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The Hammetp' andp™ values have been determined by varying substituéfira given Y in the benzhydryl
cation and anion formation (Y4€s—C*H—C¢H,Y' where C* is a cationic or an anionic center) at the RHF/
3-21G*, RHF/6-31G*, RHF/6-31G*, and B3LYP/6-31%G* levels. The failure of RHF theory in accounting
for the stabilization by delocalization leads to the smaller magnitudes aind p~ with electron-donating
and -withdrawing substituents, Y, respectively, than the corresponding DFT values. The effects of solvent
(benzene, dichloroethane, and acetonitrile) orpthi@lues were calculated by applying the conductor polarizable
continuum model method to the DFT results. Finally, the cross-interaction congianjsagd their variation
with solvent were determined. As the polarity (dielectric constgrdf the solvent is increased, the magnitude
of p™ and p~ decreased, whereas that@# increased. Satisfactory correlations were obtained between
values p*, p~ andpyy') and the Kirkwood functiorx (= € — 1/2¢ + 1). Thepyy' values are negative with

a magnitude greater for the anionje{:~) than the cationicdyy:") system.

Introduction SCHEME 1: S\2 Type Transition State?
i Pxz
The Brgnsted and Hammett relations have long served as @ Px @ @ Pz @

useful tools for predictions of reactivity and mechanism of

organic reactions. These linear free energy relationships have ;
since been extended into more sophisticated forms, such as the Pxy ™ vz
one including cross-interaction constants (ClEahd continue

to contribute powerfully to reactivity theory and elucidation of @
reaction mechanism. The CICg;, are defined in egs 1a and

1b wherei and]j denote substituent in the nucleophile (X), Py
substrate (nonleaving group, Y), or leaving group (Z) in a
nucleophilic substitution or an addition reaction, Scheme 1 (for @
S\2 reactions). For equilibrium processds, and kqy are
replaced by equilibrium constant;; and Ky, respectively. aR is a reaction center angl is a substituent. Fragments are denoted
as X, Y, and Z for the nucleophile, substrate and leaving group,
log(K;/ky) = pio; + pj0; + p;0i0; (1a) respectively.
p; = 0pildo; = dp,/d0; (1b) have been reportéd-However, theoretical investigations on the

CICs are scarce. The main reason for the paucity of theoretical

Abundant experimental data on applications of CICs to data on the CICs is the large reaction systems involved, since
elucidation of mechanisms have been accumulated for varioustWo rings with substituents are necessary for the CIC calculation.
reaction types of nucleophilic substitution and addition reactions 10 derive reasonably reliable MO theoretical results, inclusion
mostly in solutiont2 Some MO theoretical investigations have of polar_lzatlon an_d dlffuse_ functions with account of elec_tron
also been reported on the applications to the gas-phase reactioforrelation eff.ect is essential, and her}ce unduly Ia.rge pa5|s sets
mechanism&However, no systematic theoretical works for the and computational expenses are required for reactions involving
solvent effect on the CIC are available in the literature, although at least 15 heavy (non-hydrogen) atoms. However, the compu-
some experimental studies have been repdri&chumber of tational time and_ expenses can be drastically reduced with the
DFT and ab initio works on the physical properties suchias p ~ USe of the density functional theory (DFT) calculati®asd

values involving Hammett correlations of the substituent effects theoretical studies on CICs are feasible. ,
In this work, restricted HF and DFT calculations are

* To whom correspondence should be addressed. ¥8R-32-8607671. performed on the benzhydryl cation and anion (Scheme 2,where
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SCHEME 2 of the central C*. The symmetry is destroyed by introducing
+|| an electron donor (e.g., ¥ p-NHy) in cation, or an electron
A acceptor (e.g.p-NO,) in anion of one ring which causes an
| | enhancedr-delocalization leading to a more coplanar Y-ring
Y// /\Y- with sp? C*. This in turn will force the other (Y) ring further
out of the plane. Reference to Table 1 shows that in the ionic
are then estimated using eq 1. Solvent effectgp@nd pyy: form the anglep is reduced from the molecule & 56.6° with
are calculated by using the CPCM methdal three solvents, Y = Y' = H) with a larger decrease in the anionic forth £
benzene, dichloroethane, and acetonitrile. 7.7) than in the cationic form¢g{ = 17.7). This is related to a
_ wider anglef (133.0 vs 131.8), a longer C*ring bond length
Calculations (d; = dp = 1.424A vs 1.418A), and of course a larger electronic
The equilibrium constants for benzhydryl catiokj and ~ charge on C* {1.424 vs+0.056 electron unit) for the anionic
anion () formation are estimated for egs 2a and 2b, than cationic form.
respectively On the other hand, the solvent causes a greater tgisty

6.2° compared to that in the gas phase fortieaitralmolecule,
YCgH,CH,CH,Y' LSS YCGH4C+HC6H4Y' +H™ (2a) but¢ is _slightly reduced_in the cation and anion upon solvation.
The optimized geometries, bond lengths and bond angles, vary
little upon solvation as can be seen in Table 1, and hence in
the estimation of solvent effects on thevalues application of
the PCM model on the gas-phase geometries seems to be

YCH,CH,C4H,Y' == YCH,C HCH,Y' + H' (2b)

The Hammett equation can be given as eq 3, wherekiog

defined as eq 4 justified.
2. Effects of Substituent Y onpy-. a. Cationic System3.he
AG? — AG?, o results of RHF and B3LYP calculations pf " values with
_ Y H_ OAG® _ . ’ X .
logKv/Ki) =~ 303rT — 1362 P © variation of substituent Y are summarized in Table 2. In general,

log Ky is linearly correlated witlwy- satisfactorily. The sign

of py'" is negative as expected for a process in which cationic

charge develops on the functional center, C*. Electron donating
G(H ™, or H+) — G(neutral molecule) (4) substituent Y rgdu_ces the s_ensitivity of the cationic charge at

' C* to the substitution of ¥ring: doy™ < 0 — Jd|pyt| < 0.

For cations and anions, the exalted/alues,o* ando —, are This decrease ifpy " is a result of the decrease in the cationic

used® We need not be concerned with the absolute values of charge on C* due to electron donation from the Y-ring. Thus

G(H") and G(H) since they cancel out in the Hammett whenever the charge on C* is reduced by one ring, its sensitivity

equation. For a given Y, we varied the other substitueny, Y to the substituents on the other ring becomes we&kEor

logK; = 1ATGG4 whereAG® = G(cation, or anionjt

and py* and py:~ values are obtained. The ClCsyy-* and example, a decrease in the cationic charge (Table 1) from
pyy~ are estimated from variation of values againstr +0.056 (Y= H) to +0.004 (Y= p-NH,) with Y' = H leads to
according to eq 1b. a decrease in the magnitude @f* from —10.37 to—7.95.

The thermodynamic functional, AS andAG) were calcu- The magnitude opy" is found to decrease as the level of
lated within the ideal gas, rigid-rotor, and harmonic oscillator calculation is raised, i.e., as the basis sets are increased from
approximations, as implemented in Gaussiar! $8e calcula- 3-21G* to 6-3H-G* and also by accounting for electron

tion of AGyasuses a reference state of 1 atm (298.15 K) and correlation effect, RHF/6-3tG* — B3LYP/6-314+G*. There

the calculation oAG in solution uses a reference state of 1 M are two exceptions to the latter effect: For the strong delocalized
so that conversion ahGgad1 atm) intoAGgad1 M) is necessary  systems with donorg-NH, (0™ = —1.30) andp-OMe (0" =

by adding a factor oRTIn(24.46)1° However in the calculations ~ —0.78), the magnitude qfy " is actually greater (not smaller)

of Hammettp values, we are using relativ&G values and for B3LYP than for RHF results. This can be attributed to the
therefore the correction term cancels out. The geometries andfact that electron correlation stabilizes delocalized electronic
energies were fully optimized at the RHF/3-21G*, RHF/6-31G*, structure over localized ones, but RHF theory tends to be
RHF/6-3H-G* and B3LYP/6-31-G*%d |evels. All stationary inaccurate in accounting for such effeétsThus, for a more
points were characterized by normal-mode analysis. Chargesdelocalized system with a stronger dondy Mg Ky- value will
were calculated by using the natural population analysis (NPA) be greater for B3LYP than for RHF leading to a steeper straight
of Weinhold!! Solvent effects are estimated at the B3LYP level line Hammett plots for the former (Figure 1).

on the gas-phase geometries for benzene @.27), dichloro- The smaller magnitude gfy:* (O]py:t| < 0 — dpy™ > 0)
ethane ¢ = 10.0) and acetonitrilee(= 35.94) by using the  for a stronger electron donor Y¢y* < 0) gives a negative
C—PCM (conductor PCM} method which is a modification  cjc, pyyt (= dpytldoyt< 0). This systematic decrease in
of the PCM (polarizable continuum model) method of Miertus, |p.*| with the increased electron donation from the Y-ring
Scrocco and Toma&iband allows efficient geometry optimiza-  should result from a diminished polarization of the C&GY

tion in solution. The Z matrices and energies are given in the system. The gas-phase CICs are much more negative with the

Supporting Information. RHF than with the DFT so that inclusion of electron correlation
) ) effect is essential for estimation of reasonably reliable CIC
Results and Discussion values.

1. Structures. The charges on C* and relevant geometries  b. Anionic SystemsThe RHF and B3LYPpy~ and py:"
are collected in Table 1. The angles of rotatigi ¢f the two values are summarized in Table 3. Linearities of the Hammett
rings around the bondsl; and d; in Scheme 3, are mainly  and CIC plots are satisfactory in all cases. The sigpyof is
related to the relative delocalizabilities of substituents. When positive as the negative charge develops at C* in the deproto-
Y =Y’, the two aryl groups are twisted equally out of the plane nation process. Since an electron withdrawing substituent in the
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TABLE 1: Charges on C*2 and Relevant Geometrie at B3LYP/6-314+-G* Level

neutral form cationic form
Y Y’ charge dh dz 0 ¢ charge dh dz 0 ¢

P-NH, p-NH> —-0.474 1.521 1.521 115.1 —56.70 —0.032 1.412 1.412 132.6 —14.76
H —0.478 1.519 1.520 115.0 —56.18 0.004 1.396 1.435 131.6 —22.73

p-NO, —0.484 1.518 1.522 115.1 —46.16 0.007 1.390 1.444 1309 —26.73

H —0.481 1.521 1.522 114.8 —56.61 0.056 1.418 1.418 1315 —-17.73

(1519  (1.522)  (114.5) {62.76) (1.417)  (1.417)  (131.4) —(Q7.61)

H [1.520F [1.521] [114.3] [69.48] [1.417] [1.417] [131.2] +18.21]
{152 {1523 {1143 {-68.42 {1.41% {1413 {131.3 {-18.13

p-NO, —0.487 1.520 1.521 114.6 —-50.40 0.063 1.411 1.423 131.3 —20.63

p-NO, p-NO, —0.492 1.520 1.521 114.4 —56.51 0.074 1.420 1.420 131.2 —18.35

neutral from anionic form

p-CHs p-CHs —0.480 1.521 1.521 114.8 —58.70 —0.403 1.424 1.424 132.7 —-7.70
H —-0.481 1.521 1.521 114.8 —57.98 —-0.401 1.425 1.423 132.9 —7.04

p-NO;, —0.486 1.521 1.520 114.4 —55.65 —0.325 1.442 1.399 132.2 —7.50

H —-0.481 1.521 1.522 114.8 —56.61 —-0.416 1.424 1.424 133.0 —7.72

(1.519F  (1.522)  (114.5) {62.76) (1.424)  (1.424)  (133.0) —6.82)

H [1.520F [1.521] [114.3] [69.48] [1.425] [1.425] [133.3] +2.98]
{1.52¢¢ {1.521 {1143 {-—68.43 {1.4268 {1.426 {133.3 {—4.43

p-NO; —0.487 1.520 1.521 114.6 —-50.40 —-0.341 1.441 1.400 132.4 —7.93

p-NO, p-NO, —0.498 1.520 1.521 114.4 —56.51 —0.302 1.417 1.417 132.7 —10.94

aNPA charges at the NBOB3LYP/6-31+G* level. ® Bond lengths and angles are in A and degree, respectiv¥giues h () are in benzene
at the CPCM-B3LYP/6-3%G* level. 9 Values n [ ] are in dichloroethan at the CPCM-B3LYP/6-8G* level. ¢ Values in{ } are in acetonitrile
at the CPCM-B3LYP/6-31G* level.

SCHEME 3 protonation equilibriakg™) of the monosubstituted benzhydrols
H in aqueous sulfuric acid medium, ed%.
L.
& NG +H +
1o 29 YCHCHCH,Y'  ==—=——== YCH,CHCH,Y' + H0 ®)
X | Ka

‘ / N OH
/ G ___\ The DFT value ofpy't = —8.45 in MeCN ¢ = 35.94) in
Y Y Table 2 is ca. twice that of these values. The discrepancies may

result from nonbulk (specific solvent) effects in the solvolysis,
Y-ring (doy~ > 0) reduces anionic charge on C*, the sensitivity since we are assuming bulk effect only in our solvent effect
of the charge on C* to the substitution of-¥ng decreases,  studies. In the hydroxylic solvent the cationic charge on C* is
0oy~ > 0— dqc+ < 0— dpy:~ < 0. This is quite similar to dispersed or transferred to solvent by an-rp* type charge-
the decrease ifpy-"| found with the decrease in the cationic transfer interactiol from the lone pair electrons (Zptype
charge by an electron donor Y in the cationic system noted nonbonding orbital) on the oxygen atom to the cationic center
above. Here again, the size pf~ decreases as the basis sets C*and as a result cationic charge is reduced leading to a reduced
are increased, whereas it increases as the electron correlatiomagnitude ofoy* values. There will also be a weak hydrogen
effect is included so that the size becomes greater for B3LYP bonding, in Scheme 4, in addition to the charge transfer by n
than the corresponding RHF value. This is also attributed to — p* interaction, which will also reduce the cationic charge
the inaccurate estimation of energy stabilization by the RHF on C*.
method for delocalized anionic systems with electron acceptor The magnitude of botlpy* and py~ decreases with an
substituents. Since electron correlation (DFT) stabilizes the increase in the dielectric constanbf the solvent. This is due
delocalized anions with electron acceptdrsyibstituents more  to the decrease in the energy of interaction (E) between two
than the localized oné8Jog Ky~ should be greater for electron  point charges (or dipoleg: ande, at a distance r relative to
acceptors and results in an increased slope of the Hammett plotshe energy at infinite separation with an increase, ias given
relative to that with RHF theory (Figure 1). by the Coulomb'’s lawt® eq 6

The magnitude ofoy:~ decreases with an increase in the e
electron accepting power of the substituentdy— > 0 — E= 1_%
Oopy:~ < 0. This is of course due to the decrease in the anionic €r
charge on C* by electron withdrawing of substituent Y. For
example, a decrease in the anionic charge (Table 1) ffor841

(Y = H) to —0.302 {¥ = p-NO,) with Y' = p-NO; resulted in

(6)

Thepy values are linearly correlated with Kirkwood functi&h,
fk in eq 7. For Y= H the correlations are as given by eqs 8a

the decrease ipy~ from 12.74 to 8.95. The sign Qfyy~ and 8b
becomes negativenyy:~ = dpy /doy~ < 0. e—1
3. Solvent Effects.The py* values of —4.22 in MeOH fi = 2+ 1 (7)

(e = 32.66),—4.15 in EtOH € = 24.55) and-4.13 in 2-PrOH .

(¢ = 19.92) are reported for the solvolysis of monosubsti- py. = 4.02@0.17%, — 10.33@0.06);r = 0.998,n=4
tuted benzhydryl chlorides at 28C.4 Similarly, for the (8a)
solvolysis of monosubstituted benzhydryl chlorides in 183 _

85(acetone)% (v/v) solution ati,!5 the estimategy:* value py. = —5.45(0.31f, + 12.68(0.11);r = 0.997,n=4
is —4.10. The same value—@4.1) was also obtained for (8b)
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TABLE 2: Hammett py* Values and Cross-Interaction Constantspyy ™, for Cation Formation?2

HF DFT CPCM
Y ot 3-21G* 6-31G* 6-31-G* 6-31+G* benzene GH.Cl; MeCN
p-NH, —-1.30 —-7.67 —7.52 —-7.38 —-7.95 —6.47 —5.22 —4.99
p-OCH; —-0.78 —8.95 —8.61 —8.41 —8.53 —7.45 —6.52 —6.42
p-CHs -0.31 -10.56 -10.23 -9.94 -9.25 -8.29 7.53 -7.38
H 0.00 -11.45 —11.00 -10.87 -10.37 -9.34 —8.58 —8.45
p-Cl 0.11 —11.42 —10.92 —10.72 —9.84 —9.01 —8.41 —8.03
m-Cl 0.37 —12.01 —11.56 —11.42 —10.36 —9.55 —8.89 —8.80
p-CN 0.66 —12.43 —12.08 —11.92 —10.53 —10.02 —9.65 —9.59
p-NO, 0.79 —13.24 —12.64 —12.50 —10.93 —10.40 —9.99 —9.93
vyt —2.56 —2.41 —2.43 —1.43 —1.85 —2.24 —2.29
aCorrelation coefficients; > 0.98
DFT DFT Experimentally, theoyy-™ value of —1.64 was obtained by
HF ) - gstimation from the solvolysis rate data of benzhydryl chloride
N o Py e in 85(v/v)% acetonewater solution at ®C'® and also from
loghy: ogky the protonation equilibria of disubstituted benzhydé8lsq 5.
Our DFT-CPCM value of-2.29 in MeCN ¢ = 35.94) for the
D - benzhydryl cation formation process is again larger since only
the bulk solvent effect is considered. The discrepancy is again
smaller than the corresponding discrepancyyinvalues since
the CICs are the second derivative parameters. As stated above,
we expect a very small difference in the CIC value with solvent
RS T - changes which will be within experimental error, since there is
pNH, ;1; - ; ;_NO7 only a small change ifk, and hence in they: as well asoyy:

Figure 1. Schematic plots for the effect of stabilization (increase in
Ky- values) by electron correlation (DFT). Ti&-* for ov* < 0 and
Ky~ for oy~ > 0 are lower for HF than for DFT due to inaccurate
estimation of the stabilization by delocalization.

In contrast to the decrease in the magnitudpvof|py|) with
fk, the magnitude of CICs increases wit) &s given by eqs 9a
and 9b

pyy: = —1.82(0.05), — 1.43¢-0.02);r = 0.999,n = 4
(9a)

Py = —2.22@0.17%, _ 2.55(:0.06);r = 0.994,n = 4
(9b)

The dependence gfy: values onfk is larger by more than
two times than the corresponding dependencgyef. This is
as expected since the CICs are the second derivativeoand
values are the first derivative parameters. We found no
significant correlation betweepy: (or pyy') and the dielectric
constante. Since thefx values converge to 0.5 rapidly ads
increased beyond ca.= 20, both thepoy: andpyy' values stay
practically constant within experimental error for solvents with
€ greater than ca. 2@(= 0.463). This means that the magnitude
of p values will vary little with solvent provided only the bulk
solvent effect is important for the reaction series. For example,
the nearly constamty-* values (4.2) found for the solvolysis
of benzhydryl chlorides in aqueous acetdnand the three
alcohol solvents cited abolfesuggests that the bulk solvent
effects are indeed small in the variation ©ffx) with nearly
constant specific solvent effects for the solvolysis in the three
alcohols. Similarly, the reaction constagtt for polar effects
of alkyl groups on bromination rates of alkenes calculated by
Taft's equation, lod{k,) = p*Zo*, is —3.1 in MeOH ¢ =
32.66) which varies little with solvent changes+@3.1, —2.9,
and —3.3 in acetic acidd = 6.17), 70% MeOH-H,0O and in
HoO (e 78.30), respectivel§? This almost insignificant
solvent sensitivity op* in bromination reflects the importance
of bulk solvent effect in bromination, in contrast to the solvent
dependence gf* in solvolysis due to specific solvent effetk.

value, above: = 20. For the bromination of 1,1-diphenyleth-
ylene, pyy't was —1.55 in MeOH at 25C,2° which is slightly
smaller than that for the benzhydryl systeml(64)>16due to
weak delocalization of cationic charge intg @oiety (CHBr)

in the transition state, Scheme 5.

For the benzhydryl system with a strong cationic charge
development in the TS, the magnitude of the experimental
value is estimated to be by far greater; for the solvolysis of
o-CFs-benzhydryl tosylates (Y& 4 CCRz-CgH4Y'-OTs) in 80%
EtOH—H,0 at 25°C gavepyy'™ = —5.5 ( = 0.924,n = 3).15
Although this value is a rough estimate, the large negative value
obtained can be interpreted to indicate a strong cationic charge
development in the TS. Thus, the CIC between substituents in
the two rings of benzhydryl system also depend on the strength
of charge developed on the functional center, C*, in the TS or
in the equilibrium, suggesting that the magnitude of CIC is a
function of change in the polarization of the molecule as a whole
in the reaction in contrast toy* values which are dependent
on the change in the polarization involving a single ring.

When there is another carbong®etween the two rings, as
in stilbene, the magnitude of CIC will be attenuated ap-
proximately by a falloff factor of 3.8 (3.5 from brominatiGf)
which was experimentally obtained by the ratiqef/ps™ from
the dehydration of 1,2-diphenylethatfe-or example, for the
bromination of stilbenes in methanol, an estimated value of
pyy' was—0.5120 This is a quite reasonable value compared
with —0.61 estimated from the value 6f2.3 (—2.3/3.8 =
—0.61) for MeCN in Table 2 considering the attenuation due
to an extra carbon inserted by a factor of 3.8.

The dependence gfy:~ and pyy:~ on f is slightly greater
than the corresponding values @f* and pyy'*, respectively.
This seems to result from the stronger negative charggifq
the anionic than the positive chargefdn the cationic system
on C*.

Experimental data on the anionic forms of benzhydryl system
are very scarce, and comparison of our DFT results with
experiments is limited. Since there will be strong hydrogen
bonding of the anionic carbon center by hydroxylic (or protic)
solvent molecules, the anionic charge will be reduced in the
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TABLE 3: Hammett py— Values and Cross-Interaction Constantspyy —, for Anion Formation 2
HF DFT CPCM
Y o 3-21G* 6-31G* 6-3%-G* 6-31+G* benzene GH.Cl MeCN
p-CHs -0.17 14.29 13.27 12.83 12.94 11.71 11.01 10.75
H 0.00 14.02 13.08 12.64 12.74 11.33 10.28 10.16
p-Cl 0.19 12.82 12.08 11.89 12.32 11.02 9.93 9.88
m-Cl 0.37 12.80 11.95 11.56 12.15 10.75 9.84 9.63
m-CN 0.56 12.62 11.66 11.39 12.03 10.91 10.20 10.01
m-NG;, 0.71 12.28 11.48 11.18 11.19 9.89 8.67 8.58
p-CN 1.00 10.62 10.06 9.68 10.50 8.85 —7.59 7.36
p-NG;, 1.27 7.89 8.19 7.70 8.95 6.99 5.18 4.84
royy~ —3.91 —3.22 —3.25 —2.59 —2.98 —3.54 —3.62
aCorrelation coefficients; > 0.95
SCHEME 4 4. The magnitude of™ andp~ values decreases, but that of
1 O"O the cross-interaction constapt;y', increases, with the polarity
YCqH,_ A5 (f) of the solvent.
Y'cf,H?"a'_____ Y 5. Since the Kirkwood functiorfk, converges rapidly to 0.5
for € greater than ca. 20, thevalues stay practically constant
SCHEME 5 beyonde = 20 as the solvent is changeg«£ constant fore >

CH,Br

.

hydroxylic solvents by the specific solvation and hencegdhe

20) within experimental errors.
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values should be substantially smaller than our estimated valuesgeferences and Notes

based on purely bulk solvent effects. We think therefore that
our results of the™ and the CICs will be substantially larger
than the corresponding experimental values if available; this is
exactly the same situation as we found with the cationic forms.
In the nucleophilic additions of benzylamines fecyanostil-
benes in acetonitrile at 3T 22 eq 10, theoyy'~ value of—0.72

was obtained. The value compares satisfactorily with our
theoretical value for the benzhydryl anion formation in aceto-
nitrile, pyy'~ = —3.62, considering that there is attenuation by
a factor of ca. 3.8 by an extra carbon and that the value is for
the activation process in which the charge development is ca.
one-half of the full charge on the functional centegsa®d G
since the reaction has progressed to approximately halfway
through to completion.

MeCN YGHi s o
XC¢H,CH,NH, + YCgH,CH=C(CN)C¢H,Y' H—C==( (10)
30°C N
Hzl‘,f 5" GHLY'
Gt
CgHyX

Conclusions

1. The Hammett coefficienty™ and p~, are dependent on
the charge developed on the functional center, C*. Thus
whenever the charge on C* is reduced by one ring (Y), its
sensitivity to the substitution on the other ring;™ and py'~,
becomes weaker.

2. The RHF theory cannot account for the stability induced
by electron delocalization due to the electron-donor and
-acceptor substituents in the cationic and anionic systems,
respectively. As a result, the magnitude of the RpF and
oy values for such systems becomes smaller than the corre-
sponding DFT values.

3. Thep (o™, p~ andpyy-) values are linearly correlated with
the Kirkwood function,fx = ¢ — 1/2¢ + 1, but not with
dielectric constante, of the solvent.
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