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Abstract: The energies, ienol values, structures, and conformations of vinyl alcol3a) (acetaldehyded@),
1,1-ethenediol%a), acetic acid §a), and six derivatives of eaci3lf—g, 4b—g, 5b—h, and6b—h) substituted
by two S-aryl groups of increasing bulk from Ph to Tip (2,4,64t#*frCsH) were calculated by the B3LYP
method in order to evaluate quantitatively thi€gpy reducing effect of bulky aryl groups. Also calculated
were the same parameters for the ArCHXEIArC(X)=C(OH), pairs for Ar= Ph, X= CN (9a/9b), OH
(10&10b), for which Kgnolis known, and for Ar= Mes (mesityl), X= CN. All the substituents significantly
decrease theKxno values from 22.46a/5a) and 9.1 4a/3a). For example, Kgno = 0.2, —2.7, —2.0, and
—2.7 for ArAr CHCHOJ/ArArC=CHOH and 13.3, 11.5, 9.2, and 9.3 for Af&HCQO,H/ArAr'C=C(OH),
when Ar,Af = Ph,Ph, Ph,Mes, Mes,Mes, and Tip,Tip, respectively. $a®b and 10a10b, the calculated
pKenoi Values resemble the observed ones. The enols and enediols (&krcepid 5b, when ApC= =
fluorenylidene) have a propeller conformation. TheA=C torsional angles increase with increasing bulk
of the aryl group, but for Ph,bulkier Ar the AfC=C torsional angle strongly exceeds the-R+=C angle.
The synC=C—O—H conformer is preferred over ttanti conformer for all the enol8. For the 1,1-enediols,
the synsynconformer is preferred for most Ar,Acombinations, but theynanti conformer is preferred for
5a, 5b, 5h (Ar = Ph, Ar = 2,4,6-¢-Bu)sCsH>), and10a and theanti,anticonformation is the least stable. The
stabilization and conformational preferences were analyzed both qualitatively and with the aid of appropriate
isodesmic reactions. Superposition of stabilizing&=C conjugation effects, stabilization of the carbonyl
forms, andsz(Ar)---O hydrogen bonding and destabilizing geminal Af/&and vicinal cis-Ar/OH steric
interactions account for the results. The low enol or enediol content is mainly due to the relative stabilization
of the aldehyde or acid form, and tfieAr groups stabilize the enols mainly by conformation-dependent Ar
C=C conjugation andr(Ar)---HO H-bonding.

Enols (1, X = H) of simple aldehydes are thermodynamically ~derivatives were suggested as intermediates in several reactions,
much less stable than their aldehyde tautomgysx(= H).t but isolation of the parent species ,8=C(OH), (5a), the
For example, for acetaldehyddadj/vinyl alcohol 3a) and tautomer of AcOH §a), or its simple derivatives has not been
acetone/propen-2-ol, theKpno (=—log Kenol) values for eq 1 achieved so far. Calculation of the relative stabilities of the
are 6.2 and 8.3F3 respectively. Nevertheless, these species parent specie$/2 (Rt = R2 = H)57in terms of AG or pKgnol
values has shown that for ¥ OH, OR, NH, AG = 27—33

. 9 Kena RRC-CIOLX o kcal/mol and gno = 19.5-24; i.e., the relative thermodynamic
RIR*CHCX stabilities of1, X = OH, OR, OCOR NR'R", Hal, are very
2 1 . . . .
low. Despite this, several enols of carboxylic acids have been
X = H, OH, OR, OCOR’, NR"R", Hal observed as short-lived intermediates. Wirz, Kresge, and co-

) ) . ) ) - workers$ have obtained short-lived ketenes by flash photolysis,
were extensively investigated. Enols of simple carboxylic acids 5 hydration of these ketenes gave the short-lived enols of

and their derivatives]{ X = OH, OR, OCOR NR'R™, Hal) cyclopentadiene-5-carboxylic acid)@P indene-1-carboxylic

are also much less stable than their tautomeric acid counterparts, g ©) 8¢ fluorene-9-carboxylic acidbp),® cyano(phenyl)acetic
(2, X = OH, OR, OCOR NR'R"', Hal), but the energy ' '

differences between the tautomers are much higher than for the (4) (a) Hegarty, A. F.; O'Neill, P. IThe Chemistry of EnglRappoport,

aldehyde/enol pairs.Enols of carboxylic acids and their Z., Ed.; Wiley: Chichester, 1990; Chapter 10, p 639. (b) Kresge, A. J.
Chem. Soc. Re 199§ 25, 275.

T Osaka University. (5) For an extensive list of references, see refs 3 and 4 in ref 6.
* The Hebrew University. (6) Sklenak, S.; Apeloig, Y.; Rappoport, 4. Am. Chem. Sod 998
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Chichester, 1990; Chapter 7, p 322. (7) (a) See refs 9 and 11 in ref 6 for work before 1996. (b) Gad, J.
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acid @a),®¢ mandelic acid 10a),8"9 and benzothiophenecar-
boxylic acid®" They were identified by the method of their

@‘C(OH)z C(OH)z C(OH)Z PhC(CN)=C(OH), PhC(OH)=C(OH),
5b 9

7 8 a 10a

PKenot 84 9.3 9.7 7.2 16.2

formation and the acids formed from them by tautomerization
but not directly, although their structures seem mostly unequivo-
cal. Moreover, their Keno values were determined. These values
indicate thai3-electron-withdrawal by a cyano or a cyclopen-
tadienyl moiety significantly increasé&:no values over those

of the parent species.

The parent vinyl alcohoBa was isolated as a short-lived
intermediate®, and other enols such &s derived from diphen-
ylacetaldehyde4c) were observed by flash photolysfsAn
approach made it possible to stabilize enols of aldehydes
sufficiently as to make them observable is based on stabilizing
them kinetically by bulkys-aryl substituents, as pioneered by
Fuson!! This approach enabled observation of the fluoren-
ylidene enolBb,2 the mesityl-substituted enoBsl—f,13-15 and
the ditipyl-substituted end@g.16 Enols3b,d—g are more stable
than their aldehydeéb,d—g. Attempts to prepare isolable 2,2-
diaryl-1,1-ethenediols on the basis of this approach led only to
the obseration of the enediols of dimesitybg),1” ditipyl (5g),18
mesityl tipyl (5f),1° and bis(pentamethylphenylbijl” acetic
acids. The most stable of these, iBg, which was observed
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H,C=CHOH CH;CH=0 H,C=C(OH), CH,;COOH
3a 4a 5a 6a
CHOH CHO COH
3b 4b 6b
ArAr'C=CHOH ArAr'CHCHO ArAr'C=C(OH), ArAr'CHCO,H
3c: Ar=Ar'=Ph 4c: Ar=Ar'=Ph 5c: Ar=Ar’=Ph 6c: Ar=Ar'=Ph

3d: Ar=Ph; Ar'=Mes 4d: Ar=Ph; Ar'=Mes 5d : Ar=Ph; Ar'=Mes 6d : Ar=Ph; Ar'=Mes

3e: Ar=Ar'=Mes 4e: Ar=Ar'=Mes Se : Ar=Ar'=Mes 6e : Ar=Ar'=Mes

3f: Ar=Mes; Ar'=Tip 4f: Ar=Mes; Ar'=Tip 5f: Ar=Mes; Ar'=Tip 6f: Ar=Mes;Ar'=Tip

3g: Ar=Ar'=Tip 4g: Ar=Ar’=Tip 5g: Ar=Ar'=Tip 6g: Ar=Ar'=Tip
5h : Ar=Ph; Ar'=Sup 6h: Ar=Ph; Ar'=Sup

5i: Ar=Ar'=C¢sMes 6i : Ar=Ar'=C¢Me;

Mes = mesityl = 2,4,6-Me,C;H, ; Tip = tipyl =24,6-(i-Pr);CH, ;

Sup = supermesityl = 2,4,6-(t-Bu);C,H,

carbonyl compounds is well knownWhen such EWGs
substitute a carboxylic acid derivative, its enediol can also
become more stable than the “acid“ species due to the
contribution of a dipolar hydrogen-bonded structure. This was
observed, e.g., with the anilides of Meldrum acid (at €-By

of methyl cyanoacetate (MeO)CH(CN)CONHPRZin the solid
state. Compounds such as TH(Y)CONHPh (R= Me,

Y = COMe or R= Et, Y = NOy) display signals in CDGI

and analyzed by NMR spectroscopy, can be retained for hoursfor both the enolic and the acid species Wit values of ca.

at —18 °C in THF 18 However, in none of these cases is the
pKenoi value known. Although two mesityl or two tipyl
substituents in acetaldehyde or acetone decreldsg by ca.
8 units16-20this large effect is still insufficient to make enediols
5b—i thermodynamically more stable than their isomeric acids
6b—i.

The effect of resonatively-electron-withdrawing groups
(EWGS), such as CN or G, on decreasingKxno values of

(8) (&) Urwyler, B.; Wirz, J.Angew. Chem., Int. Ed. Engl99Q 29,
790. (b) Almstead, J.-I. K.; Urwyler, B.; Wirz, J. Am. Chem. S0d994
116 954. (c) Andraos, J.; Chiang, Y.; Huang, C.-G.; Kresge, A. J.; Scaiano,
J. C.J. Am. Chem. Sod993 115 10605. (d) Andraos, J.; Chiang, Y.;
Kresge, A. J.; Popik, V. VJ. Am. Chem. S0&997, 119, 8417. (e) Andraos,
J.; Chiang, Y.; Kresge, A. J.; Pojarlieff, I. G.; Schepp, N. P.; Wirz).J.
Am. Chem. Sod 994 116, 73. (f) Chiang, Y.; Kresge, A. J.; Pruszynski,
P.; Schepp, N. P.; Wirz, Angew. Chem., Int. Ed. Endl99Q 29, 792. (g)
Chiang, Y.; Kresge, A. J.; Popik, V. V.; Schepp. N. Am. Chem. Soc
1997 119, 10203. (h) Chiang, Y.; Jefferson, E. A.; Kresge, A. J.; Popik,
V. V. J. Am. Chem. Sod 999 121, 11330.

(9) For areview, see: Capon, B. Tine Chemistry of Encl&kappoport,
Z., Ed.; Wiley: Chichester, 1990; Chapter 5, p 307.

(10) Chiang, Y.; Kresge, A. J.; Krogh, E. 7. Am. Chem. Sod 988
110, 2600.

(11) For a review, see: Hart, H.; Rappoport, Z.; Biali, S. E.Tine
Chemistry of EnotsRappoport, Z., Ed.; Wiley: Chichester, 1990; Chapter
8, p 481.

(12) (a) Wislicenus, W.; Waldmuller, MBer. Dtsch. Chem. Ge$909
42, 785. (b) Harcourt, M. P.; More O’Ferrall, R. A. Chem. Soc., Chem.
Commun 1987, 822; Bull. Soc. Chim. Fr1988 407.

(13) Fuson, R. C.; Rabjohn, N.; Byers, D.JJ.Am. Chem. Sod 944
66, 1272.

(14) Fuson, R. C.; Rowland, S. B. Am. Chem. Sod 943 65, 992.

(15) Mukhopadhyaya, J. K.; Rappoport, Z.; Lei, Y. X., unpublished
results.

(16) Frey, J.; Rappoport, Z. Org. Chem1997, 62, 8372.

(17) (a) Hegarty, A. F.; O'Neill, PJ. Chem. Soc., Chem. Comm(887,
744. (b) Allen, B. M.; Hegarty, A. F.; O'Neill, P.; Nguyen, M. T. Chem.
Soc., Perkin Trans. 2992 927.

(18) Frey, J.; Rappoport, Z. Am. Chem. Sod 996 118 5169.

(19) Mukhopadhyaya, J. K.; Rappoport, Z., unpublished results.
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0.052122Calculations indicated that several of these species are,
indeed, more stable as the enediols or that the acid and the
isomeric enediol species have comparable staBilify.

In the present work, calculations on several aldehydes and
carboxylic acids and their isomeric enols or enediols were
performed with several goals: (i) To evaluate the extent by
which the B3LYP method reproduces the data on several of
the systems for whichKaxno values in water (for the acids) or
in hexane (for the aldehydes) were experimentally determined.
We hoped that this would enable us to predict within several
units the Keno values for systems for which experimental data
are unknown, thus directing future synthetic work to systems
where the enols and especially enediols could be isolated or at
least easily detected. (ii) To calculate systematically the effect
of two -aryl substituents of increasing bulk o values
of both the aldehydes and acids in order to assess the limits of
the approach of increasing the thermodynamic stability of 1,1-
enediols and ethenols by usifigs-di(bulky)aryl substituents.

(iii) To compare the effect of thg-aryl substituents onkeno
values in the aldehyde and the acid series. (iv) To evaluate, at
least in one case, the effect of a combination of one bulky
aromatic substituent and one EWG dfgao and to see if both
approaches for stabilizing the enol species will enforce one
another. (v) To dissect by various isodesmic reactions the effect
of the substituents mentioned above to the separate contributions
of speciesl and2 to the change in lggno Values.

Results

Systems StudiedThe energies,fen0 values, structures, and
conformations of 11 pairs of enediol/aci@/2 (X = OH),

(21) Mukhopadhyaya, J. K.; Sklenak, S.; RappoportJZAm. Chem.
Soc 200Q 122, 1325.

(22) Mukhopadhyaya, J. K.; Sklenak, S.; Rappoport).Z0rg. Chem.
in press.
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isomers were calculated. These include the parent 1,1-ethenediolfable 1. Calculated B3LYP/6-31G** Energy DifferenceAE in

AcOH (5a/6a) which was previously calculatéd?six noncyclic
p.p-diarylacetic acids with a systematic increase in the forma
bulk of the aryl groups, i.e., diphenyb¢/6c), mesityl phenyl
(5d/6d), dimesityl 6&/6€), mesityl tipyl (6f/6f), ditipyl (5g/69),
and phenyl supermesitybl/6h) acetic acids and the cyclic
fluorenyl system %b/6b), which differs from the diphenyl-
substituted system by the planarity constraint. For both systems
as well as for thgg-phenyl$-cyano @a/9b) and thes-phenyl-
B-hydroxy (L0a10b) systems, the loeno values in water were

experimentally determined. Also calculated are the parameters Mes, Tip

for the 8-cyanof-mesityl system1a11b), which differs from
system9 in the bulk of the aryl group. These systems make it
possible for us to investigate the main goals stated above.

PhCH(X)COH MesC(CN}=C(OH), MesCH(CN)CQH
9b: X =CN 11a 11b
10b: X = OH

Calculation Methods. The acid, aldehyde, enol, and enediol
were calculated for each system first by the ab initio HF/3-21G
method, and all optimized structures including higher energy
conformers were verified by means of their Hessian matrixes
to be local minima on the potential energy surfaces. These
structures were then reoptimized by the hybrid density functional
B3LYP/6-31G** method®* Structures determined at the BSLYP

level showed the same geometrical characteristics as those afFiye

the HF level. The B3LYP/6-31G** method was extensively used
in recent calculations of enols of carboxylic acid derivatives
1/2 (R = R2 = H) with changing X and for the cyclopentadiene-
5-carboxylic acid/enor systenf At the B3LYP level of theory,
the frequency calculations were too demanding for larger
molecules and could be carried out only for systesas6a,

9a, and10a However, the calculated electronic energyEj]

and free energy/AG) differences betweeh and2 at B3LYP/
6-31G** agree within 0.5 kcal/mol for each of these systems,
and therefore we will use below the electronic energy differ-

kcal/mol) between the Acid and the Enediol, aritkg, Values for
| the Different Systems

AE =
RL,RZin torsional Econj [E(enediol)—

1/2 compds angle§ (enedioly E(acid)] PKenol

H,H 5a/6a 30.5 22.4
Flue 5b/6b 6.6,9.9 8.8 15.4 11.3
"Ph,Ph 5d6c  44.7,44.7 45 18.2 13.3
Ph,Mes  5d/6d 37.0,69.3 35 15.7 11.5
Mes,Mes 5e6e 56.0,56.0 3.0 12.6 9.2
5f/6f  53.2,62.3 2.8 12.8 9.4
Tip,Tip 5¢/6g 57.0,57.0 2.7 12.7 9.3
Ph,Sup 5h/6h 7.0,88.8 4.4 9.9 7.3
Ph,CN 9al%b 42.6 24 10.9 8.0
Ph,OH 10410b 14.8 4.2 21.8 16.0
Mes,CN 11allb 71.6 0.5 10.0 7.3

aArC=C and AfC=C torsional angles (in degrees) of enediols
calculated at the B3LYP/6-31G** level.The sum of the Ar-C=C
conjugation energy (in kcal/mol) of the two Ar groups calculated
according toE() = [Eo(1 + cos )]/2,%” whereEy = 4.5 kcal/mol
for Pr4 and 4.8 for Mes? Tip, or Sup.¢ R'R?C= = 9-fluorenylidene.

Table 2. Calculated B3LYP/6-31G** Energy Differencea[ in
kcal/mol) between the Aldehyde and Its Enol, andkp Values for
the Different Systems

RLRZin torsional angle Econ; AE =
12 compd in 3 of 3* [E(Q) —E(4)] pKenol
H,H 3a/da 12.3 9.1
3b/4b 4.2,7.2 8.9 2.2 1.6
Ph,Ph 3cl4c 36.7,48.2 4.9 0.2 0.2
Ph,Mes  3d/4d 29.3,72.0 3.9 —-3.7 —2.7
es,Mes 3elde 50.2,58.9 3.2 —-2.8 —-2.0
Mes,Tip  3f/4f 57.0,53.8 3.1 —3.7 —2.8
Tip,Tip  3g/4g  51.0,61.4 3.0 -3.6 -2.7

aArC=C and AfC=C torsional angles (in degree) of enols
calculated at B3LYP/6-31G**® The sum of the Ar-C=C conjugation
energy (in kcal/mol) of the two Ar groups calculated according to
E(0) = [Eo(1 + cos D)]/2,3" whereEy = 4.5 kcal/mol for PR and 4.8
for Mes, Tip®® or Sup.¢ RIR?C= = 9-fluorenylidene.

ences. The absolute energies of the various compounds, inclug©H bonds eclipse and #-OH:--a-OH hydrogen bond is

ing those used to construct the isodesmic reactions (eG8S2
are given in Table S1 of the Supporting Information. The energy

differences between the acids and their 1,1-enediol isomers ared

given in terms ofAE (in kcal/mol) in Table 1 and between the
aldehydes and the isomeric ethenols in Table 2. Optimized
structures are illustrated in Figure 1 and in Figure S1 of the
Supporting Information, and corresponding selected geometrica
parameters are listed in Tables 3, 4, and S2.

Geometrical Features of g,f-Disubstituted Acids and
Their Enediol Tautomers. (a) Acid Form. The following
geometrical features arise from the calculations. (a) Two
conformations were found for AcOH. In the more stable one
(by 0.4 kcal/mol), the &0 bonds and a Me €H bond are
eclipsed, and in the second the-OH and C-H bonds are in
the same plane. (b) In acifib, the conformer with nearly
eclipsed G-H and C—H bonds is 0.1 kcal/mol more stable than
that with eclipsed &0 and C-H bonds. (c) For other
p-ArRCHCO:H, the stable conformation is that with eclipsed
O—H and C—H bonds. The more stable conformer (by 2.0 kcal/
mol) of acid10b has the @-H and the C-H bonds almost in
the same plane, and in the other conformer theHoand5-C—

(23) (a) In several of the works referred to in ref Kgao values of
AcOH were calculated. (b) For a recent calculation on @@e— 5a
tautomerization, see: Sung, 8. Mol. Struct. (THEOCHEM999 468
105.

(24) (a) Becke, A. DPhys. Re. 1988 A38 3098. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. 1988 B37, 785.

possible. (d) In symmetrically disubstituted acids, theAC;—
Cipso(ar) and Gpsoany—Cpg—Ar; torsional angles, measuring the
egree of twist from the A(C-ipsg—Cs—Ar,(C-ipso) plane,
are 2.0/2.2, 63.7/88.5, 44.8/67.8, and 42.8/67.2 for
9-fluorenyl @b, Figure S1-a), Ph,Pt5¢€), Mes,Mes 6e), and
Tip,Tip (69), respectively. (e) The two ArC—C bond angles

jare nearly identical (withing for 6b and6c and differ by 7-8°

for all other acids. The angle for the bulkier aryl is smaller and
close to the tetrahedral value (Table S2). Both anglesfor
differ by only 1.7 and deviate by 56° from the tetrahedral
value. The C-OH bond is perpendicular to th&C—H bond,
whereas the two bonds are nearly parallel in other diaryl-
substituted acids. The AfrC—C bond angles are close to
tetrahedral i®b and10b. (f) The G,(sp)—Cs(sp’) bond lengths
are as expected for AcOH and slightly longer (1.524531

A) for the p-diaryl-substituted systems. (g) The-€Ar bond
lengths are long for C(Sp—C(sp¥) bonds, being 1.5461.557

A for the bulkier aryls in6f,g, but shorter foréb,c. Several
conformers were observed for the acids having sterically
hindered aromatic group such as Tip or Sup. For example, for
6f (cf. Figure S1-b) the two conformers differ by 10.4 kcal/
mol. The most stable conformation 6h is shown in Figure
Sl-c.

(b) Enediol Form. The three possible conformers as a
function of the G=C—O—H dihedral angles are the symmetrical
syn,syrandanti,anti, where the G-H bonds aresyn(dihedral
angles close to 9 or anti (dihedral angles close to 130
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Figure 1. Optimized structures of representative ethene, enols, and
1,1-enediols: (apynsynp,S-diphenylethenediobc, (b) synanti-j3,5-
diphenylethenedidbc, (c) anti,syn,3-phenyl(supermesityl)ethenediol
5h, (d) synp,5-diphenylethenoBc, and (e)g,5-diphenylethene.

respectively, to the €C bond and the asymmetricayn,anti
conformer. All three conformers were optimized as local minima

H H
AN N\
o
:70 :_o ;_ -
0 o™ oM
W

syn,syn syn,anti anti,anti

for ba—c, and the syn,synand syn,anti conformers were
determined fobd—h, 9a, 105 and1la No conformation with
dihedral angles deviating significantly fronf @nd 180 was
observed. The energies of the conformers relative teyhsyn
conformer are given in Table 3.
Eight parameters are of interest. (a) The most stable conforme

of 1,1-ethenedioba is synanti, which is 1.2 and 2.8 kcal/mol
more stable than theynsyn and theantianti conformers,
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respectively. The preference for this conformer was previously
revealed by MO calculatior?8?25In all other cases, except for
5b,h and 1034 the two C=C,—OH dihedral angles arsynin

the most stable conformation. For example, flygsyn con-
former for5c is more stable than th&/nanti and theanti,anti
conformers by 1.0 and 6.7 kcal/mol, respectively (Figure 1a,b).
With identical 5-Ar groups, the molecule has @ axis, and
the geometries at the two-substituents and the=€C—0O—H
dihedral angles are equivalent. However, wherptagyl groups

are different, the bond angle of the bulkier Ar group becomes
smaller than that of the other aryl group, as seerbfofFigure

1c).

The synanti conformer of5b is more stable than thg/nsyn
andanti,anti conformers by 1.6 and 3.6 kcal/mol, respectively.
Similarly, for 10aand5h Ph(X)C=(OH), (X = OH, Sup), the
torsional angles of the Ph ring are small, the @klto the Ph
is in a less crowded environment in theti conformation, and
hence thesynanti conformers become more stable than the
synsyncounterparts by 1.2 and 0.7 kcal/mol, respectively.

(b) Enediolssc—h have propeller conformations with the two
aryl groups twisted in the same seR&&everal torsional angle
relationships were observed (Table 1). The fluorenylidene
system is nearly planar, with both anglesl(®. For the
symmetrical enediolSc,e,gboth torsional angles are significant.
For 5eg the torsional angles differ only slightly between the
syn,syrand thesyn,anticonformers, reflecting steric constraint
on the angle in these bulky systems, but the difference is ca.
10° in the more flexible5c. For the Ph,bulkier Ar systems the
Ph torsional angle is significantly smaller than that of the other
aryl. A similar phenomenon was previously calculated for the
B-Mes, 3-Ph systems of a vinyl catiotiza vinyl radical?’? and
a ketene’a

(c) The bond angles show subgroups similar to those of the
torsional angles. The fluorenyl bond angles are the largest, which
makes the internal angle in the five-membered ring°160r
the symmetrical systents,e,g and the Mes, Tip systeisf, the
two angles are identical or similar in their most stagjy®,syn
form. For5h one angle is 125and the other is ca.’®maller.

(d) The G—Cgs bond is longer in all diaryl systems than in the
parent5a, but the values differ only by 0.011 A between the
extremes. (e) The €0 bond lengths are nearly constant at 1.347
A for the syn,synsystems5c—f, but one bond is ca. 0.012 A
longer than the others in tteyn,antifluorenyl systembb and

in 5g,h. Most values are shorter than thoseba (f) The two
Cs—Ar bond lengths are nearly identical in the symmetrical
systems and differ by 0.03 A id,h. (g) Several conformers
were found to be minima for bulky-aryl-substituted enediols.
The conformations of the tipyl-substituted systeshg resemble
those of their acid isomers. However, 6h, a Me group of
oneortho t-Bu substituent is directed toward tRecarbon rather
than away from it (Figure 1c). (h) Another conformer in which
the methyls of bottortho-tBu groups are directed away from
the S-carbon is 0.8 kcal/mol less stable at the HF level.

Geometrical Features of the Aldehydes and the Ethenols.
(a) Aldehydes.The G,—Cg and C-OH bond lengths are normal
and nearly constant. TheC bond lengths increase from 1.521,
1.521 A for4b to 1.543, 1.553 A fordg. The R—C—C and
R2—C—C bond angles are nearly tetrahedral 4afb, but they

(25) Andraos, J.; Kresge, A. J.; Peterson, M. R.; Csizmadia, J. Glol.
Struct. (THEOCHENI 1991, 232, 155.
(26) For a discussion of the stereochemical behavior of polyarylvinyl

rpropellers, see: Rappoport, Z.; Biali, S.A&cc. Chem. Re4997, 30, 307.

(27) (a) Yamataka, H.; Alexiuk, O.; Biali, S. E.; Rappoport,Z.Am.
Chem. Soc1996 118 12580. (b) Chen, X.; Yamataka, H.; Galli, C;
Rappoport, ZJ. Chem. Soc., Perkin Trans.1®99 1369.



9822 J. Am. Chem. Soc., Vol. 122, No. 40, 2000

Table 3. Relative Stabilities of and Selected Geometrical Parameters in Enédiols

Yamataka and Rappoport

R—C=C/  R-—C=C/ R—Cy/ C,—OH/
RLR?in conformation/  R>—C=C R>—C=C C(Aripsg)**HO(sy) C=C—0O—H R™—Cy C.—Cs C,—OH
RR?2C=C(OH), relative stability bond angle torsional angle distance dihedral angle  length length length
H,H syrf,syrf/1.17  121.2/121.2 0.0/0.0 1.083/1.083 1.342 1.353/1.353
synanti/0.00  121.0/120.0 0.0/180.0  1.082/1.080 1.337 1.366/1.352
anti,anti/2.78  120.0/120.0 137.0/137.0  1.081/1.081 1.331 1.369/1.369
Ph,Ph synsyn/0.00 120.4/120.4 44.7/144.7 2.426/2.426 7.0/7.0 1.487/1.487 1.366 1.346/1.346
synanti/0.99  118.2/122.7 52.0/34.5 2.375 3:0/78.4 1.492/1.485 1.358 1.360/1.350
anti,anti/6.70 ~ 121.0/121.0  44.0/44.0 135.5/135.5  1.492/1.492 1.351 1.369/1.369
Fluf synsyn'1.56 126.6/126.6 3.1/3.1 2.643/2.643 19.3/19.3 1.469/1.469 1.365 1.342/1.342
synanti/0.00  126.0/126.8 9.9/6.6 2.606 18-2/69.7 1.469/1.470 1.358 1.343/1.355
anti,anti/3.56  126.7/126.7 0.0/0.0 138.0/138.0  1.475/1.475 1.349 1.363/1.363
Mes,Mes synsyr0.00 118.8/118.8 56.0/56.0 2.386/2.386 7.9/7.9 1.500/1.500 1.363 1.348/1.348
synanti/1.35 117.7/120.5 57.4/55.5 2.362 7868.0 1.503/1.500 1.356 1.362/1.350
Tip, Tip synsyrn0.00 117.5/1175  57.0/57.0 2.363/2.363 6.2/6.2 1.513/1.513 1.361 1.348/1.348
synant/1.16 ~ 116.3/120.0  59.7/55.4 2.337 6-165.3 1.516/1.511 1.355 1.363/1.350
Ph,Mes synsyr0.00 121.9/118.3 37.0/69.3 2.497/2.319 9.3/6.3 1.481/1.500 1.363 1.347/1.349
anti,syn0.28  125.8/114.9 0.0/89.9 2.216 180.0/0.3 1.479/1.507 1.357 1.350/1.362
Mes, Tip synsyr0.00 118.5/117.8 53.2/60.3 2.400/2.355 7.4/7.0 1.502/1.511 1.363 1.348/1.348
anti,syn1.24  120.2/116.7 52.6/62.0 2.334 —167.5/6.9 1.500/1.513 1.355 1.350/1.362
Ph,OH synsyn1.17 127.5/113.6  31.9 2.629 129.9  1.462/1.411 1.358 1.347/1.343
anti,syn'0.00 129.5/112.3 14.8 —169.7/2.9 1.461/1.412 1.354 1.349/1.355
Ph,CN synsyr0.00 123.6/115.7  42.6 2.324 5.8/1.3 1.484/1.421 1.377 1.332/1.332
anti,syn/0.05 127.9/112.6 9.8 —179.0/0.3 1.482/1.426 1.371 1.336/1.345
Ph,Sup synsyrn0.70 123.4/117.7 20.4/86.9 2.600/2.300 13.5/3.4 1.481/1.510 1.360 1.349/1.351
anti,syn/0.00 125.0/115.6 7.0/88.8 2.241 0-8/75.4 1.482/1.511 1.354 1.351/1.363
Mes,CN synsyr/0.00 121.5/116.7 71.6 2.374 3.8/0.6 1.498/1.419 1.371 1.335/1.333
anti,syn1.38  124.3/114.9 68.8 180.0/0.3 1.496/1.423 1.364 1.337/1.346

aAngles are in degrees and distances ir? Relative stability in kcal/mol¢ Ar = RL ¢ Conformation of OHcis to R!. ¢ Conformation of OH

cis to R2 f RIR2C= = 9-fluorenylidene.

Table 4. Relative Stabilities and Selected Geometrical Parameters of Bhols

R—C=C/ R—C=C/
RLR?in conformation/  R*~C=C R>—C=C C(Aripsg)**HO(sy§ C=C—O—H R-Cy/R*—Cs; C,~—Cs C,—OH
RR2C=CHOH relative stability bond angle torsional angle distance dihedral angle length length  length
H,H syrl0.00 122.4/120.2 0.3 1.087/1.083 1334  1.362
anti’0.26 121.4/120.0 180.0 1.084/1.082 1331  1.369
Ph,Ph syr0.00 121.0/119.4  48.2/36.7 2.482 4.5 1.490/1.485 1353 1.357
anti/3.52 123.6/117.0 35.5/43.9 179.6 1.487/1.491 1.350 1.367
Flud syri0.00 129.3/124.3 7.214.2 2.700 10.0 1.475/1.476 1351  1.351
anti/0.13 128.7/124.9 0.0/0.0 180.0 1.472/1.476 1.347  1.361
Ph,Mes syrl0.00 120.9/119.2 29.3/72.0 2.376 4.2 1.483/1.502 1.349  1.359
anti/4.24 119.4/121.2 32.6/70.0 174.8 1.483/1.500 1.346  1.368
Mes,Mes syrl0.00 119.0/118.7 58.9/50.2 2.411 5.4 1.500/1.503 1351  1.359
anti/3.95 121.4/117.2 57.2/52.7 175.8 1.500/1.505 1.347 1.368
Mes, Tip syri0.00 118.9/118.0 57.0/53.8 2.417 55 1.505/1.508 1351  1.360
anti’3.83 121.0/116.7 55.7/55.7 174.6 1.503/1.511 1.347 1.369
Tip,Tip syri0.00 117.9/117.9 61.4/51.0 2.380 4.3 1.511/1.515 1350  1.360
anti’3.73 121.0/116.4 59.4/53.9 171.0 1.513/1.514 1.346 1.368

aAngles are in degrees and distances irP f kcal/mol.¢ Ar = RL ¢ RIR2C= = 9-fluorenylidene

differ from tetrahedral for other compounds (except4ey by
2.3—10°. 4g adopts a conformation in which the fouori-Pr

Sl-e) is 10.8 kcal/mol less stable.

(b) Ethenols. Four features are of interest. (i) Ethenols can
take two conformations of the=€C—O—H moiety, i.e., with
synandanti OH bonds with respect to the double bond. The

" .
= =

syn anti

calculated minimum energy conformers ay& andanti-planar,
with the G=C—O—H dihedral angles of 0:35.5° for the syn
(10° for enol 3b) and 174.6-18C° for the anti conformer. The

synconformers oBaand other enols were previously calculated
to be the most stabf&:>° The data in Table 4 indicate that for
methine H’s are nearly on the top of the aromatic plane directed 3a and for the sixg,3-diarylethenols investigated, thgyn
toward thes-carbon (Figure S1-d). Another conformer (Figure conformer is preferred. This preference is low f8a and
negligible (0.1 kcal/mol) foBb, but it is 3.5-4.2 kcal/mol for

the other enols. These results are attributed to a significant

contribution of arr(Ar)---OH hydrogen bond interaction, which

is absent in3ab. The OH-+C(Arjpso distances of 2.382.48

A are consistent with this deduction.

(ii) The torsional angles of thg-Ar groups differ, and the
angle is larger for the group locateis to the a-OH group.
Except for 3b, these angles are mainly due to the Af/Ar
interaction in the ArAIC= moiety, as shown by the calculated
angles for AsgC=CH, system given below (Figure 1d,e).

(28) Apeloig, Y.; Arad, D.; Rappoport, 4. Am. Chem. Sod99Q 112

9131.

(29) Mishima, M.; Mustanir; Eventova, |.; Rappoport,Z.Chem. Ser.,

Perkin Trans. 2200Q 1505.
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Table 5. Energies AE, kcal/mol) for the Isodesmic Reactions-23 and the Enolization of Aldehydes (Eq 1,=XH) at B3LYP/6-31G**

RL,R? eq2 eq3 eq4 eq5 eq6 eq7 eq8 eq9 eq 10 eqll eq 12 eq 13 eg H, X
H, H 0.0 2.8 0.0 0.0 0.0 0.0 0.0 21.0 0.0 0.0 0.0 18.2 12.3
Ph, Ph -0.2 2.9 -0.2 11.3 115 -10 -—123 209 -125 -—-121 —123 18.0 0.2
Flua -1.0 6.4 1.6 13.1 115 —-20 -—11.2 196 —-135 —-10.2 —15.2 13.2 2.2
Mes, Mes 15 2.6 2.8 19.7 16.9 1.8 —13.6 180 -—-151 -—-151 -—-17.9 15.4 —2.8
Tip, Tip 0.6 2.3 0.6 21.0 20.5 3.2 —-154 186 —-17.3 —-16.0 -—17.8 16.4 -3.6
Ph,Mes 18 0.6 14 15.3 13.9 0.4 —14.2 199 -—-135 -16.0 -—149 19.4 —-3.7
Mes,Tip 1.2 2.1 1.8 20.1 18.3 2.3 —149 187 -16.0 —-16.1 -—17.8 16.5 —3.7
Ph,OH —-1.4 2.6 -3.0 9.1 12.1 04 —97 204 —-118 —183 —8.7 17.8 4.0
Ph,CN 2.9 1.8 4.8 14.2 94 —-54 124 157 —-149 -—-154 -—-19.7 13.9 —-3.0
Mes,CN 4.2 1.6 7.3 17.3 100 —-33 -—124 159 —-133 -16.6 —20.6 14.3 —4.3

aRIR2C= = fluorenylidene in specie8 and5 and RR2C = fluorenyl

(iiiy All the p,p-diaryl ethenediols, except fdgb, have a
propeller conformation, in which the two aryl groups are twisted
in the same directioff

(iv) The Ar—Cg bond and torsional angles increase slightly
with the increase in the bulk of the aryl group.

Isodesmic ReactionsAnalysis of the substituent effects of
the j,-disubstituted systems is aided by calculation of the
isodesmic reactions-213 at the B3LYP/6-31G** level for 10
sets of f-substituents. This required the calculations of the
structures and energies of the correspondingCACH, sys-
tems. Symmetrical 1,1-diarylethenes hav@;asymmetry axis,
and we calculated torsional angles of 9.88.7, 53.5, and
54.7 for 9-methylenefluorene and for AG=CH,, Ar = Ph,
Mes, and Tip, respectively. For unsymmetrically substituted Ar-
(Mes)G=CH, the torsional angle is larger for the bulkier Ar
group: 27.0,77.2 for Ar = Ph and 50.857.4 for Ar = Tip.

It is noteworthy that in SupCHCH, the Sup group is perfectly

perpendicular to the plane of the double bond at the HF level.

The results of the isodesmic reactions are given in Table 5.

R'R°C=CHOH + H,C=CH, =
R'R°C=CH, + H,C=CHOH (2)
R'R’C=C(OH), + R'R?C=CH, == 2R'R°C=CHOH (3)
R'R°C=C(OH), + H,C=CH, =
R'R’C=CH, + H,C=C(OH), (4)
R'R°C=C(OH), + CH,CH, =
R'R’°CHCH, + H,C=C(OH), (5)
R'R°C=CH, + CH,CH, = R'R*CHCH, + H,C=CH, (6)
R'R°CHCOOH+ CH,CH, = R'R*CHCH, + CH,COOH
@)
R'R°CHCHO+ H,C=CH, = R'R°C=CH, + CH,CHO
®)
152 152~ —
R'R®CHCOOH+ R'R°C=CH, =
R'R°C=CHOH + R'R?CHCHO (9)
R'R°CHCOOH+ H,C=CH, =
R'R°C=CH, + CH,COOH (10)
R'R°CHCHO+ H,C=CHOH=
R'R°C=CHOH + CH,CHO (11)

in specieg} and6.

R'R°CHCOOH+ H,C=C(OH), =
R'R°C=C(OH), + CH,COOH (12)

R'R°CHCOOH+ R'R°C=CHOH=
R'R°CHCHO+ R'R’*C=C(OH), (13)

Equations 2 and 8 evaluate the PBisubstituent effect for
the ethenols and their tautomeric aldehydes by transfer of the
substituents into the $hybridized ethylene. Their sum is eq
11, which gives the substituent effect on the aldehyde/enol
equilibrium compared with that for the pare3a/4a pair. The
effect is much smaller and variable-1.0 to +1.8 kcal/mol)
for the enols (eq 2) than for the aldehydes (eq 8), where it is
always negative{11.2 to—15.4 kcal/mol). Consequently, the
AE for the equilibria of eq 11 are all highly negative. Table 5
also includes data for the nonisodesmic aldehyeeenol
equilibria (eq 1, X= H). Equations 4 and 10 are their analogues
for evaluating the substituent effect on the 1,1-ethenediol/acetic
acid equilibrium. Their sum is eq 12, for the acid/ethenediol
equilibria compared with thBa/6a pair. Here again, the effect
on the ethenediol (eq AE = —0.2 to—2.8 kcal/mol) is much
smaller than that on the acids (eq 1012.5 to—17.3 kcal/
mol), which are the main contributors to eq 12. Equations 3
and 9 compare the ethenols or aldehydes with the corresponding
ethenediols and acids. Their sum (eq 13) gives the relative
substituent effects in both series. TAE values of eq 3 are all
positive, but mostly they are an order of magnitude (except for
the fluorenylidene system) lower than the values of eq 9.
Equations 5 and 7 are similar to egs 4 and 10, but the substituent
is transmitted here to the $hybridized ethane. Their sum gives
again eq 12. Equation 6 measures the conjugation effect in the
absence of hydroxy groups, i.e., the extent of preference of the
aryl substituents to be attached to ad gp an sp carbon.

Discussion

Ar—C=C Torsional and Bond Angles in the Ethenols and
the Ethenediols.The Ar—C=C torsional angles in the ethenols
(Tables 2 and 4) and the ethenediols (Tables 1 and 3) are
significant. Except for5b and 3b, they are mainly due to
inherent Ar/Af interaction in the ArAfC= moiety, as shown
by the small difference between the angles in ethenes, enediols,
and enols AsxC=CXX', X = X' = H, OH and X=H, X'
OH. Experimental X-ray data are available for three ethenols,
for which the calculated angles are given in Table 4. Fathe
observed torsional angles (average of four crystallographically
different molecules) are 56.7and 50.2 and the bond angles
are 118.1 and 120.8,3° compared with calculated values of
58.9, 50.2, 119.0, and 118.7, respectively. For3g, the
corresponding observed values are 34%8.9, 116.6, and
122.8,18 while the calculated values are 61,.51.C°, 117.9,
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and 117.9, respectively. FoBd, the values are 28°474.8,
123.7, and 116.2,3* and the calculated values are 29.82.0,
120.9, and 119.2. The calculated angles Bifor the arylcis
to the a-hydrogen are withint4° of the range calculated for
Ar,C=CH,. The torsional angle of the aryis to the OH
increases by a moderate 5.4.5° over the value in AIC=CH,,
but it decreases by 0-46.2° in the unsymmetrical systems. The
calculated torsional angles of the enediols £XOH) exceed
those for the ethenes (3 H) by 6.0 (Ph,Ph), 2.5 (Mes,-
Mes), 2.3 (Tip,Tip), 10.0 and—7.9° (Ph,Mes), and 24and
2.9 (Mes,Tip). Hence, the influence of one or two adde®H
groups on the geometry of the system is not large (see further
discussion below). The maximum conjugation will be achieved
if both Ar—C=C moieties will be planar. However, for steric
reasons the two aryl groups cannot be mutually in the plane of
the CG=C bond andpso carbons. The angle observed is due to
a compromise between the opposing effects of-B+=C
conjugation and steric effects. The symmetrical systems adopt
nearly identical torsional angles, and the unsymmetrical ones
respond differently to the Ar/Arinteraction. The conjugative
stabilization of the bulkier and more electron-donating aryl group
(Mes, Tip, Sup) at full planarity exceeds by only a fraction of
a kilocalorie per mole the value for APh, but when the bulky
aryl is in the G=C plane, one of itertho-substituents interacts
sterically strongly with the geminal aryl group, even when its
torsional angle is significant. In contrast, when the torsional
angle of the smaller aryl ring is smaller and that of the bulkier
aryl is larger, the Ar/Ar steric interaction is reduced. Conse-
quently, this conformation is adopted, with differences in the
calculated torsional angles of tbgn,syrconformation of 32.3
(Ph,Mes), 66.5 (Ph,Sup), and 7°1(Mes,Tip).

NMR and IR studies indicate(Ar)---HO hydrogen bonding
in B-Ar-substituted ethenols in nonpolar solvetfitand it should
also exist in the gas phase. The interaction will be stronger the
closer and more orthogonal are th@\r) system and the ©H
bond. In the planar fluorenylidene system lsue H bond is
impossible, and in unsymmetrical systems it will be significant
only with the closer aryl with the higher torsional angle. Indeed,
due to the Ar-C=C bond angle being smaller when Ar is
smaller than Ar, the Ar ring in ArAr'C=C(OH), is closer to
the vicinal OH than the Ar ring. In ayn(to Ar'),anti (to Ar)
conformation, the two torsional angles differ by 89(8/es,-
Ph), 81.8 (Sup,Ph), and 9°4(Mes, Tip) and the corresponding
bond angles differ by 10°99.4°, and 3.5, respectively. Caution
should be exercised in deducing the preserieeth bond from

Yamataka and Rappoport
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PKEnol (Ar,CHCO,H)

10.0

5.0 T r
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PKEpo1 (Ar,CHCHO)
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Figure 2. Correlations betweenKen, values of acids ACHCOH
and aldehydes ACHCHO for (A) synconformation of ethenols and
syn,synconformations of 1,1-enediol$D( slope= 1.19,r? = 0.94)
and (B) anti conformation of ethenols anslyn,anticonformation of
1,1-enediols @, slope= 1.19,r> = 0.97). Numbers in plots represent
the enediols.

0.2 Kenol Units higher than the experimental values in water:
11.3, 8.0, and 16.0 for the enedidb, 9a, and10a compared
with the experimental 9.7, 7.2, and 16.2 values. A difference
of <0.1 pKgnol Unit was calculated previousiyor systemv7,82.b

but there is some question concerning the experimental falue.
The calculated solvent effect on the parent system is small, being
0.8—1.6 kcal/mol at various levels of theofy®

Consequently, taken together with the calculated vs observed
pKenol Values of the ethenols (see below), the B3LYR:p
values of Table 1 can be regarded as reliable measures within
ca. 2 Kenol Units of the values in solution. From the #36.0
values for thebb—h/6b—h systems, we draw three relevant
conclusions. (i) It will be difficult to obtain thermodynamically
stable enediols by substituting AcOH by tyWebulky aromatic
groups. (i) SincelOawas observed by flash photolysis as a
short-lived intermediaféd and 5g was observable by NMR
if we assume a rough thermodynamic/kinetic stability correla-
tion, all compounds of Table 1, excludinBa could be
observable by the techniques used to obséyd®a, and10a
(iif) The effect of the bulky aromatic substituents on the 1,1-
ethenediol is somewhat larger than those for the analogous

such bond angle differences since to a large part such differencessthenols. The 17.9 kcal/mohpKeqo = 13.2) difference between

exists even in Ph(MesyeC=0 (7.3) or Ph(Mes)G=C*—Mes
(3.2°).272 Nevertheless, the differences in the angles in the
ethenediols suggest the presence of a stabiliziay)---HO
hydrogen bond. The use of th€Ar)---HO distance to confirm
this conclusion is problematic, since this term is not easily
defined, especially since the calculated rings show some
deformation. In Tables 3 and 4, we arbitrarily used the
Aripso-c*++HO distance as a parameter which we presume is
parallel to other distances.

Calculated vs Observed Kgno Values. (a) 1,1-Ethenediols.
The B3LYP/6-31G** Keno Values for the gas-phase equilibria
of the three compounds investigated by Kréégeare 1.6-

(30) Kaftory, M.; Nugiel, D. A.; Biali, S. E.; Rappoport, 4. Am. Chem.
Soc 1989 111, 8181.

(31) Nadler, E. B.; Rok, M.; Schmittel, M.; Rappoport, Z. Phys. Org.
Chem 1993 6, 233

(32) (a) Biali, S. E.; Rappoport, 4. Am. Chem. Sod 984 106, 5641.
(b) Rappoport, Z.; Nugiel, D. A;; Biali, S. B. Org. Chem1988 53, 4818.
(c) Nadler, E. B.; Rappoport, Z. Am. Chem. Sod 989 111, 213.

the enediols of AcOH and dimesitylacetic acid exceed by 2.8
kcal/mol ApKeno = 2.1) the 15.1 kcal/mol difference between
ethanal and dimesitylethanal. Indeed, both plots K&qpr-
(ArAr'C=C(OH),) vs pKenol(ArAr'C=CHOH) for thesyn,syn
and thesyn,anticonformers (Figure 2) have slopes of 1.19.
Effect of the B-Aryl Groups. Upon substitution of the
pB-hydrogens of AcOH by-aryl groups, thégno (PKeno) Values
increase (decrease) with the increasing bulk of these groups. A
large effect (12.3 kcal/mol; 9.1Kgno units) is observed for
the changes-H, — f-Ph. Retaining one phenyl group and
increasing the bulk (and the electron-donating ability) of the
other group from Ph to Mes and Sup further decreases regularly
pKeno IN Ar(Ph)CHCQH, the values for Ar are Ph (13.3)
Mes (11.5)> Sup (7.3). The changg-Ph, — S(bulkier Ar),
leads to a higher effect than the change of a single aryl group,
but the effect of replacing the second mesityl group by a tipyl
is small. Thus, for ArAICHCGO,H, the [Kgno values for Ar,Af
are Mes,Mes (9.2» Mes,Tip (9.4)> Tip,Tip (9.3). Finally,
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by linking the two aryl groups when A= Ar' = Ph to give the
planar fluorenylidene moiety,Kxno is reduced by 2.0 enol
units.

Qualitative analysis of the effect gfaryl groups on the lfenol
values of aldehydes and ketones was reported previdti&y?

J. Am. Chem. Soc., Vol. 122, No. 40,98X%)

groups are less capable of negative charge dispersion. That
ApKeno betweensb and5c is only 2 units suggests that other
effects, such as steric interaction of vicinal substituents or
stabilization of acidéb, may be operating. A reduced steric
destabilization in6b compared to that irfc due to the rigid

and similar considerations apply for the acids/enediols. In the fluorenyl ring may contribute to this difference, but it is difficult

sp*-hybridized carbon of acidsb—i, the aryl and the carboxyl
groups are not conjugated. In contrast, thé-lsgbridized
ethenedioldb—i have two conjugated styrene type-AC=C
moieties. The conjugation energy of a single phenyl group in
the fully planar system was estimated as ca. 4.5 kcal?idl,
and the electronic effect of the three methyl groups in the mesityl
ring was estimated to add 0.3 kcal/mol to this valti&ince

the electronic effects of alkyl groups do not differ much, if at
all,3® we use the value of 4.8 kcal/mol also for Tip and Sup.

The maximal 9.6-9.6 kcal/mol conjugative stabilization of

to dissect the steric and conjugative effects for the fluorenyl
systems, which should be treated separately from the other

p-diaryl-substituted systems due to their unique ring structure

and the higher electron-withdrawing conjugative ability.
Dissection of -Aryl Substituent Effects. Isodesmic reac-
tions 3-5, 7, 9-13 enable a quantitative dissection of substituent
effects on several of the equilibria discussed qualitatively above.
The equations allow us to evaluate the interactions between the
two aryl substituents attached to the=C(OH), and CHCOOH
moieties by calculating the equilibria between species in which

the fully planar ethenediols is reduced by the severe deviation hoth functionalities interact across thg-€C; bond and species

of the 1,1-diarylvinyl system from planarity. The torsional angles in which the two functionalities are on different molecules. The
given in Table 1 increase, and hence the conjugation energyqata are given in Table 5, where positive values mean that the
decreases when the bulk of the aryls increases. We estimateqgactant in these equations is more stable. The dissection of the
the conjugation energies given in Table 1 from the relationship equilibria of eq 12 to the effects of the acids and the enols (egs

E(0) = Eg[1 + cos d]/2, whereEy is the conjugation energy
at full planarity andd is the Ar—C=C torsional energy’ For
example, a conjugative stabilization of 4.5 kcal/mol is estimated
for 2,2-diphenyl-1,1-ethenedidk, where the Ph-EC torsional
angles are ca. 45 Since this value accounts for 36% of the
decrease in lgeno compared with the value fdsa, steric and
polar effects should also contribute significantly to the reduced
PKenol Values. The steric effect is clearly manifested for all the
other diaryl-substituted systems since, despite the higher
values and the reduced conjugation (Table 1), te.p values
of the symmetrical systenfc,e decrease rather than increase.
This is ascribed to thermodynamic destabilization of the acid
form. The steric interaction between bulky aryls in the ArCAr
unit is more pronounced when they are on the acid% sp
hybridized carbon than on an %pybridized carbon in the
enediols. With bulkier aryls the destabilization of the acid
increases, shifting the equilibrium in the direction of the
ethenediol form. This is analyzed more quantitatively below.
As discussed above with asymmetric systems $AAr'),
the steric effect dictates the conformation and the/a=C
torsional angles differ, the group with smalt@tho-substituents
displaying the smaller torsional angle. The overall conjugation
effect is not necessarily reduced, since the lower bulkier-Ar

4 and 10, and 5 and 7) is revealing. The values in Table 5
indicate that for alp3,5-diaryl groups, the 2,2-diaryl-1,1-enediols
5b—h are strongly stabilized (by 12:3L7.9 kcal/mol) compared
with the parenba/6a pair. Comparison with eq 11, which gives
the substituent effect on the analogous aldehyde/enol equilibria
for the same substituents compared with the parent3aédia,
shows a difference of 0:22.8 kcal/mol stabilization between
the two series, except for a 5.0 kcal/mol difference for the
fluorenylidene derivative.

Equation 7 compares the interaction of {hé\rAr’ moiety
in nonconjugated systems with a gvs a CH group. The
comparison includes the steric interactions of the two aryl groups
in the two species with the &jybridized carbon. The effect is
not large. 2,2-Diphenyl and 9-fluorenyl acetic acids are desta-
bilized by 1.6-2.0 kcal/mol, and the other acids are stabilized
by 0.4-3.2 kcal/mol.

Equation 4 compares the conjugation of thérAr' moiety
with that of thea-(OH), moiety in an ethylenic system vs the
separate stabilizations of the double bond by two geminal OH
groups and by two aryl groups. Again, @hHaryl (except for
p-Phy) groups stabilize the doubly conjugated ethenediol
compared with non-cross-conjugated systems. Comparison of

C=C conjugation is compensated by the higher planarity and the stabilization energies with their analogous terms from eq 2

conjugation of the smaller aryl (cf. Table 1).

Comparison of the fluorenyliden&lf) with the 3,5-diphen-
ylvinyl (5¢) ethenediols shows that more than one effect is
operative. The plandb should display maximat(Ar)—x(C=
C) conjugation, thus reducind<gno compared with that o5c.
The 4.3 kcal/mol difference between tBg,; values of5b and
5c is semiquantitatively consistent with this effect. However,
the conjugative effect ibb should be even larger sin&b is
a potentially pushpull system with the {OH), moiety at the
positive end and the “aromatic” fluorenyl moiety at the negative
end of the dipole. This effect should stabilizk, as was found
for other pusk-pull enediol system&.22 The consequent
reduction of Kgno should be much lower fdsc—h, whose aryl

(33) Eventova, |.; Nadler, E. B.; Rochlin, E.; Frey, J.; Rappoport].Z.
Am. Chem. Sod993 117, 1290.

(34) Hine, J.; Skoglund, M. JI. Org. Chem1982 47, 766.

(35) Nadler, E. B.; Rappoport, 4. Am. Chem. Sod 987 109, 2112.

(36) Charton, MProg. Phys. Org. Chen1981 13, 161;J. Chem. Soc.,
Perkin Trans. 21983 97.

(37) Radom, L.; Pople, . Am. Chem. Sod 972 94, 2371.

for the corresponding ethenols shows that the effect of the
second OH group on the equilibria is not large. The differences
in the values of egs 2 and 4 ar€.4—1.3 kcal/mol, except for
the fluorenylidene system (2.6 kcal/mol). We attribute these
similarities to the close ArC=C torsional angles of both the
cross-conjugated and the non-cross-conjugated systems and to
a small contribution of cross-conjugation due to the low negative
charge dispersal ability of tharyl groups, except for fluorenyl,

in the push-pull zwitterionic hybrid. The 1.8 kcal/mol higher
value for5b than for thes-Ph, moiety is not high, considering
the aromaticity of the fluorenyl moiety in the planar zwitterionic
hybrid.

In eq 5,5b—h are stabilized by 11:320.8 kcal/mol compared
with AcOH, but thef-Ar, conjugative stabilizations in the
absence oft-(OH), groups are 11:518.3 kcal/mol (eq 6). The
AE differences for the same substituents in eqs 5 and 6 are
only —0.2 to 2.8 kcal/mol; i.e., cross-conjugation is, indeed,
not a major stabilizing factor. The observable trend of higher
stabilization for two bulkier aryls ibe—f (19.7-20.8 kcal/mol
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in eq 5 and 16.920.5 kcal/mol in eq 6) should mainly reflect excluding3b, whose calculatedino value is 2.9 units higher
geminal interactions between the aryl rings. than the observed value in water. We have no explanation for

The major contribution to the decrease &g of 5b—h, this discrepancy.
i.e., the high negativAE values of eq 12, comes from the effect Equations 9 and 13 compare the carboxylic acid/aldehyde
on the acids, rather than on the ethenediols, as shown in eq 10with the enol/alkene or enediol/enol, respectively. For both
Acids 6b—h are destabilized by 12:517.3 kcal/mol compared  equations the carboxylic acid side of the equation is of much
with Ar,C=CH,. The destabilization follows the order of higher stability. The stabilizing energies of eq 13 are 13.2
increased bulk of the aryl groups: Tip,TipMes,Tip> Mes,- 19.4 kcal/mol, values that reflect the relative stability of the
Mes > Mes,Ph> Ph,Ph. Since the ArC=C torsional angles  acids6 vs the aldehyded plus the relative stabilities of the
decrease in this order and the conjugation should thereforeenols vs the enediols. The high values are consistent with the
increase rather than decrease, this differential effect should bepKg,o values of carboxylic acids being much higher than those
due to Ar/Ar repulsion interactions, which are larger in thé-sp  of aldehydes and show again the deviation of the fluorenyl
hybridized than in the Sghybridized systems. system from the otheB,3-diaryl-substituted systems.

That enediols of acids are much less known than enols of The C=C—0—H Conformations of the 1,1-Enediols and
aldehydes does not mean that the former are less stable. Equatioghe Enols. (a) 1,1-EnediolsThe order of stability of the three
3 compares the stability of the enediols vs that of the enols, possible conformers of the two-€C—O—H moieties depends
and eq 13 compares them using the carboxylic acids/aldehydesn the enediol. We have examples of the higher stability of
as references. All the values in eq 3 are positive; i.e., the 1,1- gjther thesyn,syror the syn,anticonformer, which are always
enediols are more stable than the corresponding enols, as wagt local minima, but thanti,anti conformer is always the least
found previously for the parent3a and 5a?%" The higher  stable. The energy differences are small in most casessyfhe
stabilization of the enediols is mainly due to the conjugative planarsynplanar conformer (the €C—0O—H dihedral angles
stabilization of the additional OH group, superimposed on an gre 6.2-9.3") is the most stable for 7 out of the 11 systems
anomeric effect and OH/OH repulsion. This is reflected by the studied, which include B 5'-diaryl-substituted systems. In 4
similarity of the values for four of the sj#-ArAr’ systems with  cases thanti,synconformer is more stable. Onesb, in which
that for the pareng-H, system and by the fact that the highest thesyn,anticonformer is significantly more stable than the,-
effect is displayed by the more conjugated planar fluorenylidene syn and anti,anti conformers. Thesyn moieties in these
system. The apparent higher stabilization of the enols than of conformers are less planar (angles of 1819.3) than all other
the enediols (eq 13) mostly reflects the higher destabilization synC=C—O—H arrangements. Thanti,synarrangement is also

of the acids than of the aldehydes. more stable in 2-phenyl,2-supermesityl-1,1-ene8lolnd the
(b) Ethenols.Isodesmic reactions for the enols are egs 2, 8, parent5a, in line with previous calculations fosa.2> These
9, 11, and 13. From eq 2, the interaction betweendah@H preferences reflect the extent of steric hindrance and hydrogen

and theB-Ar groups is slightly stabilizing by 0:61.8 kcal/mol bonding that the enolic OH experiences in #iyaconformation.
for the bulkier aryls and very slightly destabilizing (by 0.2 and |t is minimal in 5a with the smallg-H, which lacksm(Ar)-++
1.0 kcal/mol) for thep-Ph, and the fluorenylidene moieties, HO hydrogen bonding, but it is maximal Bb, where the two
respectively. As found for the enediols, the cross-conjugation aryl groups are in the double bond plane. The fluorenylidene
with a push-pull stabilization is small. The smaller than 1- and 8-hydrogens and tfsynenolic OH cannot be accom-
expected effect of the fluorenylidene moiety is ascribed to a modated in the same plane despite the-8~=C bond angles
steric interaction between thsyn o-OH and the in-plane  being higher (ca. 126°% than those for all other 2,2-diaryl-
o-hydrogens and to the lack of OHr(Ar) hydrogen bonding,  1,1-enediols, and hence thgnC=C—O—H angle increase. A
which becomes more important with the increased-8r=C a(Ar)--*HO hydrogen bond is impossible in this geometry.
torsional angle. System5h also demonstrates the interplay of steric and
Equation 8 compares the effects of two aryl groups in the hydrogen-bonding effects. The Sup group is nearly perpendicular
a'dEhyde and in ethylene. The geminal aryl groups are stronglyto the G=C p|ane (Sup—c=c torsional ang|es of 8?89")l and
stabilizing (by 11.2-15.4 kcal/mol) for AsC=CH, compared  the Ph is nearly in the molecular plane, more so inght,syn
with Ar,CHCHO, and the more crowded aryls increase this than in thesyn,syrconformation (Ph-C=C torsional angles of
effect. Hence, eq 11, derived from eqs 2 and 8, shows a large7.o> and 20.4, respectively). The PRC=C bond angle was
stabilization of 12.+16.1 kcal/mol for3b—g compared with opened, and the SuC=C angle was reduced. Consequently,

3a These values give lowergno values of 0.2 to—2.8 for 7(Ar)++-HO bonding to the Ph ring is unfavored, whereas the

3b—g, compared with 9.1 foBa, as shown in Table 2. OH—Sup distance (2.241 A) is most favorable for such
Several Keno values for aldehydes are available. Bote,g H-bonding. This will favor asynconformer of the OH group

in hexane=95% enol was observed at equilibridfz®3The cisto Sup, whereas the HO/Ph steric repulsion will destabilize

PKenol values are-2.0 for3eand—2 to —3 (larger error when  the synconformer for the ORis to the Ph, leading to a higher
the aldehyde is<5% of the mixture) for3d,g. For 3c the stability of theanti,synconformer. The othesynanti conforma-
observed values are 0.98 in watér-1.12 in (CD;).CO, and tion, with the bulkier Sup “enforced” into the=€C plane and
—0.70 in DMSO¢ds;* for 3b it is —1.3 in wateri® and for3a a perpendicular Ph, would be extremely unstable since a similar
the gas-phase value is 8%6Consequently, when the kno#h enforced synanti conformation in the less bulkypg was
small solvent effects on the values are considered, the agreemengalculated to be 21.6 kcal/mol less stable than sggsyn
between the calculated and the observed values is very goodconformer.

(38) Chiang, Y. Kresge, A. J.; Krogh, E. 7. Am. Chem. Sod 988 The anti,synconformer of mandelic acid endlOa is also
110, 2600. 1.17 kcal/mol more stable than tteyn,synconformer. The
(39) Rochlin, E.; Rappoport, ZI. Am. Chem. S0d.992 114, 230. situation resembles that f&h. The PR-C=C torsional angle
196(3‘;033;{;r§3ﬁn's'\4é Pé;hhiﬂn?reF%Sgg%sl - Chem. Soc., Chem. Commun s |ower than that for thes,8-diaryl derivatives, and the Ph
(41) Guthrie, J. P. InThe Chemistry of EnolsRappoport, Z., Ed.; C=C bond angle increases significantly. This change increases

Wiley: Chichester, 1990; Chapter 2, p 90. the conjugation energy by 1.0 kcal/mol, which is close to the
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energy difference between the two conformers. Formation of a of both bonds are approximately additive ¢ the anti,anti

nearly planar (the €C—0O—H dihedral angles are 0:2.9)
five-membered hydrogen bond between the two vicin@(OH)
groups is possible in both conformersiffa The strengths of
these bonds are moderate, judging by the-i® and O--O
distances of 2.614 and 2.652 A and 2.026 and 2.069 A,
respectively. The bond in thenti,synconformer reduces the
HO—C=C bond angle to 112°3and makes it possible sterically
to achieve a lower PARC=C bond angle, with a consequent

conformer is expected to be ca. 2 kcal/mol less stable than the
syn,synconformer. The much higher calculated value of 6.7
kcal/mol indicates that there is another source of instability, such
as an OH/OH repulsion in thenti,anti conformer. Any
explanation should consider the smaller preference 6f2.6
kcal/mol for the synsyn over the anti,anti conformers for
systemsbab. These results may suggest a weakerG=-O—

H conjugation in theanti,antithan in thesyn,syrconformation

increase in conjugation energy, and this conformer becomesas exemplified by shorter £-Cg bonds and longer £&-OH

more stable.

The dissection of the total effect on the relative stabilization
of various conformers to steric destabilizatiarfAr)---HO and
OH---HO hydrogen-bonding stabilization, and PE=C conju-
gation is difficult since the effects are mostly not large and the

bonds in the former conformers.

All the calculatedanti,anti conformers areanti-clinal with
angles of 135.5138 rather tharanti-planar arrangements. This
has a steric origin since in the fully plananti(180°),anti(180°)
arrangement the H,H distance is 1.8 A.

observed geometry represents compensation of the various Finally, all the symmetrical and close to symmetrical 2,2-
effects. Nevertheless, some comparisons are worthwhile anddiaryl-substituted systentsc,e,f,g behave similarly. Theyn,-

meaningful, especially those of two closely related systems.
The 2-aryl-2-cyano-1,1-ethenediods and 11a (Ar = Ph,

Mes) could be compared. The linear cyano substituent has a

relatively low steric demand, and the €M O distance is too
long to form an intramolecular hydrogen bond. Indeed, in enol
(MeO,C)C(CN)y=C(OH)NHPh the CN-+-HO bond is intermo-
lecular?? The Mes-C=C torsional angle il lais higher than
the Ph—-C=C angle in9a, and hencellais less affected by
the conformation of thet-substituents. For A= Ph, thesyn,-
synandanti,synconformations have almost the same energies,
which reflects a combination of 2.4 kcal/mol of a-P6=C
conjugation energy (cf. Table 1) and a-PRIO H bond. When
this H bond is lost by converting theynto anti conformation,
the PR—C=C torsional angle is reduced to 9.®ith a gain of
ca. 1.9 kcal/mol conjugation energy. This is the order of
magnitude of the loss of the stabilizing H bond. 1ta the
m(Mes)--HO bonding is slightly stronger, with nearly the same
OH—C(Arc-ipso) distances for A= Mes or Ph due to a better
electron-donating ability of Mes than of Ph. Changing thkre C
C—0O—H conformation fromsynto anti reduces the MesC=

C torsional angle by 28 with a gain of only 0.1 kcal/mol.
Hence, ther(Mes)--HO bonding is the dominant effect, and
thesyn,syrconformation predominates by ca. 1.4 kcal/mol over
the anti,synconformation.

The change fronf-Sup in5h to 5-Mes in5d when the other
B-Ar group is Ph increases tharti,syl — [syn,syh energy
difference by 1.0 kcal/mol and makes thgn,synconformer
more stable. The sum of the AC=C conjugation energies
decreases by 1.0 kcal/mol féd and by 0.4 kcal/mol fobh.
The energy difference accompanying tsgn,synto anti,syn
conformation change is nearly accounted for by the-8+=C
conjugation changes fobd. A less efficient z(Ph)--HO
H-bonding due to a long PRHO distance of 2.6 A, close to
those in the fluorenylidene system, and a low@+C torsional
angle in thesyn,synconformer of5h can account for the low
stability of syn,syrbh.

There is ca. 2.5 kcal/mol difference between the fluoren-
ylidene5b and thes,5-di-Ph (G¢) systems, based on thsyh,-
syl — [anti,syr} energy differences of 1.56 and0.99 kcal/
mol. The Ph-C=C conjugation energy shows a negligible gain
of 0.3 kcal/mol for5c and a loss of 0.2 kcal/mol fdb for the
syn,syrto anti,synchange. The loss of 1.0 kcal/mol féc can
be mainly due to the loss of ongPh)--HO hydrogen bond.
The larger steric effect in theyn,syrconformer ofsb (lacking

an H bond) accounts for the main difference between the
conformations. However, since the torsional angles are almost

identical forsyn,syn-and anti,anti5c, if the H bond energies

synconformer is ca. 1 kcal/mol more stable than #rgi,syn
conformer, and the ArC=C torsional and bond angles do not
differ much.

Experimental data are available only fag in solution. The
IH NMR chemical shift and the OD-induced shift 5C NMR
signals had shown a “symmetrical” arrangement of the OH
groups on the NMR time scal€ This is consistent with ayn,-
syn or anti,anti conformer or with a rapid interconversion of
conformers.

(b) Ethenols. The calculated conformers of thes€—0O—

H moiety (Table 4) arsyn andanti-planar, with angles of 0-3
5.5° for the syn conformer (10 for 3b) and 174.6-18C° for
theanti conformer, and are both at local minima. For all systems
calculated, thesynconformer is significantly more stable than
the anti conformer, as revealed by previous calculati®ffs,
except for3b (see below). We attribute this preference, at least
partially, to stabilizingzz(Ar)---HO hydrogen bonding in the
synisomer. In the nearly planab the 1-H interacts sterically
with the O—H hydrogen with a consequent increase in the
dihedral G=C—O—H angle to 10, but hydrogen bonding is
geometrically impossible. Since the energy of gymisomer
still slightly exceeds that for thentiisomer andsyn-3ais more
stable thamanti-3a,2842we conclude that thanti conformers
are inherently destabilized compared with gy&conformers.
The slight difference between the -AC=C torsional angles
for the synandanti conformers does not lead to a significant
difference between the derived-AC=C conjugation energies.
The preference for theynisomer extends also to the solution
and the solid phases. FrotH NMR and IR studies in several
solvents, especially oBg we conclude#f that in low dielectric
non-hydrogen-bonding solvents such as £&id CDC4, the
C=C—0O—H conformation issyn In the crystal structure of
severa3-arylethenols, includingeg, the conformation isyn3°

Comparison of the 1,1-Enediols and the EthenolsCom-
parison of the fgnoi Values, the &C—0O—H conformation, and
the Ar—C=cC torsional and bond angles can help in understand-
ing the effect of the second vinylic OH on the behavior of the
enols.

The Keno Values of the diarylacetic acids vs those of the
corresponding aldehydes are plotted in Figure 2A forsyre -
synenediols vs thesyrrenols, and in Figure 2B for thanti,-
synenediols vs theanti-enols. The two lines obtained are
reasonably linear, with deviations in Figure 2A for systems

(42) (a) For summary of earlier calculations, see: Apeloig, YThe
Chemistry of EnotsRappoport, Z., Ed.; Wiley: Chichester, 1990; Chapter
1, p 1. (b) For a recent reference including calculation8ersee: Frey,
J.; Eventova, |.; Rappoport, Z.; Muller, T.; Takai, Y.; SawadaJMChem.
Soc., Perkin Trans. 2995 621.
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80 for the f-mesityl analogud laof 9awas calculated in a search
(®) A) for an interaction between the steric effect of the aryl group
and the electron withdrawal by the cyano group. The calculated
AE value is reduced by 0.9 kcal/mol (0.Kgo value) by the
B-Ph— p-Mes change. The 2 tigher Ar—C=C torsional
angle ofl1la(71.6°) than of9a(42.6) results in a 1.9 kcal/mol
lower conjugation energy fotla which should make ignol

for 9a lower.

AE is reduced by replacing gPh or ag-Mes by as-CN.
The added stabilization of the ethenediol form by the dipolar
push-pull form 12 is demonstrated by the positive values in
eq 4 for9aand especially folla This effect is superimposed

=C(OH),
=
(=)
1

AAPC

20

A
0 T T T /Cfc kb
0 20 40 60 80 -
Ar'A’C=CHOH 12

Figure 3. Plot of the Ar—C=C torsional angles (in degrees) for the on a lower destabilizing effect in acid@b and 11b due to
1,1-enediols vs those of the ethe_nols. Numbers represent the ened'°|srepulsion between the CN and the @Odipoles but also a
and each compound has two points (one fot @md one for Af). (A) stabilization due to decreased steric congestion. This conclusion
Arl cis to thesynOH in the enols @, slope= 0.90,r? = 0.99). (B) : . : . .
Ar? cis to the H in the enols@, slope= 1.08,r? = 0.99). is based on experiments/calculations with systems carrying
B-EWGs21220ne EWG is insufficient to form an observable
having at least one in-plane Ar group, so that steric effects are €nol of an acid or an amide, and the calculat&@rg value is
more important than in other systems. Figure 2B, where steric higher than those calculated for the dicyano-substituted species
interaction between the- and -substituents are reduced in  (NC)CHCONHR (R= H, Ph}? or that observed for the enol
the anti moieties, displays a better linearity. Since the main MeO;CC(CN)=C(OH)NHPh?2 From the calculatedE values
contribution to fKenel is the stabilization of the acid derivative ~ of ACOH (30.5§, H:CCONH; (27.4)% Ph,CHCOH (18.2),
or the aldehyde, the nearly linear correlation indicates that this PNCH(CN)CQH (10.9), and (NGICHCONHPh (1.17? we
effect is reflected mainly in the intercepts of the two correlations. conclude that the cross-conjugation effect of EWGs on the
The effects of thes-substituents on the structures of the two Stabilization of the enols much exceeds that of aryl groups.
series are parallel. The rigid bond angles do not show a . . .
significant substituent-dependent variation in both series, but Acknowledgment. Numerical calculations were carried out
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