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M N D O / P M 3  study of the mechanism of a model reaction 
between methane and Br + cation 
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The structure of complexes formed in the [CH4+Br +] system was simulated by the 
MNDO/PM3 method. Along with five local minima, a number of stationary points at which 
the Hessians have only one negative eigenvalue were found on the potential energy surface of 
this system. The results obtained were used for interpretation or the mechanisms of reactions 
occurring in the [CH4+Br +] system. 

Key words: superelectrophiles, methane, bromine; mechanism of electrophilic substitu- 
tion; quantum-chemical calculations, MNDO/PM3 method. 

Inves t iga t ion  of  the  na ture  of  supere lec t rophi les  and 
the  m e c h a n i s m s  of  the i r  react ions  with alkanes is one  of  
the  f u n d a m e n t a l  p rob lems  of  organic chemist ry .  The  
classical m e c h a n i s m  of  in te rac t ion  be tween  a lkane  and  
e lect rophi l ic  reagents l,z includes the at tack of  e lectrophi le  
(E  +) on  the  C - - H  b o n d  with the  fo rmat ion  of  a th ree -  
c e n t e r  two-e l ec t ron  (3c-2e)  in te rmedia te  or t rans i t ion  
s tate  acco rd ing  to the  fol lowing scheme  

been found. 6 - t l  In a con t inua t ion  of  studies of  the nature  
of  active aprotic organic and inorgan ic  superacids and 
mechan i sms  of  the i r  act ivating effect  on  alkanes,  12-14 in 
this work we analyze the  potent ial  energy surface (PES)  of  
a system composed of  a Br + ca t ion  and a me thane  
molecule.  We consider  this invest igat ion as the  first step 
o f  s tudying  the  i n t e r ac t i on  o f  a lkanes  wi th  super -  
electrophiles genera ted  in mBr2" nAIBr  3 systems. 

. H  
c . .  + E+ .- , . H,C+ + E . .  

This  m e c h a n i s m  was convinc ingly  proved for protolyt ic  
t r a n s f o r m a t i o n s  of  a lkanes  and in the case when  the  
e lec t rophi le  is a ca rboca t ion .  

At the  same  t ime,  it has been shown by ab initio 
q u a n t u m - c h e m i c a l  m e t h o d s  that  react ions  of  m e t h a n e  3 
or  e t h a n e  4 wi th  the  n i t ro son ium ca t ion  N O  + do not 
agree with th is  s cheme .  This  ca t ion at tacks the ca rbon  
a tom ra ther  t h a n  the  C ~ H  bond  to form a 3c-2e bond 
with H2: 

CH 4 + N O *  w. { C H 4 " N O ]  + = 

, .  [ H 2 C ( H - - H ) N O ]  § , , -  H3C. - -NHO~-"  

However ,  a c o m p a r i s o n  s of  m e t h a n e  reac t ions  with 
various c l ec t roph i l i c  agents  conf i rmed  the  general  char-  
ac te r  of  the  classical s cheme  suggested by Olah  for 
e lec t rophi les  t ha t  are ha rde r  and s t ronger  t han  NO +. 
Thus ,  the  m e c h a n i s m  of  the  reaction between electrophi le  
and a lkanes  is d e p e n d e n t  on  the  na ture  of  c a t i o , i c  
species.  

In the  last decade,  new types of superelectrophi l ic  
complexes  highly active in the reactions with alkanes have 

Procedure for Calculations 

The calculat ions were carr ied out by the 
MNDO/PM3 method t5 in the valence approximation with 
full optimization of geometric parameters using the MOPAC 
5.10 and GAMESS 16 programs on a DEC 3000 AXP-400X 
workstation. The geometry of transition states was optimized 
by the Schlegel method. 17 Calculations of the potential curves 
were performed in the UHF approximation. The heats of 
fornlation (AHf/kcal tool -1) of certain species required for the 
determination of the energy effects of  the reactions calculated 
by the MNDO/PM3 method are listed below. 

Species 3Br § IBr* H 2 HBr CH4 CH3 + BrCHf  

AHf 284.6 300.7 -13.4 5.3 -13.0 256.6 259.1 

Note that the calculated value of  the energy of the singlet- 
triplet transition in the Br § cation (16.1 kcal tool-I) 18 differs 
substantially from the experimental value (32.6 kcal tool-I). 

Results and Discussion 

Local  minima. Five local m i n i m a  in the  r a the r  nar-  
row energy interval  from 235.6 to  248.0 kcal tool - t  were 
fotmd on tile po ten t ia l  ene rgy  surface (PES)  of  the 
[CH4+Br+I  system. The  s t ruc tu res  o f  i n t e rmed ia t e s  cor-  
responding  to the  m i n i m a  are shown  in Fig. 1. The  
major  m i n i m u m  cor responds  to b r o m o n i u m  ion 1, which 
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Fig. 1. Structures o f  cat ionic complexes BrCH4*  correspond- 
ing to local m in ima on the PES. The bond lengths (in ,~.) are 
shown. Atomic charges (in au) are shown in brackets. 

is the product  o f  insert ion of  the Br + cation into the 
C - - H  bond. The  lengths of  the Br- -C and Br - -H  bonds 
(2.09 ,& and 1.54 ,/k, respectively) exceed the corre-  
sponding average values t9 by more than 0.1 ,&. The 
major contr ibut ion to the positive charge of  ion 1 comes 
from the Br a tom (0.45 au). 

The energy of  complex  2 is higher (by 3.6 kcal tool-I) .  
In this complex,  the three-center  bond between the 
carbenium carbon atom of  the BrCH2 + cation and the 
H 2 molecule  is formed (the H.. .H distance is equal to 
0.76 A, while the distance from the C atom to the center 
of  gravity of  the H 2 fragment is equal to 1.54 Z,). 
The positive charge is distributed over all atoms of the 
complex. 

In addi t ion to in termedia te  2, the loosely bound 
complex 3 with close structure was found, where the 
distance be tween two H atoms is equal to 0.70 A. The 
H 2 fragment is rather distant  from the C atom (2.53 ,h,), 
the positive charge is a lmost  completely  localized on the 
BrCH 2 group,, and the energy of  its bonding to the H 2 
fragment is small  (I kcal tool - I ) .  

Two additional local min ima correspond to the cat- 
ions that can be considered as a result of  an attack of  the 

Br + ion on the CH4 molecule  m two alternative direc- 
tions, namely, cation 4 formed upon the attack of  Br + on 
the H atom and pyramidal carbonium ion 5 with C4,, 
symmetry formed upon the attack of  Br + on the C atom; 
the latter is energetically less favorable by 5.2 kcal tool -I .  
The 3c-2e B r - - H - - C  bond with bridging hydrogen atom 
is formed in cation 4. This cation is formed barrierlessly 
from isolated Br* and CH 4 species. The Br.. .H distance 
is equal to 1.64 A, which is 0.2 ,,~ longer than the length 
of  the H- -Br  bond; the C. . .H distance is also increased. 
Most of  the positive charge (0.54 au) remains on the 
bromine atom. On the contrary, considerable transfer of  
the positive charge from Br + to H atoms occurs in cation 
5, whereas a large negative charge is localized on the C 
atom. All bonds in cation 5 are lengthened as compared 
to the conventional ones. 

Transition states. In addition to the local minima 
mentioned above (structures 1--5),  a number  of  critical 
points at which the Hessians have one negative eigenvalue 
were found on the PES of  the [CH4+Br+I system. The 
structures of  the corresponding transition states between 
local minima k and I (TS(k ,-, 1)) are shown in Fig. 2. 
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Fig. ?. Transition states in the [Br++CH41 system. The bond 
lengths (in JQ are shown. Atomic charges (in att) are shown in 
brackets. 
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Structure 6 can be considered as a transition state for 
the transformat ion of  complex 4 into bromonium cation 
1. The energy o f  transit ion state 7 of  the reaction of  HBr  
abstraction from complex 4 with the format ion of  methyl 
cation is considerably higher (by about 20 kcal mol-~). 
The C.. .H distance in structure 7 is equal to 3.06 A and 
the H - - B r  bond lengths in structure 7 and in HBr  mol -  
ecule are close. The C H  3 fragment has a pronounced 
carbocationic character,  since its total positive charge is 
equal to 0.97 an. 

Transi t ion state 8 for transformation 2 -+ 5 has also 
been found. Though  structure 8 is analogous to system 
2, its geomet r i c  parameters  are different: tile distance 
between the hydrogen atoms of the H z fragment is 
increased to 1.25 A, whereas the distance between these 
H atoms and the C a tom is shortened to 1.20 A. 

A critical point  on the PES, at which the Hessian has 
two negative eigenvalues,  corresponds to structure 9. 
However ,  this structure can be considered as a transition 
state of  the reaction 2 --~ 3, since a local max imum on 
the potential  curve along the reaction coordinate  (Re) 
corresponds to structure 9 (the distance from the C 
atom to the cen ter  of  gravity of  the H? fragment was 
taken as the reaction coordinate) .  The C. . .H(H2) dis- 
tance at~this point  (2.10 A) is intermediate between 
analogous values for compounds  2 and 3 (1.58 A and 
2.53 A, respectively).  The  bond length in the H - - H  
quas i -molecu le  also appeared to be intermediate  be- 
tween the H. . .H distances in systems 2 and 3 (0.76 A 
and 0.70 A, respectively).  

Structure 10 corresponds to the transit ion state o f  
t ransformat ion 4 --, 5. In this structure, the Br.. .H and 
Br...C dis tances and charges qBr and qc are intermediate  
between those obtained for cations 4 and 5. 

Possible reaction channels in the [CH4+Br +] sys- 
tem. The  results of  our  calculations make it possible to 
describe several reactions that can occur  in this system. 
Thus,  the abstraction o f  the hydride ion from methane  
can be described by the following overall equat ion 

CH 4 + Br + ,. CHa + + HBr + 9.7 kcal mol - I .  ( I )  

This exo the rmic  react ion can occur via two chan-  
nels, the first of  which involves the stage of  barrierless 
addit ion o f  Br + to the H atom of methane  with the 
format ion of  cat ion 4: 

Br + + CH 4 P BrHCH3+ 7 ~ CH3* + HBr. 

4 

The abstract ion o f  the HBr  molecule f rom cat ion 4 
occurs through t ransi t ion state 7 with a potent ia l  barr ier 
o f  23.2 kcal mol  -~ (Fig. 3). 

The second (less favorable) channel is due to tile 
possibility of  t ransforming cation 4 into b romonium 
cation I through transition state 6: 

6 7 --- 
f i r  + + CH 4 m. BrHCH3 + ~ HBrCH3 + 

4 1 
CH3 + + HBr. 
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Fig. 3. The energy diagram of tlae most favorable channel of 
the reaction CH 4 + Br + -4 CH3* + HBr. Relative energies (in 
keal tool -I) are shown. 
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Fig. 4. The energy diagram of the second channel of the 
reaction CH4 + Br + -4 CH3 + + HBr. Relative energies (in 
kcal tool -I) are shown. 

In fact, the potential barrier o f  this reaction is small 
(only 4 kcal mo l - l ) .  The  abs t rac t ion  o f  the HBr  mol-  
ecule from bromonium cat ion 1 also occurs through 
transition state 7; however,  the potent ia l  barrier is equal 
to 30.4 kcal tool -I  (Fig. 4). 

Consider  now the abstract ion o f  a hydrogen mol-  
ecule  with the formation of  the CH2Br  + cation as an 
example of  much more favorable process: 

C H 4 +  Br + = CH213r + + H 2 + 25.9  kca lmo1-1 .  (2) 

The barrierlessly formed c o m p l e x  4 can be t ransformed 
into the pyramidal cation 5 th rough  transi t ion state 10_ 
Let us take the distance from the  C atom to the center  
of  gravity of  any two H a toms in structure 5 as the 
reaction coordinate  R c assuming that  the corresponding 
line is perpendicular  to the line connec t i ng  these atoms. 
An analysis o f  the potential  curve  calculated taking into 
account  these restrictions in the interval 0.8 A <_ Re -< 
1.9 A showed that there are a m a x i m u m  at R e = 1.0 A 
and a min imum at Re = 1.537 A. The  m i n i m u m  corre-  
sponds to structure 2 discussed above and found with 
full opt imizat ion of  geomet r ic  parameters.  Transi t ion 
state 8 between complexes  5 and 2 was found in the 
vicinity of  the maximum when min imiz ing  the norm of 
the gradient. Further  passage f rom structure 2 to a 
system of noninteract ing f ragments  BrCH2 § and H? 
requires only 6.5 kcal mo1-1. Th is  t ransformat ion can 
occur  through transition state 9 and local m i n i m u m  3. 
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Fig. 5. The energy diagram of the channel of the reaction CH 4 
+ Br* --* BrCH2 + + H 2. Relative energies (in kcal tool -I)  are 
shown. 

The  s c h e m e  of  this  mul t i s tage  reaction can  bc depicted 
as follows: 

Br + + CH 4 = BrHCH3 § 10 8 ,. BrCH4* 

4 5 

,. H 2 C ( H _ H ) B r  + 9 , ,  H2C(H2)BF, t. 

2 3 

,, B r C H 2  + + H 2. 

Its energy d iag ram is shown in Fig. 5. 
As was expec ted  for the gas phase, no react ions of  

e lec t rophi l ic  subs t i t u t ion  of  hydrogen by the  Br + eatio,a 
O C C t l r  

Br § + CH 4 ~ _-- BrCH 3 + H +. 

Calcu l a t i ons  o f  the  potent ia l  curve a long the  R e = 
C. . .H var iable  t aken  as the  react ion coord ina te  showed 
tha t  the  abs t r ac t ion  o f  hydrogen a tom from cat ions  5 
and 2 ( the  H. . .H d is tances  of  1.57 ]k and  1.86 A,, re- 
spect ively)  resul ts  in e l imina t ion  of  the  H 2 molecule ,  
while  the  abs t r ac t i on  o f  the  hydrogen a t o m  bonded  to 
the  b r o m i n e  a t o m  from complex  4 results in e l imina t ion  
of  the  H Br molecu le .  

In c o n c l u s i o n  we note  tha t  cat ions 1 - -4  and t ransi-  
t ion states  6, 8, and  9 can  be cons idered  as analogs of  
cer ta in  s t ruc tu res  in the  [ C H 4 + N O  +] system fotmd by 
the  ab initio M O  L C A O  method  using different  basis 
sets tak ing  in to  a c c o u n t  corre la t ion  correct ions .  3 

This  work was final~cially suppor ted  by tile Rttssial~ 
Founda t ion  for Basic Research (Project  Nos. 96-03-  
33255a and 98 -03 -32274a )  and  Civil Research  and 
D e v e l o p r n e n t  F u n d  o f  the  U S A  ( C R D F ,  G r a n t  
RC1-274;506) .  
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