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Intramolecular nucleophilic SN2 substitution 
at the tetrahedral carbon atom: an ab initio study 
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Pentacoordination of carbon atom in bicyclic organic compounds of the pentalene type 
was studied by the ab initio RHF/6-31G** attd MP2(fulI)/6-31G** methods. It was shown 
that intramolecular SN2 reactions with energy barriers within the energy scale of NMR 
spectroscopy can occur in systems in which a linear orientation of the attacking and leaving 
groups is realized. The barrier to lhe intramolecular nucleophilic substitutiotl reaction in 
2,3-dihydro-3-formylmethylenefiiran is 36.9 (RI-IF) and 27.7 kcal tool -I (MP2) and de- 
creases to 16.4 and 19.4 kcal mol - l ,  respectively, in the case of dipro(onation at the O atoms 
in this system. For model pentalene type compounds containing electron~deficient B atoms 
in the ring. the ab initio calculations predict a further decrease in the barrier height (down to 
less than 10 kcal tool-i). 

Key words: ab initio quantum-chemical calculations, reaction pathway, nucleophilic 
substitution, pentacoordination of carbon atom. 

In te rmolecu la r  nuc leophi l ic  substitution reactions 
(S,,,,2) at the te t racoordinate  C atom in the gas phase 
occur  with inversio,a of  the configurat ion and intermedi-  
ate formation o f  pentacoord ina te  bipyramidal struc- 
tures, i - 3  which,  as has been shown in numerous  theo- 
retical studies, 3-6  always correspond to the transitiou 
state (TS) of  the reaction, e%s a rule, the internal activa- 
tion barrier corresponding to these TS in the gas phase 
does not exceed 20 kcal tool - I .  The  relatively low acti- 
vation barrier suggests that in the corresponding iu- 
t ramolecular  SN2 reaction it can be partially compen-  
sated by the strain energy of  the initial structure by 
incorporat ing the fragment with the bipyramidal bond 
configurat ion at the pentacoordinate  C atom into a rigid 
framework. 

The  idea o f  "freezing" of  the pentacoordinate  struc- 
ture o f  TS was proposed for the first t ime in 1973. 7,s 
Salts o f  1 ,8-d i (a ry l th io)anthmcene-9-carb inyl  cation 1 
(Scheme I, R a, R z = H, Me; R 3 = Ar) were symhe-  
sized, in which the an thracene  nucleus and the sulfenyl 
groups create the required steric condit ions for the 

formation of  form 2 with the pen tacoord ina te  C atom, 
and it was shown by iH N M R  spectroscopy that  the 
activation barrier to the degenera te  alkylotropic  rear- 
rangement  l a  - - lb via TS 2 decreases to - 1 0 - -  
20 kcal tool - i  and is strongly dependen t  on the nature 
of  substituents R J - - R  3 aud the type  o f  solvent. 7 

The fact that structure 2 cor responds  to the transi- 
tiou state rather thatl to the energy  m i n i m u m  was ex- 
plained 7 by the large additional s ter ic  strain produced in 
the fragment containing the pentacoordinate  carbon atom 
due to the deviation of  the S - - C - - S  angle (~163 ~ in 
structure 2) from t 80 ~ Ix1 fact, o u r  prel iminary ab initio 
(M P2(f idl) /6-31G**) calcula t ions  o f  in t ramolecular  nu- 
c leophi l ic  substi tut ion react ions  in model  system 3 
(3a ~ 3b, Scheme  2) showed that  the S - - C - - S  angle 
in structure 4 with C2,, s y m m e t r y  and a planar bicyclic 
framework is equal to ~161 ~ However ,  the structure 
with C2,. symmet ry  is not the  TS of  the react ion 
3a ~ - 3b. Despite the long C - - S  bond,  the abseuce 
of  the anthracene nucleus al lows the system to adopt 
the configurat ion with a S - - C - - S  angle o f - 1 7 9  ~ which 

Scheme i 
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is o p t i m u m  for the  occu r r ence  of  the  S,v2 react ion,  due 
to the  devia t ion  o f  bo th  C - - S  bonds  in opposi te  d i rec-  
t ions  from the  p lane  of  the f i v e - m e m b e r e d  rings by 
more  than  30 ~ and  the  ro ta t ion  o f  the  m e t h y l e n e  group 
by abou t  40 ~ . 

H H 

s 

3a, C~ 

Scheme 2 

H H H~.+ ~f , ,H 
. S ~ - -  ......... S 

4, C 2 

H~.S H~: ;..~H 

3b,  C I 

The  strongly d i s tor ted  n o n p l a n a r  form 4 with C 2 
symmet ry ,  c o r r e s p o n d i n g  to the  ra ther  high energy bar- 
r ier (~40 kcal m o t - l ) ,  b ecom es  the true TS of  the  reac- 
t ion 3a ~ . ' -  4 .... "~ 3b. 

Up to the  p resen t ,  a t t empt s  to detect  organic  inter-  
media tes  with a pen tacoord ina te  C a tom and  bipyramidal  
bond  conf igu ra t ion  using the  subs t i tuents  R I - - R  3 and 
solvents  of  d i f fe rent  na tures  failedf1,3,6-8 It is logical to 
assume that  r e p l a c e m e n t  of  the S a tom m cat ion ! by 
an O a tom will lead to decrease  in the cor responding  
angle in the  p l ana r  bicyclic form and  in the act ivat ion 
barr ier  to the  r eac t ion  l a  -~-" 111, or even to stabil iza- 
t ion of  s t ruc ture  2. However ,  we failed to find in forma-  
t ion e i the r  on expe r imen t a l  or on  theore t ica l  s tudies of  
this  type of  c o m p o u n d s .  

The  aim of  th is  work was to perform a q u a n t u m -  
c h e m i c a l  s t u d y  ( u s i n g  the  R H F / 6 - 3 1 G * *  and  
M P2( fu l l ) / 6 -31G**  9 - i t  m e t h o d s )  of  the energet ics  and 
m e c h a n i s m  of  t he  i n t r a m o l e c u l a r  nuc leophi l i c  substi t t , -  
t ion (Sty.2) reac t ion  5a - ." 6 - ~ 5b ( S c h e m e  3) at 
the  C a tom and  the  t endenc ie s  to  form f ragments  with 
the  p e n t a c o o r d i n a t e  C a tom m s t ruc ture  6 upon  varia- 
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t ion of  the subs t i tuen ts  X (X = O, OH +, F+), Y (Y = 
C, B), and  Z (Z  = C, B), which  affect not  on ly  tile 
spatial  s t ruc tu re  of  the reac t ion  site, but also the  elec-  
t ronic  s t ruc tu re  of  the  en t i r e  con juga ted  system.  To 
es t imate  the energy  o f  the  "nonva lence"  d o n o r - a c c e p t o r  
C-..X in te rac t ion  in cis-stnmtures 5, we ca lcu la ted  the  
co r re spond ing  sterically uns t ra ined  trans-forms 7. 

Differences  be tween  the  total  energies  o f  s t ruc tu res  5 
and 7 can be cons ide red  as the lower b o u n d s  of  the  
energies  of  the  d o n o r - a c c e p t o r  X..-C in te rac t ion  (X = 
O, OH + , F*) in systems 5. 

Calculation procedure 

The ab initio calenlations were carried out by the restricted 
Hartrec--Fock (RItF) method and at the second-order Moiler-- 
Plesset (MP2(full)) level of perturbation theory with inclusion 
of correlation of all (valence and core) electrons with the split- 
valence 6-31G** (DZ) basis set 9 for systems 5--7 and with the 
6-31 l + t G * *  (TZ) basis set 9 tbr the simplest ionic models of 
nucleophilic substitution at the tetrahedral C atom using the 
GAUSSIAN-94 j~ and GAMESS II programs on RISC-6000, 
DEC Alpha-Station 500, and Duranga workstations. Full opti- 
mization of the geometry of the molecular stnmtures corre- 
sponding to the saddle points (X = 1; hereinafter X is the 
nnmber of negative eigenvalues of the Hesse matrix at a given 
stationary point 12) and to the energy minima (~. = 0) on the 
potential energy surface (PES) was carried out up to the 
gradient magnitude of 10 -5 an Bohr -I .  ] 'he structures corm- 
sponding to the energy minima on the PES were found by the 
method of steepest descent (movement along the gradient line) 
from the saddle point (TS) to the neighboring stationary point 
(a saddle point or a minimum). 12 The initial direction of the 
gradient line was specified by minor displacement (1/100 of 
the length of the normalized transition vector) along the 
direction of the transition vector. Graphic images of the 
molecular forms were obtained using the PC MODEL t3 pro- 
gram (the PLUTO mode), for which Cartesian atomic coordi- 
nates taken from the ab initio calculations served as input 
parameters. 

Results and Discussion 

To e luc ida te  the  effect of  the  spatial  s t ruc tu re  of  the  
r e a c t i o n  si te  on  the  e n e r g y  c h a r a c t e r i s t i c s  o f  the  
S:v2 reac t ion ,  the i n t e r m o l e c u l a r  nuc leophi l i c  subs t i tu-  
t ion react ions  8a ~---- 9 - - 8b ( S c h e m e  4) were ini-  

Scheme 4 
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tially studied. Ssystem 8 is sterically unstrained and its 
geometr ic  parameters  are de termined  only by the elec-  
tronic effects in TS 9. 

P a t h w a y  of  nue l eoph i l i c  subs t i t u t i on  r e a c t i o n  
O H -  + H 3 C O H  - " I I O C H 3  + O H - .  Our ab in#io 
calculat ions showed that this reaction begins with the 
formation of  the stabilized hydrogen-bonded  pre-reac-  
tion complex 10 corresponding to a min imum (k = 0) 

on the PES and proceeds via the  TS cor responding  to 
structure 11 with C 2 symmetry  ( S c h e m e  5) and almost  
aligned apical C - - O  bonds (the in te rbond  angle is close 
to 180 ~ Fig. 1). The predicted geomet r i c  and energy 
characterist ics of  systems 10 and 11 are shown in Fig. 1 
and listed in Table I. 

The pre-react ion complex  10 is an associate o f  a 
water molecule  and a methylate  an ion  bound by a strong 

" ; ~ ? ~ " . J K . . , ~  ~o ~ ,  

"~" ~ "~'~" L o - )  ~ 
�9 ~ ~Ii~ I ~ ~'~'~ 

10, C~ (k  = 0) 

1.0r ~ ) ,q 

I I ,  C 2 (~L = l) 

2 690 ~ 1532 

~ ' ~  ~ '~"~"  .533" ~ (O ""  

0-963) 
10-96Xl 

zo,2 ~_,,ar 

~2, c,(~=0) ~3,G~(z: ~) 

. % ;  , .... 

14, C t (k  = 0) 

1.071 

o.,}u 9o.s- 11 @_r 

[Z3STI ~ [1-6571 

15, C, (~. = 0) 

I.IF/I ~ ) . 
0 . ~ ) |  *5 .0  

16, C: (~. = 1) 17, C, (~. = 0) 

Fig. 1. Geometric characteristics of  structures 10, 12. 14. 15. and 17. corresponding to minima, a|ld those of transition structures 
!! .  13. and 16, corresponding to saddle points on the PES. calculated by the RlII-/6-31G**, MP2(full)/6-31O** (figures in 
parentheses), and MP2(fuII)/6-3111++G*" (figures in brackets) methods, Here and in Figs. 2--7 the bond lengths (in .~,) and 
bond angles are given. 
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Scheme 5 
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hydrogen bond. According to calculations,  the energy of 
this bond is 25.4, 30.3, and 22.6 kcal tool -1 at the 
R H F / D Z ,  M P 2 / D Z ,  and M P 2 / T Z  levels, respectively. 
The last value is rather close to tile experimentally 
de te rmined  energy  of  the H - b o n d  in this system 
(23.9 kcal mol - t ) ,  vt 

The bond lengths and bond angles in structure 11 
ca lcu la ted  in this  work are in good ag reemen t  
with the results of  previous calcula t ions .  16,17 The 
ra ther  high ene rgy  barr ie r  to the S,,,.2 reac t ion  

Table I. Total (Etot/au) and relative (,*E/kcal tool -1) energies, 
number of negative eigenvatues of the ttessian (;,.), zero-point 
hamaonic vibrational energies (ZPE/au), and imaginary or lowest 
harmonic frequencies ((io~/o0/cm- I) of structures 10--17, cal- 
culated by the RI.IF/6-31G**, MP2(fidl)/6-31G *~ (figures in 
parentheses), and MP2(full)/6-31 I++G ~ methods (figures in 
brackets) 

Structure. ~ot AE X ZPE i(o/o I 
symmetry 

tO, C I 

I t ,  C 2 

IX, G 

13, C2,, 

14, C I 

15~C~ 

16, (-'2 

17. C, 

-19n 45363 
(-191.00716) 
1-191.19351 
-190.3531S 

(-190.91305) 
1-191.115651 
-191.40005 

(-191.94081) 
1-192.t08301 
-191.38515 

(-191.92282) 
[-192.087861 

-191.42529 
(-191.97261) 
1-192.136421 
-239.32310 

(-239.82928) 
[-240.036181 

239.32310 
t-239.32310) 
--240.03242] 

-239.33687 
-239.85522) 
-24007179} 

0 
(0) 
101 

62.6 
(59.1) 
{48.91 

0 
(0) 
[01 101 
93 1 
11.3) (1) 
12.Sl I]1 

0 0 
(o) (0) 
101 [01 
0 " O 
(0) (0) 
[01 IOl 
0 0 

{2.3) ( I )  
[ t .Sl  [zl 

0 0 
(0) (0) 
101 101 

0 0.06542 58 
(0) (0.06246) (96) 
101 10.060811 1531 

I 0.06457 i744 
(I) (0.06178~ (i597) 
t~l [0.060311 1i677t 
0 0.09389 35 

(0) (0.09032) (34) 
[0.08931} [261 

0.09017 i361 
(0.08906) 0506) 
[0.088061 1i5201 

0,09474 I 16 
(0.09053) ( I 18) 
[0.089841 [127t 

0.06172 36 
(0.06148) (94) 
10.060551 [771 
0.06172 36 

(0.061381 (i242) 
10.058941 1i2651 
0.06500 64 

(0 002s6) (7~j 
10.061941 163l 

Now: I ml : 627.5095 kc'fl rnol-I 

10a =.----=~.- 11 o - 10b, viz., 62.6 ( R H F / D Z ) ,  59.1 
( M P 2 / D Z ) ,  and 48.9 kcal tool -j  ( M P 2 / T Z ) ,  is deter- 
mined by the high stabilization energy of complex 10 
rather than by stereoelectonic effects in TS 1 1. Note-  
worthy is that the geometric parameters of TS 11 calctt- 
lated with inclusion of electron correlation are, on tile 
whole, in good agreement with those predicted by calcu- 
lations in the Har t ree- -Fock  approximation,  whereas for 
complex 10 these values differ appreciably (see Fig. 1). 

Pathway of  n u e l e o p h i l i c  subs t i tu t ion  reac t ion  
H 2 0  + l l3COHz + " HzOCl t3  + + H20 .  According 
to ca l cu la t ions ,  the degene ra t e  reac t ion  1-t20 + 
tt3COH2* ~ H2OCH3 + + I-t20 (Scheme 6) begins 
with the formation of  the pre-react ion complex 12 with 
C s symmetD',  which corresponds to a m i n i m u m  (X = 0) 
on the PES. 

Scheme 6 
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Stability of complex 12 is de termined by donor-  
acceptor interactions of the O atom of tile water mol-  
ecule with all three tt atoms of the methyl group 
(H-bonds)  and with the C atom as well, which is 
indicated by tile ar rangement  of the water molecule 
relative to the cation (see Fig. 1). Tile fomla t ion  energy 
of tile pre-reaction complex 12 calculated without in- 
clusion of the basis set superposi t ion error (BSSE) (see 
Ref. 12, notes to the calculat ion procedure) is 11.5 
( R t t F / D Z ) ,  12.7 ( M P 2 / D Z ) ,  and 11.4 kcal mol -L 
(M P 2 /TZ) ,  which is rather close to the experimental  
energy of the H-bond between the oxonium cation and 
methanol  molecule (11.9 kcal tool-I) .  14 

The transition state of  this reaction corresponds to 
structure 13 with C2~ symmetry  and almost aligned 
apica ! C T - O  bonds: A s in l;he anionic form 11, the 
interbond angle is close to 180 ~ (see Fig. 1). The geo- 
metric and energy characteristics of  systems 12, 13, and 
protonated methanol  calculated in this work (see Fig. 1 
and Table I) are in good agreement  with the results of 
ah initio calculations of  tile same complexes pedbrmed  
by other authors. 18,~9 

The calculated energy barrier to the S v2 reaction 
12a ~ 13 ~--- 12b, which  is equa l  to 
9.3 ( R H F / D Z ) .  11.3 (MP2/DZ) ,  and 12.8 kcal tool -! 

M P 2 f r z ) .  is the internal barrier to transfer of the C It 
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group between two water molecules. Most likely, its 
height is minimum in the case of methyl group transfer 
between two oxygen centers in the absence of steric 
strain. 

However, it should be noted H H 
that the experimentally detected x./_...O/+ 
complex 14 z0,zt possesses the H / ' ~  "H, 
highest stability. Its energy is more 
than 15.8 ( R H F / D Z ) ,  19.9 O-H 

J (MP2/DZ),  and 17.6 kcal tool -~ H 
( M P 2 / T Z )  lower than that of  the 14, C, 
pre-react ion complex 12. 

The experimentally determined energy of the forma- 
tion of a complex between protonated methanol and 
water is 11.9 kcal mol- l .  21 We have found that the 
energy of the H-bond in structure 14 is much higher, 
viz., 27.8 ( R H F / D Z ) ,  33,1 ( M P 2 / D Z ) ,  and 
29.4 kcal mol --I (MP2/TZ),  which is close to the ex- 
perimental enevgy of the strong H-bond in the (H20)2H* 
cation (31.6 kcal mol- t).zo 

P a t h w a y  o f  n u c l e o p h i l i e  s u b s t i t u t i o n  r e a c t i o n  
HF + H3CFII + - - IIFCH3 + + FH. According to 
calculations, this reaction, analogously to the two pre- 
ceding reactions, begins with the formation of the pre- 
reaction complex 15 with C s symmetry (~. = 0), whose 
stability is also determined by H-bonds formed by the 
F atom of the hydrogen fluoride molecule with all three 
H atoms of the methyl group and by its donor-acceptor 
interaction with the C atom. 

--"1-4 H 

HF - - - - ~  FH 

1 5a, C s 

Scheme 7 
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HF @ F H  
H H 

16, C 2 

HF 

H --I+ 

~ ..... FH 

H H 

15b,  C s 

This is confirmed by a nearly exact arrangement of 
the hydrogen fluoride molecule along the axis of the 
C - - F  bond of the protonated form of fluoromethane 
(see Fig. 1). The formation energy of complex 15 calcu- 
lated without inclusion of BSSE is equal to 13.3, 14.0, 
and 10.7 kcal tool -I at the RHF/DZ,  MP2/DZ,  and 
M P2/TZ levels of theory, respectively. 

The transition state of this reaction corresponds to 
structure 16 with C 2 symmetry, and nearly aligned apical 
C - -F  bonds. The angle between the bonds, as in systems 
Ii  and 13, is close to 180 ~ (see Fig. I). The calculated 
energy barrier to the S,v2 reaction 15a ~ 16 ~ 15h 
(0. 2.3, :rod 1.8 kcat tool -I according to R}|F/DZ. 

MP2/DZ, and MP2/TZ calculations, respectively), which 
is the barrier to methyl group transfer between two HF 
molecules, is much lower than the internal activation 
barrier to the reaction F-  + H3CF -- ~ FCH3 + F-- (see 
Ref. 5). Most likely, its height is minimum in the case of 
methyl group transfer between two fluoride centers in the 
absence of steric strain. 

As in two preceding cases, 
complex 17 with the FH.. .F 
bond possesses the highest sta- 
bility, viz., its energy is 8.6 
(RHF/DZ) ,  16.3 (MP2/DZ) ,  
and 22.3 kcal tool -I (MP2/TZ) 
lower than that of the pre-reac- 

H 
F "  

H @  "H  

F--H 
17, C s 

tion complex 15. According to calculations, the energy 
of the H-bond in structure 17 is 22.0, 30.3, and 
33.0 kcal tool -I at the R H F / D Z ,  M P 2 / D Z ,  and 
MP2/'I-Z levels of theory, respectively, which is close to 
the experimental energy of the strong H-bond in the 
(MeF)2H* cation (32_+2 kcal tool-I) ,  zt 

The results of calculations of  water, t-IF, methanol, 
and fluoromethane molecules and their protonated forms 
(structures 18--24) are shown in Fig. 2 and listed in 
Table 2. The geometric and energy characteristics of 
protonated fluoromethane calculated in this work are in 
good agreement with the values obtained recently for 
this complex by the QCISD/6-31G* method. 2z 

o 

(0.920 
(to3.~') D.9161 
[t~.sq i~.' {o.917} 
11043"} 

18, C2~ (JL = O) 19, C~ (~. = O) 

~k t.311 
0~22) 

/2  "if~ :,%; 

21, C~. (X, = 0) 

[I.4211 

/ ,o/:3~ g>5.  ~ 

20, C, (?,. = 0) 

117.1~ 
Q / ~ m,.m 

[1-~33] 

22, C, (X = O) 

Q 
..- , t  ',*2r :. 

O.au) 
it.J~s} 

23, G, (x = o) 

aa a l_%. , , . ~  , - ,  

t0 [~ .6~ v. 

24, c ,  (X = o) 
Fig. 2. Geometric characteri:,tics of structures 18--24, corre- 
sponding to minima on the PES, calculated by the 
RItF/6-31G**, MP2(fidl)/6-31G** (figures in parentheses). 
and MF'2(futI)/5-3III,-+G** (figures in brackets) methods 
and experimental dala 15 ffigures in bracesL 
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Table 2. Total energies (Etoffau). zero-point harmonic vibrational energies 
(ZPE/au), and the first three lowest hammnic frequencies (ml, m2, e)3/cln-I) for 
structtu-es 18--24, calculated by the R}tF/6-31G**, MP2(fidl)/6-31G** (figures 
in parentheses) and MP2(flfll)/6-31 I++G** methods (figures in brackets) 

Structure, ~ot ZPE ml m~ e~3 
symmetry 

18, C2,, -76.02361 002319 1770 4146 4262 
(-7622245) (0.02191) (1683) (3897) (4035) 
[-76.299451 [0.021731 [16281 [38911 [4010 I 

159478 a 3656.65" 3755.79" 

19, C,,, 

20, C~ 

-10001169 
(-t00.19464) 
1-100.29794J 

-115.04671 
(-115.38984) 
1-115.490381 

0.01023 4492 
0.00955) (4191) 
0.009571 {4201] 

4141.031 a 

0.05513 343 1074 I095 
(0.05217) (312) (1157) (1189) 
[0053031 1347] [10a31 l i l t s1  

270.0" 1033.5 a I074.5 a 

0.03804 1299 1311 1597 
(0.03660) (1269) (1257) (1516) 
10.035961 111641 [11841 [14441 

0.1)6844 236 652 825 
(0.06619) (261) (741) (861) 
[0.065531 [2821 [7641 [8581 

0.04210 1186 1307 1633 
(0.04003) (1078) (1216) (1517) 
[0.040741 [1115] [123O1 [~5661 

1076.73 a 124745 a 1495.50 a 

0.05119 163 382 792 
(0.05056) (204) (610) (881) 
[0.049771 [1991 [5481 [8511 

21, C 3 , .  -11438954 
(-114.73635) 
[--114.858011 

22, C, -t15.35744 
(-115.69736) 
[-115.790011 

23, C 3 , .  -139.03974 
(-139.485t9) 
[-139.36744] 

24, C s -139 29013 
(-139.61226) 
1-139721251 

': Experimental data were taken from Ref. 14. 

[ntramolecular nucleophilic substitution in 2,3-di- 
hydro-3-formylmethylenefuran. According to calculations, 
the cis- and trans-forms of  2 , 3 - d i h y d r o - 3 - f o r m y l -  
methylencfuran (25 and 27, respectively, see Scheme 8) 
correspond to the min ima  (~. = 0), whereas structure 26 
corresponds to a saddle point (;', = 1) on the PES. 

Scheme 8 

H H H H H 

O ~ O 

25a,  C~; 26,  C2,. 25b,  C~ 

The calculated geometr ic  and energy characteristics 
of  structures 25- -27  are shown in Fig. 3 and listed in 
Table 3. No exper imenta l  data on structures similar to 
systems 25 or  27 have been reported. To some extent 
the formyhnethylene  fragment in compound  25 can be 
compared with a similar fragment in the molecule of 
I - H  - i o d o p h e n y l - 3 - c a r b o m e t h o x y - 4 - p h e n a c y l i d e n e -  
5-hydroxv-5-phenylpyrazol i t~e,  "~3 which also exists in 
the cL~'- form. 

Despite tile presence of  a methylene site, the five- 
mcmbcred ring in molecule 25 is planar and geometrically 
c lose  to the  furan rgHg, 23 which  ind ica tes  its 
pseudoaromaticity and can be explained by involvement 
of  the antisymmetric combinat ion of  the orbitals of the 
CH 2 group hydrogcns in coqjugation. According to calcu- 
lations, the trans-isomer 27 (see Fig. 3) is less stable than 
the cis-form 25, Fig.., tile difference in their energies is 3.5 
( R H F / D Z )  and 4.3 kcal mol -I ( M P 2 / D Z ) .  This indi- 
cates a rather strong stabilizing donor-acceptor  C.--O in- 
teraction in system 25, which compensates for the steric 
stmin in this form. 

Structure 26 with the hypervalent  pentacoordinatr  C 
atom is the TS of  the in t ramolecular  S,v2 reaction 
25a - - 26 ~ 25b with an energy barrier of  36.9 
( R H F )  and 27.7 kcal tool - t  (MP2).  The  inclusion o f  
e lectron correlat ion leads to lowering of  the barrier to 
the reaction by about I0 kcal tool -I  and to shortening 
of  the length of  the hypervalent  C - - O  bond in TS 26 by 
0.05 A. The O - - C - - O  angle in structure 26 is 174.8 ~ 
(RI-IF) and 172".2 ~ (M P2). This is about 10 ~ smaller  than 
the similar angle in cations 1; however, the calculated 
barrier to reaction 25a ~ 26 ~ 25b is much higher 
than the exper imental  activatio~l barriers to reactious 
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1.429 ~ 2.7 ~'/ 

25, c ,  (x = 0) 

26, Czv (k = i) 

zA2.3 1 

_ z ' - 2 g ~ E  - ~0,,o :-',,,,,,,,,,,tkC )(Xt52.') ua~oZ. t ~  

27,  c ,  (~. = 0)  

Fig. 3. Geometric characteristics of structures 25 and 27, 
corresponding to minima, and those of transition structure 26, 
corresponding to a saddle point on the PES, calculated by the 
RHF/6-31G** and MP2ffulI~/6-31G*" (figures in parenthe- 
ses) methods. 

ia - - 2 - - lb. Comparison of geometric charac- 
teristics of  the hypervalent O - - C - - O  bond in  structure 
26 and in the sterically unstrained TS II  (cf. Figs. I and 
3) shows that they are very close, This indicates that, in 
fact, the steric strain in the fragment containing the 

pentacoordinate C atom in TS 26 is small as compared 
to that in the "ideal" structure and cannot be respon- 
sible for the high activation barrier to the reaction 
25a , - 26 - - 25b_ The lower barrier to intramo- 
lecular S~,,2 reaction in the case of  cations 1 is due to 
electronic factors, viz., a higher nucleophilicity and 
nuclcofugacity of the attacking and leaving groups, re- 
spectively. Nucleofugacity of  the leaving group in sys- 
tem 25 can be appreciably increased by protonation of 
the O atom. To retain the symmetry and to exclude 
attendant side proton transfers in the case of  mono- 
protonation, 25 we calculated the diprotonated form 28. 

Intramolecular nueleophilic substitution in dication 
28. According to calculations, the cis- and trans-struc- 
tures (28 and 31, respectively) correspond to minima 
(X = 0), whereas structures 29 and 30 correspond to 
saddle points O - =  1) on the PES; their calculated 
geometric and energy characteristics are shown in Fig. 4 
and listed in Table 3. 

Dication 28 is nearly planar (except for the H atom 
at the oxonium O atom with a pyramidalized bond 
configuration, the out-of-plane deviations of  the atoms 
do not exceed t~ 

Structure 29 with the hypervalent pentaeoordinate C 
atom is the TS of an intramolecular SN2 reaction with an 
cnergy barrier of 16.4 (RflF) and 19.4 kcal mol -I (MP2). 

The inclusion of electron correlation leads to some 
increase in the barrier to reaction and to a shortening of 
the hypervalent C- -O bond in TS 29 by 0.13 A. The 
O - - C - - O  angle in structure 29, which is equal to 177.0 ~ 
(RHF) and 179.8 r (MP2), is very close to 180 ~ . Com- 
parison of  the geometric characteristics of  the fragments 
containing the hyper~'alent O - - C - - O  bond in structure 
29 and in the sterically unstrained TS 13 (cf. Figs. 1 and 
4) shows that the bond in TS 29 is slightly lengthened 
due to the large positive charge in the system. The 
pathway of this nuclcophilic substitution reaction passes 
through two more TS with C s symmetry, viz., 30a and 
30b, at which the system arrives by moving from TS 29 
and bypassing other stationary points on the PES. Such 
a PES topology is known (the gradient pathway of 
analogous reactions has been considered in detail 12) and 
the pathway of intramolecular nucleophilic substitution 
can be described by Scheme 9. Structure 30a is the TS 
in the case of inversion of  the pyramidal bond configu- 
ration at the cyclic O atom (28a - 30a ~ - 28b), 
whereas structure 30b is the TS in the case of analogous 
inversion of the bond configuration in topomeric form 
28e (28e - - . -  30b - - - ' -  28d). According to calculations, 
the corresponding trans-isomer 31 is 4.0 (RHF)  and 
3.2 kcal tool -I (MP2) less stable than the c/s-isomer 
29. This indicates that there is a rather strong stabilizing 
donor-acceptor no-cr*c_o-interaction in dication 7,8, 
analogous to that in molecule 25. 

lntramolecular nucleophilie substitution in fluorine- 
substituted dieation 32. Nucleofugacity of  the leaving 
group can be incrcased to the greatest extent by replace- 
ment of the OH" group in dication 28 by the isoelec- 
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Table 3. Total (E,o,/au) and relative (AE/kcat mol -~) energies, number of negative eigen',alues of the tlessian (2,.). zero-poinl 
harmomc vibrational energies (ZPE/au), and imaginary or lowest harmonic frequencies ((i<o/wl)/cm -~) for structures 25--40. 
calculated by the RH F/6-31G** and M P2(full)/6-3 I G** methods (figures in parentheses) 

Structure. Era, AE ). ZPE i0ff% Structure, E,o t AE ~. ZPE io3/~ 1 
symmetry symmetry 

25, r -380.39118 0 0 0.11639 153 33, C2~ -428.76216 2.2 I 0.I1037 
(-381.56847) (0) (0) (0.10993) (148) (-429.88436) (6.9) (I) (010595) 

26, C2, -380.33243 36.9 I 011403 i847 34, (~ -428.75801 4.8 0 0.11251 
(-381.52440) (277) (1) (0.10846) 0840) (-429.88836) (44) (0) (0.10722) 

27, C~ -380.38563 3.5 0 0.11612 103 35, C~ -416.06850 0 0 0.10821 
(-381 56158) (4.3) (0) (010938) (99) (-417.159901 (0) (0) (0.10438) 

28, C t -380.89851 0 0 0.14237 136 36+ C2, .  -416.06850 0 0 0.10821 
(-382.05948) (0) ~0) (0.13487) (132) (-417+15478) (3.2) (I) (0.10349) 

29, C2~ -380.87235 16.4 I 0.13869 i334 37. C~ -403.20761 0 0 0.10484 
(-382.02854) (194) (I) (0.13209) 0558) (-404.27852) (0) (0) (0.10076) 

30, (~ -380.89781 0.4 1 0.14134 i337 38, C2v -403.19474 8.1 l 0.10292 
(-382.05770) (I.2) (1) (0.1340S) 0409) (-404.26163) (10.6) (I) (0+09971) 

31, C~ -380.89217 4.0 0 0.14227 98 39, C s -416.05718 4+9 0 010891 
(-382.05434) (3.2) (0) (0.13494) (96) (-417.15151) (5.3) (0) (0.10432) 

32, C~ -428.76572 0 0 0.11244 130 40, C+ -403.20432 2.1 0 0.10455 
(-429.8953s) (0) (0) (0.10719) (130) (-404.27476) (2.4) (0) (0.10053) 

it03 
0371) 

94 
(78) 

112 
102) 

112 
0268) 

122 
115) 

i250 
0440) 

76 
( 6 5 ) 

88 
(73) 

I 

u ............. ........ i 

+ m "!7_.+ 

N uo~ 

28, q (X = 0) 

2.141 

~. ,~o 
- o �9 . " 

75 ,. ~o.r "="~"~ ~.C i..._ ~ ~ -  ,t'7.~ "I~,.C i jltmV./".~.--, 

29,  Ca, O. = 1) 

o--4i 

t.491 c', k-") 

~ +)o,+o ~"~.. "~ l(nZg~9 

/ 
% 

i . 4 8 7  

" kg.J" 

3o, c , ( k  = t) 3 L q ( ~  = o) 

Fig. 4. (ic,an]etric characteristics o f  structures 28 al]d 31. corrc'~pondmg to n]inima, and those o i  transition structures Z9 and 30. 
corresponding to ";addle points on the PES. calculaled by the I~,HF:; -31G*" and MPZ(fuiI)/6-31(3*" (figures iu parenthese>) 
methods. 



1242 Russ. Chem.Bull., Vol. 4& No. Z July, 1999 Minyaev and Minkm 

H H 
�9 + s ~ H  4-/H 

0 ~ 0 

28a,  C 1 

.% 6 H 

28c,  C I 

Scheme 9 

H 

30a, C s 

1L 

29,  C:z ,, 

"% 6"" 

30b,  C s 

H H 

28b, C i 

H..~ + ~H ~- '*rl H 

28d, C 1 

tronic F* center. Our calculations showed that the cis- 
and rrans-forms (32 and 34, respectively) correspond 
to minima ()_ = 0), whereas structure 33 corresponds to 
a saddle point (L = I) on the PES (Scheme 10): their 
calculated ~eometric and energy characteristics are showl~ 
ia Fig. 5 and listed in Table 3. 

Scheme 10 

H H H 

32a,  Cs 33,  C2~ 32b,  C s 

Despite the presence of the methylene group, the 
five-membered cycle iii structure 32 is planar, which 
indicates its pseudoaromaticity and involvement of the 
lone electron pair of the cyclic F atom in 7t-colljugation. 

Structure 33 with a hypervalent pentacoordinat e C 
atom and planar bicyclic fr'agment is the TS of a,~ in- 
tramolccular Sx2 reaction with aa energy barrier of only 
2_2 (RFIF) and 6.9 kcal tool -I (MP2). As hi the preced- 
ing case, the inclusion of electr(m correlation slightly 
increases the barrier to reaction and leads to a shortening 
of the hypervalent C - - F  bond in TS 33 by 0.14 A. The 
F - -C- -F  aiigte in stnlcture 33, which is t75.6 ~ (RHF) 
mid 181.2 ~ (MP2), slightly differs from 180 ~ Comparison 
of the geometric characteristics of the fragments contain- 
it~g the hypervalem F - - C - - F  bond in dicution 33 and in 

the sterically unstrained TS 16 (el Figs. I and 5) shows 
that in TS 33 this bond is slightly lengthened due to the 
large positive charge in the system. As in all preceding 
cases, there is a rather strong stabilizing donor-acceptor 
o* c_F-~F-interact ion in cis-foml 32, due to which this 
fonn is 4.8 (RHF) and ,:1.4 kcal mo t  -I (hIP2) energeti- 
cally more favorable than trans-isomer 34. 

lntramolecular nucleophilic substitution in boron- 
fluorine~substituted cation 35 and neutral compound 37. 
The hypervalent bond in the dicationic TS 29 and 33 is 
slightly lo~lger than in their intermolecular cationic alia- 
togs 13 and t6, which, can be explained by the larger 
positive charges in the former two systems. Therefore a 
decrease in the charge of the system can lead to shorten- 
ing of the hypervalenl bond and, as a consequence, to 

Scheme 11 

H H H 

F - -  F F F F 

35a, C~ :16, C~, 35b,  C; 

H 
. ; ~ H  

F l F 

H H H H 

37a,  C 38, C-> 37b,  C s 
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1641 
~.-:::! .... ~ )  

1.501 |11"2~ 
(1.49~) , , ,~.  I (1~,~ 

32, (7, Q. = 0) 

2.165 
(zou) 

2.188 

+ir 
C ' . . . ~ c , N ~ . 6 " )  :~gr 

2.188 
Czss~! ~ ,  

~.5~ / - ~  
! 

"n~cx" nT., 

35, c ,  (x = o) 

1574 

,.-it, ~o9.~~ , / . % .  , 

33, C2, (s = I) 

,,• 2.188 
�9 (2.o3s) 

36, C~  (X = 1) 

1337 

.TLo _ :2' , ,  to,: c~L"2 
O - - ~ c  )(IO~.6~ -: '5 

34, C, (g=O)  

Fig. 5. Geometric characteristics of structures 32 and 34, 
corresponding to minima, and those of transition structnre 33, 
corresponding to a saddle POint 9 n the.PES, calculated by the 
RHF/6-31G*" and MP2(fuII)/6-31G*" (figures in parenthe- 
ses) methods_ 

lowering of  the  ac t iva t ion  bar r ie r  to the cor responding  
i n t r amo lecu l a r  nuc leoph i l i c  subs t i tu t ion  react ion.  

In th i s  c o n n e c t i o n  we s t u d i e d  r e a c t i o n s  
35a  ~ 36 - 35b  a n d  37a  - " 38  - - 371) 
{Scheme 1 I ) for the hypo the t i ca l  boron-fluori13e-subsfi-  
lu ted c o m p o u n d s  35 and  37. ( ) a t  ca lcula t ious  ,,how (sec 

@ fC~,;2"v., f/O$..i., ~'-R"~,I k~ I" 112.7 ~ 1 9 )  

39, c ,  (1  = 0) 

Fig. 6. Geometric characteristics of structures 35 and 39, 
corresponding to minima, and those oftnu~sition structure 36. 
corresponding to a saddle point on the PES, calculated by tile 
RHF/6-31G** and MP2(full)/6-3tG*" (figures in parenthe- 
ses) methods 

Figs. 6 and 7 . a n d  Table 3) that  s t ructures  35 and  37 
co r re spond  to m i n i m a  (1 = 0), whereas  s t ruc tures  36 
and  38 co r respond  to saddle poin ts  (X = II on  the PES. 

In both  cases, tile mir ror  p lane  is conserved  in the 
COtltSe o f  re:Actions ill [hC SyStCl]lS atld the h e a v y - a t o m  
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(1s 1193o "~ 
" 

37, C, ('k = O) 

=~ q9  
@ ~ r  o Ik_'] �9 

3s, q ,  O. = 11 

1 .a~j 6 

~ 1 ~ o  .!tOoo " 

'.511 ~) 
I .~95) 1 tO 

".37@ ~ . , ".d70 ) 

4o, c , ( x = o )  

Fig. 7. Geometric characteristics of structures 37 and 40, 
corresponding to minima, and those of transition structure 38, 
corresponding to a saddle point on the PES, calculated by the 
RHF/6-31G** and MP2(futl)/6-31G** (figures in parenthe- 
ses) methods. 

framework remains planar, which indicates aromaticity 
of the five-membercd cycles. Let us dwell on the B--F  
and F- -C bond lengths in the hypothetical compounds 
35 and 37. In cation 35 (see Fig. 6), one of the F--C 
bonds is ordinary, whereas the other bond is lengthened 
(its length is close to that of the dative, or donor- 
acccptor, bond). A reverse situation is observed in the 

neutral molecule 37, viz., the methylene C atom forms 
an ordinary F- -C bond with the F atom, whereas the 
B ~ F  bond is a donor-acceptor bond. 

Symmetric structures 36 and 38 with the hypervalent 
pentacoordinate C atoms are the TS of intramolecular 
S;v2 reactions with extremely low energy barriers of 
0 (RHF) and 3.2 kcat tool -I  (MP2) for the first struc- 
ture and 8.1 (RHF) and 10.6 kcal mol - j  (MP2) for the 
second structure. In both cases, the inclusion of  electron 
correlation leads to an increase in the barriers to the 
reactions and to a slight shortening of the hypervalent 
C - - F  bond in the TS. The F - - C - - F  angle in structure 36 
(175.8 ~ and 182.0 ~ at the RHF and MP2 levels, respec- 
tively) is much closer to 180 ~ than that in TS 38, in 
which it is 190.8 ~ (RHF) and 192.2 ~ (MP2). Most likely, 
it is such a large deviation of  the F - - C - - F  angle from 
180 ~ that leads to the the higher energy barrier to reac- 
tion for compound 37 compared to that for structure 35. 
Because of the strong stabilizing donor-acceptor C-..F 
interaction, cis-isomers 35 and 37 (see Figs. 6 and 7) are 
more stable than the trans-isomers 39 and 40 (by 4.9 
(RHF),  5.3 ( M P 2 ) a n d  2.1 ( R H F ) ,  2 . 4 k c a l m o l  - j  
(MP2), respectively). 

Based on the results of  our calculations, one can 
draw the following conclusions. 

lntramolecular nucleophilic SN2 reactions with acti- 
vation barriers within the energy scale of N M R  spec- 
troscopy can occur in the systems in which steric condi- 
tions for linear orientation of  the attacking and leaving 
groups are realized. 

Catalysis of  intramolecular reactions with Br0nsted 
or Lewis acids makes it possible to lower the energy 
barrier due to the increase in nucleofugacity of  the 
leaving group. 

In cationic systems, it is possible to avoid the in- 
crease in the energy barrier to intramolecular SN2 reac- 
tion due to electrostatic effects by using model com- 
pounds containing electron-deficient atoms, 

A further lowering of  the energy barrier to SN2 
reaction in systems of type 25 can be achieved by 
benzoannelation (introduction of" an anthracene nucleus), 
which imparts rigidity to the spatially "mated" system of 
bonds, as well as by the addition of appropriate substitu- 
ents to the carbon atoms. 

This work was financially supported by tile Russian 
Foundation for Basic Research (Project Nos. 96-15-97476 
and 98-03-3316%) and by the "Russian Universities -- 
Basic Research" program (Project No. 4058). 
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