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The effects of ortho- (R = H and GHand Y-substituents (Y = OGHCH; H and CN), which are directly at-
tached to the carbonyl carbon, on the protonation equilibria of the para-X-substituted benzoyl derivatives, 4-X-
2,6-di-R-GH»-C(=0)-Y, are investigated theoretically using the B3LYP method with 6-31+G* basis set.
Structurally, both of theR) and BH") forms in the species with R = H are nearly coplanar regardless of the
Y-substituents implying that the steric repulsion between Y-substituent and R = H is relatively small. In the
species with R = C}{ the tortional anglef) between the carbonyl moiety and aryl ring varies from zero to
near right angle depending on the degree of steric repulsion between Y andsRrd@h¢ resonance demand.
However the reaction energiés;°, for the protonation processes are more favorable for Rstl@ for R

=H due to stronger electron donating effect of R Gitthough the species with R = gBre unfavorable
sterically. On the other hand, the Hammett type plots are progressively better correlatedheithwith o

values on going from Y = OCHo Y = CN for both species with R = H and @Hdicating that the degree of
resonance delocalization between carbonyl moiety and X-substituent is increased for a more electron accepting
Y-substituent. Nevertheless the effects of R 3Ghithe magnitude of Hammett type reaction constars (

p") are not much different from those of R = H.

Keywords : Protonation equilibria, Benzoyl derivatives, Ortho-methyl substituent, B3LYP/6-31+G*, NRT
analysis.

Introduction stituent directly attached to the carbonyl carbon. Moreover,
it is expected that the resonance-stabilization effect mf a
The protonation equilibria of the carbonyl compounds aredonorpara-substituent will be effective only for the species
one of the important chemical processes, since the numerousth a co-planar structure such as benzaldehyde,the
reactions of carbonyl compounds occur under the specificesonance-stabilization effect offedonor para-substituent
acid catalyzed condition. Thus the studies on the protonatiowill be less effective or diminished if the carbonyl com-
equilibria of carbonyl compounds have been an interestingound had a non-planar structure due to steric reasons.
field in chemistry: Recently, we have reported theoretical Therefore, in this work, we have studied theoretically the
works on the protonation equilibria of the substituted benzeffect of a Y-substituent, which is directly attached in the
aldehydes, eq. (F)We have found that both the aldehyde carbonyl carbon, for the protonation equilibria of the para-
(A) and its protonated fornAH™) are resonance-stabilized X-substituted benzoyl derivatives of eqg. (2). Also, in order to
by a redonor parasubstituent, X, and hence the bond investigate the effects of the X- and Y-substituents more
lengths (&) between the carbonyl! (Land ipso (¢) carbon  thoroughly, the protonation equilibria for the system in
in both forms, A) and AH™), are better correlated with" which twoortho-positions of aryl ring are substituted by R =
than witho as expected from the resonance delocalization o€H; in eq. (2) have been studied. In the species with R =

the redonor substituents. CHs the extent of resonance delocalization will be decreased

H O H_4 OH

c ¢ Y P Y4 OH

C Co
. K
—_— R R K R R
+ H S @\ D + o —_—
X X
(A) (AH") ) X (2
N (BH")

However the extent of resonance-stabilization effect by ¢ (B)

redonor para-substituent is strongly dependent on the sub- R = H and CH,
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compared to R=H, because the molecular planarities il
both the B) and BH™) forms can be obstructed by the repul-
sive steric effects between the two ortho methyl substituent
and carbonyl moiety.

_______________________________

Calculation

The Gaussian-98 progrdrwas used in this work. The
geometries were fully optimized at RHF/6-31G* and
B3LYP/6-31+G* levels. The vibrational frequencies were
calculated at the RHF/6-31G* level to confirm the stationary
point specieé. The zero-point energy-corrected electronic b
energies were converted to enthalpy (H) by correcting fo o
translational, rotational and vibrational contributions and Scheme 1
adding RT (PV term) using the thermodynamic properties
calculated at RHF/6-31G* level. The Gibbs free energytrast, if the degree of steric repulsion between Y and R =
changes,AG, were then obtained using the calculatedCHs increases, the molecular planarity will be destroyed and
entropy changes)G =AH- TAS, at 298 K. The natural @ will increase.
resonance theory (NRT) analyses developed by Weinhold Examination of Table 1 shows that both tB¢ énd 8H)
and co-workerfswere carried out using NBO-4M program forms are non-planar bga. 8 = 15-90 for the species with

interfaced to the Gaussian-98 program. R=CH;and Y=0CH and CH. This indicates that the
steric repulsions between R and Y substituents are relatively
Results and Discussion large. However, as predicted above, the magnitude inf

the protonated formsBH™), is much smaller compared to
Structures. To investigate the structural effects of the two that in the corresponding neutral formB),(by 21-29 and

ortho-methyl substituents (R = GHin eq. (2), torsional 23-57 for R = OCH; and CH, respectively, since the reso-
angles @) between carbonyl moiety and aryl ring as repre-nance demand is enhanced in tBel{) form so as to stabi-
sented in Scheme 1 for the species with R s&# exam-  lize the cationic center,ClIn contrast, the magnitude &fn
ined in Table 1. In the R=H systems, both tB3 &nd the species with Y = H and R = Gli$ nearly zero indicating
(BH") forms are nearly coplanaf (0 0.°) regardless of the the coplanar structures for both tH®) @nd BH™) forms.
substituents, X and Y. This might imply that the steric repul-Therefore it is expected that the steric repulsion between Y =
sion between Y-substituent and R=H is not so largeH and R = CHis relatively weak compared to that between
Whereas, as collected in Table 1, the angle# the R= Y =0OCH; or CH; and R = CH, because the van der Waals
CHs; systems vary from zero to near right angle. Howeverradius of Y = H is much smaller than that of Y = OCbt
although the variations of the torsional angles in the R # CHCHs. On the other hand, for the species with R =z @htl Y
systems appear complex, these results are easily understandEN, the B) forms are non-planar b§ 0126 (X = NH,) ~
able by two factors which have opposite effects: (i) the44® (X = NO,), but the BH™) forms are nearly coplana ]
degree of resonance delocalization between X-substituerff). Thesef values for the species with Y = CN are much
and carbonyl carbon,Cand (i) the degree of steric repul- smaller compared to those for Y = Ogbt CHs. However
sion between Y and R = GHIn other words, if the degree these results are due to the differences in electronic effects
of resonance delocalization between X-substituent and carather than the steric effects between Y = QGHCH and
bonyl carbon increases, the molecular planarity will beCN, i.e., the demand of stabilization by the resonance delo-
enforced and hence the magnitud@afill decreas. In con-  calization in the species with Y = CN will be much larger

than that those with Y = OGHor CH; due to strongerr

accepting ability of Y =CN, even if the degrees of steric
Table 1 Torsional angles@(in degree) between carbonyl moiety repulsion between two substituents, R and Y, are similar or

and aryl ring for the species with R = €H larger for Y = CN compared to Y = OGiér CH.
Y  OCHs CHs H CN Besides the effect of Y-substituent, the magnitudé iof
X () (BH) (B) (BH) (B) (BH) (B) (BHY) both the B) and BH™) forms is also influenced by X-sub-

stituents, since the magnitude @progressively decreases
on going from a strongeraccepting o > 0) to a stronger
rrdonating X-substituentNg < 0) for the species with non-
planar structures. For example, in the species with Y & CH
and R = CH, the magnitude oB progressively increases
from 42 (X = NH,) to 89 (X = NQ) for the 8) forms and

from 23 (X = NH,) to 32 (X = NO;) for the BH") forms,
respectively. These results are undoubtedly caused by the

NH, 357 149 424 226 02 00 261 00
OCH: 394 189 589 242 03 00 302 00
CHs 453 196 681 262 02 00 343 00
H 494 229 750 284 00 00 375 00
Cl 469 217 707 273 02 00 361 0.0
CN 543 252 817 301 01 00 417 00
NO, 573 285 891 319 03 00 443 00
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Table 2 The calculated bond lengthsc{dn A) between the substituent. In contrast, the bond lengi{iB) in the species

carbonyl (G) and ipso () carbons with R = CH; decreases in the order Y = €HOCH; > CN
o y OCHs CHs H CN I> HB The orderdc:(f(g(\E(S) ir|1_|thedsp():e|\(|:ies with Rd: er':i; sirr'li;] o
X " " " " ar but reversed for Y = H an compared to that with R =
(B) (BH) ) (BH) B) (BH) (B) BH) H. This can be rationalized with the larger degree of steric
H NH: 1.480 1.420 1.488 1.400 1.469 1.383 1.464 1.390 repulsion between R = GHind Y for Y = CN than for Y =

OCHs 1.484 1.428 1.493 1.406 1.473 1.387 1.469 1.395 4 35 discussed above in the tortional angle (Table 1). Thus
CHs 1.488 1.438 1.498 1.417 1.478 1.395 1.475 1.402 the hond lengthdis stretched for Y = CN so as to release
H 1.4911.445 1.501 1.424 1.481 1.401 1.479 1.408 the ynfavorable steric repulsion, albeit the delocalizing abil-
Cl 1.490 1.440 1.501 1.420 1.480 1.397 1.478 1.404 jty \which makes ¢(B) shorter, is larger for Y = CN than for
CN 1.495 1.449 1.506 1.428 1.485 1.404 1.485 1.411vy = 4
NO, 1.497 1.453 1.508 1.433 1.487 1.407 1.487 1415 The ¢(BH") in the species with X = H decreases in the
Susceptibility 0.77 1.54 0.93 154 0.87 1.15 1.07 1.19 order Y = OCH> CH; > CN > H for both R = H and GH
o y OCHs CHs H CN This or?}er :js consistfent with the Eltelctror—donatibng ability of
" . " " Y, i.e., the degree of resonance delocalization between car-
X (B) (BH) B) BH) B BH) &) BH) bonyl moiety and aryl ring is reduced as the electron-donat-
CH; NH, 1.489 1.425 1.499 1.416 1.468 1.380 1.470 1.391 ing ability of Y-substituent is increased, and hengeisd
OCHs 1.492 1.433 1.508 1.422 1.472 1.384 1.476 1.395 stretched. Nevertheless, if so, this order seems to be incon-
CHs 1.496 1.442 1.512 1.431 1.477 1.390 1.482 1.400 sjstent with the electron-donating ability of Y for Y = H and
H 1.4991.448 1515 1.437 1.480 1.394 1.486 1.405 CN; since Y= CN is a much stronger electron acceptor than
Cl 1.498 1.444 1.515 1.433 1.479 1.392 1.485 1.402 y = H, However, in a cationic system, it has been shown
CN 1503 1.452 1.518 1.441 1.485 1.398 1.492 1.408 experimentall§ as well as theoreticaflyhat rracceptor sub-
NO; 1.504 1.456 1.518 1.445 1.487 1.403 1.495 1.411 g tituents such as CHO and CN etc. can agtdsnors. We
Susceptibility 0.73 1.42 0.85 1.38 0.87 0.95 1.12 0.95 have also confirmed the-donating ability of Y = CN in 1-
*Susceptibility = (slopex 100. Regression coefficients (1) are better than Substituted-allyl cations by the high lewa initio calcula-
0.98. tions using the Gaussian-3 and CBS-Q metkbdiberefore
the order of g(BH") agrees well with therdonating abili-
enhanced resonance-delocalization ability of a strorger ties of Y. However, the distance,,dn the species with R =
donating X-substituente., the degree of resonance delocal- CH; for both the (B) and (BH forms are, in general,
ization between carbonyl moiety and X-substituent shouldslightly longer than those with R = H except for Y = H,
be larger for a strongerdonating X-substituent than for a reflecting the increasing steric repulsion for the species with
strongerrraccepting X-substituent since the carbonyl moi-R = CH;. The d. in the species with Y = H is similar for
ety (Y-(C=0)-) itself acts as maccepting group. both R = H and Ck Once again, these results indicate that
To compare steric effects with resonance delocalizatiorthe degrees of steric repulsion for both species with R = H
more thoroughly, the calculated bond lengths, litetween  and CH are similar as predicted above (Table 1).
the carbonyl (¢) and ipso (§) carbons in theBR) and On the other hand, the:ionds are shortened in the proto-
(BH*) forms are collected in Table 2. In general, the bondhated forms, (BF), compared to the neutral forms, (B). This
length d. reflects the degrees of steric repulsion and resobond contraction,Ade. (=d.(BH)-0:.((B)) <0, indicates
nance delocalization between carbonyl moiety and aryl ringstronger delocalization in the (BHorm once again. Never-
As is well known, the larger the degree of steric repulsiortheless we have analyzed the effects of the Y- and X-substi-
the longer the d becomes in order to release the unfavor-tuents in the individual states, (B) and (BHorms on the
able steric repulsion. The bond lengthltecomes shorter as variations of the @ using the eq. (3) and the slopes of the
the degree of resonance delocalization is larger, since thaots of eq. (3) are summarized in Table 2. In both the (B)
double bond character in the @ increased. and (BH) forms, the plots of eq. (3) are better correlated
Examination of Table 2 shows that the(B) in the spe-  with o* than o constant¥ indicating the direct conjugation
cies with R = H and X = H decreases inthe order Y s €H between @ and X. However, the fact that all the plots are
OCH; > H > CN. This order is mainly the results of the dif- better correlated wito* than witho seems to be somewhat
ferences in the degree of resonance delocalization due to Y-
substituents, since the degree of steric repulsion for the spe- dec = slopex o* (3)
cies with R = H and X = H is relatively small as discussed
above. The degree of resonance delocalization due to Y-suburprising, especially for the cases of Y =;0kth R =
stituent will be larger for the Y-substituent with a more elec-CHj; it could be predicted that the resonance delocalization
tron accepting power. Therefore this order indicates that Y by direct conjugation is difficult structurally, since tlen
OCH;s is acting as a stronger electron withdrawing substituthe (B) forms are significantly distorted by 42 and &@n
ent than Y = CHlin the neutral form (B), since tleeaccept-  for X = NH, and OCH, respectively, which are regarded as
ing power of Y = OCHlis larger compared to Y = Gldven  strong rrdonor substituents. Nevertheless, the fact that the
if Y = OCHjs is generally known as a strongedonating  plot is better correlated witlh" implies that the effect of
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relatively rich compared with the protonated forni&{).

Thus the susceptibility (slope) becomes larger as the electron
accepting power of the Y increasésjnce the degree of the
resonance delocalization will be enhanced between the car-
bonyl carbon, & and a strongerrelectron donating X-sub-
stituent. The electron densities in the carbonyl moiety are
much poorer for theBH™) forms, and hence the degree of
the resonance delocalization is enhanced between the carbo-
nyl carbon, G, and a strongefraccepting X-substituent as
the electron donating power of the Y increases. So that the
susceptibility becomes larger as the electron donating power

of the Y increases for th8H™*) forms.

Energetics The stabilization energiedG°® = GAH™)
resonance delocalization contributes dominantly to the sugG(A) + G(H")], involved in the protonation process of eq
stituent effects for a strongerdonor substituent. This (2) are summarized in Table 3. The electronic effects of R =
expectation are confirmed by the relative ratio of resonanc€H; as an electron donor substituent are expected to be
structures obtained using the Natural Resonance Theoiynportant besides the steric effects discussed above. These
(NRT) developed by Weinhold and co-workers. The relativeelectronic effects of R = GHtompared to R = H could be
ratios between two resonance structures, unconjugated (Rferred from the differences #G° (AG®) in the species
and conjugated resonance structures (l1), for the species witkith Y = H, since the torsional angles (Table 1) for both of
X = NH; and OCH are represented in Scheme 2. As repre{B) and BH") forms for the species with Y =H and R =£H
sented in Scheme 2, conjugated structure (II) contributes tare nearly zero indicating the coplanar structures. This
the resonance structure by less than 10% as compared itaplies that the degree of steric repulsion between R & CH
structure (1). The ratio of the resonance structure (ll) to (I) isand Y = H is also relatively small and comparable to the case
negligibly small for the species with a relatively strongerwith R = H {ide supra. Therefore théAG® between R = H
electron acceptor X-substituent such as X = CN o BI®.  and CH for the species with Y = H may be considered as the
The Hammett type plot such as eq. (3) reflects the changeffferences of pure electronic effects. As expected, reference
of substituent effects and the contribution of the delocalizedo Table 3 shows that tAG® are more favorable by 5.1-6.5
resonance structure of (Il) becomes much larger for a strorkcal mol for R = CH than for R = H, and hence these dif-
ger redonor compared to gacceptor X-substituent. There- ferences are caused by relatively stronger electron donating
fore, although the relative contributions of the resonanceffect of R = CH than R = H. However, unfortunately, for
structures of (Il) are smaller than those of (1), the plots of eqthe species except for Y = H the magnitude of electronic
(3) could be better correlated witfithan witho. effects by R = Cklcannot be estimated, since the favorable

On the other hand, the slopes of eq. (3) reflect the suscepiectronic and unfavorable steric effects by R =; @té
tibilities of d.c bond lengths to the variations of the X substi- mutually cancel out each othee,, it could be expected that
tuents in the individual®) and BH*) forms. Therefore, the the degrees of steric effect by R = £ate different for the
magnitude of the slope is larger f@&H*) forms than for the  (B) and BH*) forms, because the torsional angles (Table 1)
correspondingg) forms except for the species with Y = CN
and R = CH as summarized in Table 2, since the demand offable 3 The stabilization energieAG°in kcal mof*) at 298 K for
the stabilization by resonance delocalization between carbdhe protonation process of eq. (2)
nyl moiety and aryl ring will be larger for th&K*) form Y

than for the correspondin®) form. The only exception for R X OCHs Chs H CN

the species with Y = CN and R = €hhight be caused by 1, NH, -204.43 212.04 207.98 19833
the structural differences betweds) @nd BH™) forms. As OCHs -199.75 -206.51 -201.85 19222
noted above, theB]) forms are non-planar buBK*) forms CHs -196.57 2015 -196.92 -185.99
are planar in the species with Y = CN and R =;CHhere- H 193.6 19756 191.74 -180.85
fore, the degrees of the steric repulsion as well as the reso- cl 191.93 -196.06 -190.69 -180.72
nance delocalization irBj forms are much different from CN  -184.% -188.15 182 55 17259
those of theRH") forms. NO, -18L.8  -18562  -17648  -169.29

However, the susceptibilities of the functional centers to

the variation of Y-substituent for thB)forms are in reverse CHs  NH, '206'?9 ~208.85 ~212.92 ~202.61
order to that of theBH*) forms, i.e., the magnitudes of the OCH,  -201.7 ~ -20401  -207.16  -196.33
slopes are larger for th) forms but smaller for theBH") CHs  -198.56 -199.99 -20L.74 ~189.62
forms as the electron accepting power of Y increases. These H -195.76 -196.01 -1979 18545
trends reflect the competitive effects between the carbonyl cl - -198.33 -193.99 -196.58 -184.92
moiety and X-substituent. In other words, in the neutral |\C1:('3\12 'i:ﬁg 'igg'zg 'igg'gg izggg

forms B) the electron densities in the carbonyl moiety are
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are decreases iBK™) forms.
On the other hand, thAG° for the species with R = H and
X = H decreases in the order Y = € OCH; > H > CN.
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Table 4 The Hammett type reaction constamsand p*, and the
ratio off /r obtained by DSP analyses

"

This stabilization energy order may be mainly caused by th
stabilizing abilities of cationic center,Cby Y in the BH)
forms. Of course, if the stabilization energy order only
results from the stabilizing abilities of Y in thBH*) forms,
this order should be reversed for Y = OChhd CH,
because the stabilizing ability of cationic center in Bié*)
form is undoubtedly larger for Y = OGkhan for Y = CH.

However, the stabilization energies are actually originated

by the difference of stabilizing effects betwed) @nd

Y p P f/r2
° H OCH -11.2(r=0.995) -7.6(=0.981) 1.3
CH: -134(r=0.991) -92(r=0995 09
H -143(r=00988) -9.9(=099) 0.8
CN  -14.4(=0.980) -10.1(r=0.997) 0.6
CHs OCHs -11.2(r=0997) -7.7(r=0989) 1.2
CHs -13.0(r=0.994) -89(r=0989) 1.1
H -135(r=00988) -9.4(r=0997) 0.8
CN  -14.3(=0.980) -10.0(r=0.998) 0.6

(BH*) forms. Therefore, although the degree of stabilizatiorfRegression coefficients (r) are better than 0.995.

by Y = OCH; is larger than that by GHh (BH™) form, if the
same effect is also operates B) form, then the net stabili-
zation energy,AG, will be larger for Y = Chlrather than for
Y = OCHs. This stabilization effect by Y = OGHn (B)
form is indeed confirmed by the NRT analysis,, the ratio
of the resonance structure (Ill) to (IV) with X =Hda 6: 1

Reaction Parameters The reaction constantg @ndp” )
in the Hammett type relationshimf eq. (4) are collected in
Table 4. Interestingly, the plots of tA&° are progressively
better correlated witb* than witho values on going from Y
= OCH; to Y = CN for both species with R = H and £€H

as represented in Scheme 3. The contribution of the resdé-or example, the plots of eq. (4) are better correlated with

nance structure such as (1V) is negligibleBij form with Y
= CH;, since the resonance structure such as (I\B)ifiafm
with Y = CH; can only be achieved by tipseuderr struc-
ture of Y = CH.

The AG® for the species with R = GHand X = H
decreases in the order Y = H > €H OCH; > CN. This
order is similar to that with R = H except for Y =it¢,, the
relative order ofAG is the same for Y = OGHCH; and CN
in both of R=H and Ck but the AG of Y = H is the largest
for the species with R = GHThis result indicates that the
stabilization by electronic effects of Y = Ogbr CHsin the

the o (regression coefficient, r = 0.995 and 0.997 for R = H
and CH, respectively ) thao™ (r = 0.981 and 0.989 for R =

H and CH, respectively) for the species with Y = OCBn

the contrary, the plots of eq. (4) are better correlated'tfre

= 0.997 and 0.998 for R = H and gHespectively) rather
thano (r = 0.980 for both of R = H and GHor the species
with Y = CN. This indicates that the degree of resonance
delocalization between carbonyl moiety and X-substituent
increases for more electron-accepting Y-substituent. Conse-
guently the magnitude of the reaction constapter(p”)
becomes large as the electron-accepting power of Y-substi-

(BH*) form cancells out by the unfavorable steric repulsions

between Y and R = GHhas discussed above. Indeed, these
unfavorable steric repulsions are also revealed by the differ-

ences inAG between Y = OCkland CH, i.e., although the
values ofAG for both of R = H and Ciare larger for Y =
CHjs than for Y = OCH, the difference oAG between Y =
OCHs and CH for the species with R = Glis much smaller

AG® .
2.303RT_Polr P O)

(4)

tuent increases due to the enhanced interaction between the
carbonyl moiety and X-substituents. However the magni-
tudes of thep and/orp™ values are very similar for both of

compared to that with R = H as can be seen in Table 3. Fdhe species with R = H and @H herefore it is expected that

example, the difference &G between Y = OCiand CH
is 3.7 kcal mof for the species with R = H and X = H but is
only 0.3 kcal mof for the species with R = GHand X = H.

the effects of R = Cklon the reaction constants do not differ
from those of R = H, although the structural effects by R = H
and CH are very different (Table 1).

These results show that the unfavorable steric repulsion in These expectations are confirmed by using the Swain-
the BH") form increases much more for the species with YLupton dual substituent parameters (DSP) andl{ysé=q.

= CH; than with Y = OCH, since the tortional angle in the
(BH") decreases much more than in tBgférm for the spe-
cies with Y = CH relative to Y = OCH

+ -
HsCO_ O Hzco% Py
o] C
X X
(111) 1v)
Scheme 3

(5) where F and R represent field and resonance substituent
constants and and r are the susceptibility to F and R,
respectively. The ratio of two susceptibility parameteftrs,

are also summarized in Table 4. As can be seen in Table 4,

AG®

~>303rT TR

©®)

the magnitude of the ratid/r, progressively decreases on
going from Y = OCHto CN for both of the species with R =
H and CH and these results imply strongly the enhanced
contributions of resonance delocalization for Y = CN com-
pared with Y = OCH These trends are consistent with those
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of reaction constants discussed abadwe, the plots of eq.

(4) are progressively better correlated withthan with o
values indicating the enhanced effects of resonance delocali-
zation on going from Y = OCHto Y = CN. However the
relative magnitudes of ttiér are very similar for both R = H
and CHin the species with a same Y-substituent. These
results indicate that the relative contributions between the
resonance and inductive effects are very similar for both the
species with R = H and GHOnce again, this is in good g
agreement with the expectations from the magnitudes of the
reaction constants aboves., the magnitudes of theand/or

p* values are very similar for both of the species with R = H 6.
and CH.
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