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Peculiarities of the effects of trifluoromethyl and alkoxycarbonyl groups 
on the structure and reactivity of acrylates 

1. Monosubstituted acrylates 
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Ab initio quantum-chemical calculations of molecules of CF3-substituted acrylates and 
their non-fluorinated analogs were carried out by the restricted Hartree--Fock (RHF) 
method and at the second-order Maller--Plesset (MP2) level of perturbation theory using the 
6-31G* basis set with full geometry optimization. Peculiarities of their molecular and 
electronic structure were revealed and the dipole moments, the polarizability and first 
molecular hyperpolarizability tensors, harmonic vibrational frequencies, electrostatic poten- 
tials, and local electron densities in the vicinity of the carbon atoms of the C=C bond were 
calculated. It was shown that CF3-substituted acrylates are conjugated systems similar to 
their nonfluorinated analogs. Peculiarities of the structure and properties of CF3-substituted 
acrylates are explained by p--n-interaction between the CF 3 group and the conjugated 
.system. 
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Theoretically, CF3-substituted acrylic acids and their 
esters were considered previously l - s  only as convenient 
models for a qualitative study of the influence of two 
strong eleetron-acceptor groups (CF 3 and COOR) on 
the polarization of the C=C bond and the sequence of 
addition of various reagents to this bond. By now, it has 
been shown that the introduction of the CF3 substituent 
in ct- or 13-position with respect to the carboxylic or 
alkoxycarbonyl group of the acrylic system does not 
change the 13-orientation of the addition, characteristic 
of nonfluorinated analogs (Scheme 1). 

Scheme 1 
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The established 4-8 regiospecificity of 13-addition of 
hydrogen halides and ammonia 4-6 and also thiol com- 
pounds 7,8 to 13-CF3-substituted acrylic systems indicates 

t Deceased. 

that the trifluoromethyi substituent has a much weaker 
effect on the polarization of the C=C bond than the 
carboxylic and alkoxycarbonyl groups. 

At the same time, the introduction of the CF  3 group 
into the acrylic system results in a substantial change in 
the reactivity type of the latter, t - s  For instance, 
ct-trifluoromethylacrylic acid and its esters are the most 
active acrylic compounds. Under mild conditions (at T 
below 20 ~ they add hydrogen halides, water, and 
alcohols I and exothermically react with thiol acids. 7,s 
When moderately heated, they react with thiols, L8 ureas, 

. thioureas, ~ and other weak nucleophiles. The abnormally 
high electrophilicity of the C=C bond in these systems 
manifests itself as the ability to compete with the C=O 
bond of the carboxylic group in reactions with lithium 
aluminum hydride and organometallic compounds. 3 

On the contrary, 13-trifluoromethylacrylic acid and 
its esters are examples of the most inert compounds of 
the acrylic series. They do not react with hydrogen 
halides and nucleophilic reagents under standard condi- 
tions. In the absence of catalyst, they add ammonia 4-6 
and thiol acids 7,s only after prolonged heating to 100-- 
120 ~ They undergo thiolation with alkanethiols and 
arenethiols only if the reaction is catalyzed by an acid 7 
or base. 8 Addition of HBr also occurs under severe 
conditions s where homolysis of the H--Br  bond is pos- 
sible and the reaction can occur according to a free- 
radical mechanism. 
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Table 1. Geometric parameters and total energies of molecules MA, la,b, and 2a,b calculated by the 
HF/6-31G* method (the results of MP2/6-31G* calculations are given in parentheses) 

Parameter MA la  2a lb 2b 

Bond length/A 

1--2 1.319 (1.340) 1.322 (1.343) 1.322 (l.342) 1.320 (1.339) 1.316 (1.338) 
1--10 1.073 (1.084) 1.072 (1.083) 1.076 (1.088) 1.072 (1.083) 1.073 (1.085) 
l - - I  1 t.075 (1.085) 1.075 (1.086) --  t.072 (1.083) - -  
1--12 --  - -  1.499 (1.495) --  1.496 (1.490) 
2--3 1.484 (1.481) 1.495 (1.489) 1.480 (1.476) 1.494 (1.491) 1.489 (1.482) 
2--1L - -  - -  1.075 (1.087) - -  1.073 (1.085) 
2--12 1.074 (1.086) 1.506 (1.501) -- 1.507 (1.503) -- 
3--4 1.190 (1.223) 1.191 (1.224) 1.191 (1.223) 1.187 (1.220) 1.188 (1.222) 
3--5 1.325 (1.356) 1.325 (1.356) 1.327 (1.359) 1.321 (1.352) 1.321 (1.353) 
12--13 - -  1.083 (1.092) 1.083 (1.093) 1.326 (1.355) 1.319 (l.350) 
12--14 --  1.084 (1.093) 1.087 (1.095) 1.319 (1.348) 1.323 (1.354) 
12--15 --  1.084 (1.093) 1.087 (1.095) . 1.319 (1.348) 1.323 (1.354) 

Bond angle/deg 
I - -2--3  124.3 (124.t) 121.0 (121.2) 124.4 (124.4) 122.8 (123.5) 123.6 (123.4) 
10--1--II  117.2 (117.6) 117.1 (117.6) --  117.7 (118.3) --  
10--l--12 -- -- 116.5 (117.3) -- 1 14.7 (115.6) 
3--2--12 113.7 (114.0) 114.9 (114.7) -- 115.7 (115.2) - -  
3--2--11 - -  --  113.7 (114.1) - -  114.2 (114.9) 
2--3--4 122.9 (123.7) 122.9 (123.5) 123.1 (123.9) 123.5 (124.0) 122.4 (123.3) 

Total energy (au) 
E~,,~ -304.6798 -343.6980 -343.7062 -640.2975 --640.3010 

(-305.5340) (-344.7066) (-344.7065) (-641.7861) (--641.7886) 

It should be noted that  the ability o f  nonfluorinated 
acrylic compounds  to add at the C = C  bond mono ton i -  
cally decreases on going from acrylic acid to methacryl ic  
acid and further to crotonic  acid. In this case their  
reactivity is o f  the same type: all these compounds  add 
hydrogen halides (HCI,  HBr) ,  thiol acids, ammonia ,  and 
primary and secondary amines  under  mild condit ions in 
the absence o f  catalyst, and, i f  the reaction is catalyzed by 
a base, they add water,  alcohols,  and thiols. 9A~ 

Such unusual  peculiar i t ies  of  the  reactivity of  f luo- 
f ine -con ta in ing  acrylic acids are undoubtedly  due to 
specific effects o f  carboxylic  (alkoxycarbonyl) and C F  3 
groups on the state o f  the  C = C  bond in the conjugated 
system of  these compounds .  

Table 2. Effective charges (qi) on the atoms of molecules MA, 
la,b, and 2a,b calculated by the RHF/6-31G* method 

Atom qi (e) 
MA la  2a lb 2b 

C(I)  -0.35 -0.39 -OAt  -0,36 -0.31 
C(2) -0.25 -0.05 -0.31 -0.28 -0.27 
C(3) 0.79 0.81 0.81 0.85 0.81 
0(4) -0.58 -0.58 -0.59 -0.55 -0.56 
H(10) 0.22 0.22 0.22 0.24 0.27 
H(I I) 0.20 0.19 0.22 0.24 0.26 
C(12) 0.22(H(12)) -0.49 -0.52 1.20 1.13 
X(13) -- 0.17 0.18 -0.38 -0.36 
X(14) -- 0.19 0.18 -0.36 -0.36 
X(15) -- 0.19 0.18 -0.36 -0.36 

This  work is dedicated to the  analysis o f  these  pecu-  
liarities using a comparat ive  s tudy  o f  the  mo lecu l a r  and 
e lect ronic  structure, the dipole  m o m e n t s ,  and polar iz-  
ability o f  methylacrylate (MA) ,  me thy lme thac ry l a t e  ( l a ) ,  
methylcro tonate  (2a), m e t h y l - a - t r i f l u o r o m e t h y l a c r y l a t e  
(Ib) ,  and methyl-y ,74, - t r i f luorocrotonate  (2b) molecules ,  
as well as the e lect ronic  state o f  the i r  reac t ion  centers.  
The  structures of  compounds  l a , b  and 2a,b and the 
number ing  of  atoms are shown be low.  

13 13 
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H C'--O H . C : O  
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Calculation procedure 

Ab initio calculations were performed by the restricted 
Hartree--Foek (RHF) method tl and at the second-order M~Uer-- 
Plesset (MP2) level of perturbation theory 12 in the 6-31G* 
basis set with full geometry optimization using the GAMESS 
13 and GAUSSIAN-94 14 programs on a CRAY J-90 
supereomputer (Berkeley, California, USA). Selected param- 
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Table 3. Dipole moments (~t/D) and their components (lax/D, la iD,  ~z/D) and the elements of 
polarizability Ca, au) and first molecular hyperpo[arizability (13, au) tensors of molecules MA, la,b, 
and 2a,b calculated by the RHF/6-31G* method 

Molecule ix lax lay laz '.xxx Ct YX ~ z x  ~t ry  cz y- g ot g z  

MA 2.46 -0.65 2.38 0.00 54.28 -7.57 0.00 51.66 0.00 24.62 
la  2.05 -2.00 0.46 0.01 68.52 1.96 0_00 58.64 0.05 33.85 
2a 2.89 -2.86 0.39 0.00 73.00 9.29 -0.01 58.44 0.01 34.50 
Ib 4.51 -3.58 2.74 0.00 66.28 2.22 0.00 57.37 0.00 34.07 
2b 2.71 -0.54 2.66 0.00 69.89 7.56 0.00 56.89 -0.01 34.56 

l~xxx 13rxx 13zxx 13xrr 13rrr 13z~ 13xzz 13rzz 13~z 

MA -36.44 7.19 0.00 21.71 -58.98 0.03 -21.88 11.20 -0.03 
la  56.27 -33.37 -0.33 2.74 -15.76 0.00 -43.55 -8.00 0.I0 
2a 44.68 -53.03 -0.07 -57.51 -33.03 0.02 10.72 -7.25 0.01 
lb 96.31 -32.94 0.00 -3.46 -43.81 -0.01 -14.50 -14.83 0.05 
2b 6.19 -44.91 0.07 -27.81 -40.58 0.02 -24.78 -14.90 -0.03 
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Fig. 1. Change in the electron density p in molecules la,b and 
2a,b along the lines connecting the projections of  the nuclei of 
the C(I) and C(2) atoms on the planes parallel to the molecu- 
lar plane. The separations between the planes are 1.7 (/), 
2.0 (2), and 2.5 A (3). 

ete~ characterizing the structure of the molecules under study 
are listed in Table 1. The effective charges on the atoms, 
dipole moments of the molecules, and the components of the 
corresponding polarizability and the first molecular 
hyperpolarizability tensors are listed in Tables 2 and 3. Char- 
acteristics of  the electronic state of the C=C bond are given in 
Table 4 and in Figs. 1 and 2. 

Results and Discussion 

The  structures of  acrylates la ,b  and 2a,b shown 
above correspond to global energy m i n i m a  and all m o -  
lecular skeletons are planar. The  C F  3 group in c o m -  
pounds lb and 2b is or iented in such a way that one o f  
the fluorine a toms (F(13))  lies in the molecu la r  plane, 
while the o ther  two fluorine atoms (F(14) and F(15)) lie 
in a plane or thogonal  to the former,  symmetr ica l ly  with 
respect to the C(1 )=C(2)  bond. Such an a r rangement  o f  

IV]. 103(au) 

~ 

14 2a 

12 . f  "\1 I b 

10 / 2b 
1 
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4 .  - / .....4 
, f  "~,. " 
= ~  4 2 ,~.~ ~ ' ~  3 ~  ~ 

" ' ~ ' 5  ~ f 5  ' ' ~  
o ; 

ci2) c'.) c 2) Cil  c}2  Cil) d 2) 
Fig. 2. Change in the electrostatic potentials Valong the lines 
connecting the projections of  the nuclei of the C(I)  and C(2) 
atoms on the planes parallel to the molccular plane. The 
separations between the planes are 2.0 (/), 2.5 (2), 3.0 (3), 
3.5 (4), and 4.0 A (5) (the Vvalues for la  and 2a are negative, 
and those for lb and 2b are positive). 

C F  3 substituents is rigidly fixed: the energy barr ier  to 
rotation about  the C - - C ( 1 2 )  bond exceeds  2 kcal mol  - l .  
In calculat ions of  polarizabil i ty and hyperpolar izabi l i ty  
o f  the molecules  it was assumed that  the nucleus  o f  the 
C ( I )  atom is at the origin o f  the  Car tes ian system, the X 
axis o f  which coincided with the  axis o f  the  C(1 ) - -C(2 )  
bond,  the Y axis lay in the  molecu la r  plane,  and the Z 
axis lay in the or thogonal  plane. 

F rom Table  1 it follows that  only  in CF3-subs t i tu ted  
acrylates is the C = C  bond length close to that  o f  ethyl-  
ene .*  

The lengths o f  the C - - H  bonds at the C(1)  and C(2) 

*The lengths of the C=C and C- -H  bonds in the ethylene 
molecule calculated by the HF/6-31G* and MP2/6-31G* 
methods are equal to 1.317, t.076 and 1.336, 1.085 A, respec- 
tively. The values obtained by the MP2/6-31G* method are 
very close to experimental ones. 
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atoms correspond to their s-type (as in ethylene). In 
structures l a ,  2a, and even in MA the s-type of  the C=C 
bond is somewhat lower than in ethylene. 

In the molecules of all compounds under study the 
bond angles at the C=C bond are appreciably smaller 
than in the ethylene molecule (by 1.7--5.1 ~ at the C( I )  
atom and by 4.4--6.0 ~ at the C(2) atom). This indicates 
that the C = C  bond participates in the conjugation with 
the substituents; an appreciably shorter distance between 
the substituents at the C(2) atom compared to that for 
the substituents at the C( I )  atom suggests that conjuga- 
tion is maximum between the C=C bond and the 
COOMe group and that all compounds under study 
have a conjugated system of  C = C - - C = O  atoms. At the 
same time it is reasonable to assume the existence o f  
direct polar conjugation between the vicinal C F  3 and 
COOMe groups at the C = C  bond in molecule 2b with a 
highly symmetric arrangement of substituents (see Table 1). 
This is somewhat less pronounced for the derivative 2a, 
containing vicinal Me and COOMe groups at the C = C  
bond. 

The conjugated system of  C = C - - C = O  atoms in the 
compounds studied is also characterized (see Table 1) by 
C(2)- -C(3)  bond lengths (1.476--1.491 A) approaching 
the Csp2--Csv:z bond length (1.47 A), shortened C = O  
bond (1.222--1.224 A), and the C(2)--C(12) bonds of  
length 1.501 to 1.503 A in l a  and lb  (cf. the Csp3--C~2 
bond length, 1.51 A), as well as by close values of  the 
C ( I ) - - C ( 2 ) - - C ( 3 )  and C(2)- -C(3)- -O(4)  angles, which 
provide almost parallel arrangement of the C=C and 
C = O  bonds in the molecules (the deviation for lb  and 
2a,b lies in the range 0.1 to 0.5 ~ and is 1.9 ~ for la) .  The 
C( I ) - -C(12)  bonds in derivatives 2a and 2b are appre- 
ciably shorter (1.490--1.495 A) than the C~j - -Cs~.  
bond, which confirms the assumption of  a direct polar 
conjugation between the vicinal CF3, Me, and COOMe 
groups at the C = C  bond. The degree of  conjugation in 
the C = C - - C = O  system decreases in the order 2b > 2a > 
Ib > la .  The presence of  the C F  3 group in the molecule 
causes a shortening, whereas the presence of  the Me 
group causes a lengthening of  the C=O,  C(3)--O(5) ,  
C ( I ) - - H ,  and C(2 ) - -H  bonds, which is in agreement 
with the e lect ron-aeceptor  and electron-donor nature of  
these substituents, respectively. 

The distribution of  the effective atomic charges (see 
Table 2) is consistent with the presence of  the conju- 
gated system characteristic of  MA in molecules lb  and 
2b and confirms the electron-acceptor  effect of  the CF  3 
group on the charac te r i s t i cs  of  the  C = O ,  
C(3)--O(5) ,  C ( I ) - - H ,  and C(2) - -H  bonds. However, 
the values of  the charges on the carbon atoms of  the 
C = C  bond in derivatives lb  and 2b do not reflect the 
e lectron-acceptor  properties of  the substituent, since no 
considerable shift of  the negative charge toward the C(2) 
(or C(I ) )  atom due to the C F  3 group is observed; in fact, 
the C F  3 substituent stabilizes charges characteristic of  
MA on the atoms of  the C = C  bond irrespective of its 
position in the molecule. At the same time, the elec- 

Table 4. x-Electron populations of the C=C bond (n, e), one- 
electron energies (E), and ionization potentials (1/~ of mol- 
ecules MA, la,b, and 2a,b 

Molecule n(C(I)) n(C(2)) E/eV IP 

g-MO x-MO rc*-MO /eV 

MA 1.024 0.879 -12.12 -10.70 3.15 10.70 
la 0.988 0.917 -12.03 -10.20 3.34 10.20 
2a 1.070 0.836 -11.95 -10.21 3.38 10.21 
lb 1.075 0.838 -12_59 -11.57 2.52 11.57 
2b 0.962 0.942 - t 2.67 -11.54 2.37 l 1.54 

t ron-donor  properties of  the Me group in compounds  l a  
and 2a affect first of  all the values of  the charges of  the 
C(1) and C(2) atoms; in turn, this  affects the charges on 
the atoms at the C=C bond. By inducing an increased 
charge on the distant C atom of  the mult iple bond the 
Me group either decreases the conjugation in the  C = C  - 
C = O  system (in molecule la )  or substantially increases 
it (in molecule 2a). 

Peculiarities of  the distribution of  effective charges 
between the C(1) and C(2) a toms  in molecules lb  and 
2b are rationalized by the p - -x - in te rac t ion  of  the C F  3 
group with the conjugated system, which was postulated 
to explain the conjugation in CF3-subst i tuted aromatic 
compounds.  15 According to these concepts,  the excess 
electron density induced by the C F  3 group on the adja- 
cent C atom is accepted by F a toms and then partly 
returned to the n-system. Thus, the p- -n- in terac t ions  
between the C F  3 substituent and the conjugated system 
produce a compensating flow of  electron density, thus 
partly decreasing the - I - e f f ec t  o f  the former. 

The short distance between the F atoms and the 
conjugated system (2.3--2.7 A), which is much less than 
the sum of  the effective van der  Waals radii (3.05 A), 
favors the p--n-interact ions in molecules  lb  and 2b. 
Taking into account this characterist ic  of  their  geometry 
as well as the specificity of  the C - - F  bonds and the 
charge distribution between the F atoms, the following 
scheme of  p--rr-interactions in compounds  lb  and 2b 
seems to be logical (Fig. 3). In the  first compound,  the 
excess electron density on the C(2) a tom (from the 
C(2)- -C(3)  bond) is accepted by the F(14) and F(15) 
atoms lying in a plane perpendicular  to the molecular  
plane and transferred to the g-orbi ta l  of  the C = C  bond 
through the F(13) atom lying in the  molecular  plane. In 
this case, the directions of  the effects o f  the COOMe 
group and the compensation flow of  the electron density 
coincide; this causes a part icularly strong effect of the 
C F  3 substituent on the effective charges on the C(3) and 
0 (4 )  atoms and on the parameters  of  the C = O  and 
C(3)- -O(5)  bonds in derivative lb .  In compound 2b the 
excess ~t-electron density from the  C = C  bond is ac- 
cepted by the F(13) atom lying in the molecular  plane 
and is returned to the conjugated system through the 
F(14) and F(15) atoms lying in a plane perpendicular  to 
the molecular plane. In this case the direction of  the 



Efl'ects of trifluoromethyl and alkoxycarbonyl groups Russ.Chem.Bull., Vol. 48, No. 4, April, 1999 651 

compensating flow is opposite to that of the effects of  
the COOMe group, which leads to a direct polar conju- 
gation between the C F  3 and COOMe substituents. A 
lower deficiency of  the electron density on the C(12) 
atom in molecule 2b compared to that in lb  is consis- 
tent with this mechanism of  p--n-interactions.  

Hence it follows that the C F  3 substituent in deriva- 
tives lb  and 2b is included in the conjugated atomic 
system irrespective of  its position at the C = C  bond. This 
determines the electron-acceptor  properties of  this sys- 
tem, which are common to these compounds. Distinc- 
tions between lb  and 2b are due to the opposite direc- 
tions of  the effects of  p--x-interact ions (depending on 
the position of  the C F  3 group at the C=C bond),  which 
should primarily affect the state of this bond, which is 
the reaction center  of  the molecules under  consider- 
ation. The results of calculations given below are in 
complete agreement  with these concepts. 

According to HF/6-31G* calculations of  the fre- 
quencies of  normal vibrations of  compounds under study, 
the frequency of  the stretching vibration of  the C=O 
bond increases in the series l a  < 2a < lb  < 2b (v(C=O) 
is 1996, 2002, 2018, and 2024 cm - t ,  respectively) and 
the e lect ron-aeeeptor  derivatives lb and 2b are charac- 
terized by appreciably higher vibrational frequencies. On 
the contrary, changes in the frequency of  the stretching 
vibration of  the C = C  bond in the same series (v(C=C) is 
1871, 1878, 1873, and 1913 cm - I ,  respectively) reflect 
radical distinctions in the state of this bond in the 
molecules under  study. 

In this regard, data on the polarity (dipole moments) 
and polarizability of  the molecules of compounds consid- 
ered (see Table 3) are illustrative. The dipole moments of 
nonfluorinated acrylates increase in the order l a  < MA < 
2a. They respectively increase or decrease as the Me 
group strengthens or weakens the effect of the COOMe 
substituent on the distribution of effective charges be- 
tween the C(1) and C(2) atoms. For derivatives lb  and 2b 
the change in polarity compared to MA correlates with 
the direction of  the compensating flow of  the electron 
density through the C F  3 group. The extremely high di- 
pole moment  of  molecule lb  (4.51 D) due to large 
contributions of  its Xand Ycomponents is determined by 

2.337 
2.,349 2.7~2 

z~Ta .,F..." 
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z ~ "  O / 2.~2 H o / C ~ O  

\C-..-~H \C....~H 
H / '""H H / '""H 

I b 2b 

Fig. 3. Peculiarities of the effects of p--a-interactions between 
the CF 3 group of acrylates lb and 2b and the conjugated 
system. 

adding the effects of C F  3 and COOMe substituents in 
geminal positions with respect to the C=C bond. The 
opposite directions of the effects of these substituents in 
vicinal positions at the C=C bond cause a drastic de- 
crease in the polarity of derivative 2b (compared to that 
of  lb) ,  primarily due to the decrease of the contribution 
of  the X component of  the dipole moment.  

The average values of polarizability of  the molecules 
of  the compounds under study (53.57, 55.31, 52.59, and 
53.95 au for la ,  2a, lb ,  and 2b, respectively) calculated 
using the diagonal elements of  corresponding matrices 
(see Table 3) indicate a lower polarizability of  fluorine- 
con ta in ing  acryla tes  lb  and 2b c o m p a r e d  to 
nonfluorinated analogs. As follows from the analysis of  
these matrices, this is due to a lower total self-polariz- 
ability of the atoms and bonds lying in the molecular  
plane in the molecules of  CF3-substituted acrylates. 
Noteworthy is that the higher polarizability of  derivative 
2b compared to that of  lb  goes together well with its 
larger anisotropy. 

The reverse is characteristic of the first molecular  
hyperpolarizability (the calculation procedure was de- 
scribed earlierl6). The first hyperpolarizabilit ies calcu- 
lated for the molecules of  MA and derivatives l a ,  2a, 
lb ,  and 2b (18.40, 16.53, 31.11, 40.14, and 36.55 au, 
respectively) appeared to be abnormally high only for 
highly conjugated acrylates 2a, lb,  and 2b. The maxi- 
mum value was obtained for derivative lb,  which is 
characterized by the min imum polarizability anisotropy 
and smallest differences in the absolute values of  X and 
Y components of the first molecular  hyperpolarizabili ty 
(13 X and 13 r are respectively 26.11 and -30 .52  for lb  and 
-15 .46  and -33.11 for 2b). 

Characteristics of  the electronic state of  the C=C 
bond in fluorine-containing acrylates depend strongly 
on the mutual arrangement of  the C F  3 and COOMe 
groups at this bond. If  these substituents occupy geminal 
positions (in lb) ,  the total electron density above the 
C = C  bond (at a distance from 2.5 to 1.7 A from ./.he 
molecular plane) is minimum above the C(1) a tom and 
increases in the direction toward the C(2) a tom (see 
Fig. 1) and the corresponding gradient substantially 
increases as the distance to the molecular  plane de- 
creases. The n-electron population of  the C = C  bond in 
lb,  in which the electron density is considerably shifted 
from the C( I )  atom toward the C(2) atom, changes 
analogously (see Table 4). At the same t ime,  there is a 
region of positive electrostatic potentials above the C=C 
bond lying in the molecular plane in which the maxi- 
mum potential is above the C( I )  atom (see Fig. 2). The 
potential decreases sharply in the direction toward the 
C(2) atom. Such a type of  the electronic state of  the 
C=C bond must favor a nucleophilic attack on the C(1) 
atom and the "push--pull" mechanism of  the addition of 
species of the N u - - H  type to the C=C bond. 

The type of the electronic state of the C = C  bond in 
the case of vicinal CF  3 and COOMe groups (molecule 
2b) is quite different. The total electron density above the 
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C(I)  and C(2) atoms is virtually equal (see Fig. 1). The 
tendency for the total electron density to be shifted from 
the C(I )  atom toward the C(2) atom is observed only as 
the molecular plane approaches. The n-electron densities 
on the atoms of  the C=C bond are nearly equal (see 
Table 4). Moreover, the region of  positive electrostatic 
potentials near the plane of  molecule 2b is characterized 
by the opposite change in the potential above the C = C  
bond as compared to lb: the potentials above the C( I )  
atom are lower than above the C(2) atom (see Fig, 2). 

Such an electronic state of  the C = C  bond must 
hinder or  even prevent nucleophilic attack on the C( I )  
atom. The possibility of  the addition of  species of  the 
N u - - H  type to the C = C  bond following the "push-pull" 
mechanism is also ruled out. This is in agreement with 
the extremely low activity of  derivatives 2b in reactions 
with nucleophiles,  established experimentally; however, 
the reasons for entirely 13-oriented addition in these 
processes remain unclear. It can only be assumed that 
an essential rearrangement of  the conjugated system of  
molecule 2b occurs at the formation of transition states 
of these reactions, which determines the order of  the 
nucleophile addition to the C=C bond. 

Dist inctions in the electronic structure o f  the C = C  
bond of  nonfluorinated analogs l a  and 2a are mainly 
quanti tat ive (see Table 4, Figs. 1 and 2). For  both 
compounds ,  the n-e lect ron density distribution and the 
gradient  of  negative electrostat ic potential  above the 
C = C  bond favor nucleophil ic  attack on the C( I )  atom. 
Nevertheless,  pronounced quantitative differences in 
the reactivity of  these compounds can be explained 
only by taking into account the peculiarit ies o f  the total 
e lectron density distr ibution above the atoms (C( I )  and 
C(2)) of  the reaction center,  in molecule l a  the elec-  
tron density above these atoms is nearly equal,  whereas 
in molecule  2a it is appreciably shifted toward the C( I )  
atom. 

The CH 3 and C F  3 substituents have opposite effects 
on the energies of  the one-electron levels of  molecules 
l a ,  2a and lb ,  2b (see Table 4). These effects are 
virtually independent  of  the substituent position at the 
multiple bond. The introduction of  a Me group in the 
ix- or 13-position of  the MA molecule has no effect on 
the energy of  the o-level ,  whereas the energy of  the 
filled n-level (the HOMO) increases substantially and 
that of  the vacant n*-level (the LUMO) increases to a 
somewhat lesser extent. Because of  this, the energy gap 
for compounds l a  and 2a is more narrow (in absolute 
value) than for MA. On the contrary, the introduction of 
the C F  3 group in the ~-  or 13-position of  the MA 
molecule causes appreciable decrease in the energy of  
the t~-Ievel and even more substantial change in the 
energy of  both the HOMO and, particularly, the LUMO. 

As a result, the energy gap becomes much wider (in 
absolute value). 

On the whole, consideration of  the electronic states 
of  the C=C bond makes it possible to characterize 
systems l a  and 2a as reagents o f  the n-donor  type and 
derivatives lb  and 2b as of the n-acceptor  type. This 
conclusion, as well as the peculiari t ies of  the total and 
:t-electron density distributions, and the directions and 
values of  the gradients of  electrostat ic potentials provide 
a complete explanation for exper imental ly  established 
regularities of changes in the reactivity of these com- 
pounds. 
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