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ABSTRACT: The solvolysis rates of 1-aryl-1-(p-methoxyphenyl)-2,2,2-trifluoroethyl and 1-aryl-1-(p-phenoxyphe-
nyl)-2,2,2-trifluoroethyl bromides and chlorides were conductimetrically measured at 25.0°C in 80% aqueous
ethanol. The solvolysis rates of 1-(p-methylphenyl)-fixed series were also set up to analyze the substituent effect. The
substituent effects on these Y-series of solvolyses were analyzed on the basis of the Yukawa–Tsuno equation. Thep-
methoxyphenyl-fixed series showed a linear correlation withr =ÿ1.7 andr = 1.0 for the substituent range less
reactive thanp-Me including allmetasubstituents, and a discrete correlation withr =ÿ3.9 andr = 1.26 for the strong
p-donor class substituents more reactive thanp-PhO. A similar bilinear correlation was obtained for the Y =p-PhO
series. The partial correlations for the strongp-donor class substituents in both Y-series are nearly the same as the
correlation r =ÿ4.2 and r = 1.2 for symmetrically disubstituted (X = Y) series. These bilinear (or non-linear)
correlations were explicable in terms of changes in the coplanarity of the two benzene rings depending upon the
resonance capabilities of X and Y substituents. For strongp-donor class X substituents as stronglyp-electron donating
as the Y substituent, both aryl rings are equivalently twisted as in the symmetrical X = Y series, and for less electron-
donating X substituents, the fixedp-methoxyphenyl (orp-phenoxyphenyl) ring remains in a coplanar conformation
and X–phenyl is twisted more out of coplanarity. In the fixed Y =p-Me series, a significantly non-linear correlation
was found, comprising three distinct correlations characteristic of three conformers, a conformer with the X–aryl
coplanar and Y–aryl twisted, a symmetrical conformer with X being a weak or moderatep-electron donor and both
aryls being equivalently twisted, and a conformer with Y–aryl coplanar and X–aryl twisted. The relative stabilities of
these conformers were estimated by theab initio MO optimization of the mono-p-methoxycarbenium ion, confirming
the conclusions above. Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: deactivated carbocationic solvolysis; substituent effect; Yukawa–Tsuno equation; varying resonance
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INTRODUCTION

For a variety of benzylic solvolyses, where a cationic
center capable of directp-delocalization with the
benzene ring is generated, the Yukawa–Tsuno (Y–T)
equation,2

log�k=k0� � ���� � r����R� �1�

is widely used in order to discuss the substituent effect in

a theoretically reasonable way.3–5 The r value is a
parameter characteristic of a given reaction, measuring
the ‘resonance demand,’ i.e. the degree of resonance
interaction between the aryl group and reaction site in the
transition state.2–8 The resonance substituent parameter
����Ris defined as���p ÿ �0

p.
2b,9

By this equation, we have introduced the concept
of varying resonance demand of reaction. In general
applications of Eqn. (1), ther value has been found
to vary widely from reaction to reaction, and thisr
scale permits the evaluation of the nature and
structure of the transition state. In particular, the
behavior of the extremely electron-deficient carboca-
tionic systems can be characterized by extremely high
r values. A good example is the solvolysis of the 1-
phenyl-1-(trifluoromethyl)ethyl system (1),8 in which
the a-CF3-induced destabilization of the carbocationic
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transition state provides a high resonancedemand
1.39 for positive chargedelocalizationinto the a-aryl
p-system.

Thereplacementof theZ groupin A by anaryl group
providesanappropriatesystemB to revealthesubstituent
behavior of extremely electron-deficientcarbocationic
transition states. The stability of the carbocationic
transitionstatecanbewidely changedby changingboth
the X and Y substituentsin the two aryl rings, while
keepingthe basicframeworkof the structureessentially
unchanged.

The substituent effects on the solvolyses of 1-
(substituted phenyl)-1-phenyl-2,2,2-trifluoroethyl (3)
and1,1-bis(substitutedphenyl)-2,2,2-trifluoroethyl tosy-
lates (4) were analyzed on the basis of the Y–T
equation.10 The symmetrically disubstituteddiphenyl
set 4 whereX = Y gavea linear Y–T correlation[Eqn.
(2)] for thewholesubstituentrangefrom p-MeO to m-Cl

with a high precisionwith R = 0.9994andSD=�0.12:

log�k=k0� � ÿ8:30��� � 1:19����R�X �2�

Whereasthe lessenhancedr value of 1.19 arisesas a
result of sharingthe resonancedemandby the two aryl
groups,the r value,ÿ4.15, for the effect of singlearyl
substituents appears appreciably smaller than that
expectedfor anelectron-deficientcarbocationsystem.

On theotherhand,themonosubstituteddiphenylset3
did notgiveasinglelinearY–T correlationbutabilinear
correlation, one with r =ÿ6.1 and r = 1.45 for the
substituentrangemore electrondonatingthan the 3,4-
dimethylgroupandtheotherwith r =ÿ4.33andr = 1.26
for the rangeof substituentslesselectrondonatingthan
thep-methylgroup.Theformercorrelationis comparable
to those of 1 and 28 and the latter to that of the
symmetrically disubstitutedset 4. Since the range of
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substituentchangesof reactivity in 4 entirely coversthe
rangeof reactivity changein 3, it is highly unlikely that
the non-linearity in 3 can be ascribedto the changein
reactionmechanism.Nevertheless,thereis obviouslyno
simple additivity of substituenteffects of the two aryl
substituentsin thesystemB.

Our continuing studieson this systemexplored the
effects of the enhancedresonancedemandcausedby
moreelectron-withdrawing Y substituentsin the second
aryl group, such as in the 1-aryl-1-(m-chlorophenyl)-
2,2,2-trifluoroethyl (5) and 1-aryl-1-(3,5-dichlorophe-
nyl)-2,2,2-trifluoroethyl (6) sets.1 The behaviorof 5 is

Scheme 1. Coplanarity change in 1,1-diaryl-2,2,2-tri¯uroethyl cation

Table 1. Solvolysis rates of 1,1-diaryl-2,2,2-tri¯uoroethyl bromides and chlorides in 80% aqueous ethanol

Substituents 105kt (sÿ1) at 25°C
X1 X2 Bromides Chlorides

p-MeO p-OCH2CH2-m 3050a

p-MeO 646.8
p-MeS 173.7
p-PhO 3210a 63.3a

p-MeO-m-Cl 39.28,39.3b

p-MeS-m-Cl 16.33
p-Me 23.5b

m-Me 9.60b

p-F 9.824
H 466.6 7.504,7.64b

m-CF3 0.890b

p-CF3 1.19b

p-PhO p-MeS 17.51
p-PhO 184.3,170a 3.809,3.19a

p-MeO-m-Cl 1.830
p-MeS-m-Cl 0.5969
3,4-Me2 0.6720
p-Me 23.0a 0.425a

m-Me 6.88a 0.140a

p-F 0.1297,c 1.465(at 45°C), 33.02(at 75°C)
H 5.267,5.38a 0.114a

m-MeO 4.19a 0.0824a

m-CF3 0.406a 0.0106a

p-CF3 0.520a 0.0142a

p-Me p-OCH2CH2-m 349a

p-MeS 4.989,49.25(at 45°C)
p-MeO-m-Cl 0.2393
p-MeS-m-Cl 0.07919,c 0.9549(at 45°C), 23.39(at 75°C)
p-t-Bu 0.2743,c 3.669(at 45°C), 102.7(at 75°C)
3,5-Me2 0.08519,c 1.229(at 45°C), 37.89(at 75°C)

a Ref. 11.
b Ref. 12.
c Calculatedfrom othertemperatures.
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also similar to that of the monosubstitutedset 3, but 6
with Y = 3,5-Cl2 only shows a normal substituent
behavior, i.e. giving a linear Y–T correlation with
r =ÿ6.0 andr = 1.69.

In the a,a-diarylcarbocationsystemBC�, the reso-
nance demand parameter r should be effectively
controlledby the loss of coplanarityof both p-orbitals
asdepictedin Scheme1.

The molecule adopts a propeller-shapedtwisted
conformationdueto stericrepulsion,andthe twist angle
should be a minimum to favor the positive charge
delocalizationinto the ring. The linear Y–T correlation
for 4 leadsto theconclusionthatthetwo aryl ringsin the
4 cation(4C�) shouldbeat leastconceptuallyequivalent
with respect to the propeller conformation.10 For
unsymmetrically substituted diarylcarbocationsBC�,
the propellershapeis destroyedand the deviationfrom
coplanarityof rings is relatedto the relativecapabilities
of resonancestabilization(mainly p-delocalization)by
botharyl rings.1,10 In 7 and8 wherea strongp-electron-
donatingY substituentis introducedin to abenzenering,
only the ring having strong p-electron-donatingX
substituents(of the sameresonanceclassasthe fixed Y
substituent)hasthe propellerconformation,but the Y–
phenyl retainscoplanarity with the carbocationcenter
when the variable X substituentsare less electron
donatingthanthefixed Y.

In orderto discusstheprecisedependenceof resonance
demandon the aryl coplanarity,it is necessaryto gather
morecompletesetof substituenteffect datafor a wider
rangeof fixed Y substituentsof this solvolysissystem.
Consequently,we have further extendedour investiga-
tion to thesubstituenteffectson thesolvolysesof 1-aryl-
1-(p-phenoxyphenyl)-2,2,2-trifluoroethyl (7) and1-aryl-
1-(p-methoxyphenyl)-2,2,2-trifluoroethyl (8) setswhere
astrongp-electron-donating Y substituentwill reducethe
resonancedemandof the systemand in particularwill
affect the non-linearityof the correlationin a different
way.

The substituenteffectson the solvolysesof thesesets
are treatedwith the Y–T equationand the correlation
results are discussedbasedon the dependenceupon
varyingcoplanarityof the respectivebenzenerings.

RESULTS AND TREATMENT OF DATA

Solvolysis data sets

Rateconstantsfor solvolysesof the title compoundsB,
mainly 7, 8 and9, with afixedY = p-PhO,p-MeOandp-
Me, respectively,were measuredconductimetricallyby
using the chlorides,bromidesand/or tosylatesin 80%
(v/v) aqueousethanol(80E)at initial concentrationsof ca

Table 2. Estimated solvolysis rates of 1,1-diaryl-2,2,2-tri¯uoroethyl tosylates in 80% aqueous ethanol at 25°Ca

Substituent kt (sÿ1) at 25°C
X 8, Y = p-MeO 7, Y = p-PhO 9, Y = p-Me

p-OCH2CH2-m 626000b 80140b

p-MeO 132800c 13620b 5225d

p-MeS 36520 3681 1145
p-PhO 13620b 781.9c 97.59b

p-MeO-m-Cl 8316 375.7 54.95
p-MeS-m-Cl 3573 137.1 18.18
3,4-Me2 154.3
p-Me 5225d 97.59b 1.647c

p-t-Bu 1.164
3,5-Me2 0.3615
p-F 2228d 27.04
m-Me 2182 29.19b 0.1818c

H 1980c 22.35c 0.08046c

m-MeO 17.78b

p-Cl 0.05481f

m-Cl 392.6e 3.175e 0.006234e,f

m-CF3 230.7d 2.078b

p-CF3 308.4d 2.784b

3,5-Cl2 104.7e 0.8432e 0.0007194e,f

a Estimatedfrom bromidereactivitiesin Table 1 basedon a tosylate/bromideratio of 4.243� 105 for 4 (3,5-Me2) andestimatedfrom chloride
reactivitiesin Table 1 basedon an OTs/Cl ratio of 2.053� 107 for 4 (p-PhO)as reportedin Ref. 10 or an appropriateestimationbasedon the
logarithmiclinear relationsof bromide–chloridereactivitiesin Table1.
b Estimated from ratedatareportedin Ref. 11.
c Reportedin Ref. 10.
d Estimated from ratedatareportedin Ref. 12.
e Reportedin Ref. 1.
f Tosylaterateconstant.
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10ÿ4 mol dmÿ3 of substratesunderthe sameconditions
asthosefor 3–6 in previouspapers(Table1).1,10Several
related data available in the literature11,12 are also
includedin the presentanalysis.Including the ratedata
for X = p-Me derivatives in all the Y sets, we have
composeda newseries1-aryl-1-(p-methylphenyl)-2,2,2-
trifluoroethyl (9) of Y = p-CH3 by determining some
additional rate data (Table 1). The ratesof the halide
solvolyses were converted into the rates for the
correspondingtosylateson the basis of the tosylate/
bromiderateratio= 4.24� 105 calculatedfrom the data
obtainedfor the 3,5-dimethyl derivative of 4 and the
bromide/chloriderate ratio= 48.4 obtained for the p-
phenoxyderivativeof 410 or an appropriateestimation
basedon thelogarithmiclinearrelationsof thebromide–
chloride reactivities in Table 1. Rate constantsthus
estimatedfor thetosylatesolvolysisat25°C for theseries
7, 8 and 9 with Y = p-PhO, p-MeO and p-CH3,
respectively,aresummarizedin Table2.

As shown in Table 2, the magnitudeof reactivity
changecausedby thesubstituentchangefrom p-methoxy
to 3,5-dichloro in fixed Y sets, 9, 7 and 8, varies
substantially as 7.3� 106, 1.6� 104 and 1.3� 103,
respectively, in 80E at 25°C. Nevertheless,these
reactivity changesare significantly smaller than the
correspondingcoveragein theotherfixed Y sets3–6.

Analysis of substituent effects

Detailed correlation analysisof the substituenteffects
basedontheY–T equation[Eqn.(1)] hasbeencarriedout
for the fixed Y sets,7, 8 and9, and the closely related
systemsreportedpreviously,sets3–51,10 in seriesB and
also1 and28 in the seriesA. For comparison,the same

analysishasalsobeenappliedseparatelyto Liu et al.’s
data11 set for 7. All the correlationsarecomparedwith
thoseof the Brown r�s� analysis,9 assummarizedalso
in Table3.

Sets1 and2 in theseriesA havealreadybeenshownto
satisfy the Y–T equationwith excellentprecision; the
correlationswith Eqn.(1) arefar moreprecisethanthose
with theBrownequation.8 In theseriesB, symmetrically
disubstitutedset4 whereX = Y givesanexcellentlinear
correlation for the whole rangeof substituentsover a
reactivity changeof 11 log units. Whereasthe Y–T
equationimproves the correlationsfor all the systems
includedin this study,it appearsto give lesssatisfactory
linearwhole-substituentcorrelationsfor anyfixed Y sets
whereX ≠ Y in theB series.Nevertheless,it is apparent
in Table 3 that the r value changessignificantly with
fixedsubstituentsY andthatthereis aqualitativetrendof
an inverse-linearchangeof r againstelectron-donating
powers,e.g.s�, of Y; asimilartrendcanbeobservedalso
in ther� valuesof theBrown correlationsfor theseries
B. Thesubstituenteffectsof X andY in thediaryl series
B (X ≠ Y) areall apparentlynon-additive.The modeof
changeof r valuesis in line with whatwouldbeexpected
from the reactivity selectivity relationship,13,14 which is
intimately relatedto the Hammond–Lefflerrate–equili-
brium relationship(or extendedBrønstedrelationship)15

concerningthe transition state coordinate.This is not
consistent,however,with theexcellentlinearityof theY–
T correlationfor 4 (X = Y) or with thepreciseadditivity
only in this symmetricalsystem.It is thereforeremark-
ablethattheY–T equationdoesnotcorrelatesoprecisely
thesubstituenteffectsof anysets(entries3,5and7–10in
Table3) in theunsymmetricalseriesB (X ≠ Y). Indeed,
the Y–T correlationsfor the whole rangeof substituents
for thediaryl B (X ≠ Y) seriesareall obviouslynon-linear

Table 3. Correlation analyses of substituent effectsa

Substrate: Yukawa–Tsunoequation Brown r�s� equationb

Entry (Z)c in A nd r r R SD r� R SD

1 1 (CH3) 28 ÿ6.29� 0.05 1.39� 0.02 0.9998 � 0.07 ÿ7.54� 0.21 0.990 � 0.49
2 2 (H) 17 ÿ6.05� 0.19 1.53� 0.07 0.998 � 0.15 ÿ8.27� 0.91 0.921 � 0.85
3 3 (Ph) 18 ÿ4.37� 0.21 1.67� 0.13 0.996 � 0.24 ÿ5.93� 0.33 0.976 � 0.60
4 4 (X-Ph) 14 ÿ4.15� 0.08e 1.19� 0.04 0.9994 � 0.12 ÿ4.74� 0.14 0.995 � 0.33
5 5 (3-Cl-Ph) 13 ÿ5.32� 0.32 1.65� 0.14 0.997 � 0.22 ÿ7.93� 0.61 0.969 � 0.71
6 6 (3,5-Cl2Ph) 13 ÿ5.95� 0.31 1.69� 0.12 0.998 � 0.18 ÿ9.59� 0.87 0.958 � 0.82
7 7 (p-PhOPh) 15 ÿ2.22� 0.24 1.29� 0.23 0.983 � 0.24 ÿ2.59� 0.15 0.978 � 0.26
8 7 (p-PhOPh)f 8 ÿ1.86� 0.39 1.76� 0.55 0.987 � 0.24 ÿ2.64� 0.26 0.972 � 0.32
9 8 (p-MeOPh) 14 ÿ2.15� 0.29 0.88� 0.24 0.973 � 0.27 ÿ2.00� 0.14 0.972 � 0.26

10 9 (p-MePh) 14 ÿ3.76� 0.40 1.54� 0.25 0.988 � 0.39 ÿ4.98� 0.35 0.972 � 0.56

a Substituentparameterss°, ����Rands�, employedin thepresentanalysisaremostlythestandardvaluesexceptfor thecorrectionof 0.03–0.04s unit
for the resonanceparametersof p-MeSderivativescharacteristicsof highly electron-deficientsystems.1,8,10

b r = 1.00in theY–T equation.
c Z in XPhC(Z)CF3OTs(A).
d Numberof substituentsinvolved.
e For two identicalsubstituents.
f Datasetfrom Liu et al. in Ref. 11
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or bilinear. Partial correlations for limited rangesof
substituentsof respectiveY setsaresummarizedin Table
4.

The whole-substituentcorrelationfor 7 whereY = p-
PhO(eitherentry7 or 8 in Table3) maybeanexampleof

poorconformityto Eqn.(1), asshownby theY–T plot in
Fig. 1. All theplotsagainsts� (opencircles)of para p-
donorsubstituentsdeviatesignificantlyin thedirectionof
rate enhancementfrom the rm correlation line of
r =ÿ2.04. For the range of substituentsless reactive
thanp-Me, i.e. weakelectron-donatingclasssubstituents
(abbreviatedto w-ED classsubstituents),a preciseY–T
correlationis obtained(r = 1.07� 0.05;entry8 in Table
4) with rYT essentially identical with rm. Since the
coplanarityof aryl ringsin thepropellerconformationof
the transitionstateshouldbe determinedmainly by the
resonancecapabilities rather than polarities of aryl
substituents,we almost always observe a non-linear
behaviorin thesubstituent–reactivity correlationattribu-
table to distinctly different contributions from the
different resonanceclasses of substituents,strongly
electron-donatingsubstituentsby resonance(denoteds-
ED class), weakly or moderately electron-donating
substituents(denotedw-ED class) and electron-with-
drawingsubstituents(denotedEW class).Thus,not only
for qualitative interpretationsbut also for the practical
purpose of correlational treatments, the substituents
involved in the presentstudy are classified to define
explicitly threedifferent resonanceclassessubstituents:
s-ED class,p-OCH2CH2-m-, p-MeO, p-MeS, p-PhO,p-
MeO-m-Cl andp-MeS-m-Cl, having����Rvaluesofÿ 0.6
toÿ 0.75; w-ED class,p-Me, comparablep-alkyls, 3,4-
Me2 andp-halogens,and including 3,5-Me2, m-Me and
H; EW class, m-halogens,m- and p-CF3 and more
stronglyEW substituents.On the otherhand,a separate
Y–T correlation(entry 7 in Table 4) with r =ÿ4.0 is
obtainedfor moreelectron-donatingsubstituentsthanp-
MeS-m-Cl, i.e. strongelectron-donatingresonanceclass
substituents(abbreviatedto s-EDclasssubstituents)(see
note in brackets above). The r value of the Y–T

Table 4. Correlation analyses of substituent effectsa

Substrate SubstituentsX Yukawa–Tsunoequation

Entry (Y) in B Substituentrange Classb nc r r R SD

1 3 (H) p-MeO–3,4-Me2 s-ED 6 ÿ6.08� 0.42 1.45� 0.17 0.996 � 0.12
2 p-MeO–3,5-Cl2 w-ED,EW 12 ÿ4.33� 0.08 1.26� 0.08 0.9990 � 0.07
3 4 (X = Y) p-MeO–m-Cl whole 14 ÿ4.15� 0.08 1.19� 0.04 0.9994 � 0.12
4 5 (3-Cl) p-MeO–p-Me s-ED 7 ÿ6.19� 0.52 1.57� 0.20 0.996 � 0.19
5 3,5-Me2–m-Cl w-ED 6 ÿ4.81� 0.11 1.41� 0.08 0.9993 � 0.05
6 6 (3,5-Cl2) p-MeO–p-Cl s,w-ED 13 ÿ5.95� 0.31 1.69� 0.12 0.998 � 0.18
7 7 (p-PhO) p-MeO–p-MeS-m-Cld s-ED 7 ÿ4.01� 0.23 1.26� 0.11 0.998 � 0.10
8 p-Me–3,5-Cl2 w-ED,EW 8 ÿ2.04� 0.02 1.07� 0.05 0.9998 � 0.02
9 8 (p-MeO) p-Coumare–p-PhO s-ED 6 ÿ3.94� 0.37 1.26� 0.15 0.9992 � 0.09

10 p-Me–3,5-Cl2 w-ED,EW 7 ÿ1.71� 0.08 1.01� 0.19 0.997 � 0.06
11 9 (p-Me) p-Coumare–p-MeO-m-Cl s-ED 5 ÿ6.26� 0.34 1.40� 0.23 0.999 � 0.10
12 p-Me–p-Cl w-ED 6 ÿ3.66� 0.24 1.21� 0.20 0.994 � 0.08
13 H–3,5-Cl2 EW 4 ÿ2.91� 0.08 0.999 � 0.05

a Seefootnotea in Table3.
b The substituentresonanceclassto which the substituentsincludedin thecorrelation arereferred(seetext).
c Numberof substituentsinvolved.
d Including thepointsof H andp-Me estimatedfor the E-conformers(seetext).
e XPh= 2,3-dihydrobenzofuranylin B.

Figure 1. Y±T plot for solvolysis of 1-(p-phenoxyphenyl)-1-
(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (7) in 80%
aqueous EtOH at 25.0°C: *, s�; *, �0; &, s (r = 1.26 for
strong p±p-donors and r = 1.07 for weak ones); &, s0 for
resonance invariant substituents
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correlationappearsto be difficult to determinedirectly
from thesubstituentreactivitydataavailableandthiswill
beconsideredlater in detail.

Similarly, the Y–T equation fails to correlate the
substituenteffectonthesolvolysisof 8 whereY = p-MeO
(entry9 in Table3), resultingin a bilinearcorrelationas
in Fig. 2, whichcomprisesacorrelation(entry9 in Table
4) with r =ÿ3.9 and r = 1.26 for strongly electron-
donating resonance class substituents and another
separate correlation (entry 10 in Table 4) with
r�ÿ1.7 for the range of substituentsless electron
donatingthanthep-methylgroup,i.e. for w-ED andEW
groups(seenote in bracketsabove).Highly important,
both sets 7 and 8 indicate clearly bilinear Y–T
correlationswith a higher r value for the substituent
range acceleratingreactivity and with a significantly
lower r value for the rangeof reducingreactivity. This
may imply ananti-Hammondshift of the transitionstate
coordinateandis not altogetherconsistentwith whathas
beenconcludedabove(in Table3) from thebehaviorof r
in thewhole-substituentcorrelationsin theseriesB (X ≠
Y).

The behavior of substituentsin the solvolysis of 9
whereY = pÿCH3 is illustratedby theY–T plot in Fig.3.Figure 2. Y±T plot for solvolysis of 1-(p-methoxyphenyl)-1-

(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (8) in 80%
aqueous EtOH at 25.0°C: *, s�; *, s0; &, s (r = 1.26 for
strong p±p donors and r = 1.0 for weak ones); &, s0 for
resonance invariant substituents

Figure 3. Y±T plot for solvolysis of 1-(p-methylphenyl)-1-
(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (9) in 80%
aqueous EtOH at 25.0°C: *, s�; *, s0; &, s (r = 1.4 for
strong p±p-donors and r = 1.2 for weak ones); &, s0 for
resonance invariant substituents

Figure 4. Plot of standard deviations as a function of r values
for the solvolysis; A for 1,1-bisaryl-2,2,2-tri¯uoroethyl
tosylates (4), C for all substituents and D for the range of
substituents X = p-MeO±3,4-Me2 of monosubstituted 1,1-
diphenyl-2,2,2-tri¯uoroethyl tosylates (3), and B for all
substituents and E for the range of substituents X = cou-
maranyl±p-MeO-m-Cl of 1-(p-methylphenyl)-1-(substituted
phenyl)-2,2,2-tri¯uoroethyl tosylates (9) in 80% aqueous
EtOH at 25.0°C
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It is apparentthat theeffectsof wholerangesubstituents
are not linearly correlatedwith s� parameters;the s�

points(opencircles)of parap-donorsubstituentsshowa
significantconcaveplot, exhibitingsignificantdeviations
in the directionof rateenhancementfrom the reference
correlationline. The solvolysisof 9 doesnot appearto
adopta singlelinearY–T correlationwith an r valuefor
thewhole rangeof substituents.

Thequality of Y–T correlationscanbediscussedmost
reasonablyon thebasisof the relationbetweenstandard
deviations(SD)andvaryingr values.In Fig. 4, theSDvs
r correlationcurvesaredisplayedfor thesolvolysisof 3
whereY = H and 9 whereY = pÿCH3, comparedwith
that for 4 whereX = Y asa reference.CurveA for 4 is
typical of thesatisfactoryY–T correlationsof acceptable
conformity; both the depth(at the minimum SD point)
andthesteepnessof thewedge-shapedplot areimportant
indices to qualify the Y–T correlation (actually to
evaluate the resonancedemand r value). From the
significantdifference>0.2 in SD betweentheminimum
SDandthatat r = 1.0for curveA in thisplot,anr valueof
1.19assignedfor this set4 canbe distinguishedfrom a
constantr of unity assumedin theBrownr�s� equation.
In contrast,the SD vs r curveB for all the substratesof

theset9 resultsin neitherasufficientdepthof thebest-fit
SD nor a sharpwedgeshapeplot of the curve, and is
similar to curve C for the monosubstitutedset 3 where
Y = H. This flat curveof insufficientdepthof SD >0.2
should be incapableof discriminating the changein r
value of the sets. Deleting the X substituentsmore
electron withdrawing than H brings about a small
improvement in the sharpnessof the wedge-shaped
curve, and further deleting less electron-donatingsub-
stituentsthanp-methyl resultsin a significantimprove-
ment in the depth of the SD vs r curve D to reacha
satisfactoryprecisionlevel of acceptableconformity to
Eqn.(1) (cf. entry 1 in Table4).

Figure 5 displays the SD vs r relationshipsof the
partial Y–T correlationsfor rangesof X substituentsof
7 (Y = p-PhO). CurvesA and B exhibit a behaviorof
the SD for the whole-substituentcorrelationsof Liu et
al.’s dataset (cf. entry 8 in Table3) andof our whole-
substituent set of 7 (cf. entry 7 in Table 3),
respectively; the two sets differ in the number of
substituentsinvolved but cover a comparablerangeof
substituentsfrom p-MeO to p-CF3 or 3,5-Cl2. Both A
andB representsimilar broadcurvesof comparablelow
precision, SD �0.2, and there is no significant
convergenceto any r value.While Liu et al.11 stressed
to the fact that the Y–T correlation with r = 1.76
obtained for 7 gave a small improvement in the
linearity comparedwith the Brown s�, the data set 7
itself does not seem appropriatefor the purpose of
discussingthe predictability of the two equations.The
SD level �0.2 implies that the systemdoesnot follow
a single substituentinteraction mechanismthroughout
the range of substituents;the best-fit r value for the
whole-substituentset does not have any mechanistic
significance.The set of s-ED class substituentsof 7
givescurveC of sufficientdepthwith reducedSD�0.1
but still of a broad basis without significant conver-
gence. Becauseof the nearly constant ����R values
within ÿ0.60 to ÿ0.75 for the s-ED substituents,the
best-fit r value for the correlationof this set of s-ED
substituentsshould be almost indefinite and conse-
quently the points expectedfor H and p-methyl groups
of different ����Rvalues must be included in the
correlation in order to attain a sufficient depth in the
SD vs r curve for this resonanceclassof substituents
(curve E). For the rangeof substituentsbesidesthe s-
ED class we can observe a precise best-fit Y–T
correlationwith SD� 0.1, irrespectiveof a conceiva-
ble change in r value (curve D). The SD vs r
relationshipfor the set 8 where Y = pÿMeO behaves
in a similar manner to that for the set 7 where
Y = pÿPhO.

It shouldalsobenotedthattheY–T correlationfor any
set of substituentsin the sameresonanceclassshould
statisticallygive preciselya constantr valuewhile the r
valueis almostindefinite.Forexample,in thesetof s-ED
classsubstituentshavingnearlythesame����Rvalues,the

Figure 5. Plot of standard deviations as a function of r values
for the solvolysis of 1-(p-phenoxyphenyl)-1-(substituted
phenyl)-2,2,2-tri¯uoroethyl tosylates (7) in 80% aqueous
EtOH at 25.0°C. A for Liu et al.'s set of 7 (entry 8 in Table 3);
B for all substituents set of 7 (entry 7 in Table 3); C for set of
s-ED of 7; D for set of 7 without s-ED substituents; E for s-ED
substituents including the points estimated for p-Me and H
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r value should be related almost exclusively to their
varying s° values, independentof the r value. The
symmetricalX = Y members,X = p-MeO,p-PhO,andp-
Me, in thesets,7, 8 and9, respectively,shouldof course
satisfytheY–T correlationin Eqn.(2) definedby theset4
(entry4 in Table3) and,moreover,X substituentsin the
sameresonanceclass with fixed Y in any set appear
altogetherto satisfythesameY–T correlationin Eqn.(3)
asfor set4. Forsubstrateswherethetwo aryl substituents
X andY arein thesameresonanceclasshavingidentical
����Rvaluesand symmetricalsubstrateswhereX = Y, a
precise additivity relationship holds with excellent
precision,n = 24, SD=�0.126andR = 0.9992;

log�k=k0� � ÿ�4:143� 0:077����X � ��Y� �3�
where

� ÿ�4:143� 0:077�f���X � ��Y� � �1:200

� 0:033�������R�X � �����R�Y �g

Ther andr valuesfor suchcorrelations(entries2, 7, 9
and12 in Table4) for the respectiveY setsall coincide
with thoseof thecorrelationin Eqn.(3).While weshould
generallytakeinto accounttherelatively low confidence
in the precisionof the partial correlations,they can be
most likely all be replaced by the r and r of the
correlationin Eqn.(3).

In thecaseof theset7, asseenin Fig.1, thecorrelation
for s-ED class substituents is indeed statistically
indefiniteespeciallywith respectto the r value,andthe
correlationfor this classof substituents(plottedasopen
squaresin Fig. 1) canbe confirmedwith theaid of Eqn.
(3). The log kH value expectedfor the unsubstituted
member (X = H) of the equivalent diaryl substituents
seriesin 7 canbeestimatedas(half) of log (k/k0)4 for the
substrateX = p-PhO in 4 (X = Y); the sameestimation
appliesalsoto the log (k/k0) of theX = p-Me memberof
thesameseries.TheY–T correlation(entry7 in Table4)
was obtained basedon these s-ED class substituents
especiallyincluding thesetwo estimatedpoints (plotted
as open triangles in Fig. 1); the whole Y–T plot is
determinedasin Fig. 1.

Similarly, plotsof log (k/k0)8 valuesfor 8 with Y = p-
MeO alsofall on the correlationline [Eqn. (3)] only for
the s-ED class substituents;w-ED (resonance)class
substratesshowaclearbreakof theY–T correlation(Fig.
2).

Herewe noteour conclusionthat not only the Brown
equationbut alsothe Y–T equationshouldbe incapable
of correlating the effect of the whole range of X
substituentsin any fixed Y set, except for 4 where
Y = X, as a single linear correlation of acceptable
conformity.However,thisis notcausedfrom adeficiency
of the Y–T equationbut from the inadequacyof the
substituenteffectsin thea, a-diaryl systemB to dealwith
the ordinary correlation analysis. Whereas the Y–T
equationfails to delineatethesubstituenteffectsin these

B series,theequationis capableof detectingthebreakof
the linear substituenteffect correlationsin thea,a-diaryl
series B. The precision criterion for acceptablecon-
formity of Y–T correlationsshouldbe setat muchmore
preciseSD level thanthat for theBrown correlations,so
that the latter correlation was capable of predicting
whetheranyrateasreasonablebut incapableof detecting
the non-linearity of substituenteffect in the system.
Indeed,the significantnon-linearity in the respectiveY
sets is a very important result from this correlation
analysis.

Conformation of carbocations

The geometriesof carbocationsBC� in the a,a-diaryl
systemB, the parentcarbocation3C�(H), its mono-p-
methoxy 3C�(p-MeO) and mono-m-chloro derivatives
3C�(m-Cl) and the symmetricaldi-p-methoxy 4C�(p-
MeO) and di-m-chloro derivatives 4C�(m-Cl), were
initially examinedwith ab initio MO calculationsat the
RHF/3–21Glevel. The minimum energyconformations
were refined at the 6–31G* level and the potential
energiesassociatedwith rotations about the CAr—C�

bondsof carbocationswerealsoevaluatedat the6–31G*
level. The results of ab initio MO optimization were
reportedin part in the previouspaper.1 Optimizationat
theMP2/6–31G*level wascarriedout on severaltypical
carbocations.The results of these calculations are
summarizedin Table5 andthe geometriesof optimized
structureslocatedat the 6–31G* level are presentedin
Fig. 6.

In theseoptimizedstructures,the two phenylsof the
parentcarbocation3C�(H) are rotatedby 19° and 41°
from coplanarity with the sp2 carbocation center.
Essentiallythe samegeometriesand energeticsof the
optimizedconformersareobtainedfor all othersymme-
trically disubstitutedcarbocations4C� with X = p-MeO,
p-Me andm-Cl. Thereis anappreciablenon-equivalence
in thetwist anglesbetweenthetwo propelleraryls in the
optimized structureof symmetrical4C� (Y = X); this
non-equivalenceshould be due to the non-equivalent
proximity effects of the non-spherical CF3 group.
However,the optimizedstructureat higher level results
in a pair of much closer rotation angles,23° and 38°
[3C�(H); MP2/6–31G*]; the stability of the optimized
conformeris not much different [within 0.9kcalmolÿ1

(1 kcal= 4.184kJ)] from thatof theequivalentpropeller
conformationboth twistedby a 23–38° (ca30°) rotation
(cf. Table5).

On the other hand, the optimized structure of the
mono-p-methoxy-substitutedion 3C� (p-MeO) in Fig. 6
hasaconformationin which thephenylring is twistedby
�H = 53° whereasthe p-methoxyphenylis coplanar(by
�pÿMeO = 8°) with theC� center(Table5).

The internal potentialenergydiagramfor rotation of
the two aryl rings in the parentcarbocation3C� (H) is
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shown in Fig. 7, where stabilization energiesof the
rotational conformer of the ion 3C� (H) are plotted
against the dihedral angles � of coplanarity. When
constraininga phenyl group to be coplanar(�1 = 0°), a
highpotentialenergyis requiredfor thesecondphenylto
be coplanar(�2 = 0°), and the energy is lowered with
increasein twisting from coplanarityto give a potential
minimum at �2 = 53°; however,this minimum potential
energy for the conformation where one phenyl is
coplanarand the other is twisted is significantly higher
(2.7kcalmolÿ1) thanthepotentialminimumof themost
stablepropellerconformer.

The angularprofile of the potential energydiagram
(Fig. 8) for the carbocation 3C� (p-MeO), when
constrainingthe p-methoxyphenylring to be coplanar
(at �pÿMeO� 0°), appears different from those of
symmetrical4C� (p-MeO)and3C� (H). Thisconforma-
tion is 4.2kcalmolÿ1 morestablethanthedoublytwisted
propeller conformation (�pÿMeO� �H� 30°) and
9 kcalmolÿ1 more stable than the conformerwith the
phenyl-ring coplanar and p-methoxyphenyl twisted
(�H = 0° and�pÿMeO > 45°).

The geometryof the carbocationBC� shouldreflect
the balancein resonancestabilizationsby the two aryl
groups,and the anglesof rotation of the two aryl rings
from coplanaritymustdependuponthe relativecapabil-
itiesof X–andY–aryl substituentsfor cationstabilization
mainly by resonance.In symmetrically disubstituted

cations 4C� (X = Y), the two identical aryl rings are
twistedequivalentlyout of the planeof the centralC�,
denotedthe E-conformer, where both aryls are in a
propeller-shapedconformation with �X = �Y � 30°. In
unsymmetricallysubstitutedcases(X ≠ Y), the stronger
cation-stabilizingaryl ring shouldbe less twisted from
the sameplaneof the carbocationwhile the other ring
shouldbe twistedevenmoreout of theplane.Whenthe
substituentsX are more electrondonatingthan Y, the
cationBC� (X ≠ Y) takesaconformation(denotedtheP-
conformer) where the variable X-phenyl is coplanar
(�X � 0); in this case,the substituentX in the coplanar
aryl shouldthenexert its maximumresonanceeffect on
the solvolysisrate.On the otherhand,whenvariableX
substituentsare lessactivatingthanthe fixed Y–phenyl,
the Y–phenyl retainscoplanaritywhile constrainingthe
X-substitutedaryl ring to bemoretwisted;wedenotethis
structureof X-aryl astheT-conformation(�Y � 0 and�X

>50°) (cf. Scheme1).
The symmetricalprecursors4 react througha transi-

tion statestructurallycloseto theintermediatecarbenium
ion 4C� with a preferred conformation of propeller
shape.Ther valueof 1.19foundfor thesymmetricalset4
must be the essentialresonancedemandof the diaryl-
carbocation4C�whereX = Y or of theE-conformer.The
symmetrywill bedestroyedby replacingonephenylby a
ring substitutedby an ED Y substituent,causingthe Y-
substitutedphenylring to bemorecoplanarwith thesp2

Table 5. Geometric parameters and relative stabilities for 3C� (H), 3C�(p-MeO), 3C�(m-Cl), 4C�(p-MeO), 4C�(p-Me) and
4C�(m-Cl) optimized at the RHF/6±31G* levela

Torsionangle(°) Relativeenergy Bond length(Å)

Cations �Y
b �X

c (kcalmolÿ1) C�—CY
b C�—CX

c

4C� (X =Y = p-MeO) 16.5 40.1 1.401 1.431
4C� (X = Y = p-Me) 18.2 40.3 1.409 1.432
4C� (X = Y = m-Cl) 18.9 41.3 1.415 1.436
3C� (X = Y = H) 18.8 41.0 0.0 1.413 1.435
(MP2/6–31G*) (22.9) (37.7) (1.421) (1.423)

30 30 1.2
30 35.9d 0.9
0 53e 2.7

3C� (X = p-MeO, Y = H) 53.0 8.1 0.0 1.470 1.371
(MP2/6–31G*) (44.7) (14.9) (1.439) (1.402)

60 0 0.9
45 0 2.4
30 0 8.4
30 30 4.2
0 45 9.1

3C� (X = m-Cl, Y = H) 15.5 44.9 0.0 1.402 1.447
(MP2/6–31G*) (21.9) (39.0) (1.418) (1.426)

30 30 1.8
44.9 15.5 1.8

9C� (X = m-Cl, Y = p-Me) 11.4 49.3 1.386 1.461

a Underlineddataindicatethoseof theoptimizedstructure.
b BetweenY–phenylandC�.
c BetweenX–phenylandC�
d �2 for energyminimum with onephenylfixed at �1 = 30°.
e �2 for energyminimum with onephenylfixed at �1 = 0°.
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cationiccarbon.This will reducethe electronicdemand
on the X-substitutedphenyl ring, which in turn will be
forcedto deviatefurther from coplanarity.

DISCUSSION

Structure±reactivity relationship in the a-CF3-
diarylcarbocation system

Despitethesolvolysisof thesymmetricallydisubstituted
series4 whereX = Y beingcorrelatedwith Eqn.(1) with
excellentprecision(entry 4 in Table 3), the correlation
results in Table 3 reveal that the Y–T equation is
practicallyincapableof giving a singlelinearcorrelation
for thewholerangeof X substituentsin anyfixed Y sets.
Thebreakin theY–T correlationobservedfor asingleset
with X ≠ Y indicatestheoperationof differentsubstituent
interaction mechanismsfor the different ranges of
substituentsinvolved, andcan most likely be attributed
to thesubstituent-inducedchangein conformationof the
transitionstate.

Non-linearsubstituenteffectcorrelationsobservedfor

Figure 6. Optimized structures of a-CF3-benzhydryl cations
at the RHF/6±31G* level; from top to bottom, 3C�(H) with
twist angles �Ar±C� 18.8° on the right-hand and 41.0° on
the left-hand; 4C�(p-MeO) with �Ar-C� 16.5° and 40.1°;
4C�(m-Cl) with �Ar-C� 18.9 and 41.3°; 3C�(p-MeO) with
�p-MeO 8.1° and �H 53.0°.

Figure 7. Angular pro®les of potential energy of 1,1-
diphenyl-2,2,2-tri¯uoroethyl cation 3C�(H) at the RHF/6±31
G* level

Figure 8. Angular pro®les of potential energy of 1-(p-
methoxyphenyl)-1-phenyl-2,2,2-tri¯uoroethyl cation 3C�(p-
MeO) at the RHF/6±31G* level
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Y sets7, 8 and9 shouldbeattributedto theoccurrenceof
a changeoverin conformation in the transition state
within the rangeof X substituentsstudied.Not only for
thesymmetrical4C� setbutalsofor thesubstituentrange
in any setswherethe X and Y are the sameresonance
classsubstituents,the preferredconformationshouldbe
essentiallyanequivalentlytwistedone(E-conformation).
The rangeof s-ED classsubstituentsin 7 (Y = p-PhO)
satisfyapartiallinearcorrelation[Eqn.(3)], whereasEW
substituentsshow a significant deviation from the
correlation in Eqn. (3), related to the non-equivalence
of theeffectsof substituentsX andY (Fig. 1). Thebreak
in theY–T correlation,in this case,appearsto reflectthe
geometricalchangeoverfrom the E- to the T-conforma-
tion.

The substrates7 carrying s-ED classX substituents
shouldhavea preferredconformationreferredto as the
geometry of the E-conformation. The correlation for
thesesubstratesshouldbeidenticalwith thatfor 4, which
is characteristicof theequivalentdiaryl-substituenteffect
associatedwith theE-conformation. However,whenthe
variablesubstituentsX aredistinctly weakerED thanthe
fixed Y substituent,the incipient carbocation7C� or the
transitionstateshouldhavea T-conformationin the set
7C�; hencethe partial correlationfor the s-ED classX
substituentsmayberelatedto theeffectof X substituents
in the E-conformation, and that for the w-ED class
substituentsmay be relatedto the effect of X–phenyl in
theT-conformer.Thelog kH value(plottedastrianglesin
Fig. 1) for the unsubstitutedmember (X = H) in the
correlationin Eqn.(3) of theE-conformationin 7 should
evidently be smaller than the log kH value for the
solvolysisof 7, which is associatedwith thegeometryof
theT-conformation.

Similarly, plots of log (k/kH)8 valuesfor s-ED class
substituentsof 8 with Y = p-MeO also fall on the
correlation line with r =ÿ4.1 [Eqn. (3)] for the E-
conformation,whereasw-ED class substratesshow a
correlationwith a lowerr for theT-conformation,with a
clearbreakof theY–T correlation(Fig. 2).

The behavior of 9 where Y = p-Me appearsto be
appreciablydifferent from that of 7 or 8. Whereasthe
effectsof w-ED classX groupsrangingfrom p-Me to p-
Cl can be describedby Eqn. (3) for the E-conformer
correlation,both the s-EDandthe EW classesX-groups
deviatefrom thecorrelationline for theE-conformation.
Whereasthew-ED classsubstituentsof 9C� haveanE-
conformation,the s-ED classX-substituentshave a P-
conformation,andtheEW classX-substituentsreactvia
the T-conformation.The Y–T correlationof this set 9
comprises three discrete linear relationships related
respectivelyto P-, E- andT-conformers,cf. entries11–
13in Table4. Thecorrelationof theE-conformerof 9C�

coalescesinto the correlation in Eqn. (2) for the 4C�

serieswhereX = Y or, moregenerally,Eqn. (3) for the
equivalentdiaryl substituentseries.The plot (or log kH)
for the P-conformer of the unsubstitutedderivative 9

(X = H) appearsto belower thanthatfor thecorrespond-
ing E-conformation.

In themonosubstitutedset3 whereY = H, bothw-ED
classsubstituentsand metasubstituentshaving equiva-
lent sX valuescoalesceinto thereferencecorrelationfor
the E-conformation[Eqn. (3)], whereasthe s-ED class
fall on a singlecorrelationfor theP-conformationwith a
higherslopeof r =ÿ6.1. In set5 whereY = m-Cl, s-ED
classsubstituentsshowthecharacteristicr =ÿ6.2of the
P-conformationandthew-ED classshowaslightly lower
r value, and then the plot contacts the reference
correlation [Eqn. (3)] at X = Y = m-Cl, at which the
tangentr valuemustbeidenticalwith ther valuefor the
E-conformation.

For theset6 wheretheX substituentsinvolvedareall
morecationstabilizing thanthe fixed Y = 3,5-Cl2 the s-
ED andw-ED classsubstituentsshouldall be in the P-
conformation,which gives a single linear Y–T correla-
tion with ahighr valueofÿ6.0.Thiscorrelation(entry6
in Table4) shouldbe characteristicof the P-conforma-
tion where the Y–T correlation should representthe
effectof entirelyconjugatingX–aryl substituentsfor the
whole rangeinvolved.

Forall theY sets,ther valuecanberelatedto rotation
from coplanaritywith the incipient carbocationcenter,
andgiven asa function of the dihedralangle� between
the X-substituted aryl ring and the plane of the
carbocation,5b,10,16,17to follow anequationof the form

r�=rmax� cos2 � �4�

wherermax is the resonancedemandof thearyl groupin
theP-conformationandr� is ther for theeffectof X–aryl
in theactualsituationatdihedralangle� of theX–phenyl
ring plane. Hence, the r values for the respective
conformers of any sets can be estimated from this
conformation dependence.The rmax value for the P-
conformationof 7 and 8, althoughnot yet at hand, is
expectedto be1.45,providedanr� valueof 1.2for theE-
conformerwith �� 25°. Theapparentresonancedemand
in anyY setis a functionof preferredconformations,and
thereforedependenton the rangeof substituentsin the
set. Accordingly, in order to discuss the intrinsic
resonancedemandof the system,we have to compare
the effectsof varying X-substitutedphenylskept in the
sameconformationfor aseriesof Y sets.In consequence,
the intrinsic resonancedemandof the P-conformersin
this systemvariesevenlesssignificantly,within a range
from 1.4 to 1.7, for a wide changeof the Y substituent
from p-methoxyto 3,5-Cl2. This interpretation,of course,
reliesuponthe validity of the carbocationmodelof the
transitionstate,implying theclosenessof thestructureor
the reactioncoordinatebetweenthe transitionstateand
the intermediatecarbocation.

While the interpretationin termsof varyingcoplanar-
ity applies fairly consistentlyto the variation of the r
valueobservedin this system,anothersignificantfeature
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that we observedclearly in this systemis the significant
dependenceof r on bothX andY substituents.In all the
Y setsof systemB, ther valuevariessignificantlywith
varying classesof X substituentswithin an individual Y
set.This mustalsobeascribedto thevaryingcoplanarity
of aryl ringscausedby thechangeof thetwo substituents.

The correlationresultsin Table 3, from the ordinary
viewpoint,revealthatther valueassignedfor theeffects
of variableX substituentsvariessignificantlydepending
upon fixed Y substituents.While the substituenteffect
correlationsareapparentlynon-linearor bilinearfor most
of the Y setsexceptonly for a setwith Y = 3,5-Cl2, the
apparent r values for these non-linear correlations
change significantly dependingon the change in Y
substituents;eitherthehigherr valueor the lower value
for the bilinear correlation also shows a significant
variationwith Y sets.Thereis anapparenttendencythat
ther valuebecomesmorenegativeasY becomesmore
EW. Closelysimilar dependencesof r uponchangingY
substituentsare found even more significantly in the
behaviorof ther� in the correspondingBrown correla-
tions (cf. Table3).

The dependenceof rY uponsY for thesecond(fixed)
aryl substituentsY in a, a-diarylcarbocationformation
(seriesB) is referredto asthenon-additivityrelationship,
which canbe rewrittenin the form14

�Y � q��Y � �H �5�

This equationhasbeendiscussedfor the solvolysesof
benzhydryl chlorides18 and the bromination of a, a-
diarylethylenes.14,19 The varying r values in a related
seriesof reactionscanbe relatedto the cationic charge
developedat the reactioncenterin the transitionstate.
Concerningthe series A, there is also more general

behavior of r value referred to as the quantitative
reactivity–selectivityrelationship,13 that is, an inverse-
linear relationship of the selectivity rZ against the
reactivities(log kH)Z of membersof respectiveZ sets:

�Z � S�logkH�Z � constant �6�

Either theq coefficientin Eqn.(5) or theScoefficientin
Eqn.(6) canbeintimatelyrelatedto thea exponentin the
extendedBrønsted equation and therefore can be a
measureof the early–lateshift of the transition state
coordinatein the reactionseries.15

Equation(6) can be most convenientlyusedfor this
system, as we have extended here the discussion
concerningthe behaviorof selectivitynot only for thea
-CF3ÿa, a-diarylmethylsystem(B) butalsofor thea-Z-a
-CF3-benzyl system (A) liberating XC6H4C

�(Z)CF3

(AC�). Indeed,as in Table 6, the reactivity (log kH)Z

changesover a rangeof 7.9 log units from ÿ10.5 for A
(Z = H), ÿ6.1 for A (Z = CH3) to ÿ2.57 for A (Z = C6

H5). By including7,8 and9 in theseriesB asmembersof
A with Z = p-MeC6 H4–p-MeOC6 H4, the(log kH)Z scale
for theseriesA canbeextendedtowardshigherreactivity
by over 13.8 log units. The reactivity–selectivity
relationship in Eqn. (6) for the present system is
illustrated in Fig. 9. It is most remarkablethat the r
valueremainswithin goodconstancyofÿ6.14� 0.11for
a changein reactivity of 9 log units, whereasfor the
diaryl series,3,5 and9, thishighr valueis observedonly
for the ED range of substituents.Note again that the
apparentr for thes-EDclasssubstituentrangein anyY
setsshould be unambiguouslyestimatedto give exact
valuesregardlessof the r value(seeabove).

Ontheotherhand,thesetswith Z = p-PhOC6 H4 andp-
MeOC6H4 at the higherreactivity scalein seriesA give
for therangeof s-EDclasssubstituentsadistinctly low r
valueof ÿ4.0,a valuewhich is obviouslydifferent from

Table 6. r and (log kH)Z values for solvolyses of a-
tri¯uoromethylbenzyl tosylates in 80% aqueous ethanol at
25°C

System
PhC(Z)CF3
or PhC(PhY)CF3 kt

H (sÿ1) at 25°C (Log kH)Z r

1, Z = Me 7.497� 10ÿ7 ÿ6.13 ÿ6.29
2, Z = H 3.067� 10ÿ11a ÿ10.51 ÿ6.05
3, Y = H 2.677� 10ÿ3 ÿ2.57 ÿ4.33

ÿ6.08
4, Y = Y 2.677� 10ÿ3 ÿ4.15
5, Y = m-Cl 5.279� 10ÿ5 ÿ4.28 ÿ4.81

ÿ6.19
6, Y = 3,5-Cl2 2.736� 10ÿ6 ÿ5.56 ÿ5.95
8, Y = p-MeO 1.980� 103 3.30 ÿ3.94

ÿ1.71
7, Y = p-PhO 2.235� 10 1.35 ÿ4.01

ÿ2.04
9, Y = p-Me 8.046� 10ÿ2 ÿ1.09 ÿ6.26

ÿ3.66
ÿ2.91

a Estimatedvaluefrom thedatain othersolvents.8

Figure 9. Reactivity±selectivity relationship; rZ or rY values vs
log (kH)Z or log (kH)Y for a-CF3-benzyl systems (A and B)
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ther valueof ÿ6.1expectedfrom extrapolationto S= 0
in thereactivity–selectivitycorrelationfor theseriesA. It
is worthy of note that there is an excellentlinear Y–T
correlationfor 4 with ar valueofÿ4.1encompassingthe
entire range of substituentsof over 11 log units of
reactivity from bis-(p-methoxyphenyl)to bis-(m-chloro-
phenyl).10

Ther valueshouldalsoberelatedto theconformation
of the incipient carbocation,i.e. to theangulardeviation
of thevariableX-substitutedaryl ring from coplanarityin
thecarbocation.Thes-EDclassX-substituentsin 3, 5, 6
and9 gaveaconstantr valueof ÿ6.1,avaluewhichcan
bereferredto astheeffectof X in thecoplanararyl ring in
the P-conformer.On the other hand, the EW classX
substituentsin theseY setsarefoundto giveaconstantr
value of ÿ4.1, which is referred to as the r value
reflectingtheeffectof X–phenylin theE-conformer.The
samer valuewasobtainedfor thesymmetrical4 in theE-
conformation.

The failure in linearly correlatingthe whole-substitu-
enteffectin anyfixedY setin theseriesB is certainlydue
to the complexity associatedwith the conformational
changein the propeller-shaped,twisted carbocationic
structureof thetransitionstate.Theobservedvariationof
the r value just demonstratesthe dependenceof the
selectivity r upon the deviation from the propeller
conformationof diaryl carbocations.Most important,the
r valuesfor thesameconformersareessentiallyconstant
for therespectiveconformations,independentof varying
Y substituents,but moredatawould berequired.Despite
thesignificantchangein r value,theremustbelittle or no
changein theapparentpositionof the transitionstate.

Duboiset al.19 pointedout in the brominationof 1,1-
diarylethylenesthatther valueincreasedsignificantlyas
the fixed Y became more EW, and the range of
substituentsX on which ther for respectiveY setswere
basedevidentlydiffered from set to set.The RHF/6–31
G* optimizationof thecorrespondinga, a-diphenylethyl
cationssuggestsstructuresof propellergeometry,with a
comparabletwisting angleof ca30° to that in thecation
4C�.20 Accordingly,brominationshouldshowa similar
conformationaldependenceof substituenteffectsto the
above.While significantvariationsof apparentr values
observedin solvolysesof therelatedpolyarylcarbocation
systemshavefrequentlybeenascribedto theshift of the
transition state coordinate, those conclusionsfor the
coordinateshift should be reconsideredpreciselyfrom
thepoint of theaboveconformationdependence.

EXPERIMENTAL

Materials. a, a, a-Trifluoroacetophenonesrequired for
preparationof alcoholprecursorsof solvolysissubstrates
were synthesizedaccordingto Stewart’sprocedurefor
theGrignardreactionof substitutedbromobenzeneswith
trifluoroaceticanhydrideatÿ78°C in a dry ice–acetone
bath.8a,21

Trifluoroacetophenoneswereconvertedinto thecorre-
sponding1,1-diaryl-2,2,2-trifluoroethanols by the Grig-
nardreactionwith substitutedphenylmagnesiumbromide
at ice-bathtemperature.1,10Thetertiaryalcoholsobtained
werepurifiedby columnchromatographyon silica gel.

1,1-Diaryl-2,2,2-trifluoroethyl bromides were pre-

Table 7. Physical and analytical data for 1,1-diary1-2,2,2-tri¯uoroethyl alcohols, chlorides and bromides

Substituent

M.p. (°C)

Carbon(%) Hydrogen(%)

X Y Found Calculated Found Calculated

Alcohols
p-PhO p-MeO-m-Cl Liq. 61.60 61.70 3.97 3.94
p-PhO 3,4-Me2 124–126 70.99 70.96 5.21 5.14
p-PhO p-MeS-m-Cl Liq. 59.43 59.37 3.88 3.80
p-PhO p-F Liq. 66.40 66.30 3.95 3.89
p-PhO p-MeS Liq. 64.72 64.61 4.51 4.39
p-MeO p-MeS Liq. 58.54 58.53 4.83 4.60
p-MeO p-F Liq. 60.20 60.00 4.25 4.03
p-MeO p-MeS-m-Cl Liq. 53.12 52.97 3.97 3.89
p-Me 3,5-Me2 Liq. 69.35 69.38 5.91 5.82
p-Me p-Cl Liq. 59.72 59.91 4.29 4.02
p-Me p-t-Bu 75–77 70.67 70.79 6.56 6.57
p-Me p-MeO-m-Cl Liq. 58.31 58.11 4.38 4.27
p-Me p-MeS Liq. 61.71 61.53 4.95 4.84
p-Me p-MeS-m-Cl Liq. 55.61 55.41 4.26 4.07
Chlorides
p-MeO-m-Cl 3,5-Cl2 91–92 44.70 44.59 2.30 2.25
p-PhO p-MeO-m-Cl 78–79 59.14 59.04 3.66 3.54
p-MeO p-MeO-m-Cl 65–68 52.66 52.63 3.69 3.59
Bromides
p-Me p-t-Bu 61–62.5
p-Me 3,5-Me2 44–46
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pared from the alcohol and phosphorustribromide by
essentiallythesameprocedureasreportedby Liu andco-
workers10–12,22 The bromide was purified through
columnchromatographyon alumina.Someof bromides
were not easily purified and were utilized directly for
kinetic measurements.Thechlorideswerepreparedfrom
the chlorination of alcohols with SOCl2 and dry
pyridine.10–12

Physical constantsand analytical data are listed in
Table7.

Solvents.1,10 Commercial95% ethanolwas dehydrated
twice by heatingunderreflux with magnesiumethoxide
anddistilled.Deionizedwaterwasrefluxedwith KMnO4

andthedistillatewasredistilledimmediatelybeforeuse.
Aqueous(80%) ethanol(80E) was preparedby mixing
correspondingvolumesof ethanol(80 parts)and water
(20 parts)at 25°C.

Kinetic measurement. Solvolysis rateswere measured
by a conductimetricmethodasdescribedbefore.1,10 The
first-order rate constantswere determinedby a least-
squarescomputerprogram;the precisionof fit to first-
order kinetics was generallysatisfactoryover 2.5 half-
lives with correlationcoefficient>0.99998.The experi-
mentalerrorsin the respectiverunsweregenerallyless
than 1.0% and the reproducibility of the rate constants
waswithin �1.5%.
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