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TasLE VIII

EQuiLiBrRIUM CONCENTRATIONS OF KETALS WITH VARIOUS
2,2-DIMETHYL-1,3-PROPANEDIOL-KETONE RATIOS
Equil, concn. of

Init. conecn. of Equil. conen. of

dicarbonyl Init. concn. cyclohexanone 2-methyleyclo-
cpd. of glycol ketal pentanone ketal

1 1 0.57 0.03

1 2 .75 .06

1 3 .82 .09

1 4 .86 L1l

1 4.5 .88 .12

Substituting for v in (5) and solving for x, we get
x? — 5.041x? 4+ 6.122x — 2.041 =0 (8)

This equation was solved by Horner’s method® to yield
a value x = 0.573, which leads to a value of 0.026 for v.
In a similar way calculations can be made for otler initial
glycol concentrations. In Table VIII a few of tliese results
are listed.

(20) 1.8, and E. 8. Sokolnikoff, ''Higher Mathematics for lingineers
and Physicists,”” McGraw-Hill Book Co., lnc., New York, N, Y.,
1134, pp. 27-32.
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By differentiating equation 7, simplifying, and setting
equul to 1 (because maximum separation can be obtained
when dy/dx = 1) we get

dy _ . _ 50
dx =1 T 730 = s0an (9)

On solving, we find that x = 0.88 and ¥y = 0.12.

In order to find out what initial glvcol concentration wouild
be required to obtain maximum separation, substitute the
following values in equation 3

initial ketone concentration 1

initial glycol concentration c

cycloliexanorne ketal conen. at equil. .88

water concn. at equilibrium 0.8% +0.12 = 1.00
cycloliexanone concn. at equil. 1.00 — 0.88 =012
glycol conen. at equilibrium s —1

On solving we find that 2 = 4.5 and hence maximum

preferential blocking can be obtained when 4.5 moles of 2,2-
dimethyl-1,3-propanediol is equilibrated with one nole of
the hypothetic diketone A.
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Tlie basicities of twenty m- and p-substituted acetophenones have been determined by a spectrophotomnetric method in

sulfuric acid media.

solvent, a very good correlation exists between pKgyu+ and o ¥, 3 )
The conjugate acid of 2-acetylfluorene is considerably more stable than

thie carbonyl stretching frequencies in the ketones.

With the exception of hydroxy and alkoxy groups which, it is believed, livdrogen bond strongly to tlie

A good correlation also exists between pKpu+ and vewo,

that for p-phenylacetoplhienone and the theoretical consequences of this are discussed.

I connection with a study of tlie position of
protonation of the carboxyl group, which will be
reported later, we found it necessary to use com-
pounds containing the carbouyl group as models.
The protonation of the carboxyl group might
occur at either the '‘carbonyl” or “ether’” oxygen
but there is one oxygen atom only available for
protonation in a carbonyl compound. We have
accordingly determined the effect of m- and p-
substituents on the basicity of acetophenones and
this information later will be correlated with the
data obtained with substituted benzoic acids.

Hammett3a.be in his classical investigation of the
strength of very weak bases determined the basicity
of acetophenone and its p-CH; and p-Br derivatives
by a spectrophotometric method in sulfuric acid
solution. This approach, which we have followed,
utilizes the concept of the Hy acidity function and
has the advantage of producing absolute values of
basicities, 7.e., absolute insofar as they are based
on dilute aqueous solution as the standard state.
Pratt and Matsuda* determined relative basicities
of some acetophenones in benzene solution by a dis-

(1) Presented at the San Francisco Meeting of the American Chemi-
cal Society, April 7-11, 1958,

(2) Holder of a National Research Council of Canada Studentship,
1657-1958.

(3) (a) L. A. Flexser, L. P, Hammett and A. Dingwall, Turs Jour-
~NavL, 87, 2103 (1035): (b) L. A. Flexser and L. P. Hammett, ibid., 60,

885 (1938);: (c) L. P. Hammett and A. J. Deyrup, ¢bid., 54, 2721 (1932).
(4} E. F. Pratt and K. Matsuda, sbid., 75, 3739 (1953).

tillation method. They observed as we do, that
p-OMe and p-OEt have anomualously high basicities.

Experimental

Acetophenones.—Commercially available acctoplienones
were purified either by vacuum distillation or by several re-
crystallizations.

m-Methylacetoplieuoue was prepared from wr-prouto-
toluene by the method of Gilinan and Nelson.? m-Chloro-
and m-bromo-acetophenoues were obtained by diazotization
of m-aminoacetoplienone followed by the standard Sand-
meyer procedure. p-Fluoroacetophenone aund 2-acetyl-
fluorene were prepared by the standard Friedel-Crafts
acylation of fluorobenzene and fluorene, respectively. The
physical constants of the purified compounds are reported
in Table I.

Sulfuric Acids.—Sulfuric acid-water solutions ranging
from 44.0 to 95.59 acid were prepared by dilution of Fisher
C.p. Reagent grade sulfuric acid (95.09, min.). Concen-
trations were determined by titration with standard base.
The H, valies of these were obtained by interpolation from
a standard curve constructed using the values given by Paul
and Long.% Further solutions up to 99.9¢ acid were pre-
pared from 309 fuming sulfuric acid (Baker and Adumson
reagent) and H, values of these determined by indicator
methods.® All A values of solutions were checked periodi-
cally.

Measurement of pKgpr+.—A sample of each ketone
weiglied on a microbalance was dissolved in acetone to make
a 5 X 1073 M stock solution from: which 0.1-ml. aliquots
were pipetted into standardized 10-ml. volumetric flasks.
After tlie acetoile had been remnoved at the pump, the flasks
were made up to volume with the sulfuric acid-water 1mix-
tures, the resnlting coucentration of ketone being 5 X 1073

(5) H. Gilman and J. F. Nelson, Rec. frav. chim., 88, 520 (1936).
(6) M. A. Paul and F. A. Long, Chem. Revs., 67, 1 (1957).
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TABLE I
PrvsIcAL CONSTANTS OF ACETOPHENONES

Acetophenone M.p., or b.p. (mm.) and refractive index Repurted value of physital coustanls
m-Methyl- B.p. 116-117° (26), #25p 1.53 B.p. 109° (12), n¥p 1.533"
-Chloro- B.p. 230°, semicarbuzone m.p. 225-226° B.p. 227--229°, semnicarbazone nip. 2327
#i-Bromio- B.p. 135-136° (26, »*'wp 1.5755 B.p. 131-132° (151, n¥n 1.57557
p-Fluoro- B.p. 97--98° (23), n¥%p 1.5085H B.p. 79° {10), #%p 1.5081"
m-Methoxy- B.p. 141° (231, #%p 1.5371 B.p. 127-128° {1617, »¥'p 1.541€7
m-Ethoxy- B.p. 254° B.p. 255°7

»-Ethoxy- M.p. 35.5°
2.Acetylfluorene AM.p. 128-130°
* . Mauthner, J. praki. Chem., 103, 394 (19225,

Ann., 408, 242 (1913).
Syntheses, 28, 3 (1948).

A7 T cases of sulliclent water solubility, agueons stock
solutions were prepared and the acids added directly to the
aliquots, eliminating removal of solvent and possible loss of
ketone by evaporation. Necessary corrections were made
for added water. The flasks were tlien maintained at 25 ==
1.1° by means of a constant temperature bath.

The extinction coefficients of tlie anbove solutious were
determined at two wave lengths with quartz cells of 1-an.
path lengtl using a Beckman model DU spectrophotometer
whose cell compartiment was maintained at the above teni-
perature hy means of thermospacers. Tle sulfuric acids
were tested for optical clarity in the regions used aud a
sulvent blank of the samne concentration as that containing
tlic ketone was used. TUltraviolet ubsorption spectra of
thie ketones in 44.090 and 95.59; acids measured with a
Cary model 14 recording spectroplhiotoineter were used where
neeessary to locate thie wave lengths of maxinial absorption

of the unprotonated (Au) aud protonated (A;) forms. These
arc listed in Table IT.
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Iig. la (eft).—The function (e — es) X 1078 plotted
against I, for p-methoxyacetophenone, O. Fig. 1b (right).—
The function 0.5(es — e) X 1078 plotted against H, for
2.acetylfluorene, ®, aud for p-phenylacetoplienone, @.

The pApn+ values were deterinined by the method of
Davis and Geissman? as described. The difference [e(A1) —
e(Ay)] which is linearly related to the fraction ionized, was
plotted against Hy. At the inflection point in this curve it
can be sliown that fraction ionized = fraction un-ionized
and hence, Hy = pK,. The results of a typical determina-
tionn are shown in Fig. la. In all cases, except p-phenyl-
acetophenone and 2-acetylfluorene whose results are shown
in Fig. 1b and discussed later, a sigmoid, titration-like curve

[V RS Cetssman, 15118 JOUrRNAL, 76, 1507

[GRINY VN

Davis and T. AL

® A Walll aud J. Rollaud, Ann. chim., 10, 29 (19281,
R. E. Allen aud C. E. Overberger, THIS JOURNAL, 68, 1088 (1946),
7 8. v. Kostanecki and J. Tambor, Ber., 34, 1691 (1901).

M.p. 38-307

M.p. 128-120+

“C. 8. Marvel,
“ M. W, Renoll, /bid., 68, 1159 (1946). * K. v. Auwers,
¢« I'. B, Ray and G, Rievesehl, Jr., Org.

TaBLe II
pKpu+ AND WAVE LENGTII MAXIMA FOR SUBSTITUTED
ACETOPUHENONES
(11.0% HpS0:) (95.5¢% HaS0s)
Substituent PRreu+ mu my
H* .15 250 290
11-CHgy 6.02 252 300
p-CH® 547 260° 310
p-CoH; 5.61 260 5315
13-OCH; G6.70 253 206
p-OCH;, 481 292 340
m-OCoH; (1. 70 253 296
p-OCH; eI 284 ol
m-OH G.on 254 202
p-OH 4.7 280 330
p-F 6.06 230 299
22-Cl 7.01 248 205
p-Cl 6.52 258 515
i -Br §.90 245 it
p-Br’ 6.5 2707 3504
1-NOy 7062 232 278
p-NO2 R 270 U8R
3-CI1yf 571 450 27
p-Celds 288 34
2,3-CiH," 316 37

@ ldentical with corrected value (ref. 1 of Flexser, Hamn-
mett and Dingwall (ref. 3).  ? Taken from ref. 3b, and cor-
reeted toref, 6. 52,00 FI,SG,.  296.0°7] H.S0.. <60.177
11,50, 7 @ Naphthyl methyl ketoue. ¢ 2-Ncetylflnorene.

wits obtained wand the inflection point taken as (e mid-point
of the “straight”” portion.  The advantages ad lita tions
of this method of pK, deternmnination are discussed Ly the
above atthors.  We feel too that in cases of cotnplexs ab-
surption spectra, the second deciimal in the pA, vatuce i~ of
doubtful value.

Becanse of tlie possibility of rapid sulfonation fuund in
the case of anisole the absorption spectra of the alkoxyaceto-
plienones in 95.5%, acid were repeated after one-lhour stand-
ing. They were found to undergo no appreciable cliange and
on subsequent dilution the resulting spectra reproduced
closely thiose of control solutious in dilute acid.  The spectra
in dilute acid also resemible closely those in water.  In all
cases, the measurements were taken as rapidly as possible
after the addition of the acids.

Results and Discussion

The values of pApy+ for the substituted aceto-
phenones are listed in Table I and are plotted as u
function of ¢, the Hammett substituent constant,
in Fig. 2. (The straight line in Fig. 2 was drawn
with respect to the groups p-NO., m-NO., m-Cl,
m-Br, H, m-Me; groups which should not be
subject to eitlier of the effects described below.)
The positive and uegative deviatious from the
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Fig. 2— —pKpu* for substituted acetophenones plotted against s-values taken fromn Jaffé (ref. 8).

linear free energy relation which are so apparent in
Fig. 2 can be considered separately.,

Positive Deviations in Fig. 2.—Those poiuts
which fall considerably above the line in Fig. 2 are
those representing m-HO, m-MeO and wm-EtO.
The o-values of these groups have been determined
for the most part using neutral solvents and one
would expect that in sulfuric acid solution, solute—
solvent hydrogen bonding as in I will be particularly
strong at the alkoxyl and hydroxyl groups resulting
in an actual increase in the values of ¢ for these
groups in sulfuric acid and a consequent lowering
of the basicity of the ketone.

R\

H.S0,
OF

i
D-Len

I

Another possible cause of the deviations of the
alkoxyl and hydroxyl groups was considered, viz.,
that these groups protonate at lower acidities than
the carbonyl group. The resulting groups, H,O+-
and RHO*-, would exert an electron-withdrawing

effect in qualitative agreement with the deviations
observed in Fig. 2, but this possibility was rejected
for these several reasons: (i) The groups H,O*-
and RHO*- by analogy with NH;*-and RNH,*-
would be expected to exert a much stronger elec-
tron-withdrawing effect than that actually ob-
served. Thus o,,.~xm, which has a value of —0.16
changes by some 0.8 unit on protonation to give a
value of 40.63 for o,,.nm,=® The change is even
larger for the MeNH- group. There would be a
difference of only 0.16 unit between the o-values of
m-MeO- and m-MeOH *- if the latter was, in fact,
the group present, assuming that it obeys the
Hammett relation.® (ii) The spectral changes
which occur when the alkoxy and hydroxy aceto-
phenones are protonated are very similar to those
obtained with the other acetophenones considered
here, as can be seen in Table II, and involve a red
shift of some magnitude. On the other hand, m-

(8) H. H. Jaffé, Chem. Revs., 83, 191 (1953).

(9) Strictly speaking, H+ rather than Hg should be used to deter-
mine the value of positively charged groups such as MeHO *~ but there
is evidence that Hy and H+ are close in H2SOQq, probably not more

than 0.3 unit apart (J. C. D. Brand, W. C. Horning and M. 8, Thorn-
ley, J. Chem. Soc., 1374 (19532)).
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Fig. 3o == pAsn ' for substituted acetoplienoues plotted against the o *-values of Brown and Okamoto (ref. 11.).

and  p~aminoacetoplienone which are unquestion-
ably protonated niore easily at the amino than at
the carbonyl group, undergo a blue shift on proton-
ation. Thisis expected since the positively charged
substituent will oppose the dipole created in
the excited state and thus raise its energy. (iii)
Alkoxybenzenes are much less basic than aliphatic
ethers. Although rapid sulfonation made an
accurate determination of the pKpu+ of anisole in
sulfuric acid impossible, it appears to be less basic
than acetophenone.

Negative Deviations in Fig. 2.—Those points
which fall appreciably below the line in Fig. 2
represent in all cases p-substituents which are
able to donate electrons by resonance. Several
investigators have noted that substituents such as
p-OMe are able to stabilize carbonium ions to a
much greater extent than is indicated by their o-
values,'® and Brown and Okainoto'! among others!'?

(10) (8) . E, Pearson, J. I'. Baxter and C. J. Martin, J. Org, Chem.,
17, 1511 (1932); (b) J. K. Kochi and G. S. Hummond, THIs JOURNAL,
78, 3445 (1953); (c) T. J. Jaruzelski, N. C. Deno and A. Schriesheim,
J. Org. Chem., 19, 105 (1951},

have derived ¢ *-values for groups which can donate
electrons by resonance for use in reactions in whicl
a positive charge is developed in conjugation with
the group. Figure 3 shows a plot of ¢* against
pKpu+ for those substituted acetoplhienones for
which o*-values are available.!® An excellent
linear relation is obtained if one disregards the
points representing p-OMe and m-OMe. It should
be noted that the p-OMe group here is strongly
electron donating by resonance but is not quite as
strong as the o*-value predicts, presumably be-
cause of the interaction with solvent discussed
above.
*OH OH

‘ + o=
MeO —@»‘C‘CHK > MeO—_)—CCH,

The p-value for the o+—pKpu+ curve, omitting
the methoxy groups, is 2.17 (least squares calcula-
tions used throughout) and for the straight line in

(11) H. C. Brown and Y. Okamoto, THIS Jour~ar, 79, 1913 (1957).

(12) N, C. Deno and W. L. Evans, ibid., 79, 5804 (1957).

(13) D, H. McDaniel and H, C. Brown, J. Org. Ckem., 23, 420
(1038).
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Fig. 2, 1s 2.22. The correlation coefficient for all
15 points in Fig. 3 is 0.983 whereas for the corre-
sponding points in Fig. 2 the correlation coefficient
is only 0.905.

Correlation with Infrared Spectra.—Several in-
vestigators have remarked on the fair correlation
which exists between the carbon—oxygen stretching
frequencies for substituted acetophenones and the
corresponding o-constants. Jones, Forbes and
Mueller!® recently have shown that a very good
linear relation exists between vc—g and o for m-
substituted acetophenones but not for the p-
substituted compounds. Their results indicated
a considerable contribution from structures like II
which would introduce more single bond character
into the carbonyl group and hence lower its stretch-
ing frequency

C (O

II

Since the resonance effects of p-substituents are
believed responsible for the deviations observed in
both the infrared and the protonation experiments
reported herein, it is of interest to see if a linear
relation exists between tc=o and pKpg+ Figure4
shows that this is the case, the correlation coefficient
being 0.964. The stretching frequencies shown
are mean values obtained by combining the results
of several groups of investigators and in view of
this the agreement is very satisfactory.!®
p-Phenylacetophenone and 2-Acetylfluorene.—
As mentioned earlier, the only two ketones studied
which gave unsatisfactory plots of [ean — eaw] 5.
1, were p-phenylacetophenone and 2-acetylfluor-
ene. The cause of the odd shaped plots in Figure
1b is probably the unusually large increase in ex-
tinction coeflicieut in going frow the un-ionized to
the ionized forms for these compounds (p-phenyl-
acetophenone: exs = 0200, 4y = 27,800; and 2-
acetylfiuorene: e = 40,000, ey = 72,2000).
Brown'® has pointed out that phenyl substituents

(14) R, N. Jones, W. F. Forbes and W. A, Mueller, Can. J, Chem.,
85, 504 (1957).

(15} Only the values measured in carbon tetrachloride were used
since the frequencies can change considerably on changing the dielec-
tric constant of the solvent. These values were taken from ref. 14
and also from N. Fuson, M. L. Josien and G. M. Skelton, THIs JOUR-
NaL. T6, 2526 (1954}: G. M. Barrow, J. Chem, Phys., 21, 2008 (1953);

and L. J. Bellamy, J. Chem. Soc., 4221 (1955).
(18) H, C. Brown, personal communication,
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Fig. 4— —pKpr* shown as a function of the carbonyl

stretching frequencies for substituted acetophenones.

often provide unexpectedly low stability when
substituted para in a benzene ring to a cationic
center compared to the very great stability provided
by a phenyl group o to a cationic center. He has
suggested that this is because the two benzene
rings in a biphenyl derivative are twisted at an
angle of about 45° to one another thus greatly
reducing the m-orbital overlap between the rings.
On this basis, Brown has predicted that 2-fluorenyl
derivatives in which the benzene rings are largely
restricted to the same plane, should be much more
effective in stabilizing carbonium ions. Although
absolute determinations of pK. for p-phenylaceto-
phenone and 2-acetylfluorene were not possible, it
can be seen from Fig. 1 that the fluorenyl curve is
very similar to the curve for p-phenyl but that it is
displaced somie 0.3 logarithmic unit to the left
indicating that the conjugate acid III is, in fact,
considerably more stable than that for the p-phenyl
compound.

OH 7+

e_CHZ\

III
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