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Anal. Caled for CoHysFs: C, 79.99; H, 4.20; F, 15.81. Found:
C, 79.95; H, 4.15; F, 15.96.

Reaction of HC] with 1,1-Dichloro-1-(p-methylphenyl)-
ethane (4b). In a 200-mL ampule were reacted 2.7 g (75 mmol)
of HCl and 4.7 g (25 mmol) of 4b for 4 days. After evaporation
of the HCI, there remained 3.0 g of a dark blue solid. The crude
product was separated by column chromatography (column and
conditions as above) to yield 16b (650 mg, 22%), 17b (900 mg,
31%), and 20b (1000 mg, 35%).

Reaction of HCl with 1-Chloro-1-(p-methylphenyl)-
ethylene (2b). In a 200-mL ampule were reacted 3.6 g (100 mmol)
of HC! and 3.8 g (25 mmol) of 2b for 4 days. After evaporation
of the HCI, there remained 3.8 g of a dark blue solid. The crude
product was separated by column chromatography (column 2.2
X 60 cm, 100 g of silica gel; solvent: 5% tetrachloromethane, 5%

benzene, 90% n-hexane) to yield 16b (350 mg, 12%), 17b (400
mg, 14%), and 20b (500 mg, 17%).
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pKgy+ values and enthalpies of complexation, AH®°, with boron trifluoride of a series of 16 3-substituted
5,5-dimethylcyclohex-2-en-1-ones are well correlated with o,,* and o,05* constants. These compounds are therefore
good models for the investigation of substituent effects on the reactivity of ethylenic systems directly substituted
on the double bond. Comparisons with linear free energy relationships obtained from para-substituted 3-
phenyleyclohexenones and para-substituted acetophenones allow us to evaluate the transmission factors of ethylene
and phenylene groups. New o,* substituent constants are computed. Ab initio w-electron densities at the oxygen
atom of the carbonyl group reproduce well the variations of Bronsted and Lewis basicities of 3-substituted

cyclohexenones.

In the course of our study of substituent effects in
nonaromatic systems,>? we recently attempted to use the
5,5-dimethylcyclohex-2-en-1-one structure (1, Chart I) as
a model compound to investigate the transmission of
electronic substituent effects through a directly substituted
ethylenic bond. We established the applicability of the
classical substituent constants to describe some physical
parameters of ground-state molecules such as 'H and °C
nuclear magnetic shielding constants* or infrared frequency
(ro=0)." However, some secondary effects peculiar to these
spectral parameters (magnetic anisotropy effect, van der
Waals steric effect, Fermi resonance and vibrational cou-
pling effects, ...) led to only fair linear Hammett-type re-
lationships. The next step, presented here, is to look for
the applicability of Hammett-style equations to the energy
differences linked to the basicity of the carbonyl function.
Thus, we examine the substituent effects on pKpy+
(Bronsted basicity) and the enthalpy of complex formation,
AH® (Lewis basicity),? of these a-enones with boron tri-

(1) Part 4: Geribaldi, S.; Azzaro, M. Spectrochim. Acta, Part A 1982,
38, 779. Also part 10 of the series “Basicity of the Carbonyl Group”
(previous paper: Azzaro, M.; Gal, J. F.; Geribaldi, S.; Videau, B.; Loupy,
A. J. Chem. Soc. Perkin Trans. 2, in press.

(2) Geribaldi, S. Thesis, Université de Nice, Nice, 1979.

(8) Gal, J. F. Thesis, Université de Nice, Nice, 1979.

(4) Azzaro, M.; Gal, J. F.; Geribaldi, S.; Novo-Kremer, N. Spectrochim.
Acta, Part A 1978, 34A, 157.

(5) Azzaro, M.; Gal, J. F.; Geribaldi, S.; Novo-Kremer, N. Spectrochim.
Acta, Part A 1978, 34A, 225.
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Ke‘one(CH,Cl,) + BFs(gas) Complex/C-O BF’(CH:CI,)
Scheme II
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+
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fluoride. This investigation may allow us (i) to test ac-
curately the validity of mono- and multiparameter scales
of substituent constants applied to this unsaturated
framework, (ii) to compare the transmission factors of

(8) Azzaro, M.; Gal, J. F.; Geribaldi, S.; Grec-Luciano, A.; Calleri, C.
J. Chem. Res., Synop. 1979, 134. For series 3 DSP analysis gives p; =
~1.26 and pg* = -1.15 and gives p; = 10.48 and pr* = 10.49, respectively,
from pKgpy+ and AH®.

0022-3263/82/1947-4981801.25/0 © 1982 American Chemical Society
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Table I. pKpyr and AH® of 3-Substituted
5,5-Dimethylcyclohex-2-en-1-ones (at 298.15 + 0.1 K)

~pKgyt * —AH®,
compd X 0.05¢ kd mol™t ¢
la H 3.22 83.68 £ 0.34
b CN b 64.46 = 0.53
c CO,CH, 4.15 72.55 + 0.57
d Br 3.63 77.28 £ 0.18
e Cl 3.36 77.87 £ 0.33
f CH,CNF*¢ 3.53 79.71t 0.26
g CH,CO,C,H; 3.17 83.50 + 0.49
h CH,COC,H; 3.10 85.44 + 0.69
i OCOCH, b 85.11+ 0.35
i OCOC,H; b 83.67 + 0.24
k C.H;, 2.71 86.48 = 0.29
1 CH, 2.50 90.56 + 0.41
m SC, H 1.43 96.64 + 0.80
n OCH 0.74 99.89 0.20
o OC;Hs 0.69 101.25 £ 0.35
P OH 0.45 e

a Quoted errors are for the 95% confidence level. ? See
ref 7. € o,* value of ref 15. ¢ Substituent constants are
those of S(%Hs, and we keep og* = —-0.85.% € The
diketonic form of 1p exists in CH,Cl,.

ethylenic and phenyl groups and (iii) to estimate constants
for new substituents.

Results and Discussion

The pKgy+ values of these weak bases 1 have been
measured in aqueous sulfuric acid media. The pKgy+
values obtained by using various methods’ are in good
agreement, and we shall use here the values of the Da-
vis—Geissman method™® (Table I) in order to compare them
with pKpy+ values of aromatic ketones® 2 (Chart I). Re-
cently, we have demonstrated that the complexation en-
thalpy AH® of carbonyl compounds with boron trifluoride
in methylene chloride solution (Scheme I) is a good mea-
sure of the structural effects on the Lewis basicity.®® AH®
values are reported in Table 1.

The experimental stoichiometry of complex formation
shows good evidence for the formation of 1:1 addition
compounds apart from the cases of 1g-i. These anomalies
are attributed to the complexation (at least partial) of the
carbonyl function of the substituent. Comparison of IR
and 'H NMR characteristics of free and complexed
products demonstrates that the first complexation site is
the carbonyl oxygen of the a-enone moiety for all the
compounds.®

Correlations with Substituent Constants. Charton'®
has shown the equivalence of position 3 in a series of
trans-3-substituted acrylic acids to the para position of
benzoic acids; moreover, the resonance form B (Scheme
11), valid for all electron-donating substituents X, allows
us to expect through conjugation between X and the
carbonyl function. At last, the substituent effect on AH®
and pKpgy+ values has been expressed quantitatively for
a series of para- and meta-substituted acetophenones?!12

(7) Geribaldi, S.; Grec-Luciano, A.; Maria, P. C.; Azzaro, M. J. Chim.
Phys. 1982, 79, 103.

(8) Davis, C. T.; Geissman, T. A. J. Am. Chem. Soc. 1954, 76, 3507.

(9) Gal, J. F,; Calleri, C.; Elegant, L.; Azzaro, M. Bull. Soc. Chim. Fr.
1979, 311.

(10) Charton, M.; Meislich, H. J. Am. Chem. Soc. 1958, 80, 5940.

(11) Gal, J. F.; Elegant, L.; Azzaro, M. “Abstracts, 3rd IUPAC Con-
ference on Physical Organic Chemistry”; La Grand Motte, 1976.

(12) Stewart, R.; Yates, K. J. Am. Chem. Soc. 1958, 80, 6355.

(13) Brown, H. C.; Okamoto, Y. J. Am. Chem. Soc. 1958, 80, 4979.

(14) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. W. Prog. Phys. Org.
Chem. 1973, 10, 1.
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Figure 1. Plots of pKpy+ (O) and AH® (@) vs. o, for compounds
1.

by p*o* correlations. Thus, the conjugated system 1 leads
us to expect the same reactivity type and the use of ¢,*
and oy,0x" constants.

The following relationships are obtained from all the
substituents for which the substituent constants are
known, except for 1g (X = CH,CO,C,H;; Figure 1):

3.10 (n'¢=11;r8 =
0.9923; s16 = 0.18) (1)

pKBH+ = "(2.82 + 0-12)0'p+ -

pKpy = —(2.39 % 0.35)0; ~ (2.80 % 0.13)05" —
3.23 (n =9 R® =0.9937;s = 0.17) (2)

= (23.89 £ 0.87)0,* - 82.05 (n=11;r =
0.9941; s = 1.34) (3)

= (28.94 £ 1.22)0y + (23.09 £ 0.63)0y™ -
83.51 (n =9; R =0.9985; s = 0.72) (4)

The success of these relationships definitively shows the
validity of this cyclohexenonic model for investigation of
the transmission of substituent effects through ethylenic
systems by correlation analysis. If we compare the reaction
constants p for the dissociation constants of trans-3-sub-
stituted acrylic acids and of para-substituted benzoic acids,
it appears that (i) the ratio p(acrylic acids}/p(benzoic acids)
is approximately 2.2 and that (ii) the resonance and polar
effects operate in similar proportions in the two sys-
tems 1718

Comparison of slopes in eq 1 and 2 with those obtained
from pKgy+ of para-substituted acetophenones 3¢ (Table
II) leads to ratios p*(1)/p*(3) =~ 2.3, p;(1)/pg*(1) =~ 0.9,
and p1(8)/pg*(8) = 1.1. Clearly these ratios closely parallel
those in carboxylic acids. This means that the reacting
side chain does not affect (i) the transmitting factor of the
ethylenic bond relative to the benzene ring or (ii) the ratio
of inductive and resonance effects. Similar results are
o'tétained from correlation analysis of AH® for series 1 and
3.

(15) Cornish, A. J.; Eaborn, C. J. Chem. Soc., Perkin Trans. 2 1975,
874.

(16) n is the number of data points, r and R are correlation coeffi-
cients, and s is the standard deviation of the fit.

(17) Charton, M. Prog. Phys. Org. Chem. 1973, 10, 81.

(18) Ford, G. P.; Katritzky, A. R.; Topsom, R. D. In “Correlation
Analysis in Chemistry”; Chapman, N. B,, Shorter, J., Eds.; Plenum Press:
New York, 1978; Chapter 6, p 229.

(19) Edward, J. T.; Wong, S. C. Can. J. Chem. 1977, 55, 2492.

(20) Yates, K.; Stevens, J. B.; Katritzky, A. R. Can. J. Chem. 1964, 42,
1957.
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Table II. pKpy+ and AH® of 3-(Para-substituted phenyl)cyclohexenones 2 and Para-Substituted
Acetophenones (298.15 = 0.1 K)

compd X ~pKpg® —AH®°, kdmol™! compd X ~-pKpy+*® —aH®, kd mol™*

2a H 2.71 86.48 3a H 3.59 74.52
b NO, 3.20 80.28 b NO, 4.57 67.07
c CN 3.09 82.20 c CN 67.08
d Br 2.83 84.87 d COCH, 70.58
e Cl 2.80 85.41 e Br 3.79 73.09
f F 2.67 86.06 f Cl 3.79 73.03

g C.H, 2.60 87.16 g F 3.54
h CH, 2,53 88.79 h C.H; 77.03
i OCH, 2.05 90.44 i CH, 3.24 77.82
i OCH, 2.92 83.01

@ The values presented here are increased 0.33 pK unit'® compared with the pKgy+ of ref 6 calculated from the too
negative original H, scale.,® b For acetophenones, the pK pH+ values presented are the acidity function of half-protonation,

H,'? (see ref 6).

Table III. Estimated o,* Constants
for a Few Substituents

+ a.+ a.+

[
substituent fro};n 1 fror% 3 froxl;'n 7
CH,CO,C.H, 0.02 -0.06 -0.12
CH,COC,H, 0.00 ~0.14 -0.14
OCOCH, -0.13
OCOC,H; -0.07

The Brown—Okamoto equation can be applied to pKgy+
and AH?® of 3-(para-substituted phenyl)cyclohexenones 2
(Table II):¢

pKpy+ = —(0.69 £ 0.04)0," - 2.99 (n=9;r=
0.9874; s = 0.06) (5)

AH® = (6.43 % 0.39)ap+ -8.01 (n=9%r=
0.9871; s = 0.53) (8)

Comparison of the constants p* for series 1 and 2 leads to
the transmission factorIlp, of the p-phenylene group. We
obtain 0.24 and 0.27, respectively, from pKpy+ and AH®.
These two values belong to the range of literature data for
Ipy, (0.25-0.40, average value 0.30).2422 Recently, Tsuno
et al.® studied the transmission factor of the p-phenylene
group using solvolysis reactions similar to those of Brown
and Okamoto,!® i.e., reactions leading to an electrophylic
center.

The authors obtain IIp, = 0.32, whereas their statistic
analysis of literature data leads to values between 0.31 and
0.22. Thus, the insertion of p-phenylene group between
X and the cyclohexenone moiety does not lead to a very
different attenuation compared with the attenuation ob-
served from its insertion between X and another phenyl
ring. This is attributed to a similarity of relative positions
of conjugated chains which transmit substituent effects.
We showed in a previous paper! that the average dihedral
angle between the cyclohexenone and phenyl planes in
structure 2 is 30°, i.e., close to the dihedral angle of bi-
phenyl derivatives (30-35°).22 If the angles in biphenyl
derivatives and structures 2 were very different, compound
1k (=2a) would show important deviations in the rela-
tionships of eq 1-4.

The excellent quality of the correlations 1-4 allows us
to estimate or reestimate o,,* constants for few substituents
by using equations o,* = (pKpy+* - pKpy+°)/p* and o,*

= (AH®, - AH®,)/p*. We obtain the results reported in
Table IIIL

Compound 1g (X = CH,CO,C, H;) deviates from cor-
relations 1 and 3. Indeed, the Brown-Okamoto ¢,* =
-0.164 has not been calculated from the reference reaction,
and it is very different from the value recently obtained
by Cornish and Eaborn,!® ¢,* = 0.01. Our results are in
agreement with the latter value. For X = CH,CQ,C,H;
and CH;COC,Hj;, our calculated values are different ac-
cording as they are estimated from pKgy+ or AH® corre-
lations. The relative discrepancy between these values?
can be due to different solvations of the substituent car-
bonyl group in each reaction. For instance, pKpy+ values
are evalued in aqueous sulfuric acid solutions, and strong
hydrogen bonds increase the field/inductive electron-
withdrawing contribution of X (s,* increases).”

From eq 3 we obtain a more negative value for
;T (CH;COC,H,) than for o,*(CH,CO,C,H;). This vari-
ation is in agreement with the expected effect of Y on
CH,Y. Furthermore, this decrease of #,* values when
going from Y = CO4R to COR is confirmed by structural
effects observed in the series X = CH,Y. The literature
data? lead to eq 7 from Y = H, CH;, C¢H,, OR, Cl, Br,

op"(CH,Y) = (0.672 £ 0.092)0y(Y) - 03256 (r =
0.9560; s = 0.054) (7)

and CN, and we can estimate ¢,*(CH,Y) from the o;
constants of CO,R and COR (Table III). Not enough data
ecx)r; available to achieve the same analysis for substituents

From the relationships pKgy-+ vs. o,* and AH® vs. o,*
for series 1-3, we can consider the possibility of a single
extrathermodynamic relationship, pKgy+ vs. AH®. In fact,
we obtain eq 8. The existence of this relationship which

pKgy+ = —-(0.108 £ 0.005)AH° - 11.97 (n = 26;r =
0.9729; s = 0.22) (8)

includes para-substituted acetophenones may seem sur-
prising. Indeed, we know that cyclohexenones 1 and 2 and
acetophenones 3 do not exhibit the same solvation re-
quirements of the protonation equilibrium,; i.e., protonation
of 1 and 2 follows the H, acidity function, and protonation
of 3 follows a hypothetical acidity function situated be-
tween Hpy and H,, However, the Bunnett-Olsen ¢ pa-
rameters?® are not very different for the three model

(21) Jaffe, H. H. Chem. Rev. 1988, 53, 191.

(22) Exner, O, In “Advances in Linear Free Energy Relationships”;
Chapman, N. B,, Shorter, J., Eds.; Plenum Press; New York, 1972;
Chapter 1, p 25. In “Correlation Analysis in Chemistry”; Chapman, N.
B, Shorter, J., Eds.; Plenum Press: New York, 1978; Chapter 10.

(23) Tsuno, Y.; Chong, W. Y,; Taikara, Y.; Sawada, M.; Yukawa, Y.
Bull. Chem. Soc. Jpn. 1978, 51, 598.

(24) Although the computed o,* constanta are not significantly dif-
ferent on an absolute scale (uncertainties in p* and experimental values),
their relative values are meaningfull if we consider only our result.

(25) Fujio, M.; Mclver, R. T.; Taft, R. W. J. Am. Chem. Soc. 1981, 103,
4017. Taagepera, M.; Summerhays, K. D.; Hehre, W. J.; Topsom, R. D.;
Radom, L.; Pross, A.; Taft, R. W. J. Org. Chem. 1981, 46, 891,

(26) Bunnett, J. F.; Olsen, F. P. Can. J. Chem. 19686, 44, 1899,
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Table IV, Total n and ¢ Electron Densities at the Oxygen
Atom in 3-Substituted Acroleines (Trans-s-Trans)

X at arn qq

H 6.2065 1.0984 5.1081
CN 6.1849 1.0748 51101
Cl 6.1930 1.0876 5.1054
CH,CN 6.2027 1,0958 5.1069
CH, 6.2136 1.1076 5.1060
OCH, 6.2204 1.1220 5.0984
OH 6.2216 1.1228 5.0988
pKBH*‘

-2k

i

il L. A
1,09 110 11 112 oy

Figure 2, Correlation of pKgy+ with Il-electron density for
compounds 1.

compounds la, 2a, and 8a (respectively 0.537, 0.557 and
0.44*"%8)  and this can explain the existence of eq 8.
Scorrano et al.?” have shown that delocalization of the
positive charge leads to a decrease in the ¢ parameter. In
fact, we observe a large decrease in ¢ on going from acetone
(¢ = 0.75)% to 1la. In contrast, there is no further decrease
of the ¢ value for 2a. Thus, the a,8-enone framework is
the principal contribution to the solvation that is only
weakly affected by the lengthening of the conjugated
system.

Correlations with Electron Densities at the Oxygen
Atom. pKgpy+ and AH® are thermodynamic parameters
related to equilibria in a solvating media. Therefore they
should be compared with the energies of free and pro-
tonated (or complexed) bases corrected for the solvation
energies.?®3  Although, this approach is appropriate,
several authors® use static indices to describe substituent
effects. Among numerous reactivity indices proposed in
literature,® electron densities at the oxygen atom of the
carbonyl group seem the most suitable. Considering the
large size of our compounds, we carried out ab initio cal-
culations at the STO 3G level* on the model framework

(27) Levi, A.; Modena, G.; Scorrano, G. J. Am. Chem. Soc. 1974, 96,
6585

(28) Edward, J. T\; Wong, 8. C. J. Am. Chem. Soc. 1977, 99, 4229.

(29) Botrel, A.; Guerillot, C. R. J. Chim. Phys. 1974, 71, 974.

(30) Taagepera, M.; De Frees, D.; Hehre, W. J.; Taft, R. W. J. Am.
Chem. Soc. 1981, 102, 424.

(31) Streitwieser, A. “Molecular Orbital Theory for Organic Chemists”;
Wiley: New York, 1966.

(32) Beaupere, D.; Seguin, J. P.; Uzan, R.; Doucet, J. P. Can J. Chem.
1976, 54, 297.

(33) Dewar, M. J. S. Adv. Chem. Phys. 1963, 8, 133.
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Figure 3. Correlation of AH® with r-electron density for com-
pound 1.

of 3-substituted acroleine (trans-s-trans) with standard
values for bond lengths and angles® (Table IV).

The q, parameter is only weakly influenced by structural
effects whereas gr and g, exhibit larger variations. For
pKpy+ as well as for AH®, we obtain good correlations with
g.- Use of gr gives a slightly better fit of the data than
the g, plot (Figures 2 and 3). As expected, correlations
from AHP® are better than from pKgy-+ (eq 9-12). Thus,

pKpy+ = (110 + 28)q, - 686.86 (n =6;r =
0.8886; s = 0.70) (9)

pKgy+ = (91 £ 13)q, - 10299 (n =6, r = 0,9592; s =
0.43) (10)

AH® = -(896 % 105)q, + 5477.14 (n=6;r =
0.9737; s = 3.08) (11)

AH® = -(734 % 48)q, + 723.16 (n=6;r =
0.9915; s = 1.74) (12)

it seems that the variations of = electron density are the
source of the basicity variations in the first instance. This
may be explained by the high proportion of the electro-
static component in the >CO-H* or >CO-BF; bond.36:

Experimental Section

The preparation of the cyclohexenones 1 and 2 and their
spectroscopic properties are described in ref 2, 4 and 38. Methods
for pK;,.p and AH® measurements have been previously re-
ported.”?
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