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Multiple bond migration with participation of a protophilic agent 
5.* Double bond migration in heteroallylic systems 
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The pathwa)s of migralion of lhe  double bond in heteroallylic systems XCI-IzCH=CH 2 (X 
= NMe,,  OMe. PMe~. and SMe) with participation of hydroxide ion were investigated by the 
ab iniHo Rtt F / 6 - 3 t + G "  and MP2/6-31 ~-G* methods. The restllts are compared with those of 
analogous calculations of~lle systems with X = H. Me. Conformational isomerism of the 
initial molecules and reaction products, :is well as the structure of intermediate carbanions, 
are considered. Increased acidity of compounds containing atoms of the third-row e[emenis is 
explained in terms of a negative hypereonjugation model. 1.3-Hydrogen shift ,,~ith palticipa- 
iion of hydroxide ion in the systems XCH?CH=CH:  results in double bond migration toward 
substiluent X to form I-hetero-l-propenes XCH=CHMe. Comparison o r the  energies o f the  
final products indicates Ihermodynamic preferableness of the formation of E-isomers. At the 
same time, in the case of substituents with atoms of the second-row elements the interaction 
of G-bonds of the substituents and the p-AO of ihe terminal C atom additionally stabilizes 
Z-isomers of the carbanions and can be the reason lot prei?:rabte kinetically controlled 
formation of these isomers. If the substituents contain atoms of the third-row elements, the 
formation of E-isomers of I-hetero-I-propenes becomes both kinetically and thermodynami- 
cally predominant.  

Key words: propene, but- It2)-ene. I-(dimetllyiamino!prop- 1(2)-ene, I-metlmxyprop- 
1t2)-ene, I-tdimethytphosphino~prop-1(2~-ene, I-methytthioprop-112)-ene. 1,3-hydrogen 
shift, carbanion, acidity, hydroxide ion, reaciion mechanism, ab initio quannim-chemical 
calculaI ions. 

Previously. t - 4  we s tud ied  the  mechan i sm of  migra -  
t ion of  the double  bond  in the  molecules  of  p ropene  attd 
its methoxy  and  m e t h y l t h i o  der ivat ives  in the p re sence  
of  hydroxide ion and  s h o w e d  that  1 .3-hydrogen shift  
can occur  via the f o r m a t i o n  o f  an in tern tedia te  c o m p l e x  
of  the t h r e e - c a r b o n  sys tem wi th  the  water  molecu le ,  i.e.. 
forntally wi thou t  exchange  o f  the  migrat ing p ro ton  wi th  
the medium.  In all cases the  energ ies  of t rans i t ion  s ta tes  
de te rmin ing  the ac t iva t ion  bar r ie rs  on the pa thways  of  
migrat ion of  the  double  b o n d  appeared  to be lower t han  
those of  the reagents ,  r e a c t i o n  products ,  and  the  sys- 
tems that  formed from a n i o n s  and  the water  molecu le .  

- This  suggest-s that  the d i r e c t i o n  of .  the double  .bond 
migrat ion will be d e t e r m i n e d  by the energy d i f f e rence  
between the initial reagents  and  linal products .  

Migration of  the double  b o n d  in a heteroallylic system 
X C H , C H - - C H  2 with a subs t i tuent  at the sp3-hybridized 
carbon atom results in Z- and  E-isomers of  l - he t e rop rop -  
I-enes ( X C H = C H M e ) .  As a rule, E-isomers are more  

* For Pans 1--4, see Refs. l--4. 

thermodynamica l ly  stable and domina te  in equil ibrium 
mixtures, s -13 At the .same time, in the case el\  e.g., alkyl 
substituents, the format ion  rate of  Z-isomers  is usually 
higher than that  o f  E-isomers and isomerizat ion in the 
presence of  catalysts results nlostly in Z-alkcnes.  5m For 
substituted propenes  in which the allyl group is bonded  to 
a N or O a tom,  the  preferable kinetically control led 
ibrrnation of  Z- i somers  is als, o initially observed. Then  
conversion occurs  o f  Z-  into E-isomers until the establish- 
mea t  of  t h e r m o d y n a m i c  equi l ibr ium.  ~ - i 3  Assuming  that  
protoIropic  r e a r r a n g e m e n t  begins wi th  p r o t o n  abs t rac -  
t ion from the sp3-hybr id ized  ca rbon  a tom,  it can  be 
sugges!ed t h a t  the  pre fe raNeness  o f  k inet ica l ly  con -  
trolled fo rma t ion  o f  E- or  Z-a lkenes  is d e t e r m i n e d  by 
the relative s tabi l i ty  of  the co r r e spond ing  ca rban ions .  

The aim of  th is  work was to s tudy (i) the  s t ruc ture  
a n d  re la t ive  s t a b i l i t y  of  s u b s t i t u t e d  p r o p e n e s  
X C H 2 C H = C H  2 (X = H, Me. NMe? ,  O M e ,  P M e , .  
SMe)  and c o r r e s p o n d i n g  ca rban ions  and  (it) the  subs th -  
uent  effect on  the d i rec t ion  and thermal  effect of  i somer-  
izat ion of  the allylic system. 
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Calculation procedure 

Calculations were carried out fc)llowing the known proce- 
dure. 2-4 The geometry of the structures under study was 
optimized by the restricted Hartree--Fock iRHF) method in 
the 6-31+G* basis set. The energies were calculated at the 
second-order Moiler-- Plesse~ (M P21 level of perturbation the- 
ory using the GANIESS program package. I'~ 

Results and Discuss ion  

Initial compounds. Allylic systems XCH2--CH=Ct t2  
IX = H i l l ,  Me (2), NMe,  (3). OMe (4), PMe e iS), 
SMe f6~) were considered as initial reagents. Character- 
istic of molecule I is a cisoid conformation with respect 
to rotation about the C(2)--C(3)  bond. Despite a rather 
short distance between H atoms (2.277 ./, in the equilib- 
rium structure; in this case, the C - - C - - C  bond angle 
increases to t25.3~ it is this confbrmation that corre- 
sponds to a minimum on the potential curve of internal 
rotation in the propene molecule since it corresponds to 
minimum repulsion between the electrons o f  the 
C- -H ~-bonds and the C( I )=C(2)  ,~-bond. The repul- 
sion is maximum in the staggered conlbrmation twitb a 
HC(3}C~2)C(I) dihedral angle of  60 ~-) corresponding 
to the transition state. According to our calculations, 
the barrier to internal rotation in molecule ! is 
-2.0 kcal mol -I. 

The cisoid conformation is also characteristic of  the 
molecules of other compounds under study. Substituents 
can be either in cis- or in gauche-position wiih respect 
to the vinyl group. Hereafier. the cis- and gauche- 
conformers will be denoted a and b. respectively. 

gauche-Contormers of  the molecules are more ener- 
getically preferable for all sltbstituents (Table I). At the 
same time, it should be noted that the energies of the 
conformers are close. Among the systems with substitu- 
ents containing atoms of  the second-row (third-row) 

Table I. Energy differences (AE/kcal tool -i) between cis- and 
yauche-conformers of XCH2CH=CH2 molecules, barriers to 
internal rotation for transitions between gauche-conformers 
(aEce'-ikcal tool --t) arid from .~auche- to c/s-conformers (,AE~c~/ 
kcal tool-I), and the XC{3)Ci2)C(I) dihedral ans fl~/deg'J 

Corn- X Con- aE ~s E~e" ' G<" 
poti nd former 

I H 0.0 2. I 2.1 0.0 
2a Me cis 0.0 
2b Me gauche -0.8 2.2 2.6 1207 
3a NMe2 c#s 15.5 
3b NMe, gat,ehe - I .6  3.0 7,6 131.1 
4a OMe cis 0.0 
4b OMe gauche -0. I 13 3. [ 130.0 
5a PMe, cis 18.0 
5b PMe, gauche -2.5 3.4 4.4 117.5 
6a SMe cis 0.0 
6b SMe gauche -1.9 28 2.4 115.9 

elements, the largest energy differences are obser',,ed for 
3 (5). This can be due to the l:act that the methyl groups 
in conlormers 3a and 5a "are forced" to be in eclipsed 
position with respect to H atoms at the C(3) atom. Steric 
hindrances in the molecules of these compounds are 
responsible tbr rathe r large deviations of the XCI 1 )C(2 ~C(3) 
dihedral angles from zero. The larger deviation obse~'ed 
for molecule 5a can be explained by the la~er size of the 
P atom compared to that of the N atom. 

Transitions from gauche- to cis-contbrmations of 
molecules 3 and 5 also require the overcoming of higher 
energy barriers (see Fable I). This can be explained by 
additional steric hindrances due to the presence of  two 
methyl groups at the heteroatom IX). Transition 3b~3a  
can occur otlly in the case of  simultaneous concerted 
rotation about the C(2)- -C(3)  and C(3)--N bonds. The 
energy barrier to rearrangement 5b~5a  is lower than for 
system 3 since the C - - P  bond is longer than the C- -N  

bond. 
Tile 1,3-hydrogen shift mechanism studied in this 

work implies that the reaction begins with attack of  the 
base oil tile proton at the Ct'3) atom m the gauche- 
position. Taking molecule 4 as an example, it was 
shown 3 that the hydroxide ion attacks conformer 4a (4b) 
lo give 2?._ or E-isomers of  3-methoxyprop- l -ene ,  re- 
spectix, efy. Analysis of  the energy differences between 
cis- and gauche-conformers of all the above-mentioned 
initial structures suggests that migration of  the double 
bond toward the substituent restllts in preferable forma- 
tion of E-isomers. 

Reaction products .  1.3-Hydrogen shift under the 
action of base results in I-substituted p rop - l - enes  
X - - C H = C H - - C H 3  ( l e - -6c ,  substituents X correspond 
to those in compounds ! - -6 )  that can exist as E- and 
Z-isomers. In addition, rotamers can exist in systems 
3 e - - 6 c  due to rotation about the C~ I)--X bond. 

The potential curves of internal rotation 4 i,t the 
molecules of E- and Z-isomers of  compounds 4c and 6c 
show that obvious steric hindrances "three" the Z-iso- 
mers to exist only in s-gauche-conformation, whereas 
both E-isomers can exist in two rotameric forms, s-cis- 
Conibrmer of  1-methoxyprop-I-one and s-gauche-rota- 
mer of its sulfur-containing analog are the most stable. 

Analogously, three rotameric forms of  3c and 5e can 
be considered (here, the notations given below take into 
account the direction o f  the bisectrix of  the MeN,Me 
angle): . 

Me M e ~  

Me Me Me 

eis gauche trans 

cis-Rotamers of both E- and Z-isomers of  com- 
pounds 3c and 5c are characterized by the maximum 
repulsion between the electrons of  two X--C ~-bonds 
and a z-bond. Z-Isomers are also characterized by 
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the greatest s teric hindrances_ Because of  this. cis-struc- 
tures co r re spond  to maxima of  the potential cu~,'es of  
internal rotat ion,  i.e., to the barriers to transitions be- 
tween two gauche-conlormations. Among all considered 
isomers o f  molecules  3e and 5c, only the E-isomer of 
compound 3c exists in gauche-conlormation, trans-Posi- 
tioning of  t;vo methyl groups with respect to the double 
bond is preferable for the rest three conformers ('[able 2). 

For all c o m p o u n d s  studied in this work, the double 
bond migra t ion  from terminal  position toward the sub- 
stituent is a c c o m p a n i e d  by a decrease in the total energy 
(Table 3). Migra t ion  of  the double bond in alkenes to 
the middle part o f  the chain is usually explained in 
terms of  add i t iona l  stabilization due to cr,n-conjugation. 
Indeed, the compos i t i on  of  molecular  orbitals (MOs) of 
2e (Fig. 1) indicates  a rather strong ~--x- interact ion.  
Obvious steric h indrances  make the Z-isomer of  com-  
pound 2c less favorable than the E-isomer. 

Migrat ion o f  the double bond toward the substituent 
conta ining a he te roa tom with the lone electron pmrs 
(LEP) is usual ly  explained by involvement of  the LEP in 
coniugat ion with the ,'t-system. ~ Among all the com-  
pounds cons ide red ,  only the E-isomer of  4c has a 
structure in wh ich  the LEP of  the O atom can strongly 
interact with the a-system. The thermal effect of  the 
lbrmation o f  this c o m p o u n d  is maximum. The highest 
occupied m o l e c u l a r  orbital ( H O M O )  of the E-isomer of  
compound  4e with an energy o f - 0 , 3 2 9  au is mainly 
localized on the C(1 )=CI2 )  x-bond,  contains a small 
contr ibut ion ( - 1 5 % )  of  the LEP orbital of  the O atom 
(Fig. 2"1. and is an ant ibonding orbital toward the O- -  

Table 2. Energy differences (AEw/kcal tool - l )  between 
gouche- and trans-conformers of XCH=CH2Me molecules 
and barriers to gauche--trans-transitions tAEgJkcal tool -I) 
and to gauche--ci,s--,gauche-transitions (AEgc~/kcal tool -I) 

Compound X _\ E,,, .~ k~v, .X Egeg 

E-3c NMe, -2.7 3.6 6.3 
Z-3e N Me 2 2. I 0.4 3.2 
E-fie P,',,le, 2.0 0.7 1.9 
Z-fc PMe 2 56 I 0 0.7 

Table 3. Relative energies of transii~ons from ,s,,auche- 
. 'dCH~CH=CH, to E-XCH=CHMe (,~EF_/kcal tool -~) ;rod 
to ZfXCH=CI71Me (.AElJkcal tool -I) calculated by the 
R|-IF/6-31+G* (RHF) and ,MP2/6-3~+G*//RHF/~-31-~G * 
iMP2) methods 

Compound X AE L- _ _ _  AE? . . . . . . .  
RHF MP2 RHF MP2 

i H 0 0 0 0 
2 Me - 2 . 2  - 2 . 4  - 0 . 7  - 0 , 9  
3 NMe 2 -4.6 -5.7 - I . 6  -2,1 
4 O M e  - 3 . 8  - 5 . 9  - 3 . 2  - 4 . 8  
5 PMe 2 -3.1 -2.8 - I . 3  -1.3 
6 SMe  - 3 , 2  - 4 . 0  - t . 0  - 3 . 8  

C ( I )  bond.  Because of  partial d i sp lacement  of  the elec-  
tron densi ty from the C ( I ) = C ( 2 1  bond and additional 
C I I ) - - O  ant ibonding interaction,  the H O M O  energy of  
the E- i somer  of  4r is 1. I eV higher  than that of  isomer 
4b, Addi t ional  C ( I ) - - O  bonding  interact ion appearing 
as a result of  conjugation be tween  the methoxy group 
and allylic a-system manifests i tself in the composi t ion  
of  the 3a" MO with an energy o f - 0 . 4 9 8  au (see Fig. 2). 
This  MO is composed of  the p - A O  of  the O atom (36%) 
and AOs  of  the methyl group of  the substituent (50%) 
and the nearest C( I )  (13%) and C(2) atoms. Such 
addi t ional  bonding restllts in shor ten ing  o f  the C ( I ) - - O  
bond from 1.393 to 1.346 ,-~ on going  from 4b to 4e. 

. . . . .  <.:,, 

tll lL : . .  

~---W!; 

Fig. 1. t h e  la u MO (c = -0.574 au) and the 3a. HOMO tr. = 
-0.344 au) of the E-but-2-ene molecule. The contour lines are 
drawn with an increment of 0.04. 

i.. j, "\ , \  

Fig. 2. The 40" HOMO O: = -0.329 au) and the 3a" MO (r, = 
-0.498 au) of tile E-I-methoxyprop-I-ene molecule. The con- 
tour lines are drawn with an increment of  0_04. 
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tn E-isomer of compound 3c, the LEP axis deviates 
from tile plane of the =-system by 16.5 ~ whereas tile 
bonding angle at the N atom increases from 112 ~ (in the 
initial form 31]) to 117.2 ~ and 114.6 ~ for cis- and gauche- 
conformers, respectively. It is believed that tile interac- 
tion of the LEP of the N atom with the ~-system also 
wilt stabilize the double bond near the substituent. 
Indeed, the corresponding MOs of (/:)-3e contain con- 
tributions of AO that can be aKsigned to the LEP orbital 
of the N atom and to orbitals of the C(I)=C(2) ,-t-bond. 
In this molecule, the degree of the HOMO (with an 
energy o f - 0 2 9 7  au) localization on the C(I)=C(2) 
bond is only 00%. whereas the MO describing rr-bond- 
ing of the substituent with the hydrocarbon fragment is 
strongly deh)calized and is composed of AOs of all its 
atoms, It shot, ld be noted that an appreciable contribu- 
tion to ,-t-interaction comes from the AO of the N--CH 3 
(r-bond (gauche). Despite unfavorable conditions for 
conjugation, the energy gain obtained for rearrangement 
3b--*l E)-3e is close to that obtained for analogous rear- 
rangement 4b-~(E/-4c (see Table 3). 

The structures of E-isomers of compounds 5e and 6e 
and corresponding isomers of 3c and 4c are different. 
The LEP of the P atom in 5e is in the plane of the 
three-carbon fragment and is not involved in ~-conjuga- 
tion. The HOMO of this molecule with an energy of 
-0.329 au is almost completely localized on the P atom 
/83%~ and contains small contributions of AO of methyl 
groups of the substituent. The highest ~-MO of mole- 
cule 5c with an energy of -0.361 an. describing the 
C(1)=C(2) ~-bond, is mainly (by 90%) localized on the 
propene fragment. Atomic orbitals of the P atom do not 
contribute to this x-MO, whereas AOs of methyl groups 
contribute appreciably. The MO with an energy o f -  
0.466 au is responsible for additional C( I ) - -P  bonding. 
It is composed of the AOs of methyl groups of the 
substituent (66%), the AO of the P atom (25%), and the 
p-AO of the C(I)  atom (5%). Redistribution of the 
.x-electron density resttlts in shortening of the C--P  
bond from 1.868 ,,\ (the C(3)--P bond in 51]) to 1.829 A 
(the C( I ) - -P  bond in 5e). The energy effect of stabiliza- 
tion of the double bond near the substituent is close to 
that of the methyl group in system 2e ~Table 3). 

TaMe 4. Changes in the enemy upon proton abstraction by 
hydroxide ion followed by the formation of E- and Z-anions 
IXCHCHCH2I--(.,xE,,,_E and AE,_ z) afld a, ater molei:ule; 
energy differences between isomeric anions (AEz_ E) 

Compound X AEh-s :'~ E,, - z ,5 Ez.- L - 
kca[  rlloI - I  

I H 6.9 6.9 0.0 
2 Me 11.6 5.6 5.2 
3 NMe 2 8.5 2.4 4.7 
4 OMe 7.5 4.4 2.9 
5 PMe 2 -8.6 -8.7 -0.S 
6 SMe -9.1 -9.6 0.2 

The E-isomer of compound 6c has a more compli- 
cated structure. /"he C(2)C(I)SCH 3 dihedral angle m 
this isomer is 127 ~ and the direction of the LEP axis of 
the S atom is unfavorable for conjugation. Nevertheless, 
the electron density of the C(IJ=Cr ,.-c-bond in isomer 
6c is rather strongly delocalized. As in the case of 
system 5e, the AOs of the S- -Me bond contribute 
appreciably to the ,,t-MO. Moreover, we failed in local- 
izing the ,-t-MO that could be mainly localized on the 
C(I) and C(2) atoms of this molecule. The HOMO is 
composed of the AOs of the S atom (62%), C(I)  atom 
113%), C(2) atom (18%), and to some extent of the 
AOs of the C(3) atom and those of the H atoms bonded 
to the C(3) atom. The other two MOs with energies of 
-0.386 and -0 .447 au are also mainly composed of the 
AO of the S atom Iby 40 and 50%, respectivelyt. 
However. AOs or" tile three-carbon fragment and 
S--CH 3 bond also make rather large contr ibulions to 
these MOs. The rather high energy of the double bond 
stabilization near the S atom corresponds to the interac- 
tion of the hydrocarbon ,-t-system with the AOs of the S 
atom and S--CH3 ~-bond. The contr ibution of the LEP 
is small because of its unlhvorable position with respect 
to the ,-t-system Because of steric hindrances,  Z-isomers 
of compounds 3e--6c are less stable than the corre- 
sponding E-isomers (see Table 3). In all Z-isomers, the 
LEP of the heteroatom is not involved in conjugation. 

The best condit ions for interaction of the LEP with 
the ,x-system are realized in system 4e, in which the 
methyl group of tile substituent deviates by 25 ~ from the 
plane passing through the CI2), C(I) ,  and O atoms. 
Despite the decrease in the resulting overlap, the com- 
position of the HOMO of this molecule is much like 
that of the HOMO of the E-isomer and differs from the 
latter in some electron density redistribution between 
the Cfl)  and C(2) atoms resulting in equalization of 
their populations. The HOMO energies of both isoiners 
are equal. The MO describing the C(1) - -O  bond con- 
tains additional contribution of the AO of the O- -CH 3 
o-bond. A rather etTective interaction of the AOs causes 
a decrease in the energy of the system by 4.8 kcal tool -I 
upon migration of the double bond to the heteroatom. 

Tile scheme of the interaction of the ,x-system with 
the substituent changes only slightly on going from E- to 
Z-isomers of compounds 5c and 6r In tact, the LEP of 
the P atom in the Z-isomer of 5e is nol involved in 
conjt~gat!9 n. A_s previouslY, the interactio.p, between the 
~-orbitals of the propenyl fragment and the P--C 
or-bonds remains a stabilizing factor. The corresponding 
MOs of the E- and Z-isomers of 5c have equal energies 
and the same compositions. Analogously, the E- and 
Z-isomers of 6e differ only in the value of the 
C(2)C(I)SCH 3 dihedral angle, which increases to 138 ~ 
in tile latter. Their MOs, whose composit ions reflect tile 
interaction between the double bond and the substitu- 
ent. are close both qualitatively and quantitatively. 

The most pronounced changes on going from the 
E- to Z-isomer are observed for compound  3e. In 
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E-isomers .  tile methy l  groups c)f tile sub~,tiluenl are ill 
<TJuc/rc-posit~on and  the bond angles at the N atom arc 
increased,  t h u s  providHIL-' c o l / l t i g i l l l O n  o f  its L E P  wil t )  

tile ,-e-s~stem. Ill Z-isomer~ h i  3c. the LEP of  d~e N 
a tom lies in the p lane  c)f Ihe h., ,drocarbon ffagnicnt and 
IS ROt i n v o l v e d  ill  c o n j u g a t i o n  T i l e  bQnd  ; ing les  ;11 the  N 

a tom ( I I I 6 >) arc m u c h  Iarger than those at the P a tom 
)n c o m p o u r l d  5c, wherea>; the c lcci ron density nt tile 
N - - C  er-borlds i s s h i i t e d  it)ward tile N atom. |Ills likely 
makes tile or--. z - i n t e r a c t i o n  dHl'lctllt. The ,-t-bond orbi t -  
;.llS il l 3C arc virtt i;. i l l ' ,  i1ol mixed w i th  .~Os of  the 
<~uhslitucnt, v, h ich restll ls m an increase m the tcmfl 
energy o f  3.6 kc<ll ino{ I on going f rom E- to Z- isomer  
I)f c o m p o u n d  3e 

Acc()rdii)g to the results (>bt:uncd. migrahon  c)t tile 
double  bond  to the  [fuddle part of  the chain  is thermo-- 
dynamica l ly  lhvorablc  Ic)r all the sub,;ti tuents cons id-  
ered, the g I i s o m c r s  being more sLthle in all cases Thus.  
the s t ruc ture  o f  13oth in i t ia l  o m l p o u n d s  and final p rod-  
uctg indic 'ales prcferc t lce  to tile formatlo)] of f - i s o m e i s  
of subs t i tu t ed  p r o p e n e s  XCH = C H  k l e  

h l l e r m e d i a l e  carbanions .  Both lhe convent~(mal "in- 
te rmolecular"  rTlechani~m of  alkene igt)rncrh';.itlf~n Is,lit 
;rod tile s ingle-s lage  mechan i sm urldcr consu:teratio,t in- 
vol~e the f o r m u t i o n  o f  a c;]rball itUl upoi l  proto l l  abstrac- 
l i on  b',,' t h e  has,..) Irom the C aQ)rn near  the dt)tiblc belial  
In our  case, the h \ ' d ro \ ide  ~on series  as a base: therel;)re. 
one shc, uld c o m p a r e  the acidity of the initial compound.',  
and that  of  the  water  molecule. It should ah, o be taken 
i r l [o accot ln [  lha t  isnmer izat ion o f  inHial  9tnJctures , i f  the 
Lvpes a and  b t b l l ow ing  t i le ,,ingle-stage mechanism under  
sttldv results in Z- ;lad ).-anion>. respect ively  

A c c o r d i n g  to ca lcu la t ions ,  the LIcidi tv O[" t i n s t i b s l i t t i l -  

ed pr()pene is l ower  than that o f  the water  mt) lccute 
The e~,tinxlte abe. l ined is Ill good ;Igreemenl with tile 
data on the C - - H  ac id i l~  in the ga~ phase iv Per :ill 
slJbst i tuents  .X. with  a toms of  the seCOlld-row e lement s  
(C, N. O'~. ab ' , t r ac l lon  e t a  p ro lon  by hydro\ idc  ion 
re.',uhs in ;in inc rease  in tile to ta l  energy of  the system 
~sce Table  4). Z-,Xniom, of  2 - 4  appeared  to be more  
ene rgehca l ly  preferable  Tile prci'erred order of  their  
f o r m a t i o n  c h a n g e s  as f tqlows: CI-I :  > NICH!)_,  7' O C H :  
These results  are in good agreement  with the ratio of 
/7.- and  Z - i s o m e r s  in kinelicallv cont ro l led  alkene isomer-  
i za t ion  reac t ions .  5 

Inc reased  ~,tabiliiy of die Z- i somer  of  the anion  of 2 
can be e x p l a i n e d  by analyzing ihe compos i t ion  of  its 
H O M O  {Fig. 3} The H O M O  is c o m p o s e d  of the p -AOs 
o f  the C ( I )  and C(3)  a toms  and of  the c)rbitals c)f 
the C - - H  G-b l inds  of  tile mcth.,,I g roup,  ~h)ch  t'a~()rs 
the add i lh )na l  b o n d i n g  mte rac tmn  with thc C( I )  a t o m  
No such  b o n d i n g  occurs  i)~ the E- i somer  of the an ion  
o1 2 because  the C ( I )  a tom is too distant  f rom the 
subs t i tuen l .  

The  E - a n i o n  o f  3 has ,l C" symmetry.' and tile LEP of  
the N a t o m  is in the plane of  the hydroca rbon  ~,keleton 
In this  case,  bo th  steric h ind rances  and  the rcpuEion 
be tween  the  L E P  and  the exce,.~ e lec t ron  densit} on  the 

I,K( ", \ 

( - j "  , \  ,' "L'"----Z-....-'- 

~" -."--~----*-'.:.r .<"" :, ..: : ...." .--.:~ ::-~-;-:;5 ,' 

-, " " - ~ D { s  ~, .::_-: > : ~ - - - - - - % 7 J 1 , ' ,  ) 

, : .  ...... Z_-.-a.:~-}g~:; *%-%\<-~~:~:v-.->.:- 7 
.... - . - - - . : . - - - ~ - - . , : .  - ,  v : ~ ~ - - : - ~  
. . . . . .  : ............. : : . . . X ~ , ~  '~.gg ...~-- ~ / . -  - .. 

~ :. ::.: _.~_ .r.:-:- <-.. -~-Z-." " ~  

.......... "" " ; : iT~: - .7  

Fig. 3. Ihc H ( ) \ IO  ~>t Z-isomer e l  lhc bul - I -one :mum the 
CoIHo t i r  l i l ies 3 i f  drax~rl 9,'lib t in Hlcremei l l  o f  () ?14 

p : - A O  o f  Ihc C(3)  a t o n l  are  m i n i m u m  ] h e  
C ( 2 ) C ( 3 ) O C H  3 dihedral  angle in the L - a m o n  o1"4 is 
1 t I I ;. In this  case. one of  the equ iva l en t  I EPs is in the 
plane pas,an'4 through the C ( I ) ,  C(2 ) .  and  C(3) a toms:  

Me Me 

E-3 E-4 

The spat ial  structt irc O( the Z -a l l i ons  o f  3 and 4 is 
descr ihed bv t i le other  , , theme:  

b Me Me 

Z-3 Z-4 

In the Z -an ion  of 4, pos i t i on  # is occup ied  by the 
mcth,, I  g roup  v~hilc the equ i va len t  LEI% arc m pos)tion'~ 
a and c, In the Z -an ion  o |  3, the. me thy l  ,groups are i l l  
pos i t ions  o and b. In general ,  such a mLllUdt arrange- 
men t  o f  the M d - X  ~-bonds .  LEPs .  and the p:,-- \O o f  
[he C(3 )  a t om  is unla, ,orable.  In  the Z - a n i o n  o f  4, the 
d i rec t i ons  coincide' o f  the p:~-AO, the H:~C--O ~ - b o n d .  
alld the d i rec t ion  along ~ h i c h  the  to ta l  e lec t ron  dens)ly 
on two LEPs is maximum.  This  s h o u l d  result in a s t rong 
e lec t ron  r e p u l s i o n  The same is also ' .Mid lor  the 
Z - a n i o n  o f  3. Ho~ever .  the i n t e r a c t i o n  w i t h  par t i c ipa-  
t)c)n o f  the c~-bond of  the N a t o m  v,)th t i le Me group ~n 
pos i t i on  ,J Js expec(cd to result in weaker  repuls ion than 
in the case of  tile in terac t ion  involv*ng tile LEP of tile 
O a tom m tile Z-anion of  4 At lhe  same tmle,  m bott~ 
Z - a n i o n s  the G-bond of the h e t e r o a t o m  w~th the Me 
group in posi t ion b and tile p - A O  of  the C ( I )  a tom arc 
co l l inear ,  the C t 2 ) C ( 3 ) X C H ~  d ihed ra l  angle  being equal  
to 89 <>, l h ) s  spatial posmon o f  the subst i tuent  is Favor- 
able for add i t iona l  long- range  s tab i l i z ing  in te rac t ion  o f  
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the X - C H  3 u-bond with the p~-AO of the C(I)  atom, 
thus resulting in a higher stability of the Z-anions of 3 
and 4 compared to that of the E-anions. This interaction. 
which is more effective lbr the less polar C--N bond than 
for the C- -O  bond, as well as the above-mentioned 
strong repulsion between the two LEPs of the O atom 
and the electron density on the p=-AO of the C(3) atom 
are responsible for the larger energy difference between 
the E- and Z-anions of  3 compared to those of 4. Thus, 
increased stabilization of  Z-anions makes kineticallv con- 
trolled formation of  Z-isomers of propenes XCH=CH Me 
(X = Alk, .,'de,N. MeO} more probable. 

A drastic increase in the acidity of the CH,  group 
bonded to the substituent is observed in the systems 
XCH, ,CH=CH,  containing sub~tituents with atoms of 
the third-row elements. According to our resuhs, the 
acidity of compounds 5 and 6 is higher than that of the 
water molecule, and the abstraction of a proton from 
these molecules by hydroxide ion is energetically more 
favorable (see Table 4). Previously, 4 we have considered 
differences in the acidity of molecules 4 and 6. Based 
on the analysis of  changes in the structural parameters 
and electron density distribution upon formation of 
animus, we concluded that stabilization of  the carbanion 
of sulfur-containing compound 6 is due to the effect of  
negative hyperconjugation, which is not observed for 4. 

The same regularities are also observed for com- 
pounds 3 and 5. The formation of E-anions has virtually 
no effect on the N--C(3)  and N ~ C H  3 interatomic 
distances in 3, whereas the P - C H  3 bond in 5 is length- 
ened by 0.025 A, thus becoming weakened, and the 
P--C(3) bond is shortened by 0.105 A. Distributions of 
the excess negative charge in these anions are also 
different. The negative charge on the substituem in the 
E-anion of  3 increases by 0.143 au, of  which 0.125 au is 
distributed over the Me groups. In the E-anion of 5, the 
electron density is much more pronouncedly displaced 
tov,ard the Me groups (0.187 au is thereon) On the 
whole, the dimethylphosphine substituent accepts a neg- 
ative charge of  0.250 au Thus, the increased acidity of 
compounds 5 and 6 can be explained in terms of a 
negative hyperconjugation model. 

Unlike the a n i o n s o f 3  and 4. no preferableness of  
Z-isomers was revealed for the anions of 5 and 6 with 
atoms of the third-row elements (see Table 4). The 
RHF calculations for the anion of  6 predict equal 
energies of the isomers. The inclusion of correlation 
Corrections results in a somewhat higher stability' of the 
Z-isomer: however, the energy difference between the 
Z- and E-anions is only -0.2 kcal tool -I. For system 5, 
both RHF and MP2 calculations indicate the preferred 
formation of the E-anion. 

According to the results obtained, the 1,3-hydrogen 
shift in I,eteroallylic systems in the presence of hydrox- 

ide ic)n results in migration of the double bond toward 
the substituent. The energy differences between the final 
products indicate thermodynamically preferable forma- 
tion of the E-I-heteroprop- l -enes .  Realization of  the 
mechanism of  the double bond migration with partici- 
pation of  the H atom of the hydroxide ion studied in 
this work makes it possible to argue that the initial 
compounds also rearrange into s  mostly. At the 
same time. additional stabilization of  Z-isomers of car- 
banions due to the interaction of  the ct-bonds of the 
substituent with the atoms of second-row elements can 
be the reason for preferable kinetical |y-controlled for- 
mation of Z-products, If the substituents contain the 
atoms of  third-row elements, the formation of  E-iso- 
mers of the final products seems to be more probable 
both kinetically and thermodynamically. 

This work was carried out with the financial support 
of  the Russian Foundation for Basic Research (Project 
No. 98-03-33t 52a)_ 
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