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ABSTRACT: The solvolysis rates of 1-aryl-p{nethoxyphenyl)-2,2,2-trifluoroethyl and 1-aryl-fi49henoxyphe-
nyl)-2,2,2-trifluoroethyl bromides and chlorides were conductimetrically measured at@%080% aqueous
ethanol. The solvolysis rates of p-(nethylphenyl)-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 equption. The
methoxyphenyl-fixed series showed a linear correlation with—1.7 andr = 1.0 for the substituent range less
reactive thap-Me including allmetasubstituents, and a discrete correlation with —3.9 andr = 1.26 for the strong
n-donor class substituents more reactive tpa?hO. A similar bilinear correlation was obtained for the ¥-PhO

series. The partial correlations for the strangonor class substituents in both Y-series are nearly the same as the
correlation p = —4.2 andr =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 stredgnor class X substituents as strongiglectron 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 fixgedmethoxyphenyl (op-phenoxyphenyl) ring remains in a coplanar conformation

and X—phenyl is twisted more out of coplanarity. In the fixed [-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 moderdéetron 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 byahenitio MO optimization of the mong-methoxycarbenium ion, confirming

the conclusions above. Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: deactivated carbocationic solvolysis; substituent effect; Yukawa—Tsuno equation; varying resonance
demand; loss of coplanaritgb initio MO calculation

INTRODUCTION a theoretically reasonable wdy: The r value is a
parameter characteristic of a given reaction, measuring
For a variety of benzylic solvolyses, where a cationic the ‘resonance demand, i.e. the degree of resonance
center capable of directt-delocalization with the interaction between the aryl group and reaction site in the
benzene ring is generated, the Yukawa—Tsuno (Y-T) transition staté-® The resonance substituent parameter

equatior?, Adgis defined ag} — 09.2°°
By this equation, we have introduced the concept
log(k/ko) = p(0° + rAGE) (1) of varying resonance demand of reaction. In general

applications of Eqn. (1), the value has been found
is widely used in order to discuss the substituent effect in to vary widely from reaction to reaction, and this

scale permits the evaluation of the nature and
*Correspondence toM. Fujio, Institute for Fundamental Research of  girycture of the transition state. In particular, the
Organic Chemistry, Kyushu University, Hakozaki, Higashi-ku, behavi f th | | defici ,b
Fukuoka 812-8581, Japan. .e .aVIOr of the extremey eeC'Fron— eficient car OCja-
tFor Part Il, see Ref. 1. tionic systems can be characterized by extremely high

{Present address: Department of Industrial Chemistry, Faculty of v yglues. A good example is the solvolysis of the 1-

528_'8832,”3’55;,2“""”“0‘0 Institute of Technology, keda, Kumamoto phenyl-1-(trifluoromethyl)ethyl systeml1)® in which
E-mail: fuio@ms.ifoc.kyushu-u.ac.jp the «-CFs-induced destabilization of the carbocationic
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transition state provides a high resonancedemand
1.39 for positive chargedelocalizationinto the «-aryl
n-System.

Thereplacemenbf the Z groupin A by anaryl group
providesanappropriatesystenB to revealthesubstituent
behavior of extremely electron-deficientcarbocationic
transition states. The stability of the carbocationic
transitionstatecanbe widely changediy changingboth
the X and Y substituentdn the two aryl rings, while
keepingthe basicframeworkof the structureessentially
unchanged.

The substituent effects on the solvolyses of 1-
(substituted phenyl)-1-phenyl-2,2-trifluoroethyl (3)
and1,1-bis(substituteghenyl)-2,2,24ifluoroethyl tosy-
lates (4) were analyzed on the basis of the Y-T
equation:® The symmetrically disubstituted dipheny!
set4 whereX =Y gavea linear Y-T correlation[Egn.
(2)] for the whole substituentangefrom p-MeO to m-Cl

S

—>

ACH

Z=C¢Hs5; Y=HinB
Z=X-CcHyg; Y=XinB

with a high precisionwith R=0.9994andSD=+0.12:
log(k/ko) = —8.30(c° + L.19Ad% )y (2)

Whereasthe lessenhanced value of 1.19 arisesas a
resultof sharingthe resonancelemandby the two aryl
groups,the p value, —4.15, for the effect of singlearyl
substituents appears appreciably smaller than that
expectedor an electron-deficientarbocatiorsystem.
Onthe otherhand,the monosubstitutediphenylset3
did notgive asinglelinear Y-T correlationbutabilinear
correlation, one with p=—-6.1 and r=1.45 for the
substituentrange more electrondonatingthan the 3,4-
dimethylgroupandthe otherwith p = —4.33andr = 1.26
for the rangeof substituentdesselectrondonatingthan
thep-methylgroup.Theformercorrelationis comparable
to those of 1 and 28 and the latter to that of the
symmetrically disubstitutedset 4. Since the range of

Y
\@>_(|:—C F3 (TS=p'C Hscs H4SOz)

OTs

B
5 Y = m-Cl
6 Y = 3,5-Clp
7 Y = p-PhO
8 Y = p-CH30
9 Y = p-CH3
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substituenthangeof reactivity in 4 entirely coversthe
rangeof reactivity changein 3, it is highly unlikely that
the non-linearityin 3 can be ascribedto the changein
reactionmechanismNeverthelessthereis obviouslyno
simple additivity of substituenteffectsof the two aryl
substituentsn the systemB.

T-Conformation

Y Y

E-Conformation
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BN

P-Conformation

Scheme 1. Coplanarity change in 1,1-diaryl-2,2,2-trifluroethyl cation

Our continuing studieson this systemexploredthe
effects of the enhancedresonancedemandcausedby
more electron-withdrawig Y substituentsn the second
aryl group, such as in the l-aryl-1-(m-chlorophenyl)-
2,2,2-trifluoroethyl (5) and 1-aryl-1-(3,5-dictiorophe-

nyl)-2,2,2-trifluoroghyl (6) setst The behaviorof 5 is

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

Substituents 10%; (s 1) at 25°C

X1 X5 Bromides Chlorides

p-MeO p-OCH,CH,-m 3050
p-MeO 646.8
p-MeS 173.7
p-PhO 3210 63.3
p-MeO-m-Cl 39.28,39.3
p-MeSm-Cl 16.33
p-Me 23.9
m-Me 9.60°
p-F 9.824
H 466.6 7.504,7.64
m-CF; 0.89¢
p-CF3 119

p-PhO p-MeS 17.51
p-PhO 184.3,17¢ 3.809,3.19"
p-MeO-m-Cl 1.830
p-MeSm-Cl 0.5969
3,4-Me, 0.6720
p-Me 23.0% 0.428
m-Me 6.88" 0.14C
p-F 0.1297° 1.465(at 45°C), 33.02(at 75°C)
H 5.267,5.38 0.114
m-MeO 419 0.0824
m-CFR; 0.406 0.0106
p-CRs 0.52¢" 0.0142

p-Me p-OCH,CH,-m 3497
p-MeS 4.989,49.25(at 45°C)
p-MeO-m-Cl 0.2393
p-MeSm-Cl 0.07919° 0.9549(at 45°C), 23.39(at 75°C)
p-t-Bu 0.2743¢ 3.669(at 45°C), 102.7(at 75°C)
3,5-Me 0.08519 1.229(at 45°C), 37.89(at 75°C)

aRef. 11.

® Ref. 12.

¢ Calculatedfrom othertemperatures.
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Table 2. Estimated solvolysis rates of 1,1-diaryl-2,2,2-trifluoroethyl tosylates in 80% aqueous ethanol at 25°C?®

Substituent k (s') at25°C

X 8, Y =p-MeO 7,Y =p-PhO 9,Y =p-Me
p-OCH,CH,-m 626000 8014¢
p-MeO 132806 1362 5225
p-MeS 36520 3681 1145
p-PhO 13620 781.9 97.5¢
p-MeO-m-Cl 8316 375.7 54.95
p-MeS-m-Cl 3573 137.1 18.18
3,4-Me, 154.3

p-Me 5225 97.59 1.647
p-t-Bu 1.164
3,5-Me, 0.3615
p-F 2228 27.04

m-Me 2182 29.19 0.1818
H 1980 22.35% 0.08046
m-MeO 17.78

p-Cl 0.05481
m-Cl 392.6 3.17% 0.00623&"
m-CF; 230.7 2.078

p-CF3 308.4 2.784

3,5-Ch 104.7 0.8432 0.0007194f

@ Estimatedfrom bromidereactivitiesin Table 1 basedon a tosylate/bromideatio of 4.243x 10° for 4 (3,5-Me,) and estimatedfrom chloride
reactivitiesin Table 1 basedon an OTs/Cl ratio of 2.053x 10’ for 4 (p-PhO)asreportedin Ref. 10 or an appropriateestimationbasedon the
logarithmiclinear relationsof bromide—chlorideeactivitiesin Table 1.

b Estimaed from ratedatareportedin Ref. 11.
¢ Reportedn Ref. 10.

Estimaed from rate datareportedin Ref. 12.
¢ Reportedn Ref. 1.

Tosylaterate constant.

also similar to that of the monosubstitutedset 3, but 6
with Y =3,5-CL only shows a normal substituent
behavior, i.e. giving a linear Y-T correlation with
p=-—6.0andr =1.69.

In the o,a-diarylcarbocationsystemBC™, the reso-
nance demand parameter r should be effectively
controlled by the loss of coplanarityof both p-orbitals
asdepictedin Schemel.

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 the conclusionthatthetwo aryl ringsin the
4 cation(4C™") shouldbe atleastconceptuallyequivalent
with respect to the propeller conformation'® For
unsymmetrically substituted diarylcarbocationsBC™,
the propellershapeis destroyedand the deviationfrom
coplanarityof ringsis relatedto the relative capabilities
of resonancestabilization (mainly n-delocalization)by
botharyl rings**°In 7 and8 wherea strongz-electron-
donatingY substituents introducedn to abenzeneing,
only the ring having strong n-electron-donating X
substituentgof the sameresonancelassasthe fixed Y
substituent)hasthe propellerconformation,but the Y—
phenyl retains coplanarity with the carbocationcenter
when the variable X substituentsare less electron
donatingthanthe fixed Y.

Copyright0 1999JohnWiley & Sons,Ltd.

In orderto discusgheprecisedependencef resonance
demandon the aryl coplanarity,it is necessaryo gather
more completesetof substitueneffect datafor a wider
rangeof fixed Y substituentf this solvolysissystem.
Consequentlywe have further extendedour investiga-
tion to the substitueneffectson the solvolysesof 1-aryl-
1-(p-phenoxyphenyl)-2,2:trifluoroethyl (7) and 1-aryl-
1-(p-methoxyphenyl)-2,2, 2rfluoroethyl (8) setswhere
astrongr-electron-donamg Y substituenwill reducethe
resonancelemandof the systemandin particular will
affect the non-linearity of the correlationin a different
way.

The substitueneffectson the solvolysesof thesesets
are treatedwith the Y-—T equationand the correlation
results are discussedbasedon the dependenceupon
varying coplanarityof the respectivebenzeneings.

RESULTS AND TREATMENT OF DATA
Solvolysis data sets

Rate constantdor solvolysesof the title compoundsB,
mainly 7, 8 and9, with afixedY = p-PhO,p-MeO andp-
Me, respectively,were measuredconductimetricallyby
using the chlorides, bromidesand/or tosylatesin 80%
(v/v) agueougthanol(80E)atinitial concentrationsf ca

J. Phys.Org. Chem.12, 843-857(1999)
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Table 3. Correlation analyses of substituent effects®

Yukawa-Tsuncequation

Brown p ¢ equatiof!

Substrate:
Entry (2)°inA nd p r R SD pt R SD
1 1 (CHg) 28  —6.29+0.05 1.39+0.02 09998 +0.07 -—7.54+0.21  0.990 +0.49
2 2 (H) 17  —6.05+0.19 1.53+0.07  0.998 +0.15 —8.27+0.91 0.921 +0.85
3 3 (Ph) 18  —4.37+021 1.67+0.13  0.996 +0.24 -5.93+0.33 0.976 + 0.60
4 4 (X-Ph) 14  —4.154+0.08 1.1940.04  0.9994 +0.12 —4.74+0.14 0.995 4+ 0.33
5 5 (3-CI-Ph) 13  -5.32+0.32 1.65+0.14  0.997 +0.22 —7.93+0.61 0.969 +0.71
6 6(3,5-CbPh) 13  —595+0.31 1.69+0.12  0.998 +0.18 —9.59+0.87 0.958 +0.82
7 7 (p-PhOPh% 15  —2.22+0.24 1.29+0.23  0.983 +0.24 —259+0.15 0.978 +0.26
8 7 (p-PhOPH 8 —1.86+0.39 1.76+0.55  0.987 +0.24 —2.64+0.26 0.972 +0.32
9 8 (p-MeOPh) 14  —2.15+0.29 0.88+0.24  0.973 +0.27 —-2.00+0.14 0.972 +0.26
10 9(p-MePh) 14  —3.76+0.40 1.54+0.25  0.988 +0.39 —-4.98+0.35 0.972 + 0.56

&Substituenparameters®, Agf;ands ™", employedn the presentinalysisaremostlythe standardzaluesexceptfor thecorrectionof 0.03-0.04 unit
for the resonanc@arametersf p-MeS derivativescharacteristic®f highly electron-deficiensystems:8-1°

®r =1.00in the Y=T equation.

¢ Z in XPhC(Z)CROTs (A).
Numberof substituentsnvolved.

¢ For two identical substituents.

f Datasetfrom Liu etal. in Ref. 11

10~*mol dm~2 of substratesinderthe sameconditions
asthosefor 3—-6in previouspapergTable1).}'° Several
related data available in the literaturé>*? are also
includedin the presentanalysis.Including the rate data
for X =p-Me derivativesin all the Y sets,we have
composedh new seriesl-aryl-1-{p-methylphenyl)-2,2,2-
trifluoroethyl (9) of Y =p-CHs 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 x 10° calculatedfrom the data
obtainedfor the 3,5-dimethyl derivative of 4 and the
bromide/chloriderate ratio=48.4 obtainedfor the p-
phenoxyderivative of 4'° or an appropriateestimation
basednthelogarithmiclinearrelationsof the bromide—
chloride reactivities in Table 1. Rate constantsthus
estimatedor thetosylatesolvolysisat 25°C for theseries
7, 8 and 9 with Y =p-PhO, p-MeO and p-CHs,
respectivelyaresummarizedn Table2.

As shown in Table 2, the magnitudeof reactivity
changecausedy the substituenthangerom p-methoxy
to 3,5-dichloro in fixed Y sets, 9, 7 and 8, varies
substantially as 7.3x 10°, 1.6x 10* and 1.3x 10°,
respectively, in 80E at 25°C. Nevertheless,these
reactivity changesare significantly smaller than the
correspondingoveragdn the otherfixed Y sets3-6

Analysis of substituent effects

Detailed correlation analysisof the substituenteffects
basedntheY-T equatiofEqn.(1)] hasbeencarriedout
for the fixed Y sets,7, 8 and 9, andthe closelyrelated
systemgeportedpreviously,sets3-5-°in seriesB and
also1 and2® in the seriesA. For comparisonthe same

Copyright0 1999JohnWiley & Sons,Ltd.

analysishasalsobeenappliedseparatelyto Liu et al.’s
datd? setfor 7. All the correlationsare comparedwith
thoseof the Brown p ¢ analysis, assummarizedalso
in Table3.

Setsl and2 in theseriesA havealreadybeenshownto
satisfy the Y-T equationwith excellent precision;the
correlationswith Egn. (1) arefar moreprecisethanthose
with the Brown equatiorf In the seriesB, symmetrically
disubstitutedset4 whereX =Y givesanexcellentlinear
correlationfor the whole range of substituentsover a
reactivity changeof 11 log units. Whereasthe Y-T
equationimprovesthe correlationsfor all the systems
includedin this study,it appeargo give lesssatisfactory
linearwhole-substituentorrelationgfor anyfixed Y sets
whereX #Y in the B seriesNeverthelessi is apparent
in Table 3 that the p value changessignificantly with
fixed substituent¥ andthatthereis aqualitativetrendof
an inverse-linearchangeof p againstelectron-donating
powersge.g.c ", of Y; asimilartrendcanbeobservedlso
in the p* valuesof the Brown correlationsfor the series
B. The substitueneffectsof X andY in thediaryl series
B (X #Y) areall apparentlynon-additive.The modeof
changeof p valuesis in line with whatwouldbeexpected
from the reactivity selectivity relationship*>**which is
intimately relatedto the Hammond-Lefflerate—equili-
brium relationship(or extendedBranstedrelationship}®
concerningthe transition state coordinate.This is not
consistenthoweverwith theexcellentinearity of the Y—
T correlationfor 4 (X =Y) or with the preciseadditivity
only in this symmetricalsystem.It is thereforeremark-
ablethatthe Y-T equationdoesnot correlatesoprecisely
the substitueneffectsof anysets(entries3,5and7-10in
Table 3) in the unsymmetricakeriesB (X # Y). Indeed,
the Y-T correlationsfor the whole rangeof substituents
for thediaryl B (X #Y) seriesareall obviouslynon-linear

J. Phys.Org. Chem.12, 843-857(1999)
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Table 4. Correlation analyses of substituent effects®

Substrate Substituents< Yukawa-Tsunaquation
Entry (Y)inB Substituentange Clas® ne p r R SD
1 3 (H) p-MeO-3,4-Mg s-ED 6 —-6.08+0.42 1.45+0.17 0.996 +0.12
2 p-Me0-3,5-C} w-ED,EW 12 -4.33+0.08 1.2640.08 0.9990 + 0.07
3 4 (X=Y) p-MeO-m-Cl whole 14 —-4.15+£0.08 1.19+£0.04 0.9994 + 0.12
4 5 (3-Cl) p-MeO-p-Me s-ED 7 —-6.1940.52 1.57+0.20 0.996 +0.19
5 3,5-Me—m-Cl w-ED 6 —-481+0.11 1.41+0.08 0.9993 + 0.05
6 6 (3,5-Ch) p-MeO-p-Cl s,w-ED 13 -5954+0.31 1.694+0.12 0.998 +0.18
7 7 (p-PhO) p-MeO-p-MeSm-Cl® s-ED 7 —4.01+£0.23 1.26+0.11 0.998 +0.10
8 p-Me-3,5-C}, w-ED,EW 8 —2.0440.02 1.07+£0.05 0.9998 +0.02
9 8 (p-MeO) p-Coumaf—p-PhO s-ED 6 —-3.94+0.37 1.26+0.15 0.9992 + 0.09
10 p-Me-3,5-C} w-ED,EW 7 -1714+£0.08 1.01+0.19 0.997 + 0.06
11 9 (p-Me) p-Coumaf—p-MeO-m-Cl s-ED 5 -6.26+£0.34 1.40+0.23 0.999 +0.10
12 p-Me—p-Cl w-ED 6 —-3.664+:0.24 1.21+0.20 0.994 +0.08
13 H-3,5-C} EW 4 —-2.91+0.08 0.999 + 0.05

@ Seefootnoteain Table3.

® The substituentesonancelassto which the substituentsncludedin the correlaion arereferred(seetext).

¢ Numberof substituentsnvolved.

9 Including the pointsof H andp-Me estimatedor the E-conformers(seetext).

€ XPh=2,3-dihydrobenzofuranyih B.

or bilinear. Partial correlationsfor limited ranges of
substituent®f respectiveY setsaresummarizedn Table
4.

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

3.0

\D—C -® p-MeO
\J—C @ p-SMe
20
—O p-PhO
p-MeO-m-Cl -
3,4-Me,

log (k/ki)
\

6h
00f g C\CFS A%’"

p=-4.01
r=1.26

G scale

Figure 1. Y-T plot for solvolysis of 1-(p-phenoxyphenyl)-1-
(substituted phenyl)-2,2,2-trifluoroethyl tosylates (7) in 80%
aqueous EtOH at 25.0°C: O, ¢"; @, ¢°; O, o (r=1.26 for
strong p-n-donors and r=1.07 for weak ones); H, a° for
resonance invariant substituents

Copyright0 1999JohnWiley & Sons,Ltd.

poorconformityto Eqn.(1), asshownby the Y=T plotin
Fig. 1. All the plotsagainsts* (opencircles)of para n-
donorsubstituentsleviatesignificantlyin thedirectionof
rate enhancementfrom the p,, correlation line of
p =—2.04. For the range of substituentsess reactive
thanp-Me, i.e. weakelectron-donatinglasssubstituents
(abbreviatedo w-ED classsubstituents)a preciseY-T
correlationis obtained(r =1.074+ 0.05;entry 8 in Table
4) with pyr essentiallyidentical with p,,. Since the
coplanarityof aryl ringsin the propellerconformationof
the transitionstateshouldbe determinedmainly by the
resonancecapabilities rather than polarities of aryl
substituents,we almost always observea non-linear
behaviorin the substituent—reaistity correlationattribu-
table to distinctly different contributions from the
different resonanceclassesof substituents,strongly
electron-donatingubstituentsdy resonancddenoteds-
ED class), weakly or moderately electron-donating
substituents(denotedw-ED class) and electron-with-
drawingsubstituentgdenotedEW class).Thus,not only
for qualitative interpretationsbut also for the practical
purpose of correlational treatments,the substituents
involved in the presentstudy are classifiedto define
explicitly threedifferent resonancelassessubstituents:
s-ED class,p-OCH,CH,-m-, p-MeO, p-MeS, p-PhO, p-
MeO-m-Cl andp-MeSm-Cl, having Ay valuesof — 0.6
to — 0.75; w-ED class,p-Me, comparablep-alkyls, 3,4-
Me, and p-halogensandincluding 3,5-Me,, mMe and
H; EW class, mhalogens,m and p-CF; and more
strongly EW substituentsOn the otherhand,a separate
Y-T correlation(entry 7 in Table 4) with p=—4.0is
obtainedfor moreelectron-donatingubstituentghan p-
MeSm-Cl, i.e. strongelectron-donatingesonancelass
substituentgabbreviatedo s-ED classsubstituentsjsee
note in brackets above). The r value of the Y-T

J. Phys.Org. Chem.12, 843-857(1999)
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p- MeO
p-MeS
Me

1 o @ pPhO {

R y Yo p-MeO-m-Clg @
T e

4
z x p-Me = p-Mes-mCl o
S \:rjn-Me

0r "

-1.0 -0.5 0.0 0.5
G scale

Figure 2. Y-T plot for solvolysis of 1-(p-methoxyphenyl)-1-
(substituted phenyl)-2,2,2- trlfluoroethyl tosylates (8) in 80%
aqueous EtOH at 25. 0 C 0,67 @, 6% 1,7 r=1 26 for
strong p-r donors and r=1.0 for weak ones); W, o° for
resonance invariant substituents

sor 0 O A e

\ p-OCH,CHy-m
X
\: p-MeO CFy

401 / p-MeS
).

30Mp=-6.26 b o
p-MeO-m-Cl

r =140 \D -MeO-m-
o °

@ p-PhO
r Y

I
X -MeS-m-Cl
2 20f \j P
o
o
—9
1.0
p=-3.66
r=1.21
0.0 —@ p-Cl
1.01 m-Cl
201 3,5-Cl,
-1.0 -0.5 0.0 0.5

G scale

Figure 3. Y-T plot for solvolysis of 1-(p-methylphenyl)-1-
(substituted phenyl)-2,2,2- trlfluoroethyl tosylates (9) in 80%
aqueous EtOH at 25.0°C: 0,67 @ 6% 1,7 (r=1 4for
strong p-n-donors and r=1.2 for weak ones); W, o° for
resonance invariant substituents
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correlationappeargo be difficult to determinedirectly
from the substituenteactivity dataavailableandthis will
be consideredaterin detail.

Similarly, the Y-T equation fails to correlate the
substitueneffectonthesolvolysisof 8 whereY = p-MeO
(entry9 in Table 3), resultingin a bilinear correlationas
in Fig. 2, which comprisesa correlation(entry9 in Table
4) with p=-3.9 and r =1.26 for strongly electron-
donating resonance class substituents and another
separate correlation (entry 10 in Table 4) with
p~ —1.7 for the range of substituentsless electron
donatingthanthe p-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 p value for the substituent
range acceleratingreactivity and with a significantly
lower p valuefor the rangeof reducingreactivity. This
may imply ananti-Hammondshift of the transitionstate
coordinateandis not altogetherconsistentvith whathas
beenconcludedabove(in Table3) from thebehaviorof p
in the whole-substituentorrelationsn the seriesB (X #
Y).

The behavior of substituentsin the solvolysis of 9
whereY = p—CH;zisillustratedby the Y—T plotin Fig. 3.

0.4

03[

0.2

Standard Deviation

3(X=p-MeO~3,4-Me, }

0.1

9 (X=coumar~p-MeO-m-Cl)

17 1.5 1.3 1.1 0.9 0.7
r value

Figure 4. Plot of standard deviations as a function of rvalues
for the solvolysis; A for 1,1-bisaryl-2,2,2-trifluoroethyl
tosylates (4), C for all substituents and D for the range of
substituents X = p-Me0O-3,4-Me, of monosubstituted 1,1-
diphenyl-2,2,2-trifluoroethyl 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-trifluoroethyl tosylates (9) in 80% aqueous
EtOH at 25.0°C
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Figure 5. Plot of standard deviations as a function of rvalues
for the solvolysis of 1-(p-phenoxyphenyl)-1-(substituted
phenyl)-2,2,2-trifluoroethyl 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

It is apparenthatthe effectsof whole rangesubstituents
are not linearly correlatedwith ¢* parametersthe ¢+
points(opencircles)of paraz-donorsubstituentshowa
significantconcaveplot, exhibiting significantdeviations
in the direction of rate enhancemenfrom the reference
correlationline. The solvolysisof 9 doesnot appearto
adopta singlelinear Y=T correlationwith anr valuefor
the whole rangeof substituents.

Thequality of Y-T correlationscanbe discusseanost
reasonablyon the basisof the relationbetweenstandard
deviationgSD)andvaryingr valuesIn Fig. 4,the SDvs
r correlationcurvesaredisplayedfor the solvolysisof 3
whereY =H and 9 where Y = p—CHj;, comparedwith
thatfor 4 whereX =Y asa referenceCurve A for 4 is
typical of the satisfactoryy—T correlationsof acceptable
conformity; both the depth (at the minimum SD point)
andthe steepnessf thewedge-shapeplot areimportant
indices to qualify the Y-T correlation (actually to
evaluate the resonancedemandr value). From the
significantdifference>0.2 in SD betweenthe minimum
SDandthatatr = 1.0for curveAin thisplot, anr valueof
1.19 assignedor this set4 canbe distinguishedrom a
constant of unity assumedh theBrown p*¢™ equation.
In contrastthe SDvsr curveB for all the substrate®f
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theset9 resultsin neithera sufficientdepthof the best-fit
SD nor a sharpwedgeshapeplot of the curve,andis
similar to curve C for the monosubstitutedet 3 where
Y =H. This flat curve of insufficientdepthof SD >0.2
should be incapableof discriminatingthe changein r
value of the sets. Deleting the X substituentsmore
electron withdrawing than H brings about a small
improvementin the sharpnessof the wedge-shaped
curve, and further deleting less electron-donatingsub-
stituentsthan p-methyl resultsin a significantimprove-
ment in the depth of the SD vs r curve D to reacha
satisfactoryprecisionlevel of acceptableconformity to
Eqn. (1) (cf. entry1in Table4).

Figure 5 displaysthe SD vs r relationshipsof the
partial Y=T correlationsfor rangesof X substituentf
7 (Y =p-PhO). CurvesA and B exhibit a behavior of
the SD for the whole-substituentorrelationsof Liu et
al.'s dataset(cf. entry 8 in Table 3) and of our whole-
substituent set of 7 (cf. entry 7 in Table 3),
respectively; the two sets differ in the number of
substituentdnvolved but cover a comparablerange of
substituentsrom p-MeO to p-CF; or 3,5-Cb. Both A
andB represensimilar broadcurvesof comparabldow
precision, SD >0.2, and there is no significant
convergencdo any r value. While Liu et al.** stressed
to the fact that the Y—T correlation with r=1.76
obtained for 7 gave a small improvementin the
linearity comparedwith the Brown ¢*, the dataset7
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 substituentsihe best-fit r value for the
whole-substituentset does not have any mechanistic
significance.The set of s-ED class substituentsof 7
givescurve C of sufficientdepthwith reducedSD <0.1
but still of a broad basis without significant conver-
gence. Becauseof the nearly constant Ag values
within —0.60 to —0.75 for the s-ED substituentsthe
best-fitr value for the correlation of this set of s-ED
substituentsshould be almost indefinite and conse-
guently the points expectedfor H and p-methyl groups
of different Asgvalues must be included in the
correlationin order to attain a sufficient depthin the
SD vs r curve for this resonanceclassof substituents
(curve E). For the rangeof substituentsesidesthe s-
ED class we can observe a precise best-fit Y-T
correlationwith SD <« 0.1, irrespectiveof a conceiva-
ble changein r value (curve D). The SD vs r
relationshipfor the set 8 where Y =p—MeO behaves
in a similar manner to that for the set 7 where
Y =p—PhO.

It shouldalsobenotedthatthe Y—T correlationfor any
set of substituentsn the sameresonanceclassshould
statisticallygive preciselya constanip valuewhile ther
valueis almostindefinite.Forexamplejn thesetof s-ED
classsubstituentfavingnearlythe sameAas; values the
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p value should be related almost exclusively to their
varying ¢° values, independentof the r value. The
symmetricalX =Y membersX = p-MeO, p-PhO,andp-
Me, in thesets,7, 8 and9, respectivelyshouldof course
satisfythe Y—T correlationin Eqn.(2) definedby theset4
(entry4 in Table3) and,moreover X substituentsn the
sameresonanceclass with fixed Y in any set appear
altogetheto satisfythe sameY—T correlationin Eqn.(3)
asfor set4. Forsubstratesvherethetwo aryl substituents
X andY arein the sameresonancelasshavingidentical
Acfvaluesand symmetricalsubstratesvhere X =Y, a
precise additivity relationship holds with excellent
precision,n=24,SD=+0.126andR =0.9992;

log(k/ko) = —(4.143+ 0.077)(6x + dy) (3)
where
= —(4.143£ 0.077){(ox + 0y) + (1.200
+0.033[(Adg)x + (Adg)y]}

Ther andp valuesfor suchcorrelationgentries2, 7,9
and12in Table4) for the respectiveY setsall coincide
with thoseof thecorrelationin Egn.(3). While we should
generallytakeinto accounttherelatively low confidence
in the precisionof the partial correlations,they can be
most likely all be replacedby the r and p of the
correlationin Eqn. (3).

In the caseof theset7, asseenn Fig. 1, thecorrelation
for s-ED class substituentsis indeed statistically
indefinite especiallywith respecto the r value,andthe
correlationfor this classof substituentgplottedasopen
squaresn Fig. 1) canbe confirmedwith the aid of Eqn.
(3). The log k4 value expectedfor the unsubstituted
member (X =H) of the equivalentdiaryl substituents
seriesn 7 canbeestimatedas(half) of log (k/kg)4 for the
substrateX = p-PhOin 4 (X =Y); the sameestimation
appliesalsoto thelog (k/ko) of the X = p-Me memberof
thesameseries.The Y—T correlation(entry 7 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, plots of log (k/ko)s valuesfor 8 with Y =p-
MeO alsofall on the correlationline [Eqgn. (3)] only for
the s-ED class substituents;w-ED (resonance)class
substrateshowa clearbreakof the Y—T correlation(Fig.
2).

Herewe note our 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, exceptfor 4 where
Y =X, as a single linear correlation of acceptable
conformity.However thisis notcausedrom adeficiency
of the Y-T equationbut from the inadequacyof the
substitueneffectsin the«, ¢-diaryl systenB to dealwith
the ordinary correlation analysis. Whereasthe Y-T
equationfails to delineatethe substitueneffectsin these
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B seriesthe equationis capableof detectingthe breakof

the linear substitueneffect correlationsin the o, a-diaryl

seriesB. The precision criterion for acceptablecon-
formity of Y—T correlationsshouldbe setat muchmore
preciseSD level thanthatfor the Brown correlations so
that the latter correlation was capable of predicting
whetheranyrateasreasonabl&utincapableof detecting
the non-linearity of substituenteffect in the system.
Indeed,the significantnon-linearityin the respectiveY

setsis a very important result from this correlation
analysis.

Conformation of carbocations

The geometriesof carbocationsBC* in the «,a-diaryl
systemB, the parentcarbocation3C"(H), its monop-
methoxy 3C"(p-MeO) and monom-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 Cy,—C*
bondsof carbocationsverealsoevaluatecdat the 6-31G*
level. The resultsof ab initio MO optimization were
reportedin partin the previouspaper- Optimizationat
the MP2/6—31G*level wascarriedout on severatypical
carbocations. The results of these calculations are
summarizedn Table5 andthe geometriesof optimized
structuredlocatedat the 6—-31G* level are presentedn
Fig. 6.

In theseoptimized structuresthe two phenylsof the
parentcarbocation3C*(H) are rotatedby 19° and 41°
from coplanarity with the sp? carbocation center.
Essentiallythe samegeometriesand energeticsof the
optimizedconformersare obtainedfor all othersymme-
trically disubstituteccarbocationgtC* with X = p-MeO,
p-Me andm-Cl. Thereis anappreciablaaon-equivalence
in thetwist anglesbetweenthe two propellerarylsin the
optimized structure of symmetrical4C* (Y =X); this
non-equivalenceshould be due to the non-equivalent
proximity effects of the non-spherical CF; group.
However,the optimizedstructureat higherlevel results
in a pair of much closer rotation angles,23° and 38°
[3CT(H); MP2/6-31G*]; the stability of the optimized
conformeris not much different [within 0.9kcalmol™*
(1 kcal=4.184kJ)] from that of the equivalentpropeller
conformationboth twistedby a 23—-38 (ca 30°) rotation
(cf. Tableb).

On the other hand, the optimized structure of the
monop-methoxy-substituteébn 3C* (p-MeO) in Fig. 6
hasaconformationin whichthephenylring is twistedby
0y =53° whereasthe p-methoxyphenylis coplanar(by
0p_meo = 8°) with the C™ center(Table5).

The internal potential energydiagramfor rotation of
the two aryl rings in the parentcarbocatior3C* (H) is
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Table 5. Geometric parameters and relative stabilities for 3C" (H), 3C*(p-MeOQ), 3C*(m-Cl), 4C*(p-MeO), 4C*(p-Me) and

4CH(m-Cl) optimized at the RHF/6-31G* level®

Torsionangle(®)

Relativeenergy Bondlength(A)

Cations 6\° 0x° (kcalmol™?) ct—cy® Ccr—Cy©
4C* (X =Y = p-MeO) 16.5 40.1 1.401 1.431
4C* (X =Y = p-Me) 18.2 20.3 1.409 1.432
AC* (X =Y =mCl) 8.9 1.3 1.415 1.436
3C* (X =Y =H) 188 1.0 0.0 1.413 1.435
(MP2/6-31G*) (22.9) (377 (T.421) (T.423)
30 30 1.2
30 35.9 0.9
0 53 2.7
3C* (X =p-MeO, Y =H) 53.0 8.1 0.0 1.470 1.371
(MP2/6-31G*) (@4.7) (T4S (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 =mCl, Y =H) 155 44.9 0.0 1.402 1.447
(MP2/6-31G*) (21.9) (39.0) (1.418) (1.426)
30 3 1.8
449 15.5 1.8
9C* (X =m-Cl, Y = p-Me) 11.4 49.3 1.386 1.461

& Underlineddataindicatethoseof the optimizedstructure.
b BetweenY—phenylandC™.

¢ BetweenX—phenylandC*

d 6, for energyminimum with one phenylfixed at 6; = 30°.
€ 9, for energyminimum with one phenylfixed at 6, = 0°.

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(6, =0°), a
high potentialenergyis requiredfor the secondohenylto
be coplanar(f,=0°), and the energyis lowered with
increasen twisting from coplanarityto give a potential
minimum at 8, = 53°; however,this minimum potential
energy for the conformation where one phenyl is
coplanarandthe otheris twisted is significantly higher
(2.7kcalmol~Y) thanthe potentialminimum of the most
stablepropellerconformer.

The angularprofile of the potential energy diagram
(Fig. 8) for the carbocation 3C* (p-MeO), when
constrainingthe p-methoxyphenylring to be coplanar
(at Op_meo~0°), appears different from those of
symmetricakC" (p-MeO)and3C™" (H). This conforma-
tionis 4.2kcalmol~* morestablethanthedoublytwisted
propeller conformation (6p_meo~ 0~ 30°) and
9kcalmol™* more stablethan the conformerwith the
phenyl-ring coplanar and p-methoxyphenyl twisted
(QH =0° andep,Meo > 450).

The geometryof the carbocationBC* shouldreflect
the balancein resonancestabilizationsby the two aryl
groups,andthe anglesof rotation of the two aryl rings
from coplanaritymustdependuponthe relative capabil-
ities of X—andY-aryl substituent$or cationstabilization
mainly by resonance.In symmetrically disubstituted
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cations4C* (X =Y), the two identical aryl rings are
twisted equivalentlyout of the planeof the centralC",

denotedthe E-conformer, where both aryls are in a
propeller-shapedconformation with 6y =6y ~ 30°. In

unsymmetricallysubstitutedcaseqX # Y), the stronger
cation-stabilizingaryl ring shouldbe lesstwisted from

the sameplane of the carbocationwhile the other ring

shouldbe twisted evenmore out of the plane.Whenthe
substituentsX are more electrondonatingthan Y, the
cationBC™ (X #Y) takesaconformationdenotedhe P-

conformer) where the variable X-phenyl is coplanar
(0% = 0); in this case,the substituentX in the coplanar
aryl shouldthenexertits maximumresonanceffect on

the solvolysisrate. On the other hand,whenvariable X

substituentsre lessactivatingthanthe fixed Y—phenyl,
the Y—phenylretainscoplanaritywhile constrainingthe
X-substitutedaryl ring to be moretwisted;we denotethis
structureof X-aryl asthe T-conformation(dy ~ 0 andfy

>50°) (cf. Schemel).

The symmetricalprecursors4 reactthrougha transi-
tion statestructurallycloseto theintermediatecarbenium
ion 4C" with a preferred conformation of propeller
shapeTher valueof 1.19foundfor thesymmetricaket4
must be the essentialresonancalemandof the diaryl-
carbocatiomC" whereX =Y or of theE-conformerThe
symmetrywill bedestroyedy replacingonephenylby a
ring substitutecdoy anED Y substituentcausingthe Y-
substitutedphenylring to be more coplanarwith the sp?

J. Phys.Org. Chem.12, 843-857(1999)
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P.E. (kcal/mol}

o} A A
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Angle (84)

Figure 7. Angular profiles of potential energy of 1,1-
diphenyl-2,2,2-trifluoroethyl cation 3C*(H) at the RHF/6-31
G* level

Figure 6. Optimized structures of a-CFs-benzhydryl cations
at the RHF/6-31G* level; from top to bottom, 3C*(H) with
twist angles Ga._c- 18.8° on the right-hand and 41.0° on
the left-hand; 4C*(p-MeQ) with .+ 16.5° and 40.1°;
4CH(m-Cl) with far.c- 18.9 and 41.3° 3C*H(p-MeO) with
Bp-meo 8.1° and 6y 53.0°.

cationic carbon.This will reducethe electronicdemand
on the X-substitutedphenylring, which in turn will be
forcedto deviatefurther from coplanarity.

DISCUSSION

Structure-reactivity relationship in the «a-CF;-
diarylcarbocation system

P.E. (kcal / mol)

Despitethe solvolysisof the symmetricallydisubstituted
seriesd 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 singlelinear correlation
for thewholerangeof X substituentsn anyfixed Y sets. -
Thebreakin the Y=T correlationobservedor asingleset ST StS
with X #Y indicatesgheoperatiorof differentsubstituent ) ) )
interaction mechanismsfor the different ranges of 0 15 30 45 60 75 9%
substituentsnvolved, and can mostlikely be attributed Angle (6ueo.01)
to the_§ubstituent-inducedhangein conformationof the Figure 8. Angular profiles of potential energy of 1-(p-
transitionstate. methoxyphenyl)-1-phenyl-2,2,2-trifluoroethyl cation 3C*(p-
Non-linearsubstitueneffect correlationsobservedor MeO) at the RHF/6-31G* level
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Y sets7, 8 and9 shouldbeattributedto the occurrencef
a changeoverin conformationin the transition state
within the rangeof X substituentstudied.Not only for
thesymmetricahC™" setbutalsofor thesubstituentange
in any setswherethe X andY arethe sameresonance
classsubstituentsthe preferredconformationshouldbe
essentiallyanequivalentlytwistedone(E-conformation).
The rangeof s-ED classsubstituentsn 7 (Y = p-PhO)
satisfyapartiallinearcorrelation[Eqgn. (3)], whereaEW
substituentsshow a significant deviation from the
correlationin Eqgn. (3), relatedto the non-equivalence
of the effectsof substituentX andY (Fig. 1). Thebreak
in the Y=T correlation,in this caseappearso reflectthe
geometricalchangeovefrom the E- to the T-conforma-
tion.

The substrates/ carrying s-ED class X substituents
shouldhavea preferredconformationreferredto asthe
geometry of the E-conformation The correlation for
thesesubstrateshouldbeidenticalwith thatfor 4, which
is characteristiof theequivalendiaryl-substitueneffect
associateavith the E-conformation However,whenthe
variablesubstituentX aredistinctly weakerED thanthe
fixed Y substituenttheincipientcarbocatior7C" or the
transitionstateshouldhavea T-conformationin the set
7C"; hencethe partial correlationfor the s-ED classX
substituentsnayberelatedto the effectof X substituents
in the E-conformation, and that for the w-ED class
substituentsnay be relatedto the effect of X—phenylin
theT-conformer.Thelog ky value(plottedastrianglesin
Fig. 1) for the unsubstitutedmember (X =H) in the
correlationin Eqn.(3) of the E-conformationin 7 should
evidently be smaller than the log ky value for the
solvolysisof 7, whichis associatedvith the geometryof
the T-conformation.

Similarly, plots of log (k/ky)s valuesfor s-ED class
substituentsof 8 with Y =p-MeO also fall on the
correlation line with p=—4.1 [Eqgn. (3)] for the E-
conformation, whereasw-ED class substratesshow a
correlationwith alower p for the T-conformationwith a
clearbreakof the Y-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 Eqgn. (3) for the E-conformer
correlation,both the s-ED andthe EW classesX-groups
deviatefrom the correlationline for the E-conformation.
Whereaghe w-ED classsubstituent®f 9C* havean E-
conformation,the s-ED class X-substituentshave a P-
conformationandthe EW classX-substituentseactvia
the T-conformation.The Y—T correlationof this set9
comprises three discrete linear relationships related
respectivelyto P-, E- and T-conformerscf. entries11—
13in Table4. Thecorrelationof the E-conformerof 9C*
coalescesnto the correlationin Eqn. (2) for the 4C*
serieswhereX =Y or, more generally,Eqn. (3) for the
equivalentdiaryl substituentseries.The plot (or log ky)
for the P-conformerof the unsubstitutedderivative 9
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(X =H) appeargo belower thanthatfor the correspond-
ing E-conformation.

In the monosubstitutedet3 whereY = H, bothw-ED
classsubstituentsand meta substituentshaving equiva-
lent o valuescoalescento the referencecorrelationfor
the E-conformation[Eqn. (3)], whereasthe s-ED class
fall onasinglecorrelationfor the P-conformationwith a
higherslopeof p = —6.1.In set5 whereY = m-Cl, s-ED
classsubstituentshowthe characteristipp = —6.2 of the
P-conformatiorandthew-ED classshowaslightly lower
p value, and then the plot contacts the reference
correlation [Egn. (3)] at X =Y =m-Cl, at which the
tangentp valuemustbeidenticalwith the p valuefor the
E-conformation.

Forthe set6 wherethe X substituentsnvolved areall
more cation stabilizing thanthe fixed Y = 3,5-Cl, the s-
ED andw-ED classsubstituentshouldall be in the P-
conformation,which gives a single linear Y-T correla-
tion with ahigh p valueof —6.0.This correlation(entry6
in Table 4) shouldbe characteristiof the P-conforma-
tion where the Y-T correlation should representthe
effect of entirely conjugatingX—aryl substituentgor the
whole rangeinvolved.

Forall theY setsther valuecanberelatedto rotation
from coplanaritywith the incipient carbocationcenter,
andgiven asa function of the dihedralanglef between
the X-substituted aryl ring and the plane of the
carbocatior?”1%16:1%g follow anequationof the form

ro/Vmax = COS 0 (4)

wherer .« is the resonancelemandof the aryl groupin
theP-conformationandr, is ther for the effectof X—aryl
in theactualsituationat dihedralanglef of the X—phenyl
ring plane. Hence, the r values for the respective
conformers of any sets can be estimatedfrom this
conformation dependenceThe r,.x vValue for the P-
conformationof 7 and 8, althoughnot yet at hand, is
expectedo be1.45,providedanr, valueof 1.2for the E-
conformerwith 6§ ~ 25°. Theapparentesonancelemand
in anyY setis afunctionof preferredconformationsand
thereforedependenbn the rangeof substituentsn the
set. Accordingly, in order to discuss the intrinsic
resonancalemandof the system,we haveto compare
the effectsof varying X-substitutedphenylskeptin the
sameconformatiorfor aseriesof Y setsIn consequence,
the intrinsic resonancalemandof the P-conformersin
this systemvariesevenlesssignificantly, within a range
from 1.4to 1.7, for a wide changeof the Y substituent
from p-methoxyto 3,5-Cb. Thisinterpretationpf course,
relies uponthe validity of the carbocatiormodel of the
transitionstate implying the closenessf the structureor
the reactioncoordinatebetweenthe transitionstateand
the intermediatecarbocation.

While the interpretationin termsof varying coplanar-
ity appliesfairly consistentlyto the variation of the r
valueobservedn this systemanothersignificantfeature
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Table 6. p and (log ky); values for solvolyses of a-
trifluoromethylbenzyl tosylates in 80% aqueous ethanol at
25°C

System

PhC(Z)Ck

or PhC(PhY)CE kM (s} at25°C  (Log ky)~ )

1, Z=Me 7.497x 1077 -6.13 —6.29

2,Z=H 3.067x 1072 _1051 —6.05

3,Y=H 2.677x 1073 —2.57 -4.33
—6.08

4,Y=Y 2.677x 1073 -4.15

5 Y =mCl 5.279x 10°° —4.28 —4.81
—-6.19

6, Y =3,5-Ch 2.736% 10°© —5.56 -5.95

8, Y =p-MeO 1.980x 10° 3.30 -3.94
-1.71

7, Y =p-PhO 2.235x 10 1.35 —4.01
—2.04

9,Y =p-Me 8.046x 102 —~1.09 —6.26
—-3.66
-2.91

2 Estimatedvalue from the datain othersolvents®

thatwe observedtlearly in this systemis the significant
dependencef p onbothX andY substituentsln all the
Y setsof systemB, the p valuevariessignificantly with
varying classeof X substituentsvithin anindividual Y
set.This mustalsobe ascribedo the varying coplanarity

of aryl ringscausedy the changeof thetwo substituents.

The correlationresultsin Table 3, from the ordinary
viewpoint,revealthatthe p valueassignedor the effects
of variable X substituentwariessignificantly depending
uponfixed Y substituentsWhile the substituenteffect
correlationsareapparentlynon-linearor bilinearfor most
of the Y setsexceptonly for a setwith Y =3,5-Cb, the
apparent p values for these non-linear correlations
change significantly dependingon the changein Y
substituentseitherthe higherp valueor thelower value
for the bilinear correlation also shows a significant
variationwith Y sets.Thereis anapparentendencythat
the p valuebecomesnore negativeasY becomesnore
EW. Closelysimilar dependencesf p uponchangingY
substituentsare found even more significantly in the
behaviorof the p™ in the correspondindg@rown correla-
tions (cf. Table3).

The dependencef py uponaey for the second(fixed)
aryl substituentsy in o, a-diarylcarbocationformation
(seriesB) is referredto asthe non-additivityrelationship,
which canbe rewrittenin the form*

py =Qoy + pH (5)

This equationhas beendiscussedor the solvolysesof
benzhydryl chlorides® and the bromination of «, a-
diarylethyleneg**° The varying p valuesin a related
seriesof reactionscan be relatedto the cationic charge
developedat the reactioncenterin the transition state.
Concerningthe series A, there is also more general
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Figure 9. Reactivity—selectivity relationship; pz or py values vs
log (k)7 or log (ky)y for a-CF3-benzyl systems (A and B)

behavior of p value referred to as the quantitative
reactivity—selectivityrelationship'® that is, an inverse-
linear relationship of the selectivity p, against the
reactivities(log ky)z of membersof respectiveZ sets:

pz = S(logky), + constant (6)

Eitherthe g coefficientin Eqn.(5) or the S coefficientin
Eqn.(6) canbeintimatelyrelatedto theo exponentn the
extended Bragnsted equation and therefore can be a
measureof the early—late shift of the transition state
coordinatein the reactionseries->

Equation(6) can be most convenientlyusedfor this
system, as we have extended here the discussion
concerningthe behaviorof selectivity not only for the o
-CFs_o, a-diarylmethylsystem(B) but alsofor the z-Z-a
-CFs-benzyl system (A) liberating XCgH,C"(Z)CFs
(AC™). Indeed,as in Table 6, the reactivity (log ku)z
changesover a rangeof 7.9 log units from —10.5for A
(Z=H), —6.1for A (Z=CH,) to —2.57for A (Z=Cs
Hs). By including7, 8 and9 in theseriesB asmemberof
A with Z = p-MeGCs Hsp-MeOG; Hy, the (log ky)z scale
for theseriesA canbeextendedowardshigherreactivity
by over 13.8 log units. The reactivity—selectivity
relationship in Eqgn. (6) for the present system is
illustrated in Fig. 9. It is most remarkablethat the p
valueremainswithin goodconstancyf —6.14+ 0.11for
a changein reactivity of 9 log units, whereasfor the
diaryl series3, 5 and9, thishigh p valueis observednly
for the ED range of substituentsNote again that the
appareni for the s-ED classsubstituentangein any Y
setsshould be unambiguouslyestimatedto give exact
valuesregardles®f ther value (seeabove).

Ontheotherhand thesetswith Z = p-PhOG H4 andp-
MeOGsH, at the higherreactivity scalein seriesA give
for therangeof s-ED classsubstituents distinctly low p
valueof —4.0,avaluewhich is obviouslydifferentfrom
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Table 7. Physical and analytical data for 1,1-diary1-2,2,2-trifluoroethyl alcohols, chlorides and bromides

Substituent Carbon(%) Hydrogen(%)
X Y M.p. (°C) Found Calculated Found Calculated
Alcohols
p-PhO p-MeO-m-Cl Liqg. 61.60 61.70 3.97 3.94
p-PhO 3,4-Me, 124-126 70.99 70.96 521 5.14
p-PhO p-MeSm-Cl Lig. 59.43 59.37 3.88 3.80
p-PhO p-F Liqg. 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 Lig. 58.54 58.53 4.83 4.60
p-MeO p-F Liq. 60.20 60.00 4.25 4.03
p-MeO p-MeSm-Cl Lig. 53.12 52.97 3.97 3.89
p-Me 3,5-Me, Liqg. 69.35 69.38 5.91 5.82
p-Me p-Cl Lig. 59.72 59.91 4.29 4.02
p-Me p-t-Bu 75-7 70.67 70.79 6.56 6.57
p-Me p-MeO-m-Cl Lig. 58.31 58.11 4.38 4.27
p-Me p-MeS Liqg. 61.71 61.53 4.95 4.84
p-Me p-MeS-m-Cl Lig. 55.61 55.41 4.26 4.07
Chlorides
p-MeO-m-Cl 3,5-Cb 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-Me, 44-46
the p valueof —6.1 expectedrom extrapolatiorto S=0 Duboiset al.*® pointedout in the brominationof 1,1-

in thereactivity—selectivitycorrelationfor theseriesA. It
is worthy of note that thereis an excellentlinear Y-T
correlationfor 4 with ap valueof —4.1encompassinthe
entire range of substituentsof over 11 log units of
reactivity from bis-(p-methoxyphenyl}to bis-(m-chloro-
phenyl):°

The p valueshouldalsoberelatedto the conformation
of theincipient carbocationj.e. to the angulardeviation
of thevariableX-substitutecaryl ring from coplanarityin
the carbocationThe s-ED classX-substituentsn 3, 5, 6
and9 gavea constanf valueof —6.1,avaluewhich can
bereferredio astheeffectof X in thecoplanamrylringin
the P-conformer.On the other hand, the EW class X
substituentén theseY setsarefoundto give aconstanip
value of —4.1, which is referred to as the p value
reflectingthe effectof X—phenylin the E-conformer.The
samep valuewasobtainedor thesymmetricald 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-shapediwisted carbocationic
structureof thetransitionstate. The observed/ariationof
the p value just demonstrateghe dependenceof the
selectivity p upon the deviation from the propeller
conformationof diaryl carbocationsMostimportant,the
p valuesfor the sameconformersareessentiallyconstant
for the respectiveconformationsindependenbf varying
Y substituentshut moredatawould be required.Despite
thesignificantchangen p value theremustbelittle orno
changein the apparenposition of the transitionstate.
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diarylethyleneshatthe p valueincreasedignificantlyas
the fixed Y became more EW, and the range of

substituents< on which the p for respectiveY setswere
basedevidently differed from setto set. The RHF/6-31
G* optimizationof the corresponding, «-diphenylethyl
cationssuggeststructureof propellergeometrywith a
comparablewisting angleof ca30° to thatin the cation
4C " .%° Accordingly, brominationshouldshowa similar

conformationaldependencef substituenteffectsto the

above.While significantvariationsof appareniy values
observedn solvolyseof therelatedpolyaryl carbocation
systemdhavefrequentlybeenascribedo the shift of the

transition state coordinate, those conclusionsfor the

coordinateshift should be reconsideredoreciselyfrom

the point of the aboveconformationdependence.

EXPERIMENTAL

Materials. o, o, a-Trifluoroacetophenonesequired for
preparatiorof alcoholprecursor®f solvolysissubstrates
were synthesizedaccordingto Stewart’sprocedurefor
the Grignardreactionof substitutecoromobenzenesith
trifluoroaceticanhydrideat —78°C in a dry ice—acetone
bath®2

Trifluoroacetophenonesgereconvertednto thecorre-
spondingl,1-diaryl-2,2,2-trifluoroethans by the Grig-
nardreactionwith substituteghenylmagnesiurbromide
atice-bathtemperaturé:'° Thetertiaryalcoholsobtained
were purified by columnchromatographyn silica gel.

1,1-Diaryl-2,2,2-trifluorothyl bromides were pre-
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paredfrom the alcohol and phosphorudribromide by
essentiallythe sameprocedureasreportedby Liu andco-
workerd®?1222 The bromide was purified through
columnchromatographyn alumina.Someof bromides
were not easily purified and were utilized directly for
kinetic measurementd.he chlorideswerepreparedrom
the chlorination of alcohols with SOCL and dry
pyridine0-12

Physical constantsand analytical data are listed in
Table?7.

Solvents.” ' Commercial95% ethanolwas dehydrated
twice by heatingunderreflux with magnesiunethoxide
anddistilled. Deionizedwaterwasrefluxedwith KMnO,
andthe distillate wasredistilledimmediatelybeforeuse.
Aqueous(80%) ethanol (80E) was preparedby mixing
correspondingsolumesof ethanol(80 parts) and water
(20 parts)at 25°C.

Kinetic measurement. Solvolysisrateswere measured
by a conductimetrionethodasdescribecbefore>*° 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 respectiverunswere generallyless
than 1.0% and the reproducibility of the rate constants
waswithin £1.5%.
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