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chloropropyl)-4-phenylpiperazine was added. Heating was
resumed and the temperature was kept at 100-110° for 3
hr. After the mixture had cooled to 60°, it was poured, with
stirring, into 600 ml. of ice and water. The solid was fil-
tered, triturated with 100 ml. of water, and then dried under
vacuum. Recrystallization from ethanol yielded 11.9 g.
(32%) of the product, m.p. 130.5-131.5°.
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The lithium amide was obtained from the Lithium Corp.
of America and the trimethylene chlorobromide from the
Dow Chemical Co. The amines were purchased from the
Fisher Scientific Co. and were used without further puri-
fication,
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The pK.’s of six aromatic sulfinic acids have been determined by means of potentiometric titration and found to be in

the vicinity of 1.8 to 2.0.

During the course of research in the laboratory
of the first author, the occasion arose to determine
the neutral equivalent of p-nitrobenzenesulfinic
acid.? The results from this determination not only
yielded the desired neutral equivalent but also
indicated that the acidic group being titrated was
weaker than benzenesulfinic acid.*—7 This observa-
tion suggested that the ionization constants of
aromatic sulfinic acids be reinvestigated and ac-
cordingly such a program was undertaken.

Six aromatic sulfinic acids were selected for this
study: benzene-, p-toluene-, p-chlorobenzene-, p-
bromobenzene, m- and p-nitrobenzenesulfinic acids.
Each of these was prepared from the corresponding
sulfonyl chloride by reduction. The identity and
purity of each compound was established by means
of melting point and neutral equivalent determina-
tions (Table I).

TABLE 1
MzLriNG PoiNts Axp NEUTRAL EQUIVALENTS oF SULFINIC
Acips
M.P., °C. Neut. Equiv.
Sulfinic Acid Obsd. Lit. Obed, Theor.
Benzene 81.5-83 847 144.6 142.2
858.9
p-Toluene 84-85 841 160.1 156.2
84-8511
86"‘878'9'12
p-Chlorobenzene 98.5-99.5  93-9413 179.7 176.7
98-9910
9914
100-10215
p-Bromobenzene 113-114 11410 220.8 221.1
11411513
1151
m-Nitrobenzene 94.5-96 95-9617 190.4 187.2
9818
p-Nitrobenzene s 125 s, 1361%% 1955 187.2
m. 152-154 m. 1591¢
1602
]2021,22

(1) Supported in part by the Faculty Research Fund,
Kansas State University and National Science Foundation
Grant No. P-2670.

As a means of comparing the values obtained for
benzenesulfinic acid with the values reported earlier
in the literature two methods of sample prepara-
tion (A and B) were used. In method A the samples
were dried in vacuo prior to use, while in method B
the samples were used immediately after prepara-
tion. The pK.’s and other data related to the
potentiometric titrations are given in Table II.

With the exception of the value of 1.29 which
Rumpf and Sadet report” for benzesulfinic acid there
is reasonable agreement among the values re-
ported in Table IT and the earlier literature. Loven,
for example, has reported that the dissociation

(2) Present address, Department of Chemistry, Southern
Illinois University, Carbondale, Ill.

(3) Unpublished data taken by Harry A. Smith, de-
ceased.

(4) J. M. Loven, Z. Physik. chem., 19, 456 (1896).
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1958).
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ed., D. C. Heath and Co., New York, N. Y., 1056, p. 593.
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(1928).

(10) E. Knoevenagle and J. Xenner, Ber., 41, 3315
(1908).

(11) S. Smiles and R. LeRossignol, J. Chem. Soc., 745
(1908).

(12) P. K. Dutt, H. R. Whithead, and A. Wormall,
J. Chem. Soc., 2088 (1921).

(13) L. Gatterman, Ber., 32, 1136 (1899).

(14) M. E. Hanke, J. Am. Chem. Soc., 45, 1321 (1923).

(15) W. Davis and E, 8. Wood, J. Chem. Soc., 1122
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(19) T. Zincke and 8. Lenhardt, Ann., 400, 2 (1913).

(20) P. R, Carter and D. H. Hey, J. Chem. Soc., 147
(1948).

(21) H. Limpricht, Ber., 20, 1238 (1887).

(22) M. 8. Kharasch and L. Chalkley, J. 4m. Chem.
Soc., 43, 612 (1921).
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TABLE II
pKa’s ror SuLrINic Acips (25°)
Method

of No. of Mean
Sulfinic Sample Titra- K. Ave.
Acid Prep.  tions  (Corr.) Dev.
Benzene A 2 1.84 0.07
B 2 2.16 0.05
p-Toluene A 2 1.99 0.04
p-Bromobenzene A 2 1.89 0.09
p-Chlorobenzene A 2 1.81 0.01
m-Nitrobenzene A 3 1.88 0.07
p-Nitrobenzene A 5 1.86 0.08

constants for benzene- and p-toluenesulfinic acids
are 3.5 X 10~% and 2.5 X 10-% respectively.*
Coats and Gibson have recalulated Loven’s data to
obtain very similar values and have also reported
that the dissociation constant for o-toluenesulfinic
acid is near 3.4 X 1025 Fieser and Fieser state that
the pK., for benzenesulfinic acid is 1.80.%

It should be pointed out that two methods have
been used for the determinations reported previ-
ously in the literature. Loven (and presumably
Coats and Gibson) performed conductance experi-
ments on freshly prepared samples of sulfinic acids.
Rumpf and Sadet, in contrast, performed potent-
iometric titrations on dried samples of benzene-
sulfinic acid and its sodium salt. Since this latter
method was also used by the authors of this paper
it is quite surprising to find such great disagree-
ment. The reasons for this are not apparent.
However, from the brief description of the experi-
mental procedure employed by Rumpf and Sadet
it seems likely that there could have been ap-
preciable differences between the two titration
procedures.

A likely source of error in either type of measure-
ment arises from the instability of sulfinic acids.
Due to oxidation varying amounts of sulfonic acid
might contaminate a solution of sulfinic acid.
Loven used freshly prepared samples of sulfinic
acid in order to minimize this source of error.
Rumpf and Sadet, on the other hand, used dried
samples. In this paper both types of samples were
used in the case of benzenesulfinic acid and it was
found that the pK. for the freshly prepared acid
was slightly higher than for the dried acid. This
difference could have been caused by oxidation of
the sulfinic acid during drying and suggests that the
true pK.'s for sulfinic acids are probably higher
than reported.

EXPERIMENTAL

Preparation of sulfinic acids. Each sulfinic acid was pre-
pared from the corresponding sulfonyl chloride by zinc or
sodium sulfite reduction.?3~2

(23) F. Ullman and G. Pasder Jadjian, Ber., 34, 1151
(1901).

(24) 8. Smiles and C. Bere, Org. Syntheses, Coll. Vol. I,
7 (1946).
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Sample preparation and titration. Two methods of sample
preparation (A and B) were used. In method A the sample
of sulfinic acid was dried in vacuo over Drierite after re-
crystallization. Then a weighed, dry sample of acid was
added to water, heated briefly on a steam cone to affect
solution, cooled, and made up to volume. Aliquots of this
solution were then titrated with standardized sodium
hydroxide by use of a microburet and a Model H-2 Beck-
man pH meter.

Method B was patterned after that of Loven in that the
acid was isolated and then recrystallized once from boiling
water as rapidly as possible. An unweighed, wet sample of
the acid was then placed in a titration vessel containing a
known volume of water and titrated with standardized
NaOH by use of a microburet and a Model G Beckman pH
meter equipped with external electrodes.

In both methods the water which was used had previously
been boiled and gassed with nitrogen during cooling. Also
in both cases nitrogen was bubbled through each titration
vessel during titration in order to exclude oxygen and
affect stirring. The temperature of each titration vessel
was maintained at 25° by use of a constant temperature
bath. Bach pH meter was standardized before use by check-
ing against buffers of known pH. The author who used
method A determined the end point of each titration by the
parallelogram method. The authors who used method B
determined each end point by plotting ApH/AV versus V.,

Evaluation of pK,. The calculation of the pK, for each
acid was achieved by the use of an IBM 650 computer. A
pragram was devised” by which the data for each experi-
mental point (up to the equivalence point) of a titration
curve could be fed into the computer and from these data
calculate a pK, for each experimental point and a mean
pK, for each titration. The equations which the computer
solved are derived below.

A solution of an acid (HA) when being titrated contains at
at any point ¢ (up to the equivalence point) the species H ¥,
A-, and HA whose concentrations at point ¢ can be expressed
as follows: [H*]; equals the concentration of the hydrogen
ion due to ionization of the untitrated acid; the total con-
centration of A~ equals that formed by titration, [A~]4,
plus that formed by ionization of the untitrated acid,
[H+];; the total concentration of HA equals the untitrated
acid, [HA]; minus that lost due to ionization, [H+];. Thus
at any point ¢ on a titration curve the ionization constant
for HA (using concentration terms) can be given by Equa-~
tion 1.

~ [HA AT + [HY (1)
[HA]: — [H"];

ks

Each of the quantities in liquation 1 can be expressed in
terms of data taken during titration:

[H*; = 10~
" _ V,']\«"_
A=y,
= V= VoN
[HA) = Vo+ Vs

where z; is the pH at point 7, N is the normality of the base
used to titrate HA, V, is the volume of water used to dis-
solve the sample of sulfinic acid, V; is the volume of base
added up to point 7, and V', is the volume of base needed
to reach the equivalence point.

(25) F. C. Whitmore and F. H. Hamilton, Org. Syntheses,
Coll. Vol. I, 492 (1946).

(26) M. KRulka, J. Am. Chem. Soc., 72, 1215 (1950).

(27) The authors are indebted to Mr. Thomas L. Hamil-
ton of the IBM-650 Computer Center, Kansas State Uni-
versity for devising the program used to solve for pKa.
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Making these substitutions into Iiquation 1, one can
obtain Equation 2 from which k; can be calculated at point
7 on the titration curve (up to the equivalence point).

10—#: é—V‘N + 10-=
ki = Va + Vl' (2)
(V= VON oy
Vo + Vi

While Equation 2 corrects for the ionization of the un-
titrated acid and the volume change at each point on the
titration curve, it does not correct for ionic strength.
Accordingly, a correction term was then derived from the
limiting equation of Debye and Huckel for the mean
activity coefficients of strong electrolytes. The use of this
limiting equation was considered valid since the ionic
strengths involved were all in the vicinity of 0.01.

The correction which should be applied to any experi-
mental pK; is equal to —2 log f; where f;is the mean activity
coefficient at point ¢. At 25° this correction is equal to 1.011
(ug)?, where uy is the ionic strength at that point and is
given by the equation

[[H*]s + [A7]i 4 [Na*]y

D1 =

Uy =
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Using the symbols introduced above, u: can be expressed
by Equation 3.

, VN
Thus by use of Equations 2 and 3 it is possible to calculate a
corrected pKa for each point on the titration curve (up to
the equivalence point) and hence a mean corrected pK,
for each titration.

Calculation by computer was deemed necessary since the
denominator of Equation 1 may become very small because
the solubilities of the sulfinic acids are limited and their
extends of ionization are appreciable. With the aid of the
computer, the pKa,’s were conveniently calculated from a suf-
ficient number of points to permit statistical treatment.

It should further be pointed out that near the equivalence
point the first term in the denominator of Equation 2 be-
comes very small. Experimental data on the steeply rising
portion of the titration curve close to the end point were
generally found to be less reliable than those on the more
horizontal portion. Accordingly, experimental points in this
region were not analyzed by the computer. The number of
experimental points analyzed in each titration averaged 22,
but ranged from a low of 12 to a high of 58 depending on the
sample size and the experimentor.

Uy =
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The complexing equilibria of aqueous benzeneboronate ion with several polyols have been studied and the measured
constants compared with those of borate. The results indicate that the anion has the formula C¢H;B(OH);~ with tetrahedral
coordination about boron; this is consistent with a steric effect, previously cited, on the acid-base equilibria of ortho sub-
stituted benzeneboronic acids. Examination of the data on complexing equilibria requires modification of an earlier assump-

tion that only anionic complexes are formed.

Following the recent elucidation of the structure
of the borate ion in aqueous medium,? a study of the
structure of aqueous benzeneboronate has been
made, using quite different methods. Borate was
previously thought to be either a trigonal Bronsted
base form, H,BO;~, or a tetrahedral Lewis acid-base

adduct, B(OH),~. The present case, likewise,
offered a choice between
E OH
/0 | e
O o O
OH OH

for the anion of benzeneboronic acid, CeH;B(OH)..
The borate ion was studied by infrared and Raman
spectroscopy, its behavior being found analogous
to fluoborate, BF,~, because of the symmetry
about boron. Such evidence was believed inappli-
cable to benzeneboronate because of the loss of
symmetry and larger number of spectral bands.

(1) Taken from the Sc.B. thesis of John P, Lorand at
Brown University (1958).

(2) J. 0. Edwards, G. C. Morrison, V. Ross, and J. W,
Schultz, J. Am. Chem. Soc., 77, 266 (1955),

Three different methods of attack were, however,
available. The first two will be mentioned briefly,
since the first proved inconclusive and the second
has been previously cited. It was the third method
for which complexing equilibria were experi-
mentally studied.

Method A consisted of comparing meta and para
substituted benzeneboronic acids® with benzoic
acids* through their acid dissociation constants,
using a plot of pK, for X-CeH,B(OH), vs. Ham-
mett’s o values. It was thought that, if the tetra-
hedral form prdeominated, a curvature might be
observed at negative values because of the presence
of a resonance form,

o, OH

@
cn—0=_ B

(3) C. K. Ingold, Structure and Mechanism in Organic
Chemistry, Cornell Univ. Press, Ithaca, N. Y. (1953),
Chapter XIII, pp. 738, 741, 750.

(4) J. Hine, Physical Organic Chemistry, McGraw-Hill,
New York (1956), pp. 72.
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