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Thex-donating effects ofr-accepting X-substituents in substituted benzylic cationsC¥Hs—CHR' where

R = CFR;, H and OCH, and X= p-NHa, p-OCHs, p-CHs, H, p-F, p-Cl, p-CHO, m-CN, p-CN, m-NO, or

p-NO,, have been studied theoretically by using isodesmic hydride transfer reactions at various levels of
theory. It might be difficult to determine the-donating effects ofr-acceptors using the simple Hammett-
type linear equation, because it is not sensitive enough to include srdalhating effects. Therefore, this
effect was estimated using the NBO deletion enewyi) of the second-order charge-transfer interaction
(AE¢) between ther-orbitals (or lone pair orbitals) of the X-substituent and titeorbitals of phenyl ring.

The extents ofr-donating effects increased in the order=Xp-NO, < p-CHO < p-CN < p-ClI for both

neutral and cationic species, and these effects were found to be more important for para- than for meta-
substituents. Moreover, this could represent a general treng-ttonation bys-acceptors. On the other
hand, the effects of R-substituents on thiglonating effect were found to be in the order=ROCH; <

H = CF;, as predicted by natural resonance theory (NRT) analyses.

Introduction cations p-X—CgH4—CH,™, relative to allylic cations, XCH=
CH—CH,", through analyses of-electron densitie®

As is well-known, the reactions of benzylic systems can
proceed competitively via any@ or §y1 path when reaction
conditions, such as reaction media, diff@herefore, the effects
of ;r-acceptors are expected to play important roles in various
reactions via an @ path (which involves a benzylic cation
intermediate) or via any® path (which involves a dissociative
A . transition state (TS) with a partial positive charge at the reaction
dema_nd§. Howeve_r, it has been reported in theorel‘icamd_ center). However, no detailed thermodynamically based quan-
experimental .StUd'éShat knowna-electron acceptor S,u.bSt't' titative analysis of the effects af-acceptors has been reported.
uents; e.g., nitro, cyano, or carbonyl groups destablllzg Car Therefore, in this work, ther-donating effects ofr-acceptors
bocations less than is generally predicted by substituent in R-substituted benzylic cations, R CFs, H and OCH were

constants. This |tr)1d|cates that cgrbocatlons rg_'th t|>e stabilizedgy,jed theoretically using isodesmic hydride transfer reactions,
to some extent by resonance between therbital electrons  c’chown in eq 1, at various levels of theory.

on s-acceptors and an empty orbital in the cationic center.
Therefore, these substituents could play important roles in many CHR
CH,R

+ +
reactions proceeding via carbocationic intermediates, because fFHR R
reaction mechanisms and rates are affected by the stabilities of .
these intermediates. Q + = Q O]
X X

In a previous study of conjugated cationic speéi¥s; (CH=
CH),—CH,", wheren = 1 and 2, it was found that the stabilizing

Substituent effects on chemical equilibria or reaction rates
have been extensively studied using linear free energy relation-
ships (LFER) such as the Hamnieidt Bronsted-type equatién
to elucidate reaction mechanisms in physical organic chemistry.
In particular, in the Hammett-type equation, substituent effects
are managed using several different substituent constants,
ot or ¢ ~, for reaction systems with different electronic

effects of cations decrease as the number of intervening vinyl R = OCHj, Hand CF3
groups,n, increases. This implies thatelectron demands are X = p-NH,, p-OCHj, p-CH;, H, p-F, p-Cl, p-CHO,
diminished in cations withn = 2, because ther-electron m-CN, p-CN, m-NO, and p-NO,

densities in these systems are more abundant than in those where

n = 1. Therefore, ther-donating effects ofr-acceptors are  Calculations

expected to decrease further in cationic species having relatively All the calculations were performed using the Gaussian 98

abundagtrt-)elchetron dlznsmes.lln_deed, this pbhe_nomgnog hgs beelnprogramf? Stationary species were fully optimized at RHF and

reported by Reynolds et al. in para-substituted (X) benzy MP2(FC) levels with 6-31G(d) basis set and characterized by

E—, g roud bo add ETT— frequency calculations at the RHF level. The calculated energies
* To whom correspondence should be addressed. ¥8-32-860-7684. were further refined using the CBS-4Mand G3(MP2)°

Fax: +82-32-873-9333. E-mall: kekyung@inha.ac.kr. methods using optimized geometries at the MP2(FC) level. To
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TABLE 1: Hydride lon Affinities 2 for Species with X=H TABLE 2: Gibbs Free Energy Changes AG®, kcal mol™1)
in kcal mol—1 for Isodesmic Reactions, Eq 1, with R=H at 298 K
R RHF MP2 CBS-4 G3(MP2) X ota HF/6-31G* MP2/6-31G* CBS-4 G3(MP2)
OCH; 236.0 247.0 217.9 214.1 p-NH; —1.30 —-25.4 —25.3 —26.8 —26.7
(169.4) (184.4) (215.9) (209.5) p-OCH; —0.78 —17.0 -17.0 -16.2 —18.9
H 265.1 281.4 248.5 245.9 p-CHs -0.31 -7.0 —6.5 —-5.6 7.4
(198.4) (218.8) (246.5) (241.3) H 0.00 0.0 0.0 0.0 0.0
CK 281.6 295.9 269.2 260.7 p-F —-0.07 0.3 0.3 —-3.2 -0.6
(214.9) (233.3) (267.2) (256.2) p-Cl 0.11 3.8 1.4 16 —05
aValues in parentheses are corrected values obtained using theﬁ}%}{lo 8;2 12; 11; 1?83 1253
experimental enthalpyof —0.52630 Hartree for the hydride ion instead p-CN 0.66 161 12.4 113 127
of the calculated value. ITl-NOz 0.71 16.2 16.0 11.5 14.1
. p-NO, 0.78 21.4 14.3 13.0 15.0
orbital (NBO)* and natural resonance theory (NRT) analy3es, pib ~16.3 -14.8 ~141 —153

as developed by Weinhold and co-workers, were carried out

using the NBO-5.0 progratdinterfaced with the Gaussian 98 aValues are taken from ref 19&Regression coefficients are better

than 0.99 in all cases.

program.
TABLE 3: Gibbs Free Energy Changes AG®, kcal mol)
Results and Discussion for Isodesmic Reactions, Eq 1, with R= OCH3 at 298 K
(A) R-Substituent Effects on Relative Stabilities. To X o"® HF/6-31G* MP2/6-31G* CBS-4 G3(MP2)
compare R-substituent effects on the stabilities of benzylic p-NH, -1.30 -16.8 —-15.3 -153 -16.1
cations, hydride ion affinities (HIA) (defined as the negative p-OCHs —-0.78  —10.2 -9.1 -9.2 -10.3
value of the reaction enthalpy of eq 2 (HKA —AH°)) were p-CH;  —0.31 —4.5 -39 —41  —45
H 0.00 0.0 0.0 0.0 0.0
. _ p-F —-0.07 1.3 1.4 1.4 1.0
CeHsCHR™ + H — C;H;CH,R 2) p-Cl 0.11 5.6 4.0 3.0 3.0
p-CHO 0.42 9.0 6.7 6.6 7.4
calculated at various theoretical levels, as summarized in Table ™CN 8-22 1%; 13-‘2‘ 13-2 1%-2
1. In a previous stud¥ we found that the calculated HIA values : 13. 10. 10. 10.
f Il h h | | NO, 0.71 13.7 13.0 11.9 11.9
or small hydrocarbons showed larger absolute errors even at , \ 0.78 16.6 111 117 122
highly accurate theoretical levels such as the G2 and G3 levels. ol b -11.9 -11.2 -10.1 —106

Because these errors were caused by inadequate considerationsxav | ken § £ 108R ) ffici b

of the energy of the hydride ion, calculated HIA values were alues are taken from re egression coefficients are better
. h than 0.99 in all cases.

improved when experimental enthalpy was employed for the

hydride ion instead of theoretical values. Similarly, the calcu- TABLE 4: Gibbs Free Energy Changes AG®, kcal mol-2)
lated HIA values of the benzyl cation (R H) (Table 1) were  for Isodesmic Reactions, eq 1, with R= CF3 at 298 K

much Iarger than the experimental value of 237.8 kcahh¥l X ota HF/6-31G* MP2/6-31G* CBS-4 G3(MP2)
For_elxample, the calculated HIA value shows an error (8.1 kcal oNH, —130 282 286 331 —296
mol~1) larger than the experimental value even at the G3(MP2) pOCH, —0.78 —17.9 182 —224 —197
level, although calculated values at the RHF and MP2 levels p.cH, —0.31 —6.9 —6.4 -10.4 —7.2
are unreliable due to the lack of a diffuse function for the hydride H 0.00 0.0 0.0 0.0 0.0
ion in the 6-31G(d) basis set. However, the calculated value of P-F —0.07 —0.3 —0.6 —4.8 —1.4
HIA at the G3(MP2) level becomes 241.3 kcal miolvhen the p-Cl 0.11 2.9 0.2 -50  -17
, S : pCHO  0.42 9.3 7.2 4.6 77
experimental en;halpy pf the hydrlde ion is usédind 'FhIS m-CN 0.56 141 143 10.9 135
corrected value is relatively consistent with the experimental p.cn 0.66 15.3 11.6 8.8 11.8
value. Therefore, corrected HIA values at the G3(MP2) level m-NO, 0.71 15.8 15.3 11.2 13.6
were used in the following discussions. p-NO, 0.78 21.0 13.7 11.8 14.4
To study the effect of the R-substituent in detail, stabilization ox ° —16.8 —-156  -161 -159
energy (SE) (defined as the difference in HIA between two  avajues are taken from ref 19aRegression coefficients are better
substituents), is shown in eq 3. The calculated SE{I®CH) than 0.99 in all cases.
SE(X—Y) = HIA(Y) — HIA(X) (3) stabilities of benzylic cations, €ls—CHR", are smaller than

those of substituted-methyl cations;-RH,™, in stabilizing the
in the benzylic system is-31.8 kcal mot!. However, the phenyl ring.
experimentdl’ and calculated SE(H—~ OCH) values for (B) m-Donating Effects of z-Accepting X-Substituents.
substituted-methyl cations,-RCH,", are—69.0 and—74.8 kcal Gibbs free energy changea\@g) for gas-phase isodesmic
mol~1, respectively. This indicates that the stabilizing effect of hydride transfer reactions (eq 1), calculated at various theoretical
R = OCH; in benzylic cations is smaller than that in methyl levels at 298 K, are summarized in Tables® The electronic
cations. Similarly, the destabilizing effect of R CF; relative energies of the neutral and cationic species have been collated
to R = H might also be smaller in benzylic cations. However, in Supporting Information (Tables SBE3). In general, the Gibbs
direct comparisons are not feasible in this case, because thefree energy changes were well reproduced within 5 kcalfol
corresponding methyl analogue, £FCH,™, does not exist as  when electron correlations were included in the computations
a stable structure at the MP2/6-31G(d) le¥eT his suggests at the MP2, CBS-4M and G3(MP2) levels. This indicates that
that destabilization by the GISubstituent in the methyl cation  our analyses of ther-donating effects of X-substituents are
is large compared to SE(H CF3) = 14.9 kcal mot? for the sufficiently reliable even at the MP2 theory level. However,
benzyl cation. Therefore, the R-substituent effects on the relativethe energy changes derived from thedonating effects of
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m-acceptors might be small in an absolute sense, because these
are self-evidently secondary effectsrohiccepting substituents.
Therefore, in this works-donating effects were analyzed by
using results from the highest theory level, i.e., G3(MP2).

The Hammett equatioheq 4a, is commonly used to correlate =
equilibrium or rate constants changes with substituent changesg 101
The left-hand side of this equation can be substituted by the 5
Gibbs free energy change of reaction (or the Gibbs free energyg;
change of activation) as is shown in eq 4b. Note thavalues <

204

154

54

04

log (Ky/K,,) = pxo " + constant (4a)

_AG°

2.3RT

= pyo' -+ constant (4b) -10-

(and hencep*) were used to consider positive charge develop- 15_1_5
ment at the reaction cent&t.Plots of eq 4b are depicted in
Figure 1 and the slopesoj() are also summarized in Tables
2—4. These figures show excellent linearityX 0.99) and the
absolute magnitudes of slope,s;ﬂ, increase in the order R
OCH; < H = CFs, although thelpy| for R = CFs is slightly
larger than for R= H. This indicates that the X-substituent
effects are larger for R CF; and H than for R= OCH;z. These
results well agree with the analyses of resonance structures; i.e.?gl
the effects of ring substituents (X) on the stabilities of cations
are larger for R= CF; (and/or R= H) than R= OCH;s due to

the relatively large contribution to a resonance structure between
the phenyl ring and the benzylic carbon center is the larger for
R = CR; and H as compared to R OCH;s (vide infra).

On the other hand, such excellent linearities (0.99) seem
to imply that thesr-donating effects ofr-acceptors are absent
in the benzylic cations studied in this work, because these
linearities would be expected to deteriorate if anomalous effects
exist. However, close examination of Tablesfreveals some
interesting features about electron-withdrawing X-substituents;
i.e., calculatedAGg values are more stabilized for some
X-substituents than might be expected from their values.

For example, the destabilizing effectsgpCN should be larger
than those ofm-CN, because the™ value is larger fop-CN
than form-CN. However, theAGg values ofp-CN are more
favorable by 0.7 (R= OCHg), 0.6 (R= H) and 1.7 kcal moi?

(R = CRg) than the corresponding values ofCN at the
G3(MP2) level. Moreover, thAGj values ofp-Cl (o;r =0.11)

are negative for R= H and CF, indicating that the stabilizing
effects of X= p-Cl are larger than those of % H. This means
that additional stabilizing effects are operative in the cases of
p-Cl andp-CN and these additional stabilizing effects could be
caused by ther-donating effects of these substituents. Based
on the above analyses, it is probably difficult to quantify the
m-donating effects of--acceptors using a simple Hammett-type
equation, egs 4; i.e., the linear equation is not sensitive enough
to identify such a smalk-donating effects. However, we find
that these additional stabilizing effects;donating effects,
cannot be reproduced correctly at relatively low levels theory
such as RHF and MP2 levels (see Tabte4.

If AG; values reflect the total effect of substituents, it would
be interesting to determine the puredonating effect of a given
mr-accepting X-substituent. The magnitude of-donating effect
that contributes taAGg could be estimated from the second-
order charge-transfer energE.)?° between ther-orbitals (or

(@)R=H
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Figure 1. Plots of AG°/1.364 versug™ values at the G3(MP2) level.

-1.0

is to calculate the deletion energ&Kp),'321which represents
the energy change caused by deletionAdE.; between two
interacting orbitals. CalculatedEp values at the NBO-RHF/
6-31G*//IMP2/6-31G* level for X-substituents with™ > 0 are

lone pair orbitals) of the X-substituent and th&orbitals of
the phenyl ring, because tleedonating effect (ofr-acceptors)
will clearly originate from the proximater—sz* interaction

summarized in Table 5. An examination of Table 5 shows that
the magnitudes oAE for cationic species are larger than those
of neutral species, which have no electron deficient center, as

between these two orbitals. One way of estimating such an effectwas reported in a previous paper for cationic speciegCH=
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TABLE 5: Deletion Energies (AEp) and Differences in
Deletion Energies §AEp)? Calculated at the NBO—RHF/
6-31G*//MP2/6-31G* Levels (kcal mof™)

R=0OCH; R=H R=CRK
AEp O0AEp AEp OAEp AEp OAEp

p-Cl neutral 9.7 4.1 95 104 10.0 117
cation 13.8 19.9 21.7

p-CHO  neutral 3.7 0.8 3.8 2.4 3.9 2.6
cation 4.5 6.1 6.5

m-CN neutral 5.6 1.1 5.7 1.3 5.6 1.5
cation 6.6 6.9 7.2

p-CN neutral 5.4 3.3 54 6.1 5.7 6.8
cation 8.8 115 12.4

mNO, neutral 21 -0.1 2.2 1.3 2.1 1.4
cation 2.0 3.4 35

p-NO.  neutral 2.1 1.8 2.9 0.5 2.1 2.4
cation 3.9 3.4 4.5

a 0AEp = AEp(cation) — AEp(neutral).

CH),—CH,".6 The AEp’s of cationic species increase in the
order R= OCH; < H < CF; as would be expected from the

electron donating/accepting abilities of these R-substituents.

However, theAEp values for some X-substituents in neutral

J. Phys. Chem. A, Vol. 110, No. 7, 2008503

OCH;
<—>

SCHEME 1

H__+_~OCH, OCH; H\/
c
I |

Hs

(L) 3.1%

(I) 56% (Ip) 19.5%

IE 5 IE SH H\(H H\‘/H
| |

(1I,) 18.1% (IO,) 55.4%

+ CF
-

(I, ) 12.0% (IILy) 53.4%

species are nearly the same regardless of R-substituents, The contributions of the wt %'s of resonance structures could

indicating that thes-donating effects of R-substituents are
negligibly small. For example, thieEp’s of X = Cl in cationic
species are 13.8, 19.9, and 21.7 kcal Thdbr R = OCH;, H

and CF, respectively, but the correspondidep’s of neutral
species are invariably ca. 10 kcal mblThis indicates that the
R-substituent plays a more important role in cationic species.

The magnitude ofAEp values increases in the order X
NO, < CHO < CN < ClI for both neutral and cationic species
as X-substituents vary, indicating that thedonating effect is
the largest for X= Cl. This order is wholly consistent with the

previous results obtained for conjugated cationic species,

X—CH=CH—-CH," and X—(CH=CH),—CH,", although the
absolute magnitudes oAEp values gradually decrease in
the order X-CH=CH-CH;" > X—(CH=CH),—CH;* >
X—CeHs—CHR™. Therefore, the ordering, X NO, < CHO

< CN < Cl, could represent a general trend for thelonating
abilities of r-acceptors.

(C) Resonance StructuresThe relatively high stabilities of

be confirmed by the bond lengtid_c) between benzyl carbon
and ipso carbon of phenyl ring. Théc—c in neutral species
with X = H are similar in all cases (R OCHs, 1.503 A; R=

H, 1.506 A; R= CF;, 1.507A). However, in cationic species,
thedc_c is much longer for R= OCHs (1.422 A) compared to
that for R= H (1.374) or CE (1.375 A). Therefore, bond length
changes are also agree well with the contributions of the wt
%'s of resonance structures shown in Scheme 1.

(D) Structural Effects on sz-Donation by s-Acceptors.
Table 5 shows thaAEp values are nearly independent of the
locations of X-substituents, i.e., meta or para, in neutral species.
However, these values are much larger for the para-position
than for the meta-position in cationic species. For example, the
AEp values for R= H are 5.7 and 5.4 kcal mot for m-CN
andp-CN, respectively, in neutral species, but the corresponding
values are 6.9 and 11.5 kcal mélin the respective cationic
species. These results could be simply explained using resonance
structures, i.e., in cationic species wiphX, the delocalized

benzylic cations originate from resonance interactions betweenrésonance structur/, which can stabilize the cationic benzylic

the phenyl ring and the cationic benzylic carbon cefiéro
examine the effects of R-substituent on the stabilities of benzylic
cations, contributions of resonance structures witl ¥ were
analyzed using the NRT methBdt the NBO-RHF/6-31G(d)//
MP2/6-31G(d) level. The calculated percentage weights (wt %)

of some important resonance structures are presented in Scheme

1.

As expected, the wt % of the resonance struclirewas
found to be about three times that of resonance strutkyrie
a simple benzyl cation (R= H). Similarly, Il , was found to
be the most important resonance structure for=RCFs;,
indicating that benzylic carbon stabilization is mainly achieved
by thes-donating effect of the phenyl ring. Moreover, similar
contributions in the wt %’'s ofll , and lll , are quite well
consistent with thepy | values discussed above; i.e., thg|
values are similar for R= CF; and H and their magnitudes
would be expected to depend largely on the contributions of
resonance structurds, andlll ,. On the other hand, for the
methoxy benzyl cation (R= OCHg), the resonance structurg
is the most important, and resonance struclyreontributes
only by about half of .. This indicates that the stabilizing effect
of R = OCH; is larger than that of the phenyl ring.

. R R
|
-
X x"

(1Iv)

carbon center directly, could be an important resonance structure

as noted above. However, such a resonance structure is in

principle not possible for cationic species withX. As a result,

the abae indicates that ther-donating effects ofr-acceptors

are more important for para than for meta substituents.
Nevertheless, Table 5 shows some interesting features for

X = NOy; i.e., theAEp values for cationic species with-NO,

andp-NO; are not very different. Moreover, th®Ep values of

the cationic species with-NO- is slightly larger for R= OCH;

than for R= H. These results seem to be somewhat extraor-

dinary. However, a close examination of the optimized structures

reveals a clue. In many cationic species, the X-substituents are
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coplanar with the aromatic ring to maximize proximate 7*
interactions. However, this is not possible NO, with R =
H or CF;; i.e., the NQ group deviates from the aromatic plane

Kim et al.

1982 104, 2516. (g) Hopkinson, A. C.; Dao, L. H.; Duperrouzel, P.; Maleki,
M.; Lee-Ruff, E.J. Chem. Soc., Chem. Commua883 727. (h) Olah, G.
A.; Prakash, G. K. S.; Arvanaghi, M.; Krishnamurthy, V. V.; Naran, S. C.
J. Am. Chem. S0d 984 106, 2378. (i) Krishnamurthy, V. V.; Prakash, G.

by ca. 7 and 10 for these respective R groups. These distortions K. S.; Lyer, P. S,; Olah, G. Al. Am. Chem. S0d 986 108, 1575. (j) Dao,
are necessary to reduce unfavorable excess electron withdrawal- H-; Maleki, M.; Hopkinson, A. C.; Lee-Ruff, E1. Am. Chem. S04 986

from the electron deficient benzylic fragments by &0,
substituent. And as a result of this distortion, thEp values
for mNO, and p-NO, become almost the same, although the
m-donating effect is nevertheless expected to be largegs-for

Conclusion

The m-donating effects ofr-accepting X-substituents in
substituted benzylic cations, XCsHs—CHR™, could not be

determined by using the simple Hammett-type linear equation,

108 5237. (k) Amyes, T. L.; Richard, J. P.; Novak, M.Am. Chem. Soc.
1992 114, 8032.

(6) Han, I. S.; Kim, C. K; Kim, C.-K.; Lee, H. W.; Lee, 0. Phys.
Chem. A2002 106, 2554.

(7) (@) Morrison, R. T.; Boyd, R. NOrganic Chemistry 6th ed;
Prentice-Hell: 1992; pp 575576. (b) Kohnstam, G.; Queen, A.; Shillaker,
B. Proc. Chem. Socl959 157.

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S. Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

because the Hammett-type equation is not so sensitive as t0 ' : Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.:
include smallz-donating effects. Moreover, these effects might Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
not be reproduced correctly at relatively lower level theory such :5? GO“E:PEJISNR-; Ma&ﬂ“’ R-AL-;GFOXv '|3- J-(;:Kg;h:”T-? A"bl-ahﬁmé'_\l/ll- ?-JM

eng, C. Y.; Nanayakkara, A.; Gonzalez, C.; allacombpe, M.; Gilll, P. M.
as RHF and MP2 levels. Instead, an accurate level of theoryw_; Johnson, B.. Chen, W.: Wong, M. W.. Andres, J. L.. Head-Gordon,

such as the G3(MP2) employed in this work could be used to m.; Replogle, E. S.; Pople, J. AGaussian 98 Revision A.6; Gaussian,

clarify such a small effect correctly. We found that the deletion Inc.: Pittsburgh, PA, 1998.

energy and NRT analyses were very useful tools for studying ch

the -donating effects ofr-accepting substituents.
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