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Abstract—Effects of substituents X on stabilization energy (SE) of 31 series of cations containing fragment
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Nowadays data accumulate indicating that chemical
[1, 2] and physical [3-9] properties P of electron-
deficient XBR;f, XBR3" and electron-excessive XBR,
XBR3- reaction series are governed by the character of
the B bridge connecting the substituents X to the reaction
center R.. We shall consider series where chemical and
physical processes involve only R, and not B or X. These
series may be divided into classic and nonclassical. In
the classic series 1,4-XC¢H4R ¢ the substituent X and
center R, bearing a positive or a negative charge ¢ are
separated by a para-phenylene bridge. The properties P
of these series are described by equation (1).

P =Py +ac; + bog(cg*, Og) (D

Here Py is P value at X = H, o; is the inductive
constant of substituent X, Gz, Gy, and Gy are parameters
describing the resonance effect of X at a small, large
positive and negative charge g respectively.

In nonclassical series XBR? and XR? B bridge (for
instance, -CH=CH-—, —-C=C- etc.) is smaller than the
para-phenylene moiety, or is absent. The properties P of
nonclassical series are described by equation (2).

P =Py +ac;+ bog(cr*, o) + €Oy, (2

Here G, is the constant characterizing the polarization
effect of substituent X, and the other terms are the same
as in equation (1).

The important influence of the polarization effect

should be taken into account, firstly, in a detailed analysis
of such properties P of nonclassical systems as ionization
potentials [3, 4], electron affinities [4], electrochemical
reduction potentials [5], and oxidation potentials [6] and,
secondly, for understanding the impact of the substituents
X on the spectral, geometric, and other parameters of H-
complexes [3, 7], charge-transfer complexes [8], and the
other donor-acceptor complexes [9] involving the
nonclassical systems.

Quite a number of publications concern the stabiliza-
tion energy of organic cations [10—19]. As far as we know,
organic cations as nonclassical systems has not drawn
sufficient attention up till now.

The goal of the present study is the investigation of
substituents effect on the stabilization energy of carbo-
cations and silylium cations. We believe that this problem
has not only its proper interest but it is important for the
development of the existing concepts of the polarization
effect.

The convenient procedure for solving this problem is
the consideration of isodesmic reactions. In these
reactions the initial compounds and reaction products
have equal numbers of molecules, valence bonds of every
type, and also cations or anions [10-20]. Processes (3)
and (4) are examples of this type reactions.

CH, + XCH=CH, > XCH, + H,C=CH, 3)
C*H, + XCH; > XC*H, + CH, (4)
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The enthalpy A,H° of isodesmic reactions is called
stabilization energy (SE).

The SE values for reactions of type (3) involving
neutral molecules depend on the inductive and resonance
effects of substituents X [12] and can be calculated with
an accuracy up to 5 kcal mol-! by ab initio methods of
the quantum chemistry [20].

For reactions of (4) type involving cations the SE
values contain information on the ability of substituents
X to stabilize the cation [10, 13—16]. Reaction (4) is exo-
thermal (SE < 0) when X are resonance donors (R,N,
RO, Hlg, ...). These substituents stabilize cations XC*H,
to a greater degree than neutral molecules XCH;. The
resonance stabilization originates from the donation of
n- or m-electrons of X to the vacant p-orbital of the
cationic center [10, 13—16]. Reaction (4) becomes as
a rule endothermic (SE > 0) when X are resonance
acceptors (CN, COH, NO,, ...). These substituents
destabilize cations XC*H, [10, 13—16]. At the same time
cations XC*H, resemble nonclassical electron-deficient
systems [3—9] obeying the three-parameter equation (2).
It is therefore hardly possible that in cations XC*H, the
interaction of X with reaction center C* is limited to the
resonance effect.

For the study of substituents effect on the stabilization
energy SE of cations from series I-XXXI (Table 1-7)
we employed the correlation analysis. Correlation
equations were computed by standard programs
Statgraphics 3.0. The treatment by the least-squares
method was performed on the confidence level 95%.

A standard set of constants G, G, 65", 6, (Table 8)
used before [3-9] was applied.

Alongside process (4) (series I-VIII) isodesmic
reactions (5—13) were considered:

For series IX-XI
C*H + XCH, > XC* + CH,, (5)
for series XII and XIII
C+H, + XCH; > XC+H + CH,, (6)
for series XIV
CH;C*+H, + XCH,CH; > XC*HCH; + CH;CH;,  (7)
for series XV-XX
HC*= CH,+ XCH = CH,> XC*= CH, + CH, = CH,, (8)

for series XXI

C*PhH, + XCH,Ph > XC*PhH + CH,Ph )
for series XXII
C*Ph,H + XCHPh, > XC*Ph, + CH,Ph,, (10)

for series XXIII-XXVII

H,C=CH-C*H,+ X~CH=CH-CH,
> X-CH=CH-C+*H, + H,C=CHCHj, (11)

for series XXVIII and XXIX

Si*H; + XSiH; > XSi*H, + SiH,, (12)
for series XXX and XXXI
XC+H, + XSiH; > XSi*H, + XCHs. (13)

In Table 9 three-parameter equations of (2) kind are
presented for experimental and calculated stabilization
energies (P = SE). The absolute terms of the equations,
except for the expressions for series XXX and XXXI,
are zero. In going from two-parameter equations of (1)
kind to three-parameter ones the standard error of
approximation Sy decreases, and the correlation factor »
increases. These findings indicate an essential impact of
the polarization effect of substituents X on the stabiliza-
tion energy of cations.

By three-parameter equations we calculated the
inductive (/nd = ac;), resonance [Res = bGy(Gz")], and
polarization (Pol = ¢G,) contributions into the overall
change in the stabilization energy SE produces by
substituents X (Table 10).

As seen from Tables 9 and 10, stabilization energies
SE of cations ( and also of cation-radicals of series XII
and XIII) depend on the inductive, resonance, and
polarization effects of substituents. Therefore carbo-
cations and silylium cations of series I-XXXI are typical
representatives of nonclassical electron-deficient
systems. The characteristic features of these sytems is
the presence of the polarization effect lacking in classic
systems. As a rule the neglect of the polarization effect
impedes even approximate estimation of the substituents
influence on properties P of nonclassical systems. This
effect affects versatile systems [3—9], in particular, the
stabilization energy SE.

In series I-XXXI containing fragments XC*, X—
CH=CH-C", XSi* the charge ¢* polarizes substituent X
inducing a dipole in it. The energy of electrostatic ion-
dipole interaction E,, is described by expression (14) [1—-
9,21].
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Table 1. Stabilization energies SE (kcal mol-1) of carbocations XC*H, [reaction (4)]

Substituent Number of cations series

X I’ n° I ve \%A vIf VI v
H 0 0 0 0 0 0 0 0
Mf -37.0 -26.9 -29.0 -18.3 295 -36.0 -34.1 -40.6
Ph -55.0 ~53.4 -56.3 -22.9 - - - -
H,N -96.0 ~78.8 -80.2 —74.5 -86.5 -98.8 -97.8 -100.5
HO —62.0 —42.8 -51.4 —46.7 -53.7 —64.7 —62.7 —66.3
MeO —69.0 -51.3 -57.6 —44.8 - - - -
F -27.0 -19.8 -5.5 ~14.3 ~14.9 —23.9 215 253
N=C 10.0 2.1 -5.0 42 12.8 - - -
H,C=CH - - —43.3 272 - - - -
HC=C - - —34.4 ~18.4 - - - -
H(Me)N -99.0 - - - - - - -
Me,N -106.0 - - - - - - -
HS —64.0 - - - - - -60.9 —63.6
MeS ~74.0 - - - - - - -
Cl -32.0 - - - - - -26.6 -29.2
Br -51.0 - - - - - - -
H(O)C - - -1.7 5.4 - - - -
HO(O)C - - 11.5 14.2 - - - -
O,N - - 30.8 27.8 - - - -

*Experimental values [10, 15].

®Calculated by semiempirical method AM1 [15];
¢PMH [15];

¢PMH with H,O [15];

¢ab initio 6-31G* [13],

fab initio CI [13];

¢ MPH/6-31G*//HF/6-31G* [14],
"MP2(fc)/6-31G*//MP2(fc)/6-31G* [16].

Table 2. Stabilization energies SE (kcal mol-!) of carbocations ~ Table 3. Stabilization energies SE (kcal mol-') of carbocations
XC+ [reaction (5)] and cation-radicals XC*H [reaction (6)] XC*HCHj [series XIV, reaction (7)] and XC*=CH, [series XV,

xct I XC"H reaction (8)]a
Substituent B ;
X el estonssrie . uien] o0 st ot
IX X XTI XII XTIT X X
H 0 0 0 0 0 X1V XV X1V XV
H 0 0 H,N -65.0 |[-53.5
Me —-58.0 | 576 | —-65.0 | 359 | 423
Et 66.0 B B B B Me -18.6 |-259 |HO 374 |-259
H.C=CH ~78.0 B B B 3 Ph -36.8 |-54.1 |HS -36.4 |-38.2
oo o0 | _ j j j H,C=CH |-32.0 |-32.6 |F 70 | 92
HN B ' 1146 B 896 3 HC=C -182 |-25.6 |CI -9.8 |-11.2
? ) 126.6 ' 101.5 NCCH, 2.1 4.8 |Br 9.5 |-12.7
HO 1120 |-112.1 _ 608 |-72.5 HOCH, |-153 |-21.7 |HOC 10.2 4.5
123.1 F;C 23.6 16.4 |HOOC 8.4 5.9
F —48.0 | -70.8 |-82.0 | —17.6 |-27.6 CICH, -5.6 |-12.9 =C 16.0 11.7
* Calculated by ab initio method 4-31G [11]; BrCH, 8.7 |-14.0 O.N 23.1 254
ab initio 6-31G* [13];
¢ab initio CI [13]. 2Calculated by method CBS-Q [19].
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Table 4. Stabilization energies SE (kcal mol-!) of carbocations ~ Table 7. Stabilization energies SE (kcal mol-!) of silylium

XC*+=CH, [reaction (8)] [17] cations XSi™H,
Substituent] Number of cations series Substituent Reaction (12) ’ Reaction (13)
X XV | XVII | XVIIE° | XIX* | XX X Number of cations series
H 0 0 0 0 0 XXVIEF | XXIX" | XXX* | XXXI’
Me -24.5 | -30.6 -24.0 |-23.6 |-259 H 0 0 -54.9 -57.4
H,C=CH | -33.5 | -38.1 -322 | -313 |-32.6 Me -15.1 -15.1 -35.9 -31.8
F 6.7 7.7 8.6 9.3 9.2 HoN -36.8 -37.5 6.1 5.6
Cl -114 | -11.5 -104 | -105 |-11.2 HO -17.9 -19.1 -10.1 -10.1
*Experimental data. HS -18.4 —-18.5 -12.4 -12.2
®Calculated by method C3LYP, basis 6-311+G(d,p); F 23 1.1 31.1 31.0
Zg“(‘ifgg??; 6-311+G(dp); cl 20 22 2303 | 303
¢CCS-Q. ZCalculated by method MPC/6-31G*//HF/6-31G* [14]
MP2(fc)/6-31G*//MP2(fc)/6-31G* [16].
Table 5. Stabilization energies SE (kcal mol-!) of carbocations Ee=—q0/(2er?)) (14)
XC*PhH [series XXI, reaction (9)] andXC*Ph, [series XXII, Here o is the polarizability of substituent X, € is the
reaction (10)] (calculation by method PMC [15]) dielectric constant, r, is the distance between the charge
' Number of _ |Substituent  Number of q and the induced dipole. Energy E,, sharply decreases
Substituent| . . . . . o
X cations series X cations series Table 8. Inductive 6, resonance G, 6", and polarization G,
XXI | XXII XXI | XXII constants of substituents X in cations of series I-XXXI
H 0 0 | MeO ~19.1 | -152 Substituent X J Or or Oy
Me | 126 | 66 |F 43 | 08 H 0 0 0 0
Ph | 188 | 106 | N=C 94 | 69 Me 005 ) 0121 026 1 -0.33
H,C=CH| ~13.3 | -84 | HOC 17| 55 Et —0.05 1 —0.10 1 -0.25 | 049
HC=C | -13.0 | -7.1 | HOOC 87 | 175 H,C=CH 0.13 1 —0.17- 1 =029 | —0.50
H.N | 406 | 297 | ON 129 | 18.8 HE=C 0.22 1 001 1 -0.04 ) —0.60
Ho | 241 | 167 Ph 0.12 | =013 | —0.30 | —0.81
NCCH, 0.17 0.01 —0.01 —0.55
Table 6. Stabilization energies SE (kcal mol-!) of carbocations HOCH, 0.03 -0.03 -0.07 -0.36
XCH=CH-C*H, [reaction (11)] [18] F;C 0.38 0.16 0.23 025
Substituent Number of cations series CICH, 0.13 -0.01 -0.14 -0.54
X XXIIP [ XXIV®| XXV¢ | XXVI' | XXVII® BrCH, 0.14 0.00 -0.12 -0.61
H,N —46.7 524 -50.1 -51.4 =51.1 HOC 0.33 0.09 0.40 —0.46
MeO -30.8 |-34.6 | -33.9 | 348 | —347 HOOC 0.34 0.11 0.08 -0.34
Me 134 |-144 | -164 | -152 | —153 N=C 0.51 0.15 0.15 —0.46
F 27 | -5.6 —6.6 -5.8 -52 H,N 0.08 —0.74 -1.38 —0.16
H 0 0 0 0 0 HMeN —0.03 —0.73 -1.78 —0.30
Cl 07 | =57 —6.2 -7.9 -82 Me,N 0.15 —0.98 —-1.85 —0.44
HOC 13.4 9.4 9.9 10.4 10.4 O:N 0.65 0.13 0.14 —0.26
F5C 16.6 | 14.8 12.0 15.8 15.0 HO 033 | -0.70 -1.25 —0.03
N=C 19.7 | 14.8 12.3 12.2 14.2 MeO 029 | -0.56 -1.07 -0.17
O,N 31.7 | 20.7 19.3 19.4 19.9 HS 030 | -0.15 -0.33 —0.55
2Calculation by method RHF, 6-31G*; MeS 0.23 —0.23 —0.83 —0.68
"MP2, 6-31G*; F 0.45 —0.39 —0.52 0.13
o 5,6'31(}*; cl 042 | —0.19 | -031 | -043
¢G3. Br 0.45 —0.22 —0.30 —0.59
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Table 9. Coefficients and their standard deviations (a + S, b £, ¢ £ S,) of equation SE = (a £S,)6; + (b £ S,)0x(0p") + (¢ £
§.)6,, standard errors of approximation Sy, correlation factors r, and array size # for series I-XXXI

Reaction no.| Series no. ats, b+S, o’ c+S, Sy° P n
%) | 29.6+17.5 98.3+10.6| o 58.8+£12.5 12(20) 0.942(0.819) |14
I 37.6+11.1 1147+7.6 | ox 53.4+8.6 6(18) 0.986(0.869) | 8

I 27.7+13.7 87.7+94 | o 54.5+£10.6 7.5(18.4) 0.964(0.752) | 8

I 39.6 £10.1 1009+74 | o 71.0 £8.8 6.7(18.3) 0.978(0.826) |13

r° 254170 51.7+2.7 | o 56.9+52 3.8(19.0) 0.992(0.773) | 8

v 29.3+10.2 87.6+74 | oy 31.1£8.8 6.7(9.8) 0.970(0.936) |13

\" 434+11.2 1039+ 8.3 Or 52.9+13.7 6.0(14.3) 0.986(0.921) | 6

V1 50.7+39.3 1209+ 16.9| oy 48.3 £41.1 8.7(9.5) 0.974(0.968) | 5

VIl 0 59.5+93 | o 62.7+£19.6 11.6(21.4) 0.934(0.755) | 7

VIII 0 60.3+93 | o 64.7+£19.5 11.6(21.8) 0.937(0.751) | 7

%) IX 0 155+3 Or 103 +2 1(27.3) 0.999(0.672) | 7
X -95.1+15.0 1119164 | o 137.5+15.6 3.3(20.8) 0.998(0.897) | 5

XI -1153 +27.1 1193+ 11.6| oy 157.2 +28.3 6.0(24.0) 0.993(0.886) | 5

(6) XII 443 +6.1 109.3+4.5 | o 58.0+74 3.3(15.0) 0.996(0.920) | 5
XIII 30.9 +27.5 119.7+11.8| oy 71.3 £28.8 6.1(11.5) 0.988(0.956) | 5

7 XI1v 38.7+9.8 81.1+7.9 | oy 36.3+84 7.8(11.1) 0.940(0.872) |20
®) XV 50.5+£9.6 66.0+78 | ox 552 +83 7.6(14.4) 0.939(0.785) |20
XVI 489+ 18.5 59.2+31.1| o 542+9.6 5.1(20.8) 0.951(0.000) | 5

XVII 65.5+16.9 78.2+284 | o 61.7+8.7 4.7(23.6) 0.971(0.000) | 5

XVIII 489+ 17.2 54.0£289| o 53.7+£8.9 4.8(20.6) 0.958(0.000) | 5

XIX 46.8 £15.6 49.6 +26.2| oy 53.4 + 8.1 4.3(20.4) 0.966(0.000) | 5

XX 51.1+13.1 554+22.0| oy 55.8+6.8 3.6(21.3) 0.978(0.000) | 5

) XXI 223+5.0 46.5+3.6 | oy 22.1+4.3 3.3(6.2) 0.977(0.915) (13
(10) XXII 21.5+43 36.6 £ 3.1 Ox 15.0+£3.7 2.8(4.5) 0.974(0.934) |13
(11 XXIII 39.5+53 63.4t4.1 Or 15.6 £ 6.4 3.4 (4.4 0.990(0.983) |10
XXIV 29.0+5.0 67.4+t39 | o 20.8+6.0 3.2(5.1) 0.990(0.975) |10

XXV 27.8+3.8 346+16 | of 154145 2.4(3.9) 0.994(0.984) |10

XXVI 27.0+3.8 364+16 | of 17.9+4.5 2.4(4.3) 0.994(0.982) |10

XXVII 282+4.1 36.3+1.7 | of 17.7+4.9 2.6(4.4) 0.993(0.982) |10

(12) XXVIII 30.1£9.2 24.0+3.7 | o 27.0+7.7 4.6(8.9) 0.944(0.764) | 7
XXIX 289+92 245+3.7 | o 258+7.38 4.6(8.6) 0.944(0.783) | 7

(13) xxx¢ 0 —-69.5+10.0| oy —448+11.6 6.6(14.4) 0.944(0.696) | 7
XXXI° 0 -70.0£9.4 | o —48.1+£11.0 6.3(15.1) 0.951(0.667) | 7

*Type of resonance parameter in the summand (b £ §,)0,(G,).
"In parentheses are given S, and r values of correlation equation SE = (a + S )0, + (b £ S,)5,(0,) calculated without accounting for the

influence of polarization effect on the stabilization energies SE.
¢ Equations for series I-III were calculated at equal array size (n 8; X = H, Me, Ph, H )N, HO, MeO, F, N=C).

4 Absolute term of equation equals —55.7 £ 5.3.
¢ Absolute term of equation equals —56.4 + 5.0.

with growing distance r, and therefore is close to zero in
charged classic systems.

The polarization effect can be characterized both by
energy E,, and by polarization constants G, of sub-
stituents X [1-9, 21]. Among the cations under study
cations XCH=CH-C'H, (series XXIII-XXVII) stand

out for in these cations the distance Ty 1s maximal and
therefore the polarization effect (contribution Po/)
minimal.

The ratio of contributions /nd, Res, and Pol in series
I-XXXI depends on the series type and on the size of
the array n of the series. For instance, in the series XV
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Table 10. Inductive Ind, resonance Res, and polarization Pol
contributions (%) into the overall change in stabilization energy
SE affected by substituents X in series I-XXXI

Reaction| | Array size
Series no. Ind Res Pol
no. n
€)) | 14 9+5 61+6 30+6
| 8 12+4 59+4 20+5
1 8 11+£5 54+6 35+7
I 8 12+4 59+4 209+5
I 13 15+4 49+4 36+4
v 13 16+6 61+5 23+6
\'% 6 16+4 63+5 21+6
VI 5 1814 | 65+9 1714
A1 7 0 66£10| 34+11
VIII 7 0 6510 35+10
&) IX 7 0 60+1 40+1
X 5 24+4 4242 34+4
XI 5 26+6 40+4 34+6
(6) XII 5 16+2 62+3 2243
XIII 5 1110 | 64+6 25+10
@) X1V 20 20+5 5445 26+6
® XV 20 2445 41+5 35+5
XVI 5 30+£11 | 28+15| 4247
XVII 5 32+8 30+£11| 38+5
XVIII 5 3111 | 27+14| 42+7
XIX 5 31£10 | 25+13| 44+7
XX 5 31+8 26+10| 43+5
9) XXI 13 20+4 53+4 27+5
(10) XXII 13 24+5 53+4 23+6
(11) XXIII 10 29+4 61+4 10+4
XXI1V 10 22+4 65+4 13+4
XXV 10 2243 68+3 10+£3
XXVI 10 20+3 69+3 11£3
XXVII 10 214 68+3 11£3
(12) XXVIII 7 22+7 50+8 28+8
XXIX 7 22+7 51+8 27+8
(13) XXX 7 0 63+9 37+10
XXXI 7 0 61+8 39+9

for cations XC* = CH, (n 20) the contribution Res
exceeds Pol. Yet in the series XVI-XX for the same
cations (n 5) the contribution Pol exceeds Res.

Stabilization energies calculated by modern quantum-
chemical procedures are well consistent with the
experimental SE values. This is clear from the
comparison of series I with series VI-VIII (Table 1),
and also of series XVI with series XVII-XX (Table 4).
Besides providing the array is the same (n 8) the
contributions Ind, Res, and Pol in series I (calculated

from the experimental data), and II, III (quantum-
chemical calculations) are identical. Analogously the
contributions /nd, Res, and Pol in series XVI and series
XVII-XX nearly coincide.

The contributions /nd, Res, and Pol vary in the range
from 0 to 32%, from 25 to 69%, and from 10 to 44%
respectively. In neither series the contribution /nd is the
principal for the energy SE. In the series [-XV and XXI—
XXXI the contribution Res dominates, in series XVI-
XX, the contribution Pol. As follows from equation (14),
the larger is the charge ¢* on reaction centers C* and
Sit, the stronger is the polarization effect, other
conditions being equal (the greated contribution Pol).
At the same time the magnitude of the charge ¢+ depends
on the inductive and resonance interaction of the centers
Ct and Si*™ with substituents X. Therefore the contribu-
tions Ind, Res, and Pol are interdependent.

Series III, XXI, and XXII have arrays of the same
size (n 13). Even so, the contributions Pol slightly
decrease in going from XC*H, (36+4%) to XCTHPh
(27£5%) and XC*Ph, (23+£6%). This fact is evidently
caused by partial delocalization of the charge ¢* on the
benzene rings. In keeping with equation (14) it should
result in weakening of the polarization effect.

Silylium cations XSi*H, are as a rule stronger

stabilized by substituents X than their carbon analogs
XC*H,. This is shown by the negative values of the
stabilization energy for series XXX and XXXI measured
by reaction (13) (Table 7). Yet the negative SE values of
series VII and VIII for cations XC*H, [reaction (4)] are
a lot larger than the SE values of series XXVIII and
XXIX for XSi*H, [reaction (12)] (Tables 1 and 7).
As already mentioned, the resonance donor X stabilize
cations XC'H, to a considerable greater degree than
molecules XCH;. Unlike that the energies SE of series
XXVIII and XXIX are affected at least by three factors.
Firstly, the involvement not only of ions XSitH, but also
of neutral molecules into the conjugation with sub-
stituents X [22]; secondly, the increase in the acceptor
quality of the silicon atom with respect to X when Si
gets positively charged [22]; thirdly, the great stability
of cation Si*H; (Table 7).
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