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Equilibrium acidities in DMSO and BDEs for the benzylic C-H bonds are reported for 19 triphenylmethanes, 
three 9,10-dihydroanthracenes, and nine xanthenes. The phenyl groups in triphenylmethane, 9-phenyl-9,lO- 
dihydroanthracene, and 9-phenylxanthene are shown to be constrained in their ability to delocalize either the 
negative charges in the anions formed by loss of a proton or the odd electrons released by loss of hydrogen atom. 
Analysis of the pKm values showed, however, that strong solvation of para electron-withdrawing substituents 
in a phenyl ring of each of these subskates caused the corresponding anion to adopt a conformation where effective 
conjugative overlap occurred between the substituent and the carbanion via the phenyl ring. In other words, 
a conformational change was induced via a substituent solvation assisted resonance (SSAR) effect. In sharp 
contrast to these large solvation-induced substituent effects on anion stabilities, remote substituent effects on 
radical Stabilities in thew congested species were found to be negligible. Substitution of either a p-toluenesulfonyl 
or CN group into the 9-position of xanthene caused a large increase in acidity, but the p-CH3CBH4SO2 group 
caused an increase in the BDE of the acidic C-H bond, whereas the CN group caused a small decrease. 

Introduction 
Both anions and radicals are known to be strongly sta- 

bilized by adjacent phenyl groups in the absence of steric 
effects. For example, the acidity of toluene is estimated 
to be greater than that of methane by about 35 kcal/mol 
in the gas phase,l due primarily to delocalization of the 
negative charge on the corresponding anion into the phenyl 
ring, and the BDE of the benzylic C-H bond in toluene 
is decreased by 17 kcal/mol, relative to that in methane, 
due to delocalization of the odd electron in the corre- 
sponding benzyl radical into the phenyl ring. (Henceforth 
kcal/mol will be abbreviated as kcal.) These large phenyl 
effects on acidities and BDEs are both strongly attenuated 
by saturation (leveling) and steric effecta when successive 
substitutions of Ph groups are made into methane. Thus, 
the gas-phase acidities (in kcal) are: CHI (408); PhCH3 
(373); Ph2CH2 (358); Ph3CH (3521.' The gas-phase BDE 
values (in kcal) are CH3-H (105);2 PhCH2-H (88);2 
Ph2CH-H (82);2 Ph,CH (81).3 The relative BDEs are not 
likely to be much different in solution because recent 
studies have shown that ABDEs of N-H, C-H, 0-H, and 
S-H bonds in the gas phase, in aqueous solution, and in 
DMSO are remarkably ~imilar .~ 

There is an enormous increase in acidity on changing 
from the gas phase to solution caused by the strong sol- 
vation of the anions. For example, the acidity of PhzCH2 
is about 300 kcal stronger in DMSO than in the gas phase. 
The acidities in DMSO (in kcal) in the above series are: 

The attenuation in acidities on Ph substitution is some- 
times greater in DMSO than in the gas phase because it 
may be caused by both steric inhibition of solvation and 
steric hindrance of charge delocalization. The congestion 
caused by introducing a phenyl group into diphenyl- 
methane leads to only about a 2 kcal increase in acidity 
in DMSO. Introduction of a p-PhS02 group into one of 
the phenyl rings of triphenylmethane causes a 9.6 kcal 

CH4 (-77); PhCH3 (-59); PhzCH2 (44); Ph3CH (42).' 

(1) From The Gas-Phose Acidity Scale, available by writing to Prof. 
John E. Bartmese, Jr., Department of Chemistry, University of Tennes- 
see, Knoxville, T N  37996. 

(2) McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982,33, 
492-532 and references cited therein. 

(3) Bordwell, F. G.; Chew, J.-P.; Ji, G.-Z.; &tiah, A. V.; Zhang, X.-M. 
J. Am. Chem. Soc. 1991.113.9790-9795. 

(4) Bausch, M. J.; Gostowski, R. J.  Org. Chem. 1991,56, 7191-7193. 
(5) Bordwell, F. G. Acc. Chem. Res. 1988,21,456-463. The acidities 

of CHI and PhCH3, which are too weakly acidic to meaeure in DMSO, 
were estimated by extrapolation. 
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increase in aciditya6 This is a surprisingly large effect 
because introducing a p-PhS02 group into the phenyl ring 
of PhCH2CN, an uncongested but weaker acid, causes an 
8.4 kcal increase, Le., a 1.2 kcal smaller effect on acidity. 
A large effect on acidity was also observed on introduction 
of a p-PhS02 group into the phenyl ring of 9-phenyl- 
xanthene, another congested molecule. These unexpect- 
edly large effects on acidities in DMSO on introducing a 
para electron-withdrawing group led us to conclude that 
a conformational change in these congested systems was 
occurring on deprotonation in order to provide maximum 
solvation of the anion, e.g. 1 - 2.6 

I 2 
Molceular propeller 

Comparisons of gas phase acidities with either aqueous 
or DMSO solution acidities of phenols have revealed good 
linear correlations when aubstituenta are in meta positions, 
but para substituents capable of charge delocalization 
deviated from the lines. The deviations are larger in 
DMSO than in water because of stronger solvation of the 
basic oxide site by hydrogen bonding in the aqueous phase 
and consequent smaller solvation at the substituent site.' 
These correlations indicate that the conformational 
changes occur, at least partly, because of substituent 
solvation assisted resonance (SSAR) effecta in the anion. 
Recently, a similar conformational change has been dem- 
onstrated by 13C NMR spectral analysis and AM1 calcu- 
lations when a p-CN group was introduced into the 9- 
phenyl ring of the 9-phenyl-9,lO-dihydroanthracenide ion? 
Here too, a large acidifying effect in DMSO for the in- 
troduction of a p-electron-withdrawing group into a con- 
gested system was observed. 

In the present paper we report additional data con- 
cerning the effects on the heterolytic bond dissociation 
energies (i.e., acidities) of triphenylmethanes, 9-phenyl- 

~~ 

(6) Bordwell, F. G.; Hughes, D. L. J.  Org. Chem. ISM, 48,2216-22g 
(7) (a) Fujio, M.; McIver, R. T., Jr.; Taft, R. W. J. Am. Chem. Soc. 

1981,103,4017-4029. (b) Maehima, M.; McIver, R. T., Jr.; Taft, R. W.; 
Bordwell, F. G.; O h b a d ,  W. N. J. Am. Chem. SOC. 1984,1M, 2717-2718. 

(8) Rabideau, P. W.; Wind, B.; Sygula, A. Tetrahedron Lett. 1991, 
5659-5662. 
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Table I. Effects on Acidities and Homolytic Bond 
Dissociation Energies of Meta and Para Substituents in 

Triphenylmethanes and 9-Phenyl-9,lO-dihydroanthracene 
acid PKW" EOx(A-)' BDEd 

4-FCnHdCHPhz 30.8 
triphenylmethane 
44-BuOC6H1CHPhp 
4-CICeH4CHPhz 
4-PhCeHLCHPho 

9,lO-dihydroanthracene 
9-phenyl-9,lO-dihydroanthracene 
(p-cyanophenyl)-9,10-dihydro- 

anthracene 

30.6 
31.4 
29.6 
29.4 
28.6 
28.3 
28.4 
27.1 
27.0 
16.8 
14.4 
12.7 
27.0 
23.6 
22.4 - 19b - 19b 

~ 1 9 . 5 ~  
30.1 
28.8 
23.5 

-1.486 
-1.537 
-1.477 
-1.430 
-1.433 
-1.352 
-1.337 
-1.290 

-0.682 

-0.492 

-1.078 
-1.067 
-0.661 
-0.742 
-0.940 
-1.575 
-1.459 
-1.170 

80.95 
80.9 
79.8 
80.6 
79.4 
80.9 
81.4 
80.5 

80.6 

79.3 

80.8 
79.4 

-84' 
-82' 
-7Be 

78 
79.1 
78.5 

a Measured in DMSO against two or more indicators unless oth- 
erwise noted. * Eetimated (see text). Measured by cyclic voltam- 
metry in DMSO by the method described in earlier papers and 
referenced to the ferrocene-ferrocenium couple; the Ellz for the 
Fc/Fc+ couple is 0.875 V vs Ag/AgI in DMSO. Our earlier E,(A-) 
values, relative to the standard hydrogen electrode (SHE), are 
0.750 V more positive, and the Eo,(A-) values, relative to the Ag/ 
AgI electrode, are 0.875 V more positive than those in this paper. 
*Calculated by eq 1. e There is some uncertainty in this value be- 
cause the pKW is an estimated value. 

xanthenes, and 9-phenyl-9,lO-dihydroanthracenes on in- 
troducing electron-withdrawing groups into the para 
positions of the phenyl rings. These effects are then 
compared with the substituent effects on the homolytic 
bond dissociation energies (BDES) of the acidic C-H bonds 
in these molecules. 

Results and Discussion 
Acidities of Substituted Triphenylmethanes and 

Related Hydrocarbons in DMSO. The pKm values for 
19 triphenylmethanes are given in Table I. 

A Hammett plot for the triphenylmethane parent and 
the derivatives: 4-F, 441, 3-C1, 3-CF3, 3-Me3N+, and 4- 
Me3N+ was linear and gave p = 5.5 (R2 = 0.98). This p 
value is remarkably close to those for anilines (5.7): ary- 
lacetonitriles (5.7),1° and 3-substituted fluorene8 (5.91." 
A plot of pKm values for anilines vs arylacetonitriles has 
revealed that not only is the plot linear with a slope near 
unity but also the points for resonance-enhanced elec- 
tron-withdrawing groups (4-CN, 4-PhS02, 4-PhCO, and 
4-N0.j fall on or close to the line. The plot of pKHA values 
for triphenylmethanes vs arylacetonitriles is also linear 
with a slope near unity (Figure l), but the points for the 
resonance-enhanced electron-withdrawing groups, 4- 
PhS02, CPhCO, and &NO2, deviate substantially from the 
line. Examination of Figure 1 shows that these deviations 
ell occur because the ApKm values for 4PhSo2, CPhCO, 
and 4-NO2 are larger for substituted triphenylmethanes 
than for like-substitubd arylacetonitrilea by 1.23,3.15, and 

(9) Bordwell, F. G.; Algrim, D. J. J. Am. Chem. SOC. 1988, 110, 

(10) Bordwell, F. G.; Cheng, J.-P.; Bawh, M. J.; Bares, J. E. J. Phya. 

(11) Branca, J. C. Ph.D. Dissertation, Northwestern University, 1979. 

2965-2967. 

Org. Chem. 1988,1,209-223. 

~KH, of Triphenylmethanes 

Figure 1. Plot of PKHA values for triphenylmethanes, 
GC$I,CHPh,, versus pKm values for arylacetmitdes in DMSO 

The points for 1 (4-N02), 2 (4PhSOP), and 3 (4PhCO) (triangles) 
were not included in the correlation. 

4 (3-CF3), 5 (3-C1), 6 (4-PhS), 7 (4-C1), 8 (4-Ph), 9 (H), 10 (4-F). 

5.75 kcal, respectively. These data provide strong support 
for the existence of the triphenyhethide ions bearing para 
electron-withdrawing groups in a conformation such as 2 
where the porbital of the carbanion can overlap with those 
of the aryl ring and the para substituents. 

The introduction of a nitro group into the para position 
of one of the phenyl rings of triphenylmethane increases 
the acidity by 18.9 kcal, but the effect of a like substitution 
into a second phenyl ring causes only a 3.29 kcal further 
increase in acidity, and introduction of a nitro group into 
a para position of the remaining ring cause only a 2.33 kcal 
further increase. The dramatic attenuation of the suc- 
cessive substitutions of p-NO2 groups into triphenyl- 
methane provides an unusual example of the power of 
saturation and steric effects. Since the first p-N02 group 
has already stabilized the carbanion by 18.9 kcal, primarily 
through charge delocalization, the negative charge on the 
methide carbon atom has been markedly decreased, which 
should produce a sizable saturation effect. Furthermore, 
the ring holding the second nitro group is severely twisted 
relative to the pkpe holding the fiist p-N02 phenyl ring. 
Although solvation of the second p-NO2 group will no 
doubt occur, along with an SSAFt effect, the overlap of the 
carbanion with the second ring will remain relatively weak. 
In other words, both saturation and steric inhibition of the 
SSAR effect will reduce the effect of the second p-nitro 
substituent. The saturation and steric effects wi l l  be even 
more severe for the third p-nitro substitution. 

Ordinarily, equilibrations between carbon acids and in- 
dicators (or standard acids) in DMSO are very rapid. For 
example, the reaction of (pnitropheny1)diphenylmethane 
with CH3SOCH2K, where the difference in pKm values 
is 26 kcal in DMSO, is very fast, as expected, but equili- 
bration of p-N02C&CHPh2 (pKm = 16.8) with indicators 
(or standard acids) with similar pKms such as 9-PhSFlH, 
pKm = 15.8, g-i-PrSFlH, pKHA = 16.9, or PhC(=S)NH2, 
PKHA = 16.16 (a standard acid), are very slow (hours). 
Fortunately, the 4-No2C6H4CPh2- anion was found to be 
very stable, and reproducible pKm values were obtained 
from titrations lasting over several days. The same was 
true for pKHA determinations with (4-No2C6H4),CHPh 
and (4-NO2C6H&,CH. These slow equilibrations are ex- 
aggerated versions of those that we have observed with 
aliphatic nitro compounds, the slowness of which hae been 
attributed to the extensive structural and solvent reorg- 
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Table 11. Acidities and Homolytic Bond Dissociation 
Energh of Xanthenes 

acid PK~A' E,,.(A-)* BDE' 
xanthene 30.0 
9-phenylxanthene 27.9 
9-(4-methoxyphenyl)xanthene 28.43 
9- [ 4-(methy1thio)phenyllxanthene 27.55 
9- [ 4-(pheny1thio)phenyllxanthene 26.8 
9- [ 3-(chlorophenyl)phenyl]xanthene 26.6 
9-[4-(phenylsulfonyl)phenyl]xanthene 23.1 
9-cyanoxanthene 13.6 
9-(p-toluenesulfony1)xanthene 21.05 

-1.685 
-1.531 
-1.573 
-1.539 
-1.486 
-1.474 
-1.261 
-0.993 
-0.847 

75.5 
76.2 
76.0 
75.5 
75.7 
75.7 
75.9 
69.0 
82.6 

aMeasured in DMSO against two or more indicators. 
bMeasured by cyclic voltammetry in DMSO by the method de- 
scribed in earlier papers and referenced to the ferrocene-ferroce- 
nium couple; the E,12 for the Fc/Fc+ couple is 0.875 V vs Ag/AgI 
in DMSO. Our earlier Eo,(A-) values, relative to the standard hy- 
drogen electrode (SHE), are 0.750 V more positive, and the Eo,(A-) 
values, relative to the Ag/AgI electrode, are 0.875 V more positive 
than those in this paper. 'Calculated by eq 1. 

anization required to convert the nitroalkane to ita con- 
jugate base and vice versa. Equilibrations of bis(2,4-di- 
methylphenylb, bis(2,4-dimethoxyphenyl)-, and bis- 
(2,4,6-trimethoxypheny1)(4nitrophenyl)methanes are even 
slower, but reasonable estimates of the pKHA values may 
be made by assuming that acid-weakening effects (based 
on model analogues) are about 1 and 1.2 pKHA unita for 
4-Me and 4-Me0 groups, respectively, and about 0.5 unit 
for 2-Me and 2-Me0 groups. 

The steric congestion in 9-phenyl-9,lO-dihydro- 
anthracene must be about the same as that in triphenyl- 
methane since the introduction of the 9-phenyl group into 
the methylene group of 9,lO-dihydroanthracene causes a 
small (2.6 kcal) increase in acidity that is comparable to 
that produced by introduction of a phenyl group into the 
methylene group of diphenylmethane (2 kcal). 

The conformations of 9-phenyl-9,lO-dihydro- 
anthracenide ion (3) and ita p-cyanophenyl derivative (4) 
deduced from C-13 NMR spectra and AM1 calculations,8 
show that in 3 the plane of the ring bearing the p-G sub- 
stituent is nearly orthogonal to the carbanion p-orbital 
("perpendicular conformation") whereas the p-CN deriv- 
ative adopta a "planar conformation" (4), where the ring 
is nearly coplanar with the carbanion p-orbital. This 

,..-* 

3 ( pcrpen&cular 
favored for G I H) 

4 ( ' p d e ,  
favored for G I CN) 

representation is strongly supported by the pKW data, 
which show that the cyano group has increased the acidity 
by 7.3 kcal (Table I). This shift in the preferred confor- 
mation of the anion caused by introduction of a para 
electron-withdrawing group is analogous to the effects of 
para electron-withdrawing effects observed in trityl anions 
and is again a consequence of an SSAR effect. 

9-Phenylxanthene can be considered to be a derivative 
of 9-phenyl-9,lO-dihydroanthracene in which an oxygen 
atom has replaced one of the methylene groups. (Both are 
triphenylmethane analogues.) The corresponding anion 
can exist in conformations analogous to 3 and 4. The 
acidity of 9-phenylxanthene is only 3.3 kcal greater than 
that of the parent, xanthene. This suggests slightly less 
congestion than in triphenylmethane or Q-phenyl-9,lO- 
dihydroanthracene and points to a "perpendicular 
conformation" for ita conjugate base, analogous to that in 

10 20 30 40  

PKHA 

I 

Figure 2. Plot of oxidation potentials of substituted tri- 
phenylmethide anions versus pKm of triphenylmethanes (in 
kcal/mol): 1 (4-C1), 2 (4-Ph), 3 (3-Ph), 4 (3-CFs), 5 (CPhS), 6 
(3-Me3N+), 7 tris-(4-C1), 8 (4-PhS02), 9 (CPhCO), 10 (4-N02), 
11 tris-(4-N02). 

3. Introduction of a p-PhS02 group into the phenyl ring 
causes a 6.7 kcal increase in acidity (Table II), which again 
suggests a shift in conformation of the anion to the "planar 
conformation," analogous to 

Homolytic Bond Dissociation Energia (BDEs) for 
Substituted Triphenylmethanes and Related Hydro- 
carbons. Recently, we have shown that BDE values es- 
timated for acidic C-H bonds in weak carbon acids by the 
semiempirical eq 1 gave agreement to f 2  kcal, or better, 
BDE(kcal/mol) = 1.37pKHA + 23.06E0,(A-) + 73.3 (1) 
with the best gas-phase literature values for 11 of the 12 
compounds examined? The lone exception was Ph3C-H, 
where our value of 81 f 1 was 6 kcal higher tban the 
literature value. RBasons for favoring our value were given. 
Perhaps the beat argument given is that preaented in Table 
I, where BDE values for the acidic C-H bonds in 10 meta- 
and para-substituted triphenylmethanes of the type 
GC6H4CHPh2 estimated by eq 1 are listed. The average 
BDE for these 10 triphenylmethanes is 80.4 * 1 kcal. The 
constancy of these BDEs and of the apparent radical 
stabilization energies (RSEs) of the corresponding trityl 
radicals is truly remarkable when one considers that the 
anions from which the radicals are derived have energies 
that vary over 14 pKm unita (19.2 kcal). Additional 
support for the higher value has come recently from H 
atom abstraction data for trityl radicals reading with metal 
hydrides.12 

In terms of eq 1 the constancy of the BDEs for the 
benzylic C-H bonds in GC6H4CHPh2 is achieved because 
the bond-weakening changes caused by pKm decream are 
balanced by the bond-strengthening changes brought about 
in the incipient radicals being formed that are reflected 
in the Eo,(A-) values. In other words, there is a linear 
correlation between pKHA and Eo,(A-) with a slope near 
unity (Figure 2). 

Similar linear plota of Eo,(A-) v8 pKm with slopes near 
unity have been observed previously for 2-substituted and 
2,7-disubstituted fluorenes, where the partial meta and 
partial para character of the 2- and 7-positions in fluorene 
lead to offsetting stabilizing and destabilizing effects on 

~~ 

(12) Eisenberg, D. C.; Lawrie, C. J. C.; Moody, A. E.; Norton, J. R. J. 
Am. Chem. SOC. 1991,113,4808-4895. 
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the radical being formed,13 and for 3-aryl-1,1,5,5-tetra- 
phenyl-1,4-pentadienea, p-GC6H4CH(CH==CPh2)2, where 
steric hindrance to effective orbital overlap damps out the 
radical-stabilizing effects of remote substituents on 
BDEs.14 

Recent work has shown that the C-Br bonds in 4-F, 
4-Br, 4-CF3, and 4-CN benzyl bromides are weakened by 
0.52, 1.9, 2.8, and 5.5 kcal, respectively, relative to the 
parent benzyl bromide, and that a 4-Me group strengthens 
the bond by about 0.3 kcal.lS The authors point out that 
the effects of donors and acceptors on these C-Br bond 
BDES are opposite to the remote substituent effects on the 
benzylic C-H bonds of toluene and suggest that in this 
instance the effects of the Substituents on BDEs are dic- 
tated by dipolar effects that raise or lower the ground-state 
energies of the benzyl bromides, rather than by the effects 
of the substituents on the radical stabilization energies 
(RSEs) of the benzyl radicals being formed. It should be 
noted that the donor and acceptor effects observed on 
BDEs of C-Br bonds are also opposite to those we have 
observed for remote substituents on H-A bonds in 3- 
substituted fluorenes,13 arylacetonitri1es,l0 phenols,16 an- 
ilines," and thi~phenols.'~ It is possible, as the authors 
and others have pointed out,16 that ground-state effects 
need ala0 to be taken into account in estimating the effects 
of substituents on BDEe (and RSEs) for other weak acids 
where the H-A bond is polar, such as the O-H bonds in 
phenols, but for acids where the acidic bonds are relatively 
nonpolar, such as C-H bonds, we believe that BDEs in 
unstrained molecules should give reasonable estimates of 
RSES. The interpretation is complicated further, however, 
by the small size of remote substituent effects and their 
dual nature, as will be brought out further in the section 
on proximate substituent effects. 

If ground-state effects were important in dictating the 
substituent effects on the benzylic C-H bonds in 
GC6H4CHPh2 molecules, one would expect, from the di- 
polar model,15 that the substituent dipole would interact 
with the small Cb-Hb+ dipole. (The electronegativities of 
C and H are 2.5 and 2.1-2.2, respectively, according to the 
Pauling or Allred-Rochow electronegativity scales.) An 
electron-withdrawing group, such as 4-NO2, should then 
stabilize the dipole, lower the ground-state energy, and 
strengthen the bond according to the pattern set by the 
substituted benzyl bromides. The BDEs shown for the 
triphenylmethanes in Table I give no indications of the 
presence of such an effect. Even in (4-N02C6H4)3C-H, 
where more than one NO2 dipole can be brought to bear, 
the BDE appears to be slightly less, rather than more, than 
that of the parent, although the value is within experi- 
mental error of the method. Our conclusion is that remote 
substituent effects on BDES (and RSEs) of the acidic C-H 
bonds are small in triphenylmethanes because of steric and 
saturation effects and because substituent solvation effects 
on radical sites are too weak to enforce the conformational 
change necessary for effective overlap stabilization, as 
occurs in the anions. 

Substituent effects fail to alter the BDEs in the 9,lO- 
dihydroanthracene system for similar reasons. Introduc- 
tion of a phenyl group into the 9-position causes a 1 kcal 

(13) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 108, 
1979-1985. 

1988,110,2872-2877. 
(14) Bordwell, F. G.; Cheng, J.-P.; Bausch, M. J. J. Am. Chem. SOC. 

(15) Clark, K. B.; Wavner, D. D. M. J. Am. Chem. SOC. 1991. 113, 
9363-9365. 

1736-1746. 
(16) Bordwell, F. G.; Cheng, J.-P. J. Am. Chem. SOC. 1991, 113, 

(17) Cheng, J.-P. Ph.D. Diseertation, Northwestern University, 1987. 
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increuse in BDE of the acid C-H bond, and introduction 
of a p-CN group into this phenyl ring causes essentially 
no change in BDE (Table I). 

Introduction of a phenyl group into the methylene group 
of xanthene has about the same effect on the BDE of the 
acidic C-H bond as does the comparable substitution into 
a methylene group of 9,10-dihydroanthracene, i.e., about 
a 1 kcal increase. Here too the phenyl group in the 9- 
phenylxanthyl radical must be essentially orthogonal to 
the xanthyl moiety, and this interpretation is supported 
by the failure of the para donors MeO, MeS, or PhS to 
lower the BDE. As a consequence, the average BDE es- 
timated for the acidic H-C bond in 9-phenylxanthene and 
its five para-substituted derivatives shown in Table I1 is 
75.8 0.4 kcal. 

Proximate Effects of Cyano and Arenesulfonyl 
Functions on BDEs. The introduction of a cyano group 
directly into the methylene group of xanthene causes a 6 
kcal decreme in the BDE of the acidic C-H bond.le This 
effect is appreciably larger than the effect of a (remote) 
para cyano effect. (Note the negligible bond weakening 
effect in 9-(p-cyanophenyl)-9,10-dihydroanthracene in 
Table I.) It is comparable to the bond-weakening effect 
of introducing a cyano group at the acidic site of toluene 
(6 kcal),l8 or fluorene (5 kcal),I3 but is much smaller than 
the effect on introducing a cyano group into methane 
(10-12 kcal).2 As pointed out previously,12 introduction 
of a p-toluenesulfonyl group at the acidic site of xanthene 
causes a 7 kcal bond-strengthening effect (Table 11). A 
2 kcal bond-strengthening effect had been o b s e ~ d  earlier 
for 9-(benzenes~lfonyl)fluorene,~~ and similar bond 
strengthening effects of 1-5 kcal were observed for 9- 
(methanesulfony1)- and 9-(ethanesulfonyl)fluorenes, CY- 

(benzenesulfonyl)toluene, and a-(benzenesulfonyl)-9- 
methylanthracene.18 At the time these results were pub- 
lished, we were uncertain as to the origin'of these bond- 
strengthening effects and of the apparent bond-strength- 
ening effect of the p-cyano group in (p-cyanophenyl)- 
acetonitrile.'O Later work revealed an apparent bond- 
Strengthening effect of a p-cyano group in p-cyanophenol16 
and an apparent 6 kcal bond weakening effect in the acidic 
H-C bond of methyl phenyl sulfone, relative to the H-C 
bond in methane.lg These observations led to the pos- 
tulate that proximate and remote substituents play a dual 
role in affecting radicals, stabilizing by virtue of their 
ability to delocalize the odd electron and destabilizing by 
virtue of their electron-attracting ability. This dual role 
had previously been observed in the effect of fluorine at- 
oms on the BDEs of the H 4  bonds in methane where the 
single fluorine atom in CH3F weakens the C-H BDE by 
3 kcal by virtue of its delocalizing effect in the corre- 
sponding radical, but the three fluorine atoms in CHF3 
exert a net 2 kcal bond-strengthening ability by virtue of 
their electron-withdrawing ability2 and their lowering of 
the ground-state energy. (Radicals are electron deficient 
and are destabilized by electron withdrawal.) The dual 
nature of the destabiliizing-stabilizing effects of substitu- 
ents on radicals does not appear to have been generally 
recognized, although it has also been brought out by the 
calculations of Pasto.M The large steric bulk of alkane- 
and arenesulfonyl groups2' impedes their already modest 
odd-electron delocalizing ability, which is no doubt subject 

(18) Bordwell, F. G.; Bausch, M. J.; Branca, J. C.; Harrelson, J. A., Jr. 

(19) Bordwell, F. G.; Harrelson, J. A., Jr.; Zhang, X.-M. J.  Org. Chem. 

(20) Pasto, D. J.; Krasanski, R.; archer,  C. J. Org. Chem. 1987,52, 

(21) Eliel, E. L.; Kanasamy, D. J. Org. Chem. 1976, 41, 3899-3904. 

J .  Phys. Org. Chem. 1988,1, 225-241. 

1991,56,4448-4450. 

3062-3072. Pasto, D. J. J. Am. Chem. SOC. 1988, 110, 8164-8175. 
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to stereoelectronic control,22 and their strong destabilizing 
electron-withdrawing ability often takes over. The effects 
of a-Me3N+ and a-C6H6N+ (a-pyridinium) groups on the 
BDE of the acidic H-C bonds in Me3N+CH2COPh and 
C5H5N+CH2COPh provide a good example. The MesN+ 
group has no delocalizing ability and is purely bond 
strengthening, but the C6H5N+ group has both destabi- 
lizing electron-withdrawing and stabilizing delocalizing 
ability. The net effect is bond weakening.23 

Experimental Section 
General. NMR spectra were recorded on a Varian EM-390 

or XLA-400 spectrometer using CDC13 as solvent and Me4Si as 
intemal standard. Melting pointa were determined on a Thomas 
Hoover capillary melting point apparatus and are uncorrected. 
All known compounds were identified by comparison of their mp 
and NMR with literature data. The procedure for electrochemical 
measurement has been described earlier.3 All potentials are 
reported with reference to the formal potential (El,2) of ferroc- 
ene/ferrocenium couple (see the footnotes under the tables). 

Materials. Commercial samples of triphenylmethane, 9,lO- 
dhydroanthracene, xanthene, and thioxanthene were purified by 
crystallization. We thank Prof. P. W. Rabideau for the sample 
of 9-(4-cyanophenyl)-9,1O-dihydroanthra~ene.~ 
(~-Nitrophenyl)diphenylmethane?~ (p-chloropheny1)- 

diphenylmethane,25 (p-benzoylphenyl)diphenylmethane,26 
and 9-phenyl-9,10-dihydroanthracene2' were prepared by 
literature procedures. 
[m -(Trifluoromethyl)phenyl Jdiphenylmethane. To the 

Grignard reagent obtained from magnesium metal (2.07 g, 85.0 
"01) and bromobenzene (13.35 g, 85.0 "01) in anhydrous THF 
was added ethyl m-(trifluoromethy1)benzoate (7.42 g, 34.0 mmol). 
The reaction mixture was stirred for additional 1 h and quenched 
with aqueous NH4C1. Upon workup the organic layer was dried 
over anhydrous MgSO,. The crude carbinol obtained as an oil 
(3.3 g) on solvent removal from the organic layer was reduced by 
the literature% procedure. The crude product obtained as an oil 
upon reduction was treated with hot hexane to afford white 
crystals: mp 38-39 "C; NMR S 5.56 (a, 1 H), 6.567.46 (m, 14 H). 

General Procedure for the Preparation of (Diaryl)(p- 
nitropheny1)methanes. (Diaryl) (p-nitropheny1)methanes were 
prepared by reacting 4-nitrobemaldehyde with the appropriate 
aromatic compound in the presence of concentrated sulfuric acid 
as described by Bae~er .*~  
Bis(2,4-dimethylphenyl)(p-nitrophenyl)methane: yield17 

80%; mp 142-144 "C; NMR S 2.13 (s,6 H), 2.31 (s,6 H), 5.69 (e, 

(22) Bordwell, F. G.; Vanier, N. R.; Zhang, X.-M. J.  Am. Chem. SOC. 

(23) Bordwell, F. G.; Zhang, X.-M. J. Org. Chem. 1990,55,6078-6079. 
(24) Baever. A.: Lohr. R. Ber. 1890.23.1621-1628. 

1991, 113,9856-9857. 

(25) Techischibabin, A. E. Ber. 1911, 
(26) Wittig, G.; Gonsior, L.; Vogel, H. Ann. 1965, 688, 1-13. 
(27) Brinkmann, A. W.; Gordon, W.; Harvey, R. G. Rabideau, P. W.; 

Stothers, J. B.; Temay, A. L., Jr. J. Am. Chem. SOC. 1970,92,5912-5916. 
(28) Bordwell, F. G.; Drucker, G. E.; McCollum, G. J. J. Org. Chem. 

450-459. 

1982,47, 2504-2510. 

1 H), 6.5-7.23 (m, 8 H), 8.13 (d, 2 H). 
B i s ( 2 , k c U m e t h o x y p h l ) ~ - ~ t ~ p ~ n y l ) ~ t ~ e :  yield17 

80%; purification by preparative TLC gave a semisolid; NMR 
6 3.66 (8, 6 H), 3.80 (8,  6 H), 6.06 (8, 1 H), 6.3-6.7 (m, 6 H), 7.22 
(d 2 H), 8.10 (d, 2 H). 
BM(2,4,s-tn;methoryphenyl)(p-nitropheny yield 

36%; mp 149-149.5 OC; NMR S 3.53 (s,12 H), 3.80 (s,6 HI, 6.11 
(s, 4 H), 6.27 (8 ,  1 H), 7.17 (d, 2 H), 8.02 (d, 2 H). 

The preparation of substituted xanthenes has already been 
described in an earliere paper. 

[p-(Pheny1thio)phenyl Jdiphenylmethane. To a mixture 
of diphenyl sulfide (15.87 g, 85.2 mmol) and benzhydryl chloride 
(5.76 g, 28.4 "01) was added AlC13 (0.60 g, 4.5 "01) in portions. 
The thick brown paste obtained after mixing was allowed to stand 
for 1 h, treated with water, and extracted with ether. The com- 
bined ether layer was washed with water and dried over MgSO,. 
The crude product obtained after solvent removal under reduced 
pressure was recrystallized from hexane: white crystals; mp 
122-124 "C (lit.29 mp 121-123 "C). 
[p-(Phenylsulfonyl)phenylJdiphenylmethane. [p-(Phe- 

nylthio)phenyl]diphenylmethane (4.0 g, 11.3 "01) was dissolved 
in CHzClz and cooled to 0 "C. To this cooled solution was slowly 
added m-chloroperbemoic acid (5.33 g, 28.4 mmol), and the 
mixture was stirred overnight at  room temperature. The pre- 
cipitated m-chlorobenzoic acid was separated by filtration. The 
CHzClz layer was washed with NaHS03 solution (10%) and 
NaHC03 (satd.) and dried over anhydrous MgSO,. The crude 
product obtained after solvent removal under reduced pressure 
was recrystallized from ethanol: white flakes; mp 130-136 "C (litB 
mp, 136-143 "C). 
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