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The pK:s of the benzylic ketones 2-indanone (11, 2-tetralone (21, and 2-benzosuberone (3) were 
determined in DMSO (16.70,17.64, and 19.4, respectively), along with the I3C chemical shifts of the 
neutral species and the anions. Good correlations were observed between the pK:s and the chemical 
shifts of the para carbons and one of the ortho carbons of the anions. These correlations indicate 
that the order of negative charge delocalization into the ring for the anions is 1 > 2 > 3. This 
conclusion agrees with calculations of increments of negative charge distribution in the anions. It 
appears that the anions of 2-tetralone and 2-benzoauberone prefer to bend out of the plane of the 
aromatic ring at  the expense of orbital overlap rather than remain planar at the expense of increased 
internal strain energy. 

A knowledge of structural effects on the acidity of organic 
molecules is of fundamental importance for an under- 
standing of chemical reactivity. We have been particularly 
interested in the acid-strengthening effects of phenyl and 
vinyl substituents on protons adjacent to carbonyl 
groups.'" These substituents are capable of increasing 
the aqueous acidity of ketones by up to lV-107-fold. In 
the case of phenyl substituents, the magnitude of this effect 
depends upon the ability of the phenyl group to delocalize 
the charge of the anion by resonance. The aqueous pK:s 
for the cyclic benzyl ketones 2-indanone (I), 2-tetralone 

3 

pKa 114.9 

2 
pKa 12.9 

4 

pKa = 16.2 

(2), and 2-benzosuberone (3) are 12.19, 12.88, and 14.9 
re~pectively.~.~ 2-Indanone is about 4 orders of magnitude 
more acidic than benzylmethyl ketone (4) (pKaHao = 16I6l7 
and about 7 orders of magnitude more acidic than acetone 
(pKaHzO = 19.2).8 Thus, the intrinsic electronic effect of 
a phenyl group on the aqueous acidity of a ketone is 
approximately 1o7-fo1d. 
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The lower acidity of benzyl methyl ketone compared to 
the cyclic ketones may be explained by an inability of the 
phenyl ring in the anion of benzyl methyl ketone to stabilize 
the negative charge as effectively. Delocalization of the 
negative charge into the phenyl ring in the enolate of benzyl 
methyl ketone requires that the anion be in conformation 
5 or 6, both of which have significant steric interactions 

4 5 6 

between an ortho hydrogen of the phenyl ring and either 
the methyl group or the alkoxide oxygen. In polar solvents, 
conformation 6 may be preferred due to inhibition of 
solvation of the negatively charged oxygen in 6 by the 
ortho hydrogen of the phenyl ring. GuthrieB has argued 
that enolates assume conformations that minimize inter- 
ference with solvation of the oxyanion and that an enolate 
oxygen is larger than a methyl group. 

An examination of models of the anion of benzyl methyl 
ketone suggests that the anion would suffer considerable 
steric strain in the planar conformation, and therefore, 
the lowered acidity of benzyl methyl ketone relative to 
the cyclic benzyl ketones might be due to decreased 
resonance. Although a twist in the dihedral angle between 
the double bond and the plane of the phenyl ring would 
ease crowding in the molecule, this twist would be at the 
expense of optimum *-orbital overlap in the anion. 
Alternatively, the anion of benzyl methyl ketone might 
maximize orbital overlap by assuming a planar confor- 
mation. In this case, the energy of the anion would be 
raised by adverse steric interactions. Molecular mechanics 
calculations4 suggest that an increase in ring size induces 
a decrease in the planarity of the ions, which leads to 
inhibition of charge delocalization. 

In order to independently assess the amount of negative 
charge of the anions of 1-4 that is delocalized into the 
ring, we have determined the para 13C chemical shifts of 
these enolate ions in DMSO and used these results to 
estimate the increase in charge upon ionization. I3C NMR 
has been employed as a tool for the measurement of the 
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Table I. Ketone p&'s (h standard deviation) in DMSO. 
and in H2Ob 

ketone PKD- pKmH@ 
2-indanone (1) 16.70 0.W 12.19 * 0.03 
2-tetralone (2) 17.64 & 0.15 12.88 & 0.08 
2-benzosuberone (3) 19.41 & 0.11 14.90 & 0.02 

a This work. * Reference 4. Previously reported as 16.95 (Bord- 
well, F. G. Acc. Chem. Res. 1988,21,456). 

extent of charge delocalization in a variety of systems.lCl4 
Excellent correlations of calculated total charge density 
and charge density of the carbon para to the substituent 
vs the 13C chemical shift of the para carbon were reported 
for monosubstituted benzenes, although 13C chemical shifta 
for meta or ortho carbons did not correlate well with 
calculated charge densitie~.'~J~ In this paper we report 
correlations of the 13C chemical shifts of the para carbons 
and one of the ortho carbons of the enolate anions derived 
from 1-4 with the acidities of the corresponding ketones. 
These correlations indicate that the amount of negative 
charge delocalization into the phenyl ring is greatest for 
1 and least for 3 and suggest that the enolate of 2-indanone 
is indeed the most planar of the cyclic ketones, followed 
by the enolates of 2-tetralone and 2-benzosuberone, 
respectively. 

Results 

pKa (DMSO) Measurements. PKa values for the 
benzylic ketones 2-indanone (11, %-tetralone (21, and 
2-benzosuberone (3) were measured in DMSO (pKaDMso) 
by the indicator method of Bordwell and co-workers17 
(Table I). This procedure is based on titrating a solution 
containing a known concentration of an indicator anion 
with a second solution containing the ketone. The success 
of this procedure depends on an appropriate choice of 
indicator; the pK;s of the indicator used should be within 
two PKa units of the ketone so that at equilibrium the 
ratio between the ionized ketone and the unionized ketone 
does not exceed 100-fold. 9-Phenylfluorene (pKaDMso 17.9) 
was used for the determination of the pK;s of 2-indanone 
and 2-tetralone, with the reactions monitored at 540 nm. 
4-Chloro-2-nitroaniline (pKaDMSo 18.9) was used with 
2-benzosuberone, and the reaction was monitored at 580 
nm. As a control, the PKa of imidazole was determined 
with the indicator 4-chloro-2-nitroaniline. The measured 
PKa of imidazole (18.5 i 0.3) is within experimental error 
of the literature value (18.6).18 

NMR Studies. The hydrogen (SH) and carbon (Sc) 
chemical shifts of 1-4 and their anions were determined 

(10)For a review, see: Young, R. N. Prog. Nuel. Magn. Reson. 
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in DMSO (Table 11). The hydrogen and carbon chemical 
shifts for 1,2, and 4 are a~a i lab le , '~*~ as are the 6c chemical 
shifts for the anions of 2-indanoneZ1 and benzyl methyl 
ketone;n these are consistent with our values and assign- 
ments. The assignment of chemical shifta for relatively 
simple compounds such as methyl vinyl ketone, 2-in- 
danone, 2-indanone anion, 2-tetralone, benzyl methyl 
ketone, and benzyl methyl ketone anion were made by 
inspection, decoupling experiments (in the case of carbon 
shifts), and/or comparisons with literature values. For 
more complicated systems, 2D NMR techniques were 
employed. The chemical shifts for 2-benzosuberone and 
the anions of 2-benzosuberone and 2-tetralone were 
assigned by heteronuclear multiplebond correlation (HM- 
BC)= experiments. For the vinylic carbone of allylbenzene, 
indene, 1,2-dihydronaphthalene, and 1,2-benzo-l,&cyclo- 
heptadiene, the assignment of the proton chemical shifts 
is straightforward and was done by inspection. Chemical 
shifts for vinylic carbons were assigned by 2D one-bond 
lH-13C coupled correlation (HMQC) e~per iments .~~ 

128.4 

0 
L 1 2 8 . 8  

137.2 

Discussion 

Relative Charge Density Distribution. ThepKaDMso 
values for cyclic benzylic ketones 1-3 follow the same trend 
as the pKaHzO values; both increase with increasing ring 
size (Table I). The difference pKaDMsO - pKaHfl is similar 
for each of the ketones, ranging from 4.5 to 4.8 PKa unita. 
We have previously suggested4 that an increase in ring 
size causes deviations from planarity in the anions, 
resulting in poor *-orbital overlap between the phenyl 
ring and enolate moiety. Consequently, negative charge 
delocalization from the enolate portion of the ion into the 
phenyl group will be inhibited as the ring size increases. 
The extent of charge delocalization into the phenyl ring 
should be reflected in the difference of the para l9C 
chemical shifts of the ketone and the corresponding anion. 

Bradamante and PaganP have shown that for a series 
of substituted benzylic anions of the structure PhCHzX 
(X = Ph, 3-C5H4N, 2-CsH4N, 4-C&N, SOMe, SOzMe, 
S02Ph, PO(OEt)z, CONMe2, COzMe, COMe, COPh, NO& 
the 13C chemical shifta of the para carbons (C-) in DMSO 
are linearly related to the pKaDMso values of the corre- 
sponding carbon acids (Figure 1). The experimental data 
point for the substituent X = CN falls below the line, 
indicating the PhCHzCN is ca. 7 orders of magnitude more 
acidic than predicted from the correlation line. Alter- 
natively, CPom for PhCHzCN may be viewed as appearing 

(19) Pouchert, J. C.; Campbell, J. R. The Aldrich Library of NMR 
Spectra; Aldrich Milwaukee, WI, 1974; Vol. 6. 

(20) Carbon-13 NMR; Sadtler Research Laboratories, Division of Bio- 
Rad Laboratories, Inc., 1982. 

(21) Carbon chemical shifta for 2-indanoneanion have been previody 
reported by Lambert and co-workers (Lambert, J. B.; Wharry, S. M. J.  
Am. Chem. SOC. 1982,104,6867), and their data are consistent withour 
interpretation. The reported assignments of 2-indanone anion carbon 
chemical shifts inthatwork, however, were incorredlytabulated (Lambert, 
J. B., personal communication). 

(22) House, H. 0.; Prabhu, A. V.; Phillips, W. V. J.  Org. Chem. 1976, 
41,1209. 

(23) Bax, A.; Summers, M. F. J.  Am. Chem. SOC. 1986,108,2093. 
(24) Bax, A.; Subramanian, 5. J. Magn. Reaon. 1986,67,666. 



3492 J. Org. Chem., Vol. 58, No. 13, 1993 Eldin et al. 

Table 11. Carbon and Hydrogen Chemical Shifts of Ketones and Their Anions in DMSO (Relative to TMS in ppm) 

CY-CH (Y-CH~ P-C T-CH 6-CH 4 H  C1 cz C8 c4 Ca C6 ketone 

bc, neutral 
bc, anion 
6 ~ ,  neutral 
6 ~ ,  anion 
6c, neutral 
6c, anion 
b ~ ,  neutral 
b ~ ,  anion 
bc, neutral 
6 ~ .  anion 

89.10 

4.39 

89.95 

4.68 

95.65 

44.54 

3.4 

44.99 

3.50 

49.58 

217.33 44.54 
184.22 

3.4 

210.95 37.74 27.77 
175.05 35.57 30.65 

2.40 2.95 
1.97 2.60 

207.41 44-10 26.27 32.52 
175.63 41.84 25.82 36.79 

b;, neutral 4.44 3.23 
b~,anion 4.89 2.24 
&, neutral 49.55 205.53 29.17 

171.74 29.61 

b~,anion 4.39 1.68 
:mo 88.86 3.68 2.24 

3 

2o 1 C O M ~ \  

t 

103 111 120 128 

PPm 

Figure 1. Plot of the chemical shifts for the para carbons of the 
anions of PhCHXI2 and 1-3 vs the pK, of the ketone in DMSO 
(where X represents the substituents in the plot). 

at a higher field than predicted, indicating a greater 
negative charge density on that carbon than expected for 
its pKa. Bradamante and Pagan92 argued that this 
deviation is due to (1) a lesser degree of resonance 
delocalization of the charge onto the a-substituent (CN) 
for the phenyl acetonitrile anion than for the other anions, 
leaving more charge available for delocalization into the 
phenyl ring, and (2) the planarity of the phenyl acetonitrile 
anion, in contrast to the other substituted benzyl anions, 
which have steric interactions that would exert some 
twisting of the bond between the anionic carbon and the 
phenyl ring. This planarity enables the negative charge 
to be most efficiently delocalized into the phenyl ring for 
the anion of phenyl acetonitrile, leading to a higher charge 
density a t  the para position than predicted from the 
pK,DmO value. 

Addition of the anions of the cyclic benzylic ketones 
1-3 to this set of benzylic anions gives insight into the 
relative extent of charge delocalization into the phenyl 
ring (charge density a t  the para position) for anions 1-3. 
The deviation of these points from the line is indicative 
of the planarity of the anions. The measured C,, 
chemical shifts of the anions and the pKaDMSO'S for 
2-indanone (11, 2-tetralone (21, and 2-benzosuberone (3) 
are plotted along with the compounds studied by Brad- 
amante and Pagani (Figure l).12p26 Among the benzylic 
ketones 1-3, the point for 2-benzosuberone is close to the 

138.85 138.85 127.98 125.76 
154.80 133.59 125.43 110.68 

7.2 7.2 
6.63 6.15 

133.23 137.76 127.63 126.87 
144.81 128.16 126.05 115.51 

7.15 7.15 
6.69 6.25 

133.67 140.96 129.14 126.81 
143.07 134.47 128.24 116.26 

125.76 
121.25 
7.2 
6.63 

126.87 
126.05 
7.15 
6.69 

127.18 
125.27 

127.97 
113.09 
7.2 
6.26 

128.27 
118.55 
7.15 
6.29 

129.32 
124.20 

2.54 3.64 7.86 7.86 7.86 7.86 
1.72 2.57 6.67 6.30 6.67 6.54 

134.76 129.33 128.12 126.33 128.12 129.33 
145.85 121.50 127.00 115.37 127.00 121.50 

7.25 7.25 7.25 7.25 
7.45 6.30 7.45 6.78 

line, whereas that of 2-tetralone is further from it, and 
that of 2-indanone is the farthest away. The deviations 
of the para carbon chemical shifta of 2-indanone anion 
and 2-tetralone anion from the line reflect the increased 
charge density at the para position, due to optimum 
worbital overlap, achieved by system planarity. 

It is important to note that the substituted benzylic 
anions studied by Bradamante and Pagani (Figure 1) are 
monosubstituted benzenes, which are being compared with 
cyclic benzylic ketones that are disubstituted benzenes. 
However, these alkyl groups are expected to have only 
minor effects on the chemical shifts of the para carbon 
atoms,% consistent with the small difference between the 
chemical shifts of benzyl methyl ketone (126.3 ppm) and 
2-indanone (125.8 ppm). Thus, the C,dpK,relationship 
of monophenyl-substituted benzylic anions can be con- 
fidently extended to include the cyclic benzylic ketones 

Calculation of Negative Charge Distribution in the 
Phenyl Ring. The ?r-charge distribution in the phenyl 
ring of the anions of benzylic ketones 1-4 can be calculated 
by an empirical formula based on the work of Spiesecke 
and Schneider (eq l).n Chemical shifts for ring carbons 

1-3. 

have been shown to be proportional to velectron density, 
with a proportionality constant in delocalized mystems 
of ca. 160 p p m / e l e ~ t r o n . ~ ~ ~  The fraction of negative 
charge (4) introduced at a carbon atom upon ionization 
may be calculated from the difference between the 
chemical shifts at that carbon before (6,) and after 
ionization (&),divided by 160 ppm/e12p21 (eq 1). Negative 
charges for the phenyl carbons of the anions are given in 
Table 111. 

Calculation of Charge on thea-Carbons of Enolates 
1-4. Negative charge densities on the a-carbons of the 

(25) Bradamante and Paganin reported chemical shifta in the presence 
and absence of [2.2.llcryptand. Chemical shifta are very similar with 
and without the cryptand. We uee the values without the added cryptand 
in the plot as we did not uae cryptand in our experimenta. 

(26) Silveretein,R. M.,Bassler, G. C.,Morrill,T.C.Spectrophotometric 
Identification of Organic Compounds, 5th ed.; Wiley: New York, 1991; 
p 240. 

(27) Spiesecke, H.; Schneider, W. G. Tetrahedron Lett. 1961,468. 
(28) OBrien, D. H.; Hart, A. J.; Ruesell, C. R. J. Am. Chem. SOC. 1978, 

97, 4410. 
(29) Stothers, J. B. Carbon-13 NMR Spectroscopy; Academic Press: 

New York, 1972; p 91. 

New York, 1987; p 254. 
(30) Breitmaier, E.; Voelter, W. Carbon-13 NMR Spectroscopy; V C H  
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Table 111. Fraction of Charge Densities for Carbons of the Anions of Aromatic Ketones 
ketone Q1 QZ QS P I  96 40 Qph Qa 4r 

-0.099 0.033 0.016 0.094 

-0,072 0.060 0.010 0.071 

I 

-0.063 0.041 0.006 0.066 :a 
-0.069 0.041 0.014 0.068 

Scheme I 

enolate ions of 1-4 were also calculated from the 13C 
chemical shifts. Although eq 1 is appropriate for calcu- 
lation of fractional charge densities on the phenyl ring 
carbons of the anion, the chemical shift for the neutral 
carbon atom cannot be used as the 6, value for carbon 
atoms that undergo a change in hybridization upon 
ionization. 

The model of Scheme I was used to calculate an 
appropriate value for 6, for the a-carbon of cyclic benzylic 
ketones. This scheme is a slight modification of that used 
by Bradamante and Pagani31 for calculating values of 6, 
for monosubstituted benzenes and takes into account that 
1-3 are disubstituted benzenes.32 The chemical shift of 
a Substituted sp2 carbon atom can be viewed as the chemical 
shift of an unsubstituted sp2 carbon atom in ethylene (ad) 
corrected for the contribution of the substituent. The 
shielding contribution of a substituent on the chemical 
shift (Ai) is equal to the chemical shift of a substituted sp2 
carbon minus the chemical shift of ethylene. The f i i t  
term in Scheme I gives the change in chemical shift 
expected upon the addition of a phenyl ring to an olefinic 
carbon and placing it into a cyclic system. The second 
term corrects for the effect of an acyl moiety on the 
chemical shift. The summation of shielding contributions 
can then be used in eq 2 to calculate an appropriate 6,, to 
use for the a-benzylic carbons. 

According to Scheme I carbon chemical shifts for 
compounds 7 and 8, where n equals 2 and 3, should be 
used for the 2-tetralone and 2-benzosuberone systems, 
respectively. Compounds 7 and 8 for n = 2, 3 were 

(31) Bradamante, S.; Pagani, G. A. J. Org. Chem. 1984,49,2883. 
(32)This problem has been also been addressed by Housen and 

Lambert*’ and their ceworkers, who used a fued model (enol acetates) 
to estimate the chemical shift of a neutral carbon atom with a hybridization 
and magnetic environment similar  to that of the corresponding atom in 
the charged molecule. Although the influence of substituente was ignored 
by both Housea and Lambert,21 the identity of this group appears to 
have a significant effect on 6.. For example, the vinylic carbon chemical 
shifta of methyl vinyl ether and vinyl acetate differ by about 12 ppm 
(Kalinoweki, H.; Berger, S.; Braun, S. Carbon-13 NMR Spectroscopy; 
John Wiley BE Sons: New York, 1988; p 291). 

0.028 0.093 0.164 0.390 0.446 

0.006 0.061 0.136 0.360 0.606 

0.012 0.032 0.094 0.336 0.670 

0.014 0.041 0.109 0.386 0.606 

unavailable, so approximations were utilized to obtain the 
needed chemical shifts. Since the structural differences 
within this series are small and remote from the terminal 
vinylic carbon, the chemical shift of the terminal carbon 
of allylbenzene, 7 (n = l ) ,  was used for n equal to 2 and 
3. Using the same reasoning, the carbon chemical shifts 
for the vinyl carbons a to the carbonyl group are expected 
to be the same for 8 with n = 1-3. The a-Vinylic carbon 
chemical shift for 8 (n = 1) was estimated by assuming 
that the effect of phenyl substitution on the a-vinylic 
carbon chemical shift for methyl vinyl ketone is similar 
to that for acetone.* 

Summary of Results and Conclusions 

Calculated negative charge distributions at the aromatic 
ring carbon atoms (Qn) and at the a-carbon atom (qJ for 
the anions of 1-4 are given in Table III. The total charge 
transferred into the phenyl ring upon anion formation 
(Qpb) equals the sum of the charge densities of the aromatic 
ring carbons. The charge delocalized into the carbonyl 
functionality (qJ is to 1 - (Qph + 4 3 .  

The calculated negative charges at the para carbons 
( ~ 4 )  and ortho carbons (Q6) and total negative charge of 
the phenyl rings (Qph) of the enolates from 1-4 correlate 
well with the pK2s of the corresponding ketones. The 
fraction of negative charge delocalized into the phenyl 
ring is calculated to be 16.4 % ,13.5 % , and 9.4 % for the 
anions of 2-indanone, 2-tetralone, and 2-benzosuberone, 
respectively. We interpret these results to mean that 
charge density is most efficiently transferred from the 
a-carbon into the phenyl ring in the 2-indanone anion, 
followed by the 2-tetralone and 2-benzosuberone anions. 
This order is expected for inhibition of resonance due to 
poorer overlap of the anion’s p-orbitals with increasing 
ring size. These results are consistent with our previous 
conclusion4 that the 2-indanone anion has the least 
structural twisting from planarity (ifany) followed by the 
2-tetralone and 2-benzosuberone anions. 

It should be noted from Table I11 that rather poor 
correlations between pK2s of 1-4 and calculated negative 
charges at the 1-, 2-, 3-, 5-, and a-carbons of the enolate 
ions exist. The lack of correlations between pK, and 
calculated charge densities based on I3C NMFt chemical 
shifta for the 3- and 5-carbons is not surprising on the 
basis of earlier results that showed poor correlations 
between I3C chemical shifta of meta carbons in mono- 
substituted benzenes and calculated negative charge 

(33) The difference in chemical shifta for the methyl carbons of acetone 
and benzyl methyl ketone is A8 = 1.5 ppm. 



3494 J. Org. Chem., Vol. 58, No. 13,1993 

densitie~.'~J~ Carbon-2, although ortho, is in a different 
chemical environment for each substrate and thus a 
correlation of 92 with PKa might not be expected. 

The calculated negative charge on the a-anionic carbon 
is highest for 2-indanone and decreases slightly with 
increasing ring size. The percent change in calculated 
charge at this carbon is quite small, however, and thus no 
conclusions are drawn. In the absence of molecular orbital 
calculations or other experimental data, it is unclear 
whether negative charge on the a-carbon increases as the 
system becomes more planar. It has been reported by 
Bradamante and Pagani12 that the anion of phenylace- 
tonitrile has a relatively high calculated charge density at 
the a-carbanionic atom compared to the other nonplanar 
benzylic anion systems that they have studied. 

The charge distribution for the acetone anion in THFN 
was calculated from 13C measurements for comparison with 
the benzylic anions, in order to study the effect of phenyl 
substitution. The negative charge residing on the a-car- 
bo# of the acetone anion in THF is 42.4%, with 57.6% 
in the carbonyl functionality. For phenylacetone anion, 
10.9 % of the negative charge is transferred into the phenyl 
ring (in DMSO), with no major change in the charge 
distribution ratios between the a-carbon and the carbonyl 
functionality. It should be noted, however, that the nature 
of the solvation of the anions may be quite different in the 
two solvents. Although the cation in both solvent systems 
was potassium, ion pairing is more likely in THF than 
DMSO. 

In our previous s tud9  of the aqueous acidity of 1-3, we 
observed an increase in PKa with ring size. This trend was 
explained in terms of a decrease in charge delocalization 
with ring size, consistent with molecular mechanics 
calculations that predict that the enolates would become 
less planar as the ring size gets larger. The enolates must 
either remain planar a t  the expense of an increased internal 
strain energy or bend out of plane at the cost of optimum 
*-orbital overlap and charge delocalization. The results 
in this study indicate that the enolates of 1-3 prefer to 
bend out of plane with an increase in ring size in order to 
relieve the internal strain energy, rather than to maintain 
planarity at the cost of internal strain energy. 

From a comparison of the aqueous acidities of 2-in- 
danone (pKaHZo = 12.2): acetone (pKaHZ0 = 19.2): and 
cyclopentanone (pKaHzO = 20),58 the intrinsic electronic 
effect of a phenyl group on the aqueous acidity of a ketone 
can be estimated to be about lO'-f~ld.~ The effect in 
DMSO calculated in the same manner is about 10'lO-fold 
(acetonepKaDMSo = 26.5, cyclopentanone pKaDMS0 = 25.8, 
2-indanone pKaDMSo = 16.7).18 The greater effect of a 
phenyl group on the acidity of a ketone in DMSO than in 
aqueous solution is expected as the negative charge on the 
oxygen in the anion should be better solvated in aqueous 
solution than in DMSO. Thus, the extent of charge 

Eldin et al. 

(34) The enolata of acetone seemed to be the least stable among anions 
fonned,.+blyduetoease offormation of aldol adducts, and was difficult 
to ob- m DMSO. Thus, the calculated charge density is for the 
potassium d t  of the anion in THF. 

(35) Calculated from adding the shielding contribution of an acetyl 
group (15.8 ppm) to the carbon chemical shift of ethylene (122.8 ppm) 
and subtracting the chemical shift of the a-carbanionic atom (70.66 ppm), 
all divided by 160 ppmlelectron. 

(36) The aqueous pK. of cyclopentanone can be estimated from the 
keto-enol equilibrium constant (pKs = 7.94 Kresge, A. J. Acc. Chem. 
Res. 1990,23,43) and an estimate of the pK. of the enol (12 f 1: Guthrie, 
J. P.; Cullimore, P. Can. J.  Chem. 1979,67, 240). 

delocalization into the phenyl ring is a greater contributor 
to the stability of the anion in DMSO than in aqueous 
solution. 

Experimental Section 
Materials. Unless otherwise indicated, reagenta were pur- 

chased from commercial suppliers and used without further 
purification. Anhydrous diethyl ether was refluxed over sodium- 
benzophenone ketyl followed by distillation. 4-Chloro-2-nitro- 
aniline was recrystallized from ethanol (mp 115.5-116 OC (lit." 
mp 116-117 "(2)). Imidazole was recrystallized from CHCb (mp 
89 OC (lit?' mp 90-91 OC)). Argon gas was dried by passing it 
in turn through anhydrous calcium sulfate, a concentrated sulfuric 
acid bubbler, and sodium hydroxide pelleta and was then 
deoxygenated by passing it through an inline Oxiclear oxygen 
scavenger (VWR). 2-Indanone was purified by sublimationunder 
vacuum, mp 57 OC (lit.% mp 57-58 OC). The ketone showed only 
one spot on TLC (silica, 1:l hexane/ethyl acetate) and only one 
peak on HPLC (Cia, 40% acetonitrile in HzO). 2-Tetralone was 
purified by vacuum distillation: bp (1.75 mmHg) 1W115 OC. 
Only one peak was observed upon analysis by HPLC (Cle, 25% 
acetonitrile in HzO). 2-Benzoeuberone and 1,2-benzo-1,3-cyclo- 
heptadiene have been previously prepared in our laboratory.' 
Aqueous solutione were prepared with doubly distilled water. 

Benzyl methyl ketone was prepared according to the 
procedure of Hauser and co-workerssg by the Grignard reaction 
of benzyl bromide with anhydrous acetonitrile, followed by 
hydrolysis of the ketimiie. The ketone was purified by column 
chromatography (silica, 9 1  hexane/ethyl acetate) to give a clsar 
liquid with spectroscopic properties that matched literature IRa 
and NMRig values for benzyl methyl ketone. 

Dimethyl Sulfoxide. DMSO (99.9%, ACS spectroscopic 
grade) was stirred with sodium hydride and several mg of 
triphenylmethane at 65-70 OC under argon until the red color 
of the triphenylmethyl anion appeared. The DMSO was then 
distilled at reduced pressure (bp 43 OC, 1 " H g )  under dry, 
deoxygenated argon. The distiIlate was stored under argon until 
used. DMSO-da (99.5 % D) was purified by a similar procedure. 
CAUTION Sodium hydride should be used with care in this 
procedure, as it has been reported that solutions of d h y l  sodium 
in DMSO may explode after about 1 h.'* When CaHa was used 
to dry the DMSO, no red indicator color appeared even after 
several hours of heating. Addition of KH to DMSO distilled 
from CaH2 resulted in a violent evolution of hydrogen gas. 
Potassium Dimsyl (K+/DMSYI-). The DMSO/K+DMSYL- 

solutions were prepared according to the procedure of Bordwell 
and co-workers" by transfer of 0.1-1 g of KH (35% dispersion 
in mineral oil) into a dry fritted funnel connected via a side ~ l p l  

above the frit to a vacuum/argon line. The KH was washed several 
times with pentane freshly distilled from PzOS, and the pentane/ 
oil wash was drained out through the frit. The system was then 
evacuated and purged with argon several times. DMSO or 
DMSO-& (20-60 mL) was added dropwise under a positive argon 
pressure. The DMSO/K+DMSYL- solution was filtered through 
the frit into a dry Schlenk storage tube. Dilute DMSO/ 
K+DMSYL- solutions are clear and colorless, whereas concen- 
trated solutions are clear and slightly pink. Exposure to air turns 
the solutions yellow-gray and then black. 

pK. Measurements in DMSO. The pK.'s of the benzylic 
ketones 1-3 were measured by spectrophotometric titration 
(indicator method) according to the procedure of Bordwell and 
co-workers.17 The indicator 9-phenylfluorene (pK. 17.9) was used 
in the pK. determinations of 2-indanone and 2-tetralone, with 
indicator absorbances measured at 540 nm. The indicator 

(37) CRC Handbook of Chemistry and Physics, 66th ed.; Weast, R. C., 

(38) Horan, J. E.; Scheissler, R. W. Organic Syntheses; Wiley New 

(39) Hauser, C. R.; Humphlett, W. J.; Weiss, M. J. J. Am. Chem. SOC. 

Ed.; CRC Press: Boca Raton, FL, 1985. 

York, 1973; Collect. Vol. V, p 647. 

1948, 70, 426. 
(40) Pouchert, C. J. The Aldrich Library of Infrared Spectra; Aldrich 

Chemical Co., Inc.: Mdwaukee, WI, 1970; p 627. 
(41) h i s s ,  B. S.; Hannaford, A. J.; Rogers, V.; Smith, P. W. G.; 

Tatchell, A. R. Vogel's Textbook of Ractical Organic Chemistry, 4th 
ed.; John Wiley & Sons: New York, 1978, p 278. 



Charge Delocalization in Benzylic Anions 

4chloro-2-nitroanie (pK. 18.9) was used in the pK. determi- 
nation of 2-benzosuberone, and the indicator absorbances were 
measured at  580 nm. 

In a repreaentative procedure, a cuvette connected to a stopcock 
fitted with a septum was evacuated, purged with argon, arid 
weighed. About 1 g of DMSO was added to the cuvette via an 
air-tight syringe through the septum and stopcock. The cuvette 
was reweighed to determine accurately the amount of DMSO 
added. A small amount of DMSO/K+DMSYL- solution (0.01- 
0.1 g) was added via an air-tight syringe. The cuvette was weighed 
once more to determine the amount of DMSO/K+DMSYL- 
solution added. Aliquota (7-50 mg) of indicator solutions in 
DMSO of known concentration (from 6.7 X 10-8 to 2.7 X 
molal) were added via an air-tight syringe through the septum 
and stopcock to the DMSO/K+DMSYL- solution in the cuvette. 
The cuvette was weighed, and the absorbance was measured after 
each addition of indicator solution. At less than complete 
ionization of the indicator, a plot of absorbance v8 indicator 
concentration is linear; the slope is equal to the extinction 
coefficient of the ionized indicator (for 9-phenylfluorene, cw = 
630 f 70, and for 4-chloro-2-nitroanie, = 2500 * 200). The 
concentration at which the plot of absorbance versus indicator 
concentration levels off is the concentration of base in the cuvette 
(from 0.001 to 0.003 molal). The addition of additional indicator 
solution after all the base is consumed causes no further ionization 
of the indicator, but rather a slight decrease in absorbance due 
to dilution. 

Aliquota of 21-210 mg of the ketone solution in DMSO (from 
5.6 X 10-8 to 3.2 X molal) were added to the cuvette." The 
cuvette was weighed to determine the amount of ketone added, 
and the absorbance was measured after each addition. The drop 
in absorbance after addition of ketone (with a correction for 
dilution) reflects the amount of indicator anion protonated by 
the ketone. Thus, the absorbance of the solution before the ketone 
addition was used to calculate the fraction of indicator initially 
in ita ionized form and the absorbance of the solution after the 
ketone addition was used to calculate the fractions of both 
indicator and ketone in their ionized forms after ketone addition. 
pK.'s were calculated after each addition of ketone and averaged. 
Deviations from the averages were random. 
NMR Measurements. NMR experimenta were performed 

on a GE GN-500 spectrometer thermostated at 25 OC. For 
samples in DMSO-de or DMSO-&K+DMSYL--ds, the solvent 
peaka at 2 .4P and 39.6u ppm were used as the reference pointa 
for lH and '8c spectra, respectively. For samples in DMSO/ 
K+DMSYL- (15% DMSO-de), the DMSO solvent peaka at 2.49 
and 40.5u ppm were used as the reference points for 'H and lsC 
spectra, respectively. The carbon chemical shifts of phenyl acetic 
acid methyl ester anion were measured and found to be consistent 
with the literature values.'l Heteronuclear multiple bond 
correlationB (HMBC) experiments were employed for the 
assignment of chemical shifts for 2-benzosuberone and the anions 
of 2-benzoauberone and 2-tetralone. A small amount (<1 mg) of 
triphenylmethane was added to NMR solvent used to prepare 
ketone enolates, and the deep red color of ita anion served as a 
marker for complete ionization of the ketones. 2D 'H-W 
correlation (HMQC) NMR experimenta were conducted for 
indene, 1,2-dihydronaphthalene, 1,2-benzo-1,3-cycloheptadiene, 
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and allylbenzene in order to accurately assign the vinylic carbon 
chemical shifts. 

Allylbenzene spectral data: 'H NMR (DMSO-de) 6 3.35 (d, 
2H), 5.05 (t, 2H), 5.95 (m, lH), 7.18 (m, 3H), 7.28 (m, 2H); 'BC 

139.71. 
Indene spectral data: lH NMR (DMSO-de) 6 3.34 (broad a, 

2H), 6.60 (m, lH), 6.92 (m, lH), 7.20 (dt, 2H), 7.44 (dd, 2H); lgC 
NMR (DMSO-de) S 38.63,120.65,123.54,124.29,125.96,131.59, 
134.48, 143.24, 144.27. 

1,2-Dihydronaphthalene spectra data: 'H NMR (DMSO-de) 
6 2.25 (broad a, 2H), 2.72 (t, 2H), 6.03 (m, lH), 6.47 (d, lH), 7.02 
(d, 2H), 7.10 (m, 2H); lac NMR (DMSO-&) 6 22.64,26.73,125.67, 
126.35, 126.82, 127.34, 127.48, 128.66, 133.58, 134.84. 
1,2-Benzo-l,&cycloheptadiene spectral data: 'H NMR (DM- 

SO-&) 6 1.86 (m, 2H), 2.38 (broad d, 2H), 2.79 (t, 2H), 5.88 (m, 
lH), 6.39 (d, lH), 7.14 (m, 4H); NMR (DMSO-de) 6 26.33, 
32.09,35.46,125.88,126.58,128.85,129.44,130.70,132.18,135.68, 
141.12. 

Ketone Enolates. The anions of 2-tetralone and 2-benzo- 
suberone were prepared in dry argon-filled NMR tubes capped 
with rubber septa. Potassium dimeyl solution (0.5 mL, about 0.6 
M), containing 15% DMSO-& for NMR signal locking) with <1 
mg of triphenylmethane as indicator, was added with an air- 
tight syringe. The solutions were subjected to several cycles of 
freezing, evacuating, and purging with argon. About 15-25 mg 
of the ketone was added to the NMR tube to form the anion. In 
the preparation of benzyl methyl ketone, 99.5% deuterated 
DMSO/K+DMSYL- solution was added to 10 mg of the ketone 
until a deep red color formed. 

When this procedure (with an excess of K+/DMSYL- present) 
was used to prepare the enolate of 2-indanone, the aromatic 
dianion was formed.& To determine how much K+/DMSYL- 
solution was necessary to form the monoanion, 10 mg of 
2-indauone and lese than 1 mg triphenylmethane were added to 
a teat tube, followed by DMSO-ddK+DMSYL--db solution until 
the solution turned red, indicating the formation of the dianion. 
To generate the monoanion, 10 mg of 2-indanone was added to 
an NMR tube, followed by the addition of half the amount of 
DMSO-d$K+DMSYL--da needed to form the dianion. 

Acetone enolate was obtained by the reaction of acetone with 
KH in THF.'B About 8 mL of pentane (freshly distilled from 
PnOd was added to KH (200-300 mg) in mineral oil in a dry 
three-necked WmL flask, and the mixture was stirred magnet- 
ically. The pentane was then removed by a syringe. Thb process 
was repeated several times, and the system was evacuated. After 
complete evaporation of the pentane, the system was purged 
with argon, and 0.5 mL of THF-ds was added. The system was 
evacuated once more to remove the THF-de. The system was 
purged with argon, and 2 mL of THF-ds was added to the flask. 
Twenty pL of acetone was added dropwise with stirring (hydrogen 
evolution was noticeable). After hydrogen evolution had ceased, 
0.5 mL of the THF-ds solution containing the anion was 
transferred to an NMR tube via an air-tight syringe for lH and 
'*C NMR acana. Acetone spectral data: lac NMR (THF-de) 6 
30.36,204.58 ppm; '42 NMR (DMSO-de) 6 30.69, 206.44 ppm. 
Acetone anion spectral data: 'H NMR (THF-de) S 1.62 (s,3H), 

27.19 ppm. 

NMR (DMSO-& 6 39.4,115.71, 125.97, 128.34, 128.40,137.64, 

2.85 (e, lH), 2.99 (8, 1H); '9c NMR (THF-de) 6 171.51, 70.66, 
(42) The enolate of 2-tetralone is not very stable in aqueoue eolution, 

and the colorless reaction solution t m  blue withim a couple of minutea 
of enolate formation. The aame instability of the 2-tetralone enolate is 
observed in DMSO. For 2-tetralone, only one to four 2-tetralone additions 
were ueed in each run, during which time there was no observable change 
in color. 

(43) Table for reference data on NMR solventa, MERCK & CO., St. 
Louis, MO 63116. 

(44) Levy, G. C.; Lichter, R. L.; Nehn ,  G. L. Carbon-I3 Nuclear 
Magnetic Resonance Spectroscopy, 2nd ed.; John Wiley & Sons: New 
York, 1980. 
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(46) The symmetrical 2-indanone dianion has been reported to show 

(46) Brown, C. A. J. Org. Chem. 1974,39,3913. 
only five peaks at 77.62, 106.77, 109.10, 129.34, and 168.70 ppm." 


