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Acidity and Dynamic Structure of the Potent Uncoupler SF6847
(2,6-Di-t-butyl-4-(2,2-dicyanovinyl)phenol) and Its Derivatives
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The acid dissociation constant (Ka) of a series of 2,6-di-t-butyl-4-(disubstituted vinyl)phenols was measured
in water spectrophotometrically at 25°C. The electronic substituent effects of the substituted vinyl moiety on the
pK. value were examined by dual-electronic-parameter analyses. The electronic effects of the two substituents
at the end of the vinyl moiety were found to be not equal in the acid-base dissociation equilibrium. The
inductive and resonance effects of the X-substituents ¢rans to the benzene ring and the inductive effect of the
Y-substituents cis to the benzene ring were significant factors governing the pK, value. These results and the
molecular orbital calculation studies suggest that although the m-bonded X-substituents are coplanar to the
vinyl plane, the n-bonded Y-substituent are twisted by a steric repulsion with the benzene ring. The variations
in the pK, value of variously substituted analogs were related with the ease of intramolecular rotational motion
around the bond connecting the vinyl group and the benzene ring, based on *HNMR studies.

2,6-Disubstituted-4-(2,2-disubstituted vinyl)phenols
(Fig. 1), such as SF6847(Fig. 1; compound 9) and its
analogs, exhibit potent uncoupling activity with en-
ergy-transducing biomembranes, such as rat-liver mi-
tochondria and spinach chloroplasts.""? The acid dis-
sociation constant (K,) of these compounds is one of
the important factors which determine the uncoupling
potency.®) SF6847 (9) and its analogs have two con-
spicuous structural characteristics which should govern

Y4
o*Z*
6 6

7 Y

H 2 X
1: X =Y = COOE;, Z=tBu
2: X =COOEt, Y =CN, Z=tBu
3:X=CN,Y=H, Z=tBu
4: X =CONHz2, Y =CN, Z=tBu
5:X=COMe, Y =COOEt, Z=1tBu
6: X =S02Me, Y =CN, Z=tBu
7:X=COOEt, Y =H, Z=1tBu
8:X=COOMe,Y=CN, Z=tBu
9: X=Y =CN, Z=tBu
10: X =COOH, Y = Me, Z=1tBu
11: X=COOH, Y=H, Z =tBu
12: X=Cl,Y=H, Z=t+Bu

Fig. 1. General structure of the compounds studied.
The X- and Y-substisuents are trans and cis to the
benzene ring, respectively. The molecular orbital cal-
culation was performed with regard to changes in the
01, 02, and 03 angles (see text).
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their pK, value. One is that the acidic group (phenolic
OH) is highly hindered by the 2,6-disubstitution; other
is the dynamic rotational motion around the C—-C bond
between the benzene ring and the vinyl moiety.

The effect of 2,6-di-t-butyl substituents upon the ther-
modynamic and spectroscopic properties in water have
been investigated for such compounds as 2,6-di-¢-bu-
tylphenol*® and 2,6-di-#butylpyridine.>” These com-
pounds exhibit anomalous acid-base dissociation behav-
iors compared with that of 2,6-disubstituted compounds
with less congested alkyl groups. The anomalous be-
haviors are postulated to be due to a steric inhibition
of solvation of the dissociation group, and a loss of en-
tropy due to the restricted internal rotation of the ¢bu-
tyl groups caused by steric interactions in the hydrated
ionized species.”

Yoshikawa et al.®? have examined the dynamic struc-
ture of SF6847 (9) and its derivatives (Fig. 1; X=Y=
CN, Z=H, Me, Et, i-Pr, s-Bu, or t-Bu) by *H NMR spec-
troscopic and molecular orbital studies. The variations
in the pK, value of these SF6847 analogs are explained
in terms of the intramolecular rotation around the C-
C bond between the benzene ring and the vinyl moiety.
In their studies, however, the substituents on the vinyl
moiety are limited to the dicyano group.

In this study we measured the pK, values of a se-
ries of 2,6-di-t-butyl-4-(2,2-disubstituted vinyl)phenols
(Fig: 1; Z=t-Bu), and examined the electronic effects
of substituents at the vinyl moiety on the pK, value by
dual-electronic-parameter analysis'® and NMR spec-
troscopic studies. The electronic effects of the two sub-
stituents at the vinyl moiety were not identical in gov-
erning the acid-base dissociation equilibrium. The vari-
ation in the pK, value was linearly correlated with the
intramolecular rotational mobility of the anionic form
around the C-C bond between the benzene ring and the
vinyl moiety.



270 Hideto M1YOSHI, Ze-jian GUO, Toshio FuJITA, and Hajime IWAMURA

Experimental

Compounds 1—9 in Table 1 were the same samples as
those used previously.)) Compounds 10 and 11 were gener-
ous gifts from Dr. K. Watanabe of the Kanegafuchi Chemi-
cal Co.'V Compound 12 was prepared from 11 with N-chlo-
rosuccinimide.’® Caled for C16H230:Cly: C, 72.08; H, 8.63;
Cl, 13.29%. Found; C, 72.15; H, 8.55; Cl, 13.30%. 'HNMR
(CDCls) 6=1.50 (9H, s, t-Bu), 6.45 (1H, d, J=15.1 Hz), 6.77
(1H, d, J=15.1 Hz), and 7.13 (2H, s, aromatic protons).

The pK, values of compounds 1—9 in water (25°C) were
taken from a previous paper.t) For compounds 10—12, the
pK. value was measured spectrophotometrically (25°C) as
reported.)

'H NMR spectra were measured at 400 MHz with a JEOL
GSX-400 NMR spectrometer. For measuring the NMR spec-
tra of anionic forms of SF6847 analogs, methamol-ds con-
taining 0.1 mol dm ™2 sodium hydroxide was used. Variable-
temperature studies were carried out using the standard
temperature-regulation apparatus of the spectrometer. The
I3CNMR spectra were recorded on a General Electronics
GN-300 spectrometer at resonance frequencies of 75 MHz.

Molecular orbital calculations were carried out us-
ing the AMPAC program (QCPE No. 523) with AMI1
parameterization'® running on a FACOM M-382 com-
puter. The starting coordinates were obtained from AN-
CHOR (Kureha Chemical Industry Co., Ltd. and Fujitsu
Ltd., Tokyo, Japan), a program system for molecular model-
ing. The minimum energy conformation was fully optimized
with the precise option. In each calculation, all of the bond
lengths, bond angles, and dihedral angles were allowed to
vary while the energy was minimized.

Results

Regression Analyses of Electronic Substituent
Effects. The pK, values of compounds 10—12 were
newly measured and are listed in Table 1 together with
those of the other compounds cited from a previous
study.) The variation in the pK, values was large in
spite of the site of the substituents being quite distant
from the dissociation group. We sought to correlate
the pK, values of the SF6847 analogs by applying an
extended Hammett-Taft-type equation (dual-electronic-
parameter equation!®) and a correlation analysis.

First the pK, value was correlated with the sim-
ple sum of o1 and (inductive effect parameter) and og
(resonance effect parameter), or o7 and ogr- (through-
resonance effect parameter) of the X- and Y-sub-
stituents, as follows:

pK, = —3.431%01 — 5.365%0R + 11.865 1)
(0.750)  (2.406) (0.595)
(n = 12,5 = 0.484,r = 0.972)

pK. = —2.802%01 — 2.916%0g- + 11.924 (2)
(0.948)  (1.514) (0.680)
(n =12,s = 0.537,7 = 0.966)

In these and the following equations, n is the number
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of compounds, s the standard deviation, and r the cor-
relation coefficient. The figures in parentheses are the
95% confidence interval. In both equations, each term
was justified at a level higher than 99.9%. The use of
a combination of Yo and og- values gave a slightly
poorer correlation than that of the Yo and Yoy values,
indicating that the delocalization of a negative charge
of the phenolate anion due to a through-resonance effect
is not a significant factor regarding the acid dissociation
behavior. Combining the electronic effects of the X- and
Y-substituents did not produce any good correlations.

To try to improve the correlation, we separated the
electronic effects of the X- and Y-substituents from
each other based on the assumption that the bulkier
substituent is trans (X) to the benzene ring and the
smaller one is cis (Y). This assumption concerning the
geometrical isomerism could be reasonable, since an al-
dol-type condensation reaction, by which all test com-
pounds, except for 12, has been synthesized, generally
gives the E form.!¥ Compound 12 was shown to be the
E form from the 'H NMR spectra (3Jgg=15 Hz).!® To
verify our assumption, the configuration of the com-
pounds was examined using the long-range **C-H cou-
pling experiments'®) while taking compounds 4 and 5
as examples. For compound 4, the 3 Joy value between
the cyano carbon and vinyl proton was 13.2, while the
value between the carbonyl carbon and the vinyl pro-
ton was 5.7 Hz. The 3Jcy values between the carbonyl
carbon and the vinyl proton, for the ethoxy carbonyl
and acetyl groups, were 12.5 and 7.0 Hz, respectively,
for compound 5. These observation demonstrated that
the amide group in 4 and the acetyl group in 5 are trans
to the benzene ring.!®

On the basis of the configuration described above, the
following equation was derived as being the equation of
best quality:

pKa = —2.70201(X) — 4.65008(X) — 5.39201(Y) + 11.918
(0.818) (1.480) (0.668) (0.325)
(n =12,s = 0.205,7 = 0.996) 3)

The correlation was highly improved from Egs. 1 and
2. Each of the terms is significant at a level higher
than 99.9%. Although the colinearity between o1(Y)
and or(Y) is somewhat high (r=0.731), the addition
of the or(Y) term to Eq. 3 was not justified at over
the 90% level. This result indicates that the resonance
effect of the Y-substituent does not play any signifi-
cant role in the acid-dissociation behavior. This may
be attributed to the supposition that 7t-bonded Y-sub-
stituents are twisted from the vinyl plane due to a steric
repulsion between the Y-substituents and the benzene
ring. Moreover, the use of the og-(X) term in place
of the ogr(X) term did not improve the correlation, in-
dicating that the through-resonance effect between the
negatively charged center of the anionic form and the
X-substituent is not an important factor governing acid
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Table 1. pK, and Electronic Substituent Constants of Test Compounds

Compd pKa o1(X)?  a(Y)?  or(X)¥  or(Y)?  og-(X)¥  og-(Y)?
No. Obsd® Calcd? Dev.
1 9.29 8.98 0.31 0.30 0.30 0.11 0.11 0.31 0.31
2 7.51 7.52 —0.01 0.30 0.57 0.11 0.08 0.31 0.26
3 9.75 10.01 -0.27 0.57 0 0.08 0 0.26 0
4 7.73 7.72 0.01 0.28 0.57 0.08 0.08 0.23 0.26
5 8.67 8.56 0.11 0.30 0.30 0.20 0.11 0.41 0.31
6 6.77 6.74 0.03 0.59 0.57 0.11 0.08 0.35 0.26
7 10.82 10.60 0.22 0.30 0.11 0 0.31 0
8 7.45 7.61 —0.16 0.32 0.57 0.08 0.11 0.30 0.26
9 6.84 6.93 -0.09 0.57 0.57 0.08 0.08 0.26 0.26
10 11.509 11.42 0.08 -0.19 —-0.01 0.23 —-0.16 0.31 -0.16
11 11.109  11.36 -0.26 —0.19 0 0.23 0 0.31 0
12 11.829 11.81 0.01 0.47 -0.25 0 —0.30 0
a) Unless otherwise noted, from Ref. 1. b) By Eq. 3. ¢) From Ref. 10. d) Newly measured.

dissociation.

To verify the constant term of Eq. 3, the following
analyses were performed. Cohen and Jones? studied
the substituent effects on the pK, value in water for
a series of 2,6-di-t-butyl-4-substituted phenols. The
substituents at the 4-position (para to hydroxyl group)
were simple ones, as listed in Table 2. They showed
a linear dependence of the pK, values on the op,ra-
constant of the substituents. The pK, and 0,5, values
for 12 compounds are listed in Table 2. We examined
the relationship between pK, and op,,,- by regression
analysis and derived Eq. 4.

pKa = —3.2270 50 + 11593 (4)
(0.123) (0.071)
(n =12,s =0.085,7 = 0.999)

The constant term of Eq. 4 was almost identical to the
pK., value of 2,6-di-t-butylphenol (being 11.70%), thus
verifing Eq. 4. The pK, value of unsubstituted deriva-
tives (Fig. 1; X=Y=H, Z=¢-Bu) was estimated by Eq. 4
uSing opara- (CH=CH;)=—0.08."" The estimated value
is 11.85, corresponding very well to the constant value
(11.92) of Eq. 3. This result established the validity of
Eq. 3 for the variation of the pK, values.
Conformational Studies by Molecular Orbital
Calculations. To obtain information concerning the
dynamic structure we performed semiempirical molec-
ular orbital (MO) studies on the conformation of the
compounds. Changes in the total energy with angle 6,
(in Fig. 1, 07 is 0° and 90° when the vinyl plane is copla-
nar and perpendicular to the benzene ring plane, respec-
tively) for the neutral and anionic forms of compound 9
are shown in Fig. 2. MO studies showed that the rota-
tional barrier at 6; =90° is not large and that the min-
imum energy is found at about #; =40° for the neutral
form. Contrarily to the neutral form, the “planar struc-
ture” (#;=0°) was the most stable conformation for the
anionic form, and the energy barrier at §;=90° was very
large. These results obtained for the anionic form dif-

Table 2. pK, Values of 2,6-Di-t-Butyl-4-Substituted
Phenols and oy,,,,~ Constant
pKa

Substituent ~ Obsd®  Caled®  Dev. 0pp-©
(ololom 10.80 10.82  —0.02 0.24%
SO; 10.40 10.30 0.10 0.40%
COOEt 9.50 9.53 —0.03 0.649
COMe 8.68 879 —0.11 0.87
CN 8.70 8.69 0.01 0.90
Me 12.23 12.14 0.09  —0.17
t-Bu 12.19 12.24 -0.05 -0.20
OMe 12.15 12.24  -0.09 —0.20
H 11.70 11.59 0.11 0

Br 10.83 10.85  —0.02 0.23
CONH, 9.53 9.63 —0.10 0.619
CHO 8.05 7.95 0.10 1.13

a) From Ref. 4. b) By Eq. 4. c¢) Unless otherwise
noted, from T. Fujita and T. Nishioka, Prog. Phys. Org.
Chem., 12, 49 (1976). d) From Ref. 17.

fered from those of the MO calculations performed for
the anionic form of 4-(2,2-dicyanovinyl)phenol (Fig. 1;
X=Y=CN, Z=H) by Yoshikawa et al.®’ According to
their study, the angular dependence of the total energies
was essentially similar for both forms; that is, “planar
structure” was quite unstable for both forms. Regard-
ing the differences, a discuss will be presented later.
The angular dependence of the total energy was also
studied concerning angles #> and 63 (Fig. 1, 62, 3=
0° when the carbonyl plane is coplanar to the vinyl
plane) of compounds 1 (X=Y=COOEt, Z=¢-Bu) and
5 (X=COMe, Y=COOEt, Z=¢-Bu). For the neutral
and ionized forms of compound 1, the minimum energy
was found at 0;=0° and 03=67°, and 6,=0° and 63=83°,
respectively. With compound 5, the minimum energy
was observed at 8,=0° and 03=63°, and 6,=0° and
03=80° for the neutral and ionized forms, respectively.
These results indicated that the carbonyl plane of the
X-substituent is coplanar with the vinyl plane, and that
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Fig. 2. Changes of the total energies with the angle
01 of compound 9 (see Fig. 1). The total energy of
the planar structure (6,=0°) is standardized to zero.

of Y-substituent is twisted relative to the vinyl plane. It
is suggested that the steric repulsion between the ben-
zene ring and the carbonyl groups of the Y-substituent
forces the carbonyl groups out of the plane of the vinyl
bond.

Conformational Studies by NMR Spectra.
The temperature dependence of the 'H NMR spectrum
of the ionized form of compound 1 in methanol-d; con-
taining 0.1 moldm~2 NaOH is shown in Fig. 3. The
two aromatic protons (meta to hydroxyl group) showed
a single resonance down to —60° from 25°C. Upon a
further lowering of the temperature, the signal broad-
ened and split into the two signals at about —72°C (201
K). These results indicated that the frequency of the
intramolecular rotation (or tumbling) of the vinyl moi-
ety decreased with a decrease in the temperature, as
reflected by the signal of the aromatic protons. The
coalescence temperature of the signal of the aromatic
protons was measured for the anionic form of five com-
pounds, and is listed in Table 3 together with the chem-
ical shift difference between the two aromatic protons.
The activation energies of the rotational motion were
calculated by a line-shape analysis'®!? of the temper-
ature dependence of the signal pattern of the aromatic
protons. The activation energy in the anionic form of
compound 9 (62.8 kJmol~?) is comparable to that re-
ported by Yoshikawa et al. (64 kJmol~!).®) It is of in-
terest that the smaller are the pK, values, the less mo-
bile is the intramolecular rotation around the C—C bond
between the benzene ring and the vinyl moiety. The re-
lation between pK, and the activation energy (Ea) of

[Vol. 66, No. 1

#H

1
H-C=

L e

_._._JL../L 70

J—-.—JLLJU; -90°C

é LI m— T ; (plpml)

Fig. 3. 400 MHz 'HNMR spectrum of the anionic
form of compound 1 in methanol-ds containing 0.1
moldm ™3 sodium hydroxide.

Table 3. Activation Energies (Ea) of Intramolecular
Rotation

Compound Av/Hz® Tc/K® Ea/kJmol™!® pK,
1 59 201£2 40.41+0.3 9.29
3 148 193+2 37.3+0.3 9.75
5 37 208+2 42.7+0.3 8.67
6 489 33612 63.1+0.4 6.77
9 503 335+2 62.81+0.4 6.84

a) Chemical shift difference between the two aromatic
protons at low temperature. b) Coalescence tempera-
ture. c¢) Calculated activation energies of intramolecu-
lar rotation (Refs. 18 and 19).

the rotation was formulated as follows:

pK. = —0.106Ea + 13.470 (5)
(0.029)  (1.467)
(n=5,s =0.236,r = 0.989)

The aromatic protons of the neutral form of com-
pounds 6 and 9 showed a singlet signal, even at —75°C
in CDCl3 (spectrum not shown). These results indi-
cated that the vinyl moiety of the neutral form is much
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more mobile than that of the ionized form.

Discussion

Dual-electronic-parameter analyses of the pK, val-
ues showed that the electronic effects of the X- and Y-
substituents were not identical. The inductive and reso-
nance effects of the X-substituents trans to the benzene
ring and the inductive effect of the Y-substituents cis to
the benzene ring were significant factors governing the
pK, value. The resonance effect of the Y-substituent
was not significant. This result suggests that the car-
bonyl plane of the Y-substituents may not be coplanar
to the vinyl plane, due to a steric repulsion by the ben-
zene ring. This idea was supported by MO studies per-
formed for compounds 1 and 5. The use of og-(X) in
place of o (X) in Eq. 3 did not improve the correlation,
indicating that the through-resonance effect has very
small contributions to acid dissociation, if any. This is
probably due to the rather long distance between the
dissociation group and the X-substituent.

The stability of the phenolate anion is governed by
the electron-withdrawing ability of the vinyl moiety.
When a negative charge of the phenolate anion is delo-
calized into the vinyl moiety, the C—C bond between the
benzene ring and the vinyl moiety could be expected to
have a somewhat double-bond character. Eq. 5 seems
to support this argument. That is, the greater is the
acid dissociation constant (K,), the more is the rota-
tional motion of the anionic form reduced, due to the
formation of the double-bond character.

Yoshikawa et al.® performed MO calculations for 4-
(2,2-dicyanovinyl)phenol (Fig. 1; X=Y=CN, Z=H) us-
ing the CNDO/2 program to obtain information con-
cerning the dynamic structure of SF6847 analogs. The
angular dependence of the rotational barrier in the neu-
tral form reported by them was almost similar to that
for compound 9 observed in the present study. How-
ever, the profile of energy changes with 6; in the anionic
form was inconsistent with our results. They showed
that the “planar structure” (6,=0°) of the anionic form
is quite unstable, that is, the planar structure is unsta-
ble by ca. 80 kJmol™!, compared to the conformation
at #;=40°. They also reported that the rotational bar-
rier at #;=90° in the anionic form is slightly greater
than that in the neutral form, the energy difference
being within ca. 20 kJmol~!. Since we can not di-
rectly compare the results of our MO calculations for
compound 9 with those by Yoshikawa at al.,®) we per-
formed MO calculations for both the neutral and the an-
ionic forms of 4-(2,2-dicyanovinyl)phenol by the AM1
method. The calculation results were consistent with
those for compound 9. That is, the rotational bar-
rier at #;=90° was not large, and the minimum energy
was found at about 6; =35° for the neutral form. For
the anionic form, the planar structure (f; =0°) was the
most stable conformation and the rotational barrier at
61=90° was ca. 59 kJ mol~!. Considering that negative
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charge of the phenolate anion is delocalized into the vi-
nyl moiety, as discussed above, the “planar structure”
should be the most stable conformation, as indicated
by our MO studies. The NMR studies showed that the
coalescence temperatures of the two aromatic protons
of the anionic and neutral forms of compound 9 were
62°C and below —70°C, respectively. These results in-
dicate that the rotational barrier at #; =90° in the an-
ionic form is much greater than that in the neutral form,
supporting our MO results. Yoshikawa and Terada also
reported a great reduction of the rotational freedom of
compound 9 by a change from the neutral to the an-
ionic form, based on NMR, studies.” Although the rea-
son for the difference between the conformational stud-
ies in the present study and those by Yoshikawa et al.®)
is not yet fully understood, it is reasonable to consider
that the “planar structure” might be the most stable
conformation of the anionic form of 4-(disubstituted vi-
nyl)phenols represented by the general structure shown
in Fig. 1.
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