 coordinat ion bond (b), 8 
dication (c), 9 and ion (d) t° were assigned to the active 
intermediates formed from polyhalomethanes  under  the 
action of SbF 5 and HF"  SbF 5 (Scheme 1): 

In this work we carried out a quan tum-chemica l  
analysis of the species that can be formed in the 
CX 4" nAIX 3 systems (n = I--4) .  Particular at tent ion 

" For Part I see ReEI  

Scheme ! 
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has been given to the search for structures with high 
electrophilic properties. These species can be considered 
as complexes of CX3 + cations or CX22+ dicat ions con-  
taining atoms with increased positive charges. In the 
light of our data and literature data, I° these species are 
the most probable candidates for those playing the key 
role in reactions of alkanes with superelectrophil ic  sys- 
tems. 

Calculat ions were performed in the valence approxi- 
mation by the semiempirical AM 1 method 13 with opt imi-  
zation of geometry. 
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Table !. Heats of formation (AHr°/kcal mol-I), charges on 
atoms (q/au), chemical bond lengths (r/ A), and Wiberg indi- 
ces (IV) calculated by the AM I methods for CHtX4_ k 
polyhalomethanes, [CHkX3_tl + cations, and [CHtX2_tJ 2+ 
dications (k = 0 or 1) 

System AHf ° qx qc qH r(C--X) 14~C--X) 

CF 4 -255.7  -0 .14  0.58 --  1.358 0,951 
CCI 4 -28.1 -0.01 0.03 -- 1.760 0,971 
CBr 4 15.9 0.10 -0 .40  - -  1.918 0.976 
CI 4 54.2 0.21 -0 ,85 --  2.038 0.949 
HCF 3 -172.5 -0.17 0.37 0.15 1.368 0.957 
HCCI3 -29.0 -0.04 -0.04 0.16 1348 0.981 
HCBr 3 6.4 0.07 -0.37 0.17 1.907 0.985 
H2CB Q - I . 0  0.02 -0.32 0.14 1.902 0.993 
H3CBr -6.2 -0.04 -0.29 0 .11  1.905 0.996 
HCI 3 37.8 0.17 -0.68 0.17 2.038 0.964 
[CF3] + 82.1 0.09 0.71 --  1.293 1.236 
[CCI] ]  + 201.6 0.32 0.02 --  1.645 1.256 
[CBr3J + 243.4 0.43 -0 .28 --  1.808 1.254 
[CI3I + 283.2 0.51 -0.52 -- 1.960 1.321 
[HCF2] + 121.9 0.07 0.54 0 .31  1.290 1.324 
[HCCI2J + 209.1 0.35 0.04 0.25 1.613 1.384 
[HCBr21 + 241.2 0 . 4 6 - 0 . 1 7  0.25 1.771 1.386 
[HCI2J + 272.0 0.53 -0.29 0.23 1.943 1.316 
[FCF] 2+ 623.9 0.47 1.06 -- 1.207 1.731 
[CICCI] 2+ 612.1 0.94 0.12 -- 1.496 1.843 
[BrCBrI 2+ 640.6 1.04 -0.07 -- 1.647 1.852 
[ICI] 2+ 679.6 1 .04 -0.08 -- 1.839 1.747 
[HCFI ~+ 647.3 0.43 1.01 0.56 1.178 2.04 
[HCCII 2+ 661.8 1 . 0 5  0.50 0.45 1.470 2.351 
[HCBrl 2+ 684.1 1 . 1 4  0.44 0.42 1.635 2.336 
[HCI12+ 706.5 1 . 1 2  0.49 0.39 1.848 2.092 

Results and Discussion 

1. Polyhaiomethanes, their cations and dications. 
Previously, the structural and energy characteristics of 
polyhalomethanes  and their cations were estimated by 
semiempirica114J5 and ab initio 16-18 methods. How- 
ever, the values of the effective charges on atoms, which 
are essential for our purposes, were unavailable in these 
works. Therefore, we performed independent  AM 1 calcu- 
lations of these systems. The geometric and energy 
parameters we obtained are close to those reported in 
the literature. The results of our calculations of polyhalo- 
methanes  and of the corresponding cations and dications 
are given in Table I and in Fig. I ( f o rX  = Br). 

It is seen from Table 1 that the charge distributions 
in ha lomethanes  and in the corresponding cations and 
dications are qualitatively different for X = F, on the 
one hand,  and for X = CI, Br, and I, on the other. This 
is in full agreement  with the sharp difference in the 
electronegativit ies (Paul ing 19) of fluorine (E F = 4.0) 
and other halides (EQ = 3.0, EBr = 2.8, and E I = 2.5). 
Only in the case of the f luor ine-conta in ing  systems are 
the largest positive charges located on carbon atoms. 
Therefore,  only the [CF31 + and [HCFI]  + cations and 
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Fig. I. Effective charges in polybromomethanes and the cor- 
responding cations and dications (see Table 1). 

the [CF2] 2+ and [HCF12+ dications are undoubted ly  
carbenium ions, 

The electron density distributions in the molecules of 
chloro-, bromo-,  and iodomethane as well as in the 
corresponding anions are similar. Let us consider these 
distributions using the bromine-containing systems as an 
example. The structures and the effective charges on 
atoms in CHtBr4-k bromomethanes ( l a - -d ) ,  [CHkBr3_kl + 
cations (2a--c) ,  and [CHkBr2_kl 2+ dications (3a,b) are 
shown in Fig. 1. Successive replacement of hydrogen 
atoms with bromine atoms in methane is accompanied not 
only by a decrease in the electron density on hydrogen and 
b romine  atoms,  which corresponds to the e lectro-  
negativities of these atoms, but also by an increase in the 
negative charges on carbon atom, which is inconsistent 
with the relative electronegativities; this results from the 
transfer of the lone TC electron pairs on bromine atoms to 
the carbon atom and from the formation of weak 
bonds.  20 

Electron density transfer from the bromine to the 
carbon atom is even more pronounced in cations 2a--c. 
This is in agreement with the conclusion zl that reso- 
nance structures with the positive charge on the X atom 
(Fig. 2) play a substantial role in the CX3 + cat ion 
(Scheme 2). 

Scheme 2 

x + = c  / ">~_c "2 ~ " ~ _ c  / 
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Table 2. Results of calculations by the AMI method of the AIBr 3 (4) and AI2Br 6 (5a,b) molecules and 
AIBr4- (6) and AI2BrT- (7) anions (t~Hf/kcal tool -I) 

Mole- Sym- 6Hf ° Bond d/A W Angle q)/deg 
cule merry 

4 D3h -89.4 AI--Br 2.108 1.101 Br--AI--Br 120 
5a D2h -197.3 AI(1)--Br(1) 2.123 1.078 Al(1)-- Br(2)--AI(2) 92 

AI(2)-- Br(2) 2.315 0.625 Br(2)--AI(I)--Br(4) 88 
Br(2)--AI(I)--Br(I) 111 
Br(I)--AI(I)--Br(3) 120 

5b C~ -183.5 AI(I)--Br(I) 2.099 1.210 AI( 1 )-- Br(2)--AI(2) 126 
AI(I)--Br(2) 2.152 0.938 Br(I)--AI(I)--Br(2) 119 
AI(2)-- Br(2) 2.549 0.267 Br(2)--AI(2)--Br(3) 93 
AI(2)--Br(3) 2.121 1.090 Br(2)--AI(2)--Br(4) 101 

6 T a -197.2 AI--Br 2.184 0.977 Br--AI--Br 109 
7 C2v -314.2 AI(I)--Br(I) 2.165 0.946 Al(I)--Br(2)--AI(2) 125 

Al(I)--Br(2) 2.294 0.608 Br(l)--Al(l)--Br(2) 100 
AI(I)--Br(3) 2.156 0.969 Br(2)--AJ(I)--Br(3) 108 

The electron density transfer to the carbon atom is so 
large that the positive charge even on the CBrH2 + 
cation with only one bromine atom is higher than that 
on the carbon atom, whereas in the cations with two or 
three bromine atoms, the carbon atom carries even the 
negative charge. Therefore, in the strict sense, cations 
2a- -e  are not the carbenium ions in the classical mean- 
ing and may be considered as halenium ions different 
from the well-studied halonium salts with dicoordinate 
halogen atoms. 2z 

The [CBr2] 2+ as well as [HCBrl  2+ dications 3a,b (see 
Fig. 1) isolobal to carbon dioxide correspond to this 
bromenium type still better. In dication 3a, the positive 
charge is located on bromine atoms, whereas the carbon 
atom carries a small negative charge. In dication 3a, the 
C - - B r  bonds are substantially shorter than those in the 
CBr 4 and CBr3 ÷ cations; their bond orders (Wiberg 
indices z3) are substantially higher. 

2. The AIX 3 and AlzX 6 molecules and the AIX 4- and 
AIzX 7- anions (X = Br or  F). The results of  calculations 
by the M N D O  and AMI methods of  the heats of  
formation and the structural characteristics of  these 
systems are partially known, t5,24 The results of  our 
calculations are given in Fig. 2 and in Table 2. Note 
that the local minimum that corresponds to the unsym- 
metrical Br2AIBr--+AIBr 3 complex (5b) was found on the 
potential energy surface of  the AI2Br 6 dimer along with 
the global min imum corresponding to the stable sym- 
metrical AI2Br 6 structure (5a) with two bridge bonds, 
which have substantial Wiberg indices (0.625; the dimer- 
ization energy of  AIBr 3 is 18.5 kcal tool-I) .  In complex 
5b, the Br~AIBr  3 coordination bond is longer than the 
ordinary Br--AI chemical bond and has a small Wiberg 
index (0.267). 

It is believed that according to the proposal of  Olah, 9 
it is this unsymmetrical  dimer with a more electrophilic 
coordinatively unsaturated AI(1) atom (in 5b, q(Al(l)) = 
+0.49, and in 5a, q(Al(l)) = +0.37) that is responsible 

-O.13 -0.10 

-o.15 o.45/Br Br(1). Br(2Lo37 Br 
Br--AI AI( I ) ~  I(I(') ) 

\ B r  Br(3) Br(4) / ' -B r  

4 5a 

-0,12 
] -  Br(2) -o.16 

-o,31 o,23/Br -o12 / .,.. o,36 /Br (3 )  
Br--AI ~ ~ B r (1 ) - -A I ( I ) - -  " AI(2)-- 

.... tJr 0 .49~ t ~\ 
Br Br Br(4) Br 

-0,1o -o~a -0~a 

6 5b 

-O.15 
-0.25 B r ( 2 )  - ' ] -  
B r ( 1 ) \ A I ( I ) /  ~ 1 ~ ) / B r l  

Br 'Br(3) B(  • 'Br 
-0.24 -O 24 

7 

Fig. 2. Molecules AIBr 3 (4) and AI2Br 6 (5a, 5b) and anions 
AIBr 4- (6) and AI2Br 7- (7) (Table 2). 

for the high activity of  a luminum bromide.  It is essential 
that unsymmetrical  structure 5b is only 13.8 kcal mol - I  
less favorable than symmetrical  structure 5a. Our  calcu- 
lations, which did not take into account  the effect of  the 
solvent, did not confirm the proposal o f  Olah 9 that the 
AI2Br 6 dimer occurs in the AIBr2+...AIBr4 - ionic form. 

For AIF 3 and AJ2F6, the distributions of  effective 
charges on atoms do not differ fundamentally from those 
typical of  the AIBr 3 and AI2Br 6 molecules. As with X = 
Br, in the case of  the AI2F 6 dimer, the local min imum was 
found on the potental energy surface; this min imum cor- 
responds to the unsymmetrical F2AIF--,AIF 3 donor-ac-  
ceptor complex with the value of  AHf ° higher than the 
heat  of  fo rma t ion  of  the s y m m e t r i c a l  form by 
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Fig. 3. Donor-acceptor complexes (Table 4). 

20.0 kcal mol -u. Note only that the A I - - F - - A I  angle in 
the unsymmetr ica l  d imer  (180 °) substantially differs from 
the corresponding AI - -  Br--AI angle (126°). 

3.  C o m p l e x e s  o f  p o l y h a l o m e t h a n e s  with a luminum 
ha l ides ,  We believe that the propert ies  of  the CX4 • nAIX3 
systems when X = CI, Br, or I are qual i tat ively similar.  
Therefore ,  when model ing  the molecu la r  and electronic  
s tructures of  the complexes ,  which can be generated 
under  the ac t ion  of  a luminum halides on halomethanes ,  
we restr icted ourselves to the analysis of  the potent ial  
energy surfaces o f  only  the CF4" hAlF3 (n = 1 or  2) and 
CBr 4"nAIBr  3 (n = 1, 2, or 4) systems. The results of  
ca lcula t ions  are given in Table  3 and in Figs. 3--6.  For  
all the s t ructures  found, the heats o f  format ion AHf ° and 
the heats A i of  three decompos i t ion  reactions (i = 1--3)  
that charac te r ize  the stabil i ty of  this CX4" nAIX3 com-  
plex to the initial reagents are given. 

CX 4 . nAIX 3 

'CX4 + nAlX3 + ~1 ( I )  

ICX4  + n/zAl2X6 + ~2 (2) 

L CX4 + n/2X2AIXAIX 3 + A 2 (3) 

Table 3. Heats of formation of the complexes in the 
CBr4 • nAIBr3 systems and heats of reactions (17--(3) 
(kcal mol - I )  calculated by the AMI method 

Complex bHf ° bl ~2 ~3 

8a -75 .1  - I . 6  7.7 --  
8b -169 .1  - 6 . 2  12.3 --  
8c - 1 7 0 6  - 7 7  108 - 3 0  
8d - 1 7 6 9  -14.0 45 - 9 3  
9a - 4 9 4  24.1 33.4 -- 
9b -156.2 6.7 25.2 11.4 
10a -86.4 80.4 98.9 -- 
lob -288.3 57.3 94.3 -- 

Table 4. Geometric characteristics of the donor-aceptor com- 
plexes (AM 1 ) 

Comp- Bond d/k  W Angle 
lex ' ~ g  

8a C--Br(I)  1.915 0.976 
C--Br(2) 1.941 0.951 
Br(2)--AI 2.723 0.178 
AI--Br(5) 2.117 1.150 

8b" C--Br(2) 1.934 0926 
Br(2)--AI(1) 2.826 0.132 
C--Br(1) 1.912 0.987 
Br(4)--Al(1) 1.936 0.960 

8c C--Br(1) 1.913 0.985 
C--Br(2) 1.952 0.933 
Br(2)--AI(1) 2.626 0.254 
AI(1)--Br(3) 2.187 0.854 
Br(3)--AI(2) 6.529 0272 

8d C--Br(I)  1.926 0.853 
C--Br(2) 1.972 0.915 
Br(l)--Br(3)2386 0.124 
Br(3)--AI(2) 2.174 0.919 
Br(2)--AI(I) 2.488 0.374 
AI(2)--Br(5) 2.422 0.406 
AI(I)--Br(5) 2.207 0.821 

C--Br(2) - -AI  118 
Br(1)--C--Br(2)  108 
Br(2)--AI--  Br(5) 103 
Br(2)--AI--Br(7) 91 

Br (3 ) -C- -Br (2 )  108 
C--Br(2)--AJ(1) 125 
Br(2)--AJ(1)--Br(4) 74 

Br(2)--AI(l)--Br(3) 82 
C--Br(2)--AI(I ) 117 
AI(I )--Br(3)--AI(2) 125 
Br(3)--AI(2)--Br(4) 91 

Br(1)--C--Br(2)  109 
C--Br(1)- -Br(3)  172 
Br(1)--Br(3)--AI(2) 105 
Br(3)--AI(2)--Br(5) 102 
AI(2)--Br(5)--AI(  I ) 129 
Br(5)--AI( I  )--Br(2) 104 
AI(1)- -Br(2)- -C 109 

" C2,, symmetry, 

3.1. Com01exes of  the  C B r  4 - A I B r  3 s y s t e m s .  Two 
local min ima were found on the potential  energy sur-  
face of  the system with this c o m p o s i t i o n  The major  
min imum corresponds to donor - accep to r  complex  8 a  
(Br3CBr--,AIBr 3, ANt 9 = -75 .1  kcal mo l - I ) .  The small  
heat  o f  d e c o m p o s i t i o n  r eac t i on  (1) when n = I 
( - 1 . 6  kcal too l - I ) ,  tile insignificantly changes in the 
geometry' and charges on atoms compared  to the initial 
CBr4 and AIBr 3 fragments, the large length of  the B r ~ A I  
dono r - accep to r  bond with a low value of  the Wiberg 
index (2.723 A, 0.178 au), and the absence o f  the 
corresponding local min imum when calcula t ions  were 
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performed by the MNDO method indicate that this 
complex is unlikely to play a substantial role in reactions 
of the CBr 4 • nAIBr 3 systems with alkanes. 

The second minimum on the potential energy surface 
is located substantially higher (by -25.6 kcal mol -I)  and 
corresponds to complex 9a, which can be described as 
ionic: [Br2CBrI+[BrAIBr3I -. Of all configurations con- 
sidered for this complex, the configuration with the 
Br~...Be s ' -  ionic bond between the positively charged 
bromine atom of the nearly planar CBr3 + cation and the 
negatively charged bromine atom of the slightly distorted 
tetrahedral AIBr 4- anion appeared to be favorable. In this 
complex, the charges on the carbon and aluminum atoms 
are even smaller than those in donor-acceptor complex 
8a, but the positive charges on the bromine atoms bonded 
to the carbon atom and negative charges on the bromine 
atoms bonded to the aluminum atom (see Figs. 1--4) 

-020 
Br(4) -027 

~i29/--Br(3 ) 
-O20 • I 
Br(5) I o.27 

Br(2) Br(6) 
-020 ~ B r ( 1  ) ~ C ' .  

o39 -oat ~Br(7) 
0.27 

9a 

Br(9L 

Br(4). 0.32 ~Br(3)' 
,AI( I ) -  -o.t 3 

Br(5)' I 

Br(2) 
~0 >~ ~ 

~ B r ( 1 )  ......... C 
035 - 0 3  I" 

9 b  

Br( 1 O) 

A I (2 )  
0 3 3 ~ - 0 3 0  --B,r(B) 

Br(6) 
030 

Fig. 4, Complexes containing the CBr3 + cationic fragment 
(Table 5). 

noticeably increase, it can be proposed that this increase 
in the polarity should favor stabilization of  complex 9a via 
solvation. 

3.2. Complexes of the CBr4.2AIBr 3 system. For 
systems with this composition, five local minima were 
found on the potential energy surface. Three different 
donor-acceptor complexes correspond to three local 
minima with the lowest energies; these minima have 
close values of  the energies. In symmetrical structure 8b, 
two bromine atoms of the CBr4 fragment form donor- 
acceptor bonds with the aluminum atoms of  two AIBr 3 
molecules (AHf ° = -169.1 kcal mol-t) .  In complex 8e, 
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Fig. 5. Complexes containing the CBr22+ dicationic fragment 
(Table 6). 

Table 5. Geometric characteristics of the cationic complexes 
(AMI) 

Comp- Bond d/h W Angle q~ 
lex deg 

9a 

9b 

AI--Br(2) 2.330 0.558 AI--Br(2)--Br(I) 104 
Br(l)--Br(2)2.331 0.446 Br(2)--Br(I)--C 170 
Br(I)--C 1.856 1.894 Br(I)--Br(2)--AI 104 
C--Br(6) 1.808 1.202 Br(2)--AI--Br(3) I00 

C--Br(I) 187| 0.856 C--Br(I)--Br(2) 173 
C--Br(6) 1.805 1.227 Br(I)--Br(2)--AI(I) 107 
Br(l)--Br(2)2.369 0.384 Br(2)--AI(I)--Br(3) 101 
Br(2)--AI(I) 2.756 0667 AI(I)--Br(3)--AI(2) 124 
AI(I)--Br(3) 2.252 0.703 Br(3)--AI(2)--Br(8) 105 
Br(3)--AI(2) 2346 0.509 Br(I)--C--Br(6) 119 
AI(2)--Br(8) 2.170 0.98l Br(I)--C--Br(7) 119 

Table 6. Geometric characteristics of the dicationic complexes 
(AMI) 

Comp- Bond d/A W Angle t o 
lex deg 

10a" C--Br(I) 1.686 1.319 Br(I)--C--Br(6) 180 
Br(l)--Br(2)2.319 0.455 C--Br(I)--Br(2) 180 
AI(I)--Br(2) 2,372 0.484 Br(I)--Br(2)--AI(I) 104 
AI(I)--Br(3) 2.175 0.980 Br(2)--AI(I)--Br(3) 96 

10b** C--Br(I) lfil8 1.559 Br(I)--C--Br(6) 180 
Br(t)--Br(2)2.733 0.150 AI(I)--Br(3)--AI(2) 132 
AI(I)--Br(2) 2,223 0.797 Br(3)--AI(2)--Br(8) 107 
AI(I)--Br(4) 2.154 0.982 Br(3)--AI(2)--Br(9) 104 
AI(1)--Br(5) 2.129 1.063 
AI(I)--Br(3) 2.282 0.635 

* C 2 symmetry. °* D 2 symmetry. 
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, C ~ F ( 1 ) " ~ A k  1) 122 

-011 -oll F(4) 
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111 F 

--0.4.6 
11b 

Fig. 6. Complexes of C F  4 with AIF3 and AI2F 6 (Table 7). 

Table 7. Geometric characteristics of the CF4-AIF 3 and 
CF4" AI2F6 donor-acceptor complexes (AM 1) 

Mole- Bond d/A 14." Angle ? 
cule deg 

lla" C--F(I) 1.381 0.808 C--F(I)--AI 175 
C--F(2) 1.352 0.984 F(I)--C--F(2) 108 
AI--F(I) 1854 0.276 F(I)--AI--F(3) 96 
AI--F(3) 1.630 0.842 

! ib* C--F(I) 1.391 0.765 C--F(I)--AI(I) 179 
C--F(2) 1.350 0.989 F(I)--C--F(2) 107 
AI(I)--F(I) 1.826 0.315 F(I)--AI(I)--F(3) 98 
AI--F(3) 1.622 0.870 F(I)--AI(I)--F(4) 96 
AI(I)--F(4) 1.678 0.638 AI(I)--F(4)--AI(2) 174 
AI(2)--F(4) 1.761 0.435 F(4)--AI(2)--F(5) 96 
AI(2)--F(5) 1.648 0.784 F(4)--AI(2)--F(6) 103 
AI(2)--F(6) 1.639 0.816 

* C2v symmetry. 

the donor-acceptor bond occurs between the bromine 
atom of the CBr4 group and the aluminum atom of the 
unsymmetrical Br2AIBrAIBr 3 dimer, in which the un- 
symmetrical AI--Br--AI bridge bonds is retained. This 
complex is slightly stable (AHf ° = -170.6 kcal mol -I) 
than isomer 8b, Finally, complex 8d has a cyclic con- 
figuration with an additional ionic bond between the 
bromine atoms bonded to the carbon and aluminum 
atoms (Fig. 3). This complex is energetically most fa- 
vorable (AHf ° = -176.9 kcal mol-I).  

Complex 9b (Fig. 4) is substantially less stable, this 
complex may be conceived as an ionic adduct of the 
CBr3 + cation and the AI2Br 7- anion with the Br~...Br ~'-  
ionic bond. As in the case of structure 9a, the charge 
separation in this complex occurs mainly on bromine 
atoms bonded to the carbon and aluminum atoms. 

The energy of complex 10a (Fig. 5), which is an ionic 
adduct of the [CBr2] 2÷ dication isolobal to carbon dioxide 
and two AIBr~ anions, is even higher (by 90.5 kcal mol-l). 
The dication is linked to the anions via two Br~...Br ~'- 
ionic bonds. Positive charges on the bromine atoms of the 
CBr 2 fragment are 0.66. These bromine atoms may be 
considered as bromenium centers, i.e., one-coordinate 
bromine cations. This is consistent with the linear struc- 
ture of  the BrS'-...Br~+--C--Br~+...Br ~'- fragment 
(LCBr(I)Br(2) = 180 °, Fig. 5) in contrast to the angular 
structure observed in the salts of two-coordinate  
bromonium. 

3.3. Complexes of the CBr 4" 4AIBr 3 system. For 
systems with this composition, we calculated ionic com- 
plex 10b (Fig. 5) of the [CBr212+ dication with two 
AI2Br 7- anions. In this symmetrical complex (D2 sym- 
metry), each bromine atom of the dication is linked to 
the terminal bromine atoms of two AI2Br 7- anions via 
the Br~...Br ~'- ionic bonds. Changes in the structure of 
the [CBr2] 2+ dication produced by these ionic bonds are 
even smaller than those observed in complex 10a (Fig. 5). 
The C--Br  bond length changes only by 0.029 A com- 
pa#ed to that in the free dication. The electron density 

transfer to the dication is also smaller. As a result, the 
charges on the bromine atoms of the dication (0.94) are 
even larger than that in complex 10a. 

3.4. Complexes of  the CF4.AIF 3 and CF4.2AIF 3 
systems. The F3CF---~AIF 3 donor-acceptor complex (1 la, 
Fig. 6) with a very weak and long F~AI bond (Wiberg 
indices are small, the energy of the cleavage (At) of  this 
bond is only 0.8 kcal tool -I) corresponds to the abso- 
lute minimum on the potential energy surface of the 
CF4" AIF 3 system, in the case of the CF4.2AIF  3 sys- 
tem, the absolute minimum on the potential energy 
surface also corresponds to the F3CF--*AIF2--F--AIF 3 
donor-acceptor complex ( l ib ,  Fig, 6). In this case, the 
F~AI  donor-acceptor bond is shorter and stronger than 
that in complex l la ;  the energy of its cleavage (A3) is 
3.8 kcal mol -I, 

As expected, the minima that correspond to the 
structures with the F~+...F s ' -  ionic bond were not found 
on the potential energy surface of the CF4. nAIF 3 sys- 
tem (n = 1 or 2), The minima corresponding to the 
ionic complexes of the CF3 + carbenium cation with the 
AIF4- and AI2F 7- anions [(F3C+.. .F--AIF3 -)  or 
(F3C+...FAIF2--F~AIF3-)] were also not found. Opti- 
mization of structures of the complexes of this type with 
the initial geometry corresponding to separate CF3 + and 
AIF4- (or AI2F7-) fragments and with the distance 
between their C and F atoms larger than 2.5 A gives 
donor-acceptor complexes l l a  and l ib.  Therefore, un- 
like the CX4"nAIX 3 systems (X = Br), in the case of 
X = F, only donor-acceptor complexes occur. 

Our calculations demonstrated that of the [CHkX3_k] + 
cations and the [CHkX2_k] 2+ dications (X = Hal), only 
fluorine-containing compounds may be considered as 
carbenium ions. Electronic structures of cations contain- 
ing atoms of other halogens are similar, and we studied 
these structures using X = Br as an example. Calculations 
demonstrated that not only in the CBr 4 molecule but also 
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in the CBr3 + cation and even in the CBr22+ dication, are 
the charges on the carbon atoms negative (-0.40, -0.28, 
and -0.07). 

The differences in the charge distribution in fluoro- 
methanes, their [CF31 ÷ and [HCF2I + cations and [CF2I 2+ 
and [HCF] 2+ dications, on the one hand, and in analo- 
gous compounds containing CI, Br, or I, on the other, 
result in different types of complexes formed from 
polyhalomethanes under the action of aluminum ha- 
lides. In the CF4"nAIFj systems (n = I or 2), only 
donor-acceptor complexes with a very weak F~AI  bond 
and quite insignificant changes in the charge distribution 
compared to those in initial CF 4 and AIF 3 molecules are 
formed. By contrast, for the CBr4" nAIBr 3 systems (n = 
1, 2, or 4), local minima that correspond to highly 
electrophilic structures with cationic (CBr3 +) and 
dicationic (CBr22+) fragments were found on the poten- 
tial energy surface in addition to the minima corre- 
sponding to donor-acceptor complexes. 

In the donor-acceptor complexes of carbon tetra- 
bromide (n = I or 2), the electron density on the carbon 
atom increases, even if very slightly, rather than de- 
creases. The electron density more substantially in- 
creases in the ionic complexes of the CBr3 + cation and, 
particularly, of the CBr22+ cation with the AIBr4- and 
AI2Br 7- dianions. These results do not allow us to 
conclude that the electrophilicities of carbon atoms of 
halomethanes increase upon complexation with alumi- 
num bromide. 

Positive charges in bromomethanes are located on 
bromine atoms rather than on carbon atoms. In the 
donor-acceptor complexes, the charges on bromine at- 
oms increase insignificantly. In the ionic adducts, as 
well as in free cations and dications, positive charges are 
located on bromine atoms and are equal to 0.39, 0.66, 
and 0.94 in cationic form 9a and in dicationic structures 
10a and 10b, respectively. An essential characteristic 
feature of these ionic complexes is the fact that the 
positively charged bromine atoms bonded to the carbon 
atom and the negatively charged bromine atoms of the 
AIBr4- (or AI2BrT-) anion are involved in the formation 
of these ionic bonds. 

Cations and dications with one-coordinate and posi- 
tively charged halogen atoms may be considered as 
halenium ions different from the known halonium ions 
containing dicoordinate halogen atoms. It is these highly 
electrophilic cationic and dicationic complexes that could 
be responsible for the superacidic properties of the 
CBr4" nAIBr 3 systems. Note, however, that the thermo- 
dynamic conditions of their formation are very unfavor- 
able. Actually, the formation of cationic and dicationic 
complexes from initial molecules requires more than 
25 kcal mol -I and 90 kcal mol -I, respectively. This 
means that the relative equilibrium concentration of 
cationic and dicationic complexes is less than 10 -18 and 
10 -b°, respectively. 

An analogous situation was discussed in the review by 
Olah, 9 where the H40 2÷ dication was considered, the 
occurrence of which in protic superacids is indicated by 

the data of deuterium exchange, whereas an attachment 
of the proton to the H30 + hydroxonium with the forma- 
tion of the H40 2+ dication requires about 60 kcal mol -I. 
Considering this problem, Olah pointed to the fact that 
effects of solvation and, generally, clustering may play an 
important role shifting the superelectrophile to the ther- 
modynamically more favorable region. 

This work was supported by the International Sci- 
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