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Equilibrium acidities for 14 2-substituted fluorenes were found to vary over a range of 6.1 pK units in dimethy!
sulfoxide solution. A rather poor Hammett plot was obtained with ¢, (0 = 7.5 £ 0.53, r = 0.969). Groups capable
of strong electron acceptor resonance interactions (CN, PhCO) or strong electron donor resonance interactions
(MeO, F) deviated most from the line, indicating that the 2 position in the fluorene ring has considerable “para
character”, as well as “meta character”. The effect of substituting a second CN, EtoNSOy, or Br atom into an equiv-
alent position on the fluorene nucleus (the 7 position) was substantially less than additive (by 0.5-0.8 pK units).
This is attributed to a resonance saturation effect. Similar resonance saturation effects were observed for PhSO,,
Ph, and p-MeCg¢H,S groups in 2,9-disubstituted fluorenes, but no saturation of the effects of MeO or PhS was ob-
served in 2,7-disubstituted fluorenes. The conclusion is drawn that, in the absence of steric effects, saturation ef-
fects result from changes in electron distribution in the anion caused by resonance delocalization, and that polar

saturation effects are of little or no importance.

Three distinct mechanisms for “saturation” of the elec-
tronic effects of substituents, namely, polar, resonance, and
steric, were visualized in 1941 by Branch and Calvin in their
classical book on theoretical organic chemistry.! In discussing
acidities of acids without resonance, including aliphatic car-
bozxylic acids, they remark that “there should be a tendency
for polar effects of groups to increase less rapidly than the
calculated values when the sum of the inductive constants of
the component parts becomes very great (a saturation effect)”.
In addition, they suggested that two w-electron-donor groups

In para positions on a benzene ring should destabilize the
system by what they termed “cross-conjugation”, and that the
effects of the two # donors should be nonadditive.! (Additional
evidence for a “saturation” effect of this kind was provided
later.?) Finally, Branch and Calvin recognized that ortho
groups could interfere with quinoidal resonance giving rise to
steric inhibition of resonance, which causes a damping or
“saturation” of substituent effects.

Experiments in the ensuing years have provided abundant
examples of attenuation (“saturation”) of electronic effects
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caused by steric inhibition of resonance, but clear-cut exam-
ples of attenuation of electronic effects by polar or resonance
saturation are not common. Branch and Calvin were not able
to obtain evidence for a polar saturation effect, but predicted
that one should become apparent for measurements of sub-
stituent constants for weaker acids than those with which they
were concerned. Taft’s polar substituent constants (a*), de-
rived from aliphatic carboxylic esters or acids, also failed to
reveal saturation effects in aliphatic systems, i.e., “o* con-
stants were generally found to be approximately additive”.?
The theoretical basis for the polar saturation effect apparently
lies in the Lewis “electron-shift” hypothesis, which assumes
that substitution of an electron-withdrawing group (EWG)
for a hydrogen atom in an aliphatic system causes a decrease
in electron density at the acidic site by successive electron
displacements in the ¢ bond framework.? Analyses of sub-
stituent effects on acidities of carboxylic acids in rigid ali-
phatic systems during the past decade indicate, however, that
transmission of electronic effects through bonds is of minor
importance. The data are accommodated much more satis-
factorily by assuming that the effects are primarily electro-
static in nature, and are transmitted through a dielectric
cavity which includes the framework of the molecule and the
solvent.? As has been pointed out by Ingold, the electrostatic
effects of substituents should not be subject to saturation if
the substituents are spaced so as to act independently.® Ac-
cording to this view, saturation of polar effects should play
little or no role in most aliphatic systems, and the failure of
Branch and Calvin, and of Taft, to observe such effects is
understandable. We conclude that not only is there no ex-
perimental evidence for a polar saturation effect, but that
there is no longer any theoretical reason to expect that an
appreciable effect of this kind will be observed in aliphatic
systems.

In sharp contrast to the lack of evidence for saturation of
polar effects, there are theoretical reasons to expect saturation
of resonance effects, and there is experimental evidence to
support this view. When introduction of a substituent causes
delocalization of charge from a reaction site we can expect
that, because the charge density at the reaction site has been
decreased thereby, the effect of introduction of a second
substituent will be less than the first. Hine called attention
to a resonance saturation effect of this kind on the stability
of triaryl cations, ArgAr'C*.7 He cited data to show that the
destabilizing effect of a p-NOq group in Ar’ is greatly de-
creased by the presence of p-MeoN groups in Ar. The p-MesN
groups in the two Ar rings delocalize the charge away from the
central carbon atom thus diminishing the destabilizing effect
of p-NOs in the third ring.” A similar effect was observed for
triaryl anions, ArsC~.8 Here the stabilization energy of (p-
NO2CgH,)3C~ was found to be only about 1.2 times that of
(p-NO2CgHy)(CgH5)2C™, pointing to a marked saturation of
the m-acceptor ability of the p-NO3 group.® In ArsC* and
ArgC~ ions a large part of the attenuation of multiple sub-
stituent effects must be due to steric inhibition of resonance,
as the authors recognized.”® Similar effects have also been
obtained, however, for AroCH™ ions, where steric effects are
less severe. Nonadditivity of multiple substituent effects on
rates of solvolysis of benzhydryl halides, ArAr'CHX, have
been reported by several investigators.? Similar effects have
been observed for rates of bromination of diphenylethenes,
ArAr'C=CH,,1% and Dubois has pointed out that, while part
of the attenuation must be due to steric inhibition of reso-
nance, there is nevertheless good reason to believe that part
is also due to a resonance saturation effect.'?

Hammett ¢, constants are believed to contain an appre-
ciable resonance component,!! and would therefore be ex-
pected to be subject to resonance saturation. However, careful
examination of the acidities in protic solvents of benzoic acids
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containing substituents in 3,4, 3,5, or 3,4,5 positions has failed
to reveal any evidence of nonadditivity (saturation).!2 We
have observed large resonance saturation effects on equilib-
rium acidities in dimethyl sulfoxide (MesSO) solution for
carbon acids of the type GCH;EWG with various groups, G
(e.g., Ph or PhS) when EWG is changed so as to increase
progressively the delocalization of the negative charge in the
GCHEWG™ anion, as in the series where EWG is changed
from CN to CH3CO to NO2.12 These results led us to expect
resonance saturation in aromatic systems. In view of the
previous failures to observe such effects,!? it was clear that a
system more sensitive to substituent effects was needed. The
fluorene system appeared to be ideal for our purpose since a
good correlation with ¢, for five 2-substituted fluorenes had
been reported (r = 0.997) for equilibrium acidities in
Me2SO-H,0, and the system had been found to be highly
sensitive to substituent effects (p = 7.5).14 The fluorene system
also has the advantage over the benzoic acid system that its
“meta” positions (2 and 7) are in different rings, thus ensuring
independent action of dipoles. The fluorene system is com-
parable in general type to the diarylmethane (anion or cation)
system,®10 but has the advantage that steric inhibition of
resonance can be eliminated, as in 2,7-disubstituted fluorenes
(1), or minimized, as in 2,9-disubstituted fluorenes (2). Ex-

‘amination of the equilibrium acidities of 1 and 2 has revealed

aza™

the presence of sizable resonance saturation effects for 7-ac-
ceptor substituents, but not for w-donor substituents.

Experimental Section

Sources of Fluorenes, Samples of 2-bromo- and 2-nitrofluorenes
were purchased from the Aldrich Chemical Co., Milwaukee, Wis. 2-
Bromofluorene was purified by recrystallization from 95% ethanol.
2-Nitrofluorene was purified by repeated recrystallization from glacial
acetic acid followed by recrystallization from cyclohexane. 2,7-Di-
methoxyfluorene was prepared from a sample of 2,7-dihydroxyfluo-
renone, kindly provided by the Ash-Stevens Chemical Co. The syn-
theses of the 2-, 2,7-, and 2,9-substituted fluorenes will be reported
in a separate publication.

pK Measurements. pK values for fluorene and 14 2-substituted
fluorenes were measured in pure MeSO by the general titration
method previously described.!® All of the fluorenes discussed herein
produced anions which absorbed strongly at wavelengths in the visible
spectrum, Consequently, either of two methods of measurements were
available. In method A the fluorene derivative was used as the indi-
cator and measured against a standard acid.’® In method B the fluo-
rene derivative was used as the acid and measured against an indicator
whose anion absorbed at a longer wavelength in the visible spectrum.
The two methods gave results agreeing to within #0.1 pX unit.

All of the substituted fluorenes behaved well as indicators'® with
the exception of the 2-Br, 2-Cl, 2,7-di-Br, and 2-benzoyl derivatives.
Addition of a standard acid to a solution of the halofluorenyl anions
(method A) resulted in immediate equilibration, followed by a very
slow rise in the visible absorbance of the solution. (The cause of the
rise in absorbance was not investigated.) Measurement of the halo-
fluorenes by method B (4-chloro-2-nitroaniline as the indicator)
eliminated this problem and gave the same pK values as did method
A to within experimental error (£0.1 pK unit).

In the titration of potassium dimsyl (KCH2SOCHj3) with 2-ben-
zoylfluorene the first increment of 2-benzoylfluorene added produced
slightly less of the 2-benzoylfluorenyl anion than did the second, the
second produced less than did the third, etc. This became apparent
when the amount of 2-benzoylfluorene added was plotted against the
absorbance of the 2-benzoylfluorenyl anion formed. The simplest
explanation of this behavior is that some of the potassium dimsyl
added across the carbonyl group rather than effecting deprotonation.
The problem was alleviated by converting K*CH3SOCHz™ to
K*+PhCHSO0,CHj; (presumably a less nucleophilic and more hindered
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TableI. Equilibrium Acidities of 2-Substituted
Fluorenes in Dimethyl Sulfoxide
Registry no. Substituent pKe omb
13261-62-6 2-(CH3)oN 24.2 -0.15
1430-97-3 2-CHg 23.1 -0.07
2523-46-8 2-CH30 22.75 0.12
86-73-7 H 22.6 (0.00)
343-43-1 2-F 21.0 0.34
59014-80-1 2-CH3S 21.65 0.15
59014-81-2 2-PhS 20.5 0.27¢
2523-44-6 2-Cl 20.25 (£0.15) 0.37
1133-80-8 2-Br 20.0 (£0.15) - 0.39
59014-82-3 2-CH3SO 19.75 +0.52
15860-31-8 2-PhCO 19.55 (£0.15) 0.36
59014-83-4 2-EtoNSOq 18.8 0.46¢
59014-84-5 2-CH3S0s 18.5 +0.60
2523-48-0 2-CN 18.2 0.56
59014-85-6 2-PhS0. 18.1 0.62¢

@ pK’s are £0.1 unit unless otherwise noted. ® From pK'’s of
benzoic acids unless otherwise noted (see ref 4b, p 66). ¢ Based
on pK’s of acetophenone in MesSO (F. J. Cornforth, Ph.D. Dis-
sertation, Northwestern University, August 1976). ¢ o, for
HoNSO.. € Q. Exner, Collect. Czech. Chem. Commun., 31, 65
(1966).

base) prior to titration. The titrations were then carried out with
several standard acids using 2-benzoylfluorene as an indicator; the
range of pK’s observed was slightly larger than usual, however (£0.15
unit). :

We were unable to obtain a point for 2-nitrofluorene because, in
pure MesSO, treatment with a variety of bases generated a green-
colored species absorbing strongly in the visible, but lacking the
three-band pattern characteristic of 2-substituted fluorenyl anions.
Dilution with water gave a red anion, apparently that observed pre-
viously.l4

Results and Discussion

Hammett Plot Using o,,. A plot of pK’s (Table I) for the
15 fluorenes vs. Hammett ¢,, constants gave a least-squares
line of slope (p) equal to 7.5 % 0.53, r = 0.969 (Figure 1). This
p agrees with that obtained by Bowden and Cockerill for five
2-substituted fluorenes (MeO, Cl, Br, CN, and NOy) in
MeyS0O-Hy0 (45-90% Me,SO), but their correlation coeffi-
cient was much better (0.997).14 The correspondence of p’s is,
however, fortuitous. Note that if we select a comparable group
of substituents from Figure 1 (MeO, Cl, Br, and CN) the cor-
relation coefficient would also be high (r = 0.999), but p = 10.3.
Comparison shows that the pK’s determined by the H_
method are compressed, relative to those in MesSO (e.g., the
range for 2-MeO to 2-CN fluorene is 3.40 pK units by the H..
method,'* as compared to 4.55 pK units in pure Me3SO). For
the more acidic fluorenes the H.. method probably gives high
values, because pK’s for fluorenes in water are higher than in
MeoS0.15 As the water content of the MesSO-Ho0 mixture
is decreased to permit H.. measurements for the less acidic
fluorenes, a reversal occurs, and the values become low relative
to those in pure Me2SO.17 The overall result is a smaller p.

The standard deviation of the points from the line in Figure
11is 0.467 pK units. This is far beyond the deviation expected
from the experimental errors in the measurements (estimated
at <0.1 pK unit) or the deviation in Hammett o, constants
(estimated at 0.1-0.2 pK unit). A number of factors that might
lead to the unexpectedly large deviations can be imagined: (1)
the g, constants determined in water (or 50% aqueous etha-

nol) may not be applicable to MesSO since we are changing

from a strongly H-bonding (donor) medium to a very weakly
H-bonding (donor) medium; (2) the 2-substituted fluorenes
may constitute an unusually severe test for the Hammett re-
lationship since the data are spread over a range of 6.1 pK
units, as compared to only 0.83 pK units for the corresponding
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Figure 1. Hammett plot of equilibrium acidities of 15 2-substituted
fluorenes in dimethyl sulfoxide solution.

meta-substituted benzoic acids; (3) the geometric relation-
ships between the negative charge and the 2 substituent in
2-substituted fluorenyl anions may differ so markedly from
that in meta-substituted benzoate ions as to give rise to the
observed deviations. Surprisingly enough, factors 1 and 2
appear to be relatively unimportant, since an excellent
Hammett relationship has been observed with meta-substi-
tuted acetophenones,!8 the carbon acid analogues of benzoic
acids, and a reasonably good relationship has been observed
with meta-substituted arylacetonitriles,!® which have pK’s
of a comparable magnitude to the fluorenes and where p is also
large (5.5).1°

Comparison of the structure of a meta-substituted benzoate
ion (3) with that of a 2-substituted fluorenyl ion (4) shows that
in 3 the negative charge is located on the oxygen atoms, which
are one or more atoms farther removed from substituent G
thanare the carbon atoms bearing the charge in 4. The dis-
tribution of the negative charge in the fluorenyl anion, as
judged by molecular orbital calculations,?° is shown in formula
5. We see from 5 that about 65% of the charge is located in the

0%
_y, zO—O/

078 .0088

5

0088 076

cyclopentadienyl ring and about 35% is distributed over the
two phenyl rings. About 49% of the charge in the five-mem-
bered ring is located at the 9 position (a “meta” benzylic po-
sition), about 17% appears at the 4b position (a “para” ben-
zylic position), and about 17% appears at the 4a position (a
“para” ring position). Although only about 3% of the charge
is expected to be located in the 2 position of the fluorenyl
anion itself (5), this percentage will no doubt be increased (or
decreased) when the hydrogen atom in this position is replaced
by a substituent, G. If G is capable of playing an electron-pair
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Table II. Comparison of Substituent Effects for 2- and

2,7-Substituted Fluorenes

Registryno.  Substituent(s) pK ApKi® ApKypb
2-CH30 22,75 ~(.15

42523-30-8 2,7-(CH30)q 22.9; -0.20
2-PhS 20.5 2.1

59014-86-7 2,7-(PhS)s 18.5 2.0
2-Br 20.0 2.6

16433-88-8  2,7-(Br)s 17.9 2.1
2-EtoNSO, 18.8 3.8

59014-87-8 2,7-(EtsNSOg)e  15.6 3.2
2-CN 18.2 4.4

39150-36-2  2,7-(CN)e 14.6 3.6

@ Relative to fluorene (pK = 22.8). b Relative to the corre-
sponding 2-substituted fluorene.

acceptor role, delocalization of charge to G is possible through
resonance contributor 6, whereas if G is capable of playing an
electron-pair donor role the relative distribution of charge in
the two phenyl rings can be altered through resonance con-
tributors such as 7. The extent of contribution of 6 and 7 is in
some doubt, however, since they are quinoidal forms and the
resonance of both benzene rings must be destroyed therein;
in addition, for 7, there is extensive charge separation.

H : H

0 O

Focusing attention first on resonance electron-acceptor
groups, we see by examination of Figure 1 that the points for
PhCO, EtsNSOg, and CN deviate from the line by somewhat
more than the standard deviation of 0.467 pK units, whereas
the points for CH3SO5 and PhSO; are close to the line, and the
point for CH3SO deviates markedly and in the opposite di-
rection. These results suggest enhanced electron-accepting
ability for at least the PhCO and CN groups.?!

The points for the resonance electron-donor substituents,
F and MeO, deviate from the line by somewhat more than
0.467 pK units in a direction opposite to that observed for the
resonance-acceptor groups. (It is surprising that the MesN
group does not follow suit.) There is some indication, there-
fore, of electron donation for these groups beyond that ob-
served in meta-substituted benzoic acids.22

We conclude from this analysis that the much larger p ob-
served for 2-substituted fluorenes in MesSO, as compared to
meta-substituted benzoic acids in water (7.5 vs. 1.0), is due
primarily to the much closer proximity of the center of charge
to the substituent G in 4 than in 3; in addition, there is a sol-
vent effect on p, which is probably related principally to the
change in the effective dielectric constant of the medium.2?
The behavior of groups capable of electron acceptor and
electron donor resonance suggests that the poor correlation
with o, (Figure 1) is due to the presence of appreciable “para
character” in the effects of substituents located in the 2 po-
. sition of the fluorene nucleus.?®

Nonadditivity of Substituent Effects (Resonance
Saturation). The additivity (or lack thereof) of substituent
effects for CH30, PhS, Br, EtoNSQ,, and CN groups when
substituted in the 2,7 vs. the 2 position(s) on the fluorene
nucleus is brought out in Table II. '

Examination of Table II shows that substitution of CN for
H in the 2 position of fluorene results in an increase in acidity
of 4.4 pK units (ApK1), which can be attributed in part to
stabilization of the 2-cyanofluorenyl anion by delocalization
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of the negative charge into the cyano group, as in resonance
contributors 8b and 8c. This results in a decrease in negative

aCHS C=N-

charge in ring A, and to a lesser extent in the cyclopentadienyl
ring and in ring B, relative to that found in the fluorenyl anion
itself. Substitution of a second cyano substituent into an
equivalent position of ring B (the 7 position) therefore causes
an appreciably smaller acidifying effect (ApKs = 3.6). The
difference of 0.8 pK units represents the size of the resonance
saturation effect. Comparable results were obtained for the
EtsNSO; group (ApK; — ApK = 0.8) and even Br showed a
resonance saturation effect of 0.5 pK units (Table II). The
effect for the PhS substituent (0.1 pK unit) is only slightly
greater than experimental error, but the presence of a reso-
nance saturation effect for an arylthio substituent is supported
by evidence obtained from 2,9-disubstituted fluorenes (see
below).

The points for the 2-MeO and 2-F substituents fall appre-
ciably above the line in Figure 1, suggesting that their acid-
strengthening polar effects are being balanced by an acid-
weakening w-donor resonance effect, presumably operating
mainly to stabilize the undissociated acid (e.g., contributor
9). One might have expected the resonance effect of a second
methoxyl group at the 7 position in 2,7-dimethoxyfluorene to
be impeded by the buildup of charge in the cyclopentadienyl
ring (as in 9). There is no evidence, however, that such an ef-
fect occurs, since ApK is the same as ApK, within experi-
mental error (Table IT).

Since the charge density at the 9 position is much greater
than at the 2 position in the fluorenyl anion (5), one would
expect a 9 substituent to show much the larger effect, and this
is observed. For example, a 9-CN substituent increases the
equilibrium acidity by 14.5 pK units,!® whereas the effect of
a 2-CN substituent is only 4.4 pK units (Table I). 9-Phenyl
and 9-p-tolylthio substituents are also strongly acid
strengthening (ApK’s of 5.0 and 6.9, respectively). Scheme 1
shows that these effects are attenuated to 4.6 and 6.5 pK units,
respectively, if a 2-PhSQ; group is already present in the
fluorene nucleus (a 0.4 pK unit resonance saturation of the
acidifying effects of Ph or of p-CH3CgH,S caused by the 2-
PhSO, group). Similarly, Scheme I shows that the acid-
strengthening effect of the 2-PhSOg group is larger relative
to fluorene (ApK = 4.5) than relative to 9-phenylfluorene
(ApK = 4.1) or 9-p-tolylthiofluorene (ApK = 3.8). The 9-Ph
and 9-p-MeCgH4S groups thus attenuate the effect of the
2-PhS0; group by 0.4 and 0.7 pK units, respectively.

Conclusions

We conclude that the failure of saturation of substituent
effects to materialize in (saturated) aliphatic systems!3 is
understandable because these effects are polar (electrostatic)
in nature, and saturation of such effects is small or nonexis-
tent. The additivity of Hammett o,, constants is also under-
standable, since these effects are also primarily polar in na-
ture, and the benzoic acid system is relatively insensitive to
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Scheme I
H SCH,CH;p H H H_ _Ph
ApK = 6.9 ApK = 50 Q'Q
(oK =157) (pK = 226) (pK = 17.9)
lApK - 38 lApK —45 ApK -41
H ‘ SC, CHa H H
S (S 2 (5 e
(pK =119) (pK =18.1) (pK =13.8)

substituent effects. On the other hand, we believe that the
resonance saturation effect is a general phenomenon in
chemistry. In fact, it often constitutes the principal basis for
the physical organic chemists’ “rule of thumb” that substit-
uent effects on an equilibrium or rate involving an unstable
species (anioh, cation, radical, carbene, etc.) become smaller
as the stability of this species increases. Unfortunately, in
many instances attenuation of substituent effects due to
resonance saturation is accompanied by attenuation of sub-
stituent effects by steric inhibition of resonance, and it is
difficult to judge the relative magnitudes of the two effects.10
The present results show, however, that the resonance satu-
ration effect can be large even when the substituents are
widely separated in an aromatic system. Subsequent papers
will show that much larger resonance saturation effects are
present when the substituents are attached directly to the
acidic site, as in GCH;EWG,!3 rather than being separated
from the acidic site by a benzene ring.
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