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Abstract: Intramolecular hydrogen bonding between OH and COO - groups has been shown to occur in hydroxyl containing 
aliphatic straight chain mono- and dicarboxylic acids in AN and DMSO. From estimation of the substituent effect of OH on 
the a or /3 carbon atom on the dissociation constant of these acids it was possible to find values of AT* = [A* -] / [A -] , where 
A*~ denotes the anion with intramolecular hydrogen bonding, between OH and COO -. For monoanions of hydroxy dicarbox
ylic acids K* is very much smaller than that of K' = [HA -] /[HA -] , [HA-] denoting the bianion with intramolecular hydro
gen bonding between COOH and COO -. In the monoprotic acids investigated K* was found to be zero in the amphiprotic sol
vents water and methanol, while K* in DMSO is about three times smaller than that in AN. With the monoprotic acids the res
olution of acid strength, R, between water and methanol on the one hand and AN and DMSO on the other is: ./?AN,DMSO = 
1.9.Rw1M- Results obtained with hydroxyl containing diprotic acids, with special emphasis on tartaric acids, are discussed and 
interpreted. As expected, values of K' are smaller in DMSO than in AN. Values of transfer activity coefficients 
pMyW1AN,DMSO 0f H2A, HA - , and A 2 - have been estimated. The differences in transfer activity coefficients of succinic and 
tartaric acids between various pairs of solvents, S, are attributed to intermolecular hydrogen bonding between OH and S. The 
intramolecular hydrogen bond is particularly pronounced in the tartrate ion (A2-) and has a strong stabilizing effect on the 
ion in AN. Because of intramolecular hydrogen bonding between OH and COO - , hydration and alcoholation constants of di
valent tartrate ion in AN are much smaller than those of succinate. 

In the present paper we extend our previous studies of in
tramolecular hydrogen bonding in monoanions of aliphatic 
dicarboxylic acids in acetonitrile (AN)1 and dimethyl sulfoxide 
(DMSO)2 to dicarboxylic acids containing hydroxyl groups. 
These groups are considerably weaker hydrogen bond donors 
as compared to carboxyl groups but may hydrogen bond in
tramolecularly to the carboxylate group in monoanions and, 
to a much greater extent, in the dianions. In a monoanion 
containing two hydroxyl groups various intramolecularly hy
drogen bonded structures are possible, as for example in the 
d-bitartrate ion: 

H0<V°8 M0r6fO0H "0TCVi 
- H ^ 0H^e "H f̂S 

H 6 H - " O H - - O 

i n in 

HO-Vl> C*° 0-\XA^ 
HO ^ y c x ^ 0 R |; & 

COOH 0 H O 

EZ Y 

Using again1 a superscript bar to denote intramolecular hy
drogen bonding between the COOH and C O O - groups in the 
monoanion, as was done originally by Westheimer and Benfy,3 

structure I, which does not involve intramolecular hydrogen 
bonding via the hydroxyl group, is denoted by H A - . In addi
tion, either one or two hydroxyl group(s) can hydrogen bond 
intramolecularly with the C O O - group, while leaving the 
COOH group free (structures II, IV, and V). Collectively, 
these species are denoted by an asterisk, i.e., H A * - . There is 
also a possibility that the C O O - group of the monoanion is 
intramolecularly hydrogen bonded both to an OH and to a 
COOH group. This species is designated as H A * - (structure 
III). Using the symbols K', K*. and K'* for the ratios of the 

concentrations of the various intramolecularly hydrogen 
bonded species to the concentration of H A - we have 

K' + K* + K'* = ![HA -] + [HA* -] + [HA* -] 1/[HA-] (1) 

and the first dissociation constant, ATi, of the diprotic acids 
is: 

A T I = O H + S [HA - I f - /[H2A] 

a H +I fHA - ] + [HA-] + [HA* - ] + [ H A * - ] ! / ! 
[H2A] {Z) 

Denoting the first dissociation constant in the absence of in
tramolecular hydrogen bonding by ATH2A: 

Kx = KHlA[\ + K' + K* + K'*] (3) 

In similar fashion we obtain for the actual dissociation constant 
Ku for the monoester of H2A 

KE = KHE(\+K*E) (4) 
Here, ATHE is the dissociation constant expected in the absence 
of intramolecular hydrogen bonding between OH and C O O - , 
while K*n is 

K*E = [ E * - ] / [ E - ] 

There is no evidence that the COOR group can act in AN as 
a hydrogen bond acceptor toward C O O - or OH. By combining 
eq 3 and 4 and introducing the statistical factor of 2, we ob
tain: 

^ , -, , H +K' + K* + K'*~\ „ , pKE - pATi - log 2 = log L YTY* J (5) 

From a comparison of the dissociation constants of glycolic and 
/3-hydroxypropionic acids with those of a group of nonhydroxy 
substituted monocarboxylic acids in AN and DMSO an esti
mate was made of the strength of the intramolecular hydrogen 
bond between the carboxylate and a-hydroxyl or /3-hydroxyl 
groups (K* values). In similar fashion, values of K*E were 
found from experimentally determined values of PA"E of the 
monoesters of d- and weso-tartaric acids. Furthermore, values 
of pK\ and pAT2 were estimated in M (methanol, AN, and 
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Table I. Dissociation Constants of Aliphatic Monocarboxylic Acids in W, M, AN, and DMSO (Conjugation Constants in AN) 

Acid 

(1) «-Butyric 
(2) Acetic 

(3 ) (E t )MeHadipa te 
(4) Me H glutarate 
(5) Me H succinate 
(6) (Et)Me H malonate 
(7) ClCH2COOH 
(8) NCCH 7COOH 
(9) BrCH2BrCHCOOH 
(1O)Cl2CH-COOH 

(11) HOCH 2CH 2COOH 
(12) HOCH2COOH 
(13) sec-Bu H rf-tartrate 
(14) sec-Butyl H /waro-tartrate 
(15) Me H tartronate (calcd)-' 
(16) Et H oxalate 

W° 

4.82 
4.73 

4.60 

4.49 
3.35 
2.81 
2.47 
2.17 
1.30 

4.51 
3.82 
3.38* 
3.68* 

(2.44) 
1.50 

P^HA 

M 

9.69/ 9.97* 
9 . 6 g / 9 . 5 2 / 

9.87* 
9.7,* 
9.6? 
8.80* 
7 .8 /7 .8 4

p 

7 . 5 / 7 . 5 0
e 

7.53* 
6 . 3 3 , e 6 . 3 / 
6.36* 
9.42* 
8 .8 /8 .7 2 * 
8.45* 
8.7* 

(7.8) 
6.30* 

AN 

22.73* 
22.3* 

22.24* 
22.26* 
21.6* 
20.0^10.26 

18.8* 
18.O4* 
17.1* 
15.8* 

21.O0* 
19.3* 
17.83* 
17.20* 

(17.0) 

DMSO 

12.86* 
12.6* 

12.64* 
12.45* 
11.9,* 

* 3.87* 
9.0* 
8.50* 
7.I3* 
6.36* 

11.47* 
10.20* 
9.O8* 
8.97* 

(7.8) 
6.52* 

log ^ H A 2 -

AN 

3.6'' 

3.67* 
3.79* 
3.78* 

4.28* 

3.93* 
3.90* 
4.4,* 

log K* 

AN 

0.5 
0.9 
1.9 
3.0 

(0.9) 

DMSO 

(0.3) 
(0.5) 

1.0 
1.6 

(0.5) 

" Compilation of PA"HA values in "Determination of Organic Structures by Physical Methods," Vol. 1, E. Braude and F. Nachod, Ed., Academic 
Press, New York, N.Y., 1955, pp 578-579. * This work. c J. Juillard, Bull. Soc. Chim. Fr., 1727 (1966). d I. Tabagua, Zh. Fiz. KMm., 37, 
1545 (1963). e N. Izmailov, V. Chernyi, and L. Spivak, ibid., 37, 822 (1963). /G. Chariot and B. Tremillon, "Chemical Reactions in Solvents 
and Melts", 1st English ed, Pergamon Press, New York, N.Y., 1969, p 278. * Reference 2. * Reference 1. ' Reference 7. J Calculated using 
relation pA^E = P^Me H malonate _ (P^HOAc ~ P ^ H glycolic)-

DMSO of the following hydroxyl containing aliphatic dicar-
boxylic acids: d- and meso-tartaric, -tartronic, and -tetrahy-
droxysuccinic acids). Hence, by application of eq 5 values of 
the sum (K' + K'*) of bitartronate and bitartrates became 
known, allowing a comparison of the strength of the COOH-
••-OOC hydrogen bond with that of OH- - OOC in these 
monoanions. 

Transfer activity coefficients, ps'yS2, between W or M on 
the one hand, and AN or DMSO on the other, have been es
timated for d- and meso- tartaric acids, their monoanions, and 
their dianions. Comparison of pMYAN 'DMSOA2- of succinate 
with that of the tartrates allows an evaluation of the strength 
of intramolecular hydrogen bonding between the OH and 
COO - groups in this ion. It is expected that this bond will in
crease considerably the stability in AN of the tartrate ion as 
compared to that of the succinate ion. Also, hydration and 
alcoholation constants of tartaric acid, bitartrate, and tartrate 
in AN as solvent have been estimated and the effects of OH-
"~00C intramolecular hydrogen bonding on hydration and 
alcoholation of the tartrate ions are discussed. 

Results 
Dissociation Constants of Mono- and Dicarboxylic Acids 

in AN, DMSO, and M. Homoconjugation Constants in AN. 
Dissociation constants of both mono- and dicarboxylic acids 
in AN, DMSO, and M were estimated from the paH measured 
with the glass electrode in equimolar mixtures of HA and A - , 
H2A and HA - , or HA - and A2 - , respectively. In a few sys
tems in AN the ratio of HA to A - or of H2A to HA - was 
varied to find homoconjugation constants. Plots of paH vs. log 
CHA/cA-f- or log CH2A/cHA-f- are on microfilm (Figure a). 
All mixtures were prepared by adding 0.91 M tetrameth
ylammonium hydroxide in methanol1 to solutions of the acid. 
In the estimation of the dissociation constants in AN and 
DMSO the effect of methanol on paH of the above mixtures 
was taken into account1 assuming the methanolation constants 
of the monovalent anions to be the same as that of mono-
methylsuccinate anion.1 As the effect of methanol on paH of 
the mixtures of HA - and A 2 - is considerably larger than that 
of mixtures of HA and A - , values of paH were determined at 

various dilutions of the equimolar mixture (c = 0.0005 to 
—0.003 M) and the resulting plots of paH vs. yfc extrapolated 
to c = O. Dissolution of sec-butyl meso-tartrate ester in AN 
resulted in formation of a precipitate (or turbidity even at 
concentrations as low as 2 X 1O-3 M) as a result of dispro-
portionation into the diester, which is readily soluble and the 
sparingly soluble diacid. This was found from alkalimetric 
titration in water of the precipitate. Therefore, a concentrated 
solution of the ester in DMSO (0.234 M), which was clear, was 
introduced into AN with vigorous stirring and then the 
tetramethylammonium hydroxide solution in M added. The 
resulting solution was clear. The following paH values were 
found in AN: c = 0.001 16, cMeOH = 0.033 M, CDMSO = 0.140 
M, paH = 17.85; 0.000 706, 0.020, 0.085, paH = 17.68; 
0.000 360, 0.010, 0.043, paH = 17.47 (paH extrapolated = 
P^HE = 17.20). Activity coefficients of mono- and divalent 
anions were evaluated in the three solvents using the partially 
extended Debye-Huckel expression.2 Values of pKy\A in AN, 
DMSO, and M, and the 1:1 homoconjugation constants in AN 
of monoprotic acids are listed in Table I. No evidence of di-
homoconjugation was found. In Table II are summarized 
values of pK\ and pKi of diprotic acids in W, AN, and DMSO 
and the homoconjugation constants of H2A with SHA - in 
AN. It is highly improbable that homoconjugation involving 
SHA - and A 2 - occurs in AN. 

Solubility of Tartaric Acids in Various Solvents. Effect of 
Additives on Solubility in AN. In Table HI the total solubilities 
(equal to the molecular solubilities) of d-, dl, and meso-tartaric 
acids in AN are compared with that of succinic acid. The effect 
of W and M on the solubility of ^-tartaric acid in AN is rep
resented in the plots of Figure 1. Hydration and methanolation 
constants in AN derived from these data are in Table IV. As 
DMSO has been found to form solid solvates with ^-tartaric 
acid, the solvation constants of tartaric acid with DMSO in AN 
cannot be found in this way. 

Effect of Additives on paH of Mixtures of Tartaric Acid 
Species in AN. Solvation Constants. The effect of W, M, or 
DMSO on paH of d- and meso-tartaric acid-bitartrate mix
tures (curves A) and the corresponding bitartrate-tartrate 
systems in AN (curves B) are presented in Figure 2. The small 
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Table II. Dissociation Constants of Diprotic Acids in W, AN, and DMSO (Conjugation Constants in AN) 

Acid 

Malonic 

Tartronic 

Succinic 

rf-Tartaric'' 

meso-Tartaric 

Tetrahydroxy-
succimc 

pAT, 
pK2 

P*i 
PK2 

P*i 
PK2 
VK2 

VK2 

VKi 
VK2 

P*i 
VK2 

W 

2.87 

5.67 
2.37 
4.74 
4.20 
5.55 
3.03 
4.37 
3.22 
4.81 

P* 

AN 

15.3 
30.5 
13.86 
26.6 
17.6 
29.0 
14.92 

23.32 
15.1 
24.7 
13.73 

26.2 

DMSO 

7.2,6.6" 
18.55, 18.4" 
6.8,6.7" 

14.25, 15.2" 
9.5,9.5" 

16.7,16.4" 
8.I3, 7.9" 

12.2, 11.3" 
7.63 

13.7 
6.88 

14.O6 

- l O g ^hOtTlO 

in AN 

2.95 

2.2 

2.32 

1.8 

2.7 

log (K' + K'*) 

in AN 

4.4 

3.7* 

3.7 

4.5*1.6* 

4.8* 

log (K' + K'*) 

in DMSO 

2.76 

1.2* 

2.1 

2.6* 

" J. Martin and J. Duperis, Bull. Soc. Chim. Fr., 138 (1968). * Calculated from eq 5, assuming K* is the same in the monoanion as in the 
anion of the monoester.c G. Chariot and B. Tremillon, "Chemical Reactions in Solvents and Melts", Pergamon Press, Elmsford, N.Y., 1969, 
p 2078, report pK\ = 7.5 and pA^ = 9.9 for rf-tartaric acid in methanol, as compared to 8.2 and 10.4 in the present study. In addition, we find 
VKi = 8.5 and pA^ = 10.9 for mejo-tartaric acid in methanol. 

Table III. Molar Solubility of Diprotic Acids in Various Solvents 

Acid W M AN DMSO 

H2SUC 
H2Tart(rf) 
H2Tart(rf,/) 
H^Tar^meso) 

0.70 
9.28" 
1.66,1.38" 
8.35"'* 

1.28 
2.89 
0.665 

0.040 4 
0.051 1 
0.004 08 
0.040 6 

Solvate 

-3.8 

Mol/kg of water, ref 5. * Solid phase monosolvated. 

0.060 

0.040 
" ~ 0 . 4 0.6 0.8 1.0 

Molarity Additive 

Figure 1. Effect of water of methanol on solubility of succinic and J-tar-
taric acids in acetonitrile. rf-Tartaric acid with: A, water; B, methanol. 
Succinic acid with: C, water; D, methanol. 

effect of methanol introduced with the tetramethylammonium 
hydroxide was taken into consideration in the construction of 
the plots in Figure 2. Alcoholation or hydration constants of 
H T a r t - and Ta r t 2 - were evaluated using the data in Figure 
2 and the solvation constants of tartaric acid as was done pre
viously for the succinic acid systems.4 Since DMSO to at least 
0.8 M has no effect on paH of 0.0012 M HTart- (o ' ) -Tar t 2 -
mixtures in AN, while it increases the pa H of F^Tart -HTart -

mixtures markedly (Figure 2), it is concluded that both bi-
tartrate and tartrate are not appreciably solvated by the solute 
DMSO. Solvation constants in AN of d- and meso-tartaric 
acid species are compared with those of succinic acid species 
in Table IV. 

0 0.2 0.4 0.6 0. 

Molar i ty Add i t i ve 

Figure 2. Effect of water, methanol, or DMSO on paH of mixtures of 
tartaric acid species in AN. A, bitartrate-tartrate system. (1) CHTart-(rf) 
= 0.00134, cTart2-(«i) = 0.001 09, paH0 = 23.08, additive, M; (2) cHTart-(j) 
= 0.000 536, CTarii-(rf) = 0.000 436, paH0 = 23.13, additive, W; (3) 
CHTarr(m«s) = CTart2-(m«0) = 0.000 967, paH0 = 24.56, additive, M; (4) 
cHTart-(m«0) = clMi-(meso) = 0.000 387, poH0 = 24.46, additive, W; (5) 
CHSUC- = 0.001 29, cSuc2- = 0.000 755, paH0 = 28.3, additive, M; (6) 
CHSuc- = 0.001 40, cSuc2- = 0.000 788, paH0 = 28.1, additive, W; (X) 
tetrahydroxysuccinate, CHX- = c\2- = 0.000 637, paH0 = 25.84, additive, 
M. B, tartaric acid-bitartrate system. (1) CH2Tart(</) = 0.001 93 M, 
CHTart-(rf) = 0 .001 14 M , p f l H 0 = 1 4 . 6 8 ; ( 2 ) CH2Tart(m«o) = CHTart-(mMo) 

= 0.000 967, paHo = 15.09, additive, DMSO; (3) cH:Suc = CHSuc- = 
0.005 15 M, additive, DMSO; (4) cH2Tart(rf) = 0.001 93 M, cHTart-(rf) = 
0.001 14 M, additives, W or M; (5) cH2Suc = CHSUC- = 0.00'4 06 M, paH0 
= 17.49, additives W or M. 

Solubility of Potassium Bitartrates (d and meso) in M and 
DMSO. The solubility of the tartaric acids is high in M and W 
(Table III, excepting the d,l form), while they form solid sol
vates in DMSO. In order to find transfer activity coefficients 
of tartaric acid species involving DMSO, the solubility of po
tassium d- and meso-bitartrate was determined in M and 
DMSO. In water pKsP of potassium d-bitartrate is reported 
at 25 0 C as 3.5,5 and the solubility of the meso salt >0.3 M. 

Kolthoff, Chantooni / Intramolecular H Bonding between OH and COO 



5066 

Table IV. Hydration and Alcoholation Constants of Tartrate Species in Acetonitrile 

B 

^ B - H i A 

^2B-H 2 A 

^ B - H A -

^ 2 B - H A -

^ 3 B - H A " 

^ B - A 2 -

^ 2 B - A 2 " 

Z L 4 B - A 2 " 

W 

0.67 
1.8 
0.6 
~ 0 
0 
(3 X 101) 
(2.5 X 102) 
1.6 X 103 

H2A = H2Tart(rf) 
M 

0.70 
1.25 

0.52 

0 
0 
~ 0 
1.5 X 102 

a 

DMSO 

0 
2.2 X 102 

O 
O 
O 
O 
O 
O 

W 

b 
b 
b 
~ 0 

H2A 

0.5 X 103 

3.2 X 103 

= H2Tart(me^o) 
M 

b 
b 
b 
~ 0 
0.8 X 103 

1.2 X 103 

DMSO 

2.OX 10' 
8.6 X 101 

O 
O 
O 
O 
O 
O 

W 

2.0 
O 
5.0 
O 
2.8 
5 X 101 

1.7 X 104 

3.2 X 105 

H2A = H2SuC 
M 

2.0 
O 
5.5 
O 
O 
1.5 X 103 

2.4 X 104 

2.2 X 105 

DMSO 

1.9 X 10' 
2.8 X 10' 
O 
O 
O 
O 
O 
O 

a Higher methanolate than dimethanolate present, but constant is small and highly uncertain, 
assumed same as that of HTart~(d). 

Hydration or methanolation of monoanion 

Table V. Solubility of Potassium Hydrogen Tartrates in Various Solvents 

K bitartrate 
salt taken Solvent log aK+ A+ [K+] ' 

Conductivity 
of satd. soln., 
ohm-1 cm-1 

A KHA pKsPc 

HTart-(rf) 
HTart~(meso) 
HTarr( r f ) 
H7art~(meso) 

DMSO 
DMSO 
MeOH 
MeOH 

-3.O4 , - 3 . I 4 

- 2 . I 6 , - 2 . I 7 

- 4 . I 5 , - 4 . I 8 

- 3 . I 8 , 3.22 

0.92 
0.78 
0.96 
0.89 

1.O0X 1O -3 

8.8 X 10-3 

0.69 X 10-" 
6.9 X 1O -4 

2.08 X 10-5 

1.56 X 10-4 

7.1 X 10~6 

5.35 X 10- 5 

24.7 
17.7 

102 
80 8.3 X20" 

6.3 
4.3 
8.36 

6.4 

" In saturated solution, cation electrode uncorrected; corrected for electrode response to H+. * Calculated from JK+ found with specific 
ion electrode and/K

+ calculated from the partially extended Debye-Huckel relation. c Calculated assuming OK+ = # HTart-- d Total solubility 
determined by evaporating solvent and titrating residue alkalimetrically in water. 

Hence, the solubility method is not suitable for estimation of 
transfer activity coefficients of meso-tartrate species from 
water to S. Solubility data of potassium bitartrate (d and meso 
forms) in M and DMSO are summarized in Table V. The third 
column lists the values of — pax+ in the saturated solutions 
obtained with the cation specific electrode. In these solutions 
the effect of H + on electrode potential is small and has been 
estimated in methanol in 6.1 X 1O -5 to 6.1 X 1O-4 M potas
sium perchlorate at pH 7.29-9.7 in 3,4-dimethyl- or 3,5-di-
nitrobenzoic acid buffers and in DMSO in 1.6 X 1O-3 to 1.2 
X 1O -2 M potassium perchlorate buffered at pH 7.4 to 10.7 
in w-bromobenzoic acid systems. Data are available upon 
request. Using the conductivity data of the saturated potassium 
bitartrate solutions in the sixth column in Table V and the 
value of [K+] (fifth column, Table V), derived from a^+ found 
with the cation electrode, values of AKHA are found and are 
listed in the seventh column. 

From X0K+ = 52.4 in M6 and 13.9 in DMSO,6 we 
obtain XoHTart-(rf) = (52) in M and (12o) in DMSO and 
AoHTart-(meso) = (34) in M and (8.1) in DMSO. These values 
are low, but are reasonable, considering errors introduced in 
estimation of [K+] s a t . The total solubility in methanol for both 
bitartrate salts (column 8) indicates that they are extensively 
dissociated in their saturated solutions. 

A check for disproportionation of the bitartrate salts into 
the sparingly soluble normal tartrates and the very soluble 
diacid was made by estimating pH visually with indicators. 
Using dibromothymolbenzein and bromcresol green, agree
ment within 0.5 pH unit with the calculated value, (pAT] + 
pA^)/2, was obtained. Values of pK in DMSO7 and in M8 were 
taken from previous publications. The glass electrode would 
be subject to considerable potassium ion error in these solu
tions. 

Discussion 

Dissociation Constants of Monoprotic Acids. Estimated 
Values of K*. Using the data in Table I, a plot of p£"dHA values 
of the various monoprotic acids in AN vs. those in M was 

constructed (Figure 3). The nonhydroxy acids (solid circles) 
yield the following least-squares linear relation: 

( P ^ H A ) A N = 1 . 8 6 ( P * H A ) M + 4 . 0 6 

Acids containing a and/or /3 hydroxy substituents (open cir
cles) are stronger in AN than expected from the straight line. 
This deviation, the magnitude of which was taken equal to log 
(K* + 1) (cf. eq 4), is attributed to intramolecular hydrogen 
bonding between the OH and C O O - groups in the anion. 
Values of log K* are listed in Table I. A plot of ( P ^ H A ) D M S O 
vs. (PA"HA)M, also in Figure 3, has a similar appearance as that 
of (PA"HA)AN VS. (PA^HA)M and yields the relation 

( P ^ H A ) D M S O = 1 .76 (PAHA)M - 4 - 7 2 

for the nonhydroxy acids. As expected, the values of K* in 
DMSO are smaller than in AN (Table I). The equilibrium 

RCOO" RCOO" 

CHOH'' CHOH---S 

is displaced to the right to a greater extent in the much stronger 
hydrogen bond acceptor solvent DMSO than in AN. In am-
phiprotic solvents (W, M) C O O - and OH are hydrogen 
bonded to the solvents. The values of log K* of the ^-tartrate 
monoester in AN and in DMSO are found to be close to the 
sum of log K* values of glycolate and /3-hydroxypropionate 
(additive free energies of formation of the - O H - O - O C -
hydrogen bonds), while the values of log K* of the meso-tar-
trate monoester in these solvents are considerably larger. The 
acid strengthening effect of the two OH groups of the ^-tar
trate ester has been estimated to be 3.8 and 2.8 units in AN and 
DMSO, respectively, from the difference in pA~E between 
monomethyl succinate and tartrate monoester. Part of this 
difference is due to the electron withdrawing inductive effect 
of the OH groups. Approximately one-half of the difference, 
pA"MeHSuc ~~ pA"RHTart(rf), in AN and one-third of this differ
ence in DMSO is attributed to intramolecular hydrogen 
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•o 

X 

> 

C/) 
O 

pKHA(MeoH) 

Figure 3. Plots of pAT(HA)AN (line A) or P^(HA)DMSO (line B) vs. 
P_K(HA)M for aliphatic monocarboxylic acids. Left-hand ordinate for A, 
right-hand ordinate for B. Closed circles, nonhydroxy; open circles, hy
droxy acids. Numbers are same as in Table I. 

bonding between the OH and C O O - groups (i.e., log K* values 
of the ^-tartrate monoester in Table I). 

It is of interest to note that a plot in Figure 4, line B, of 
(PA^HA)M VS. ( P ^ H A ) W of the monoprotic acids in Table I 
yields the following straight line of virtually unit slope 

( P ^ H A ) M = 1.03(pA-HA)w + 5.0O 

This means that (a) there is no resolution of acid strength of 
substituted acetic acids between W and M, (b) that the in
ductive effect of an a-OH group (and also a /3-OH group) is 
the same in both solvents, and (c) that there is no intramolec
ular hydrogen bonding between the OH and C O O - groups in 
W and M, both solvents being strong hydrogen bond donors 
toward the carboxylate and weak hydrogen bond acceptors 
toward OH groups. 

Dissociation Constants of Diprotic Acids. It was found 
previously2 that the monoanions of the homologous series of 
oxalic acid having three or more CH2 groups in the chain are 
not intramolecularly hydrogen bonded to any appreciable 
extent in W and M. Values of pA î of these acids lie on the 
linear plot of ( P K H A ) M VS. (PA"HA)W of the aliphatic mono
carboxylic acids (Figure 4, line B). The differences in values 
of pA î and PA"HE in W and M (footnote c in Table II) old- or 
weso-tartaric acids and their .sec-butyl monoesters in the 
present study are 0.35 and 0.4 in W and 0.4 and 0.2 in M, re
spectively (Tables I and II), indicating little or no intramo
lecular hydrogen bonding in the bitartrate monoanions in these 
protic solvents. The monoanions of the homologous series of 
oxalic acid having up to seven CH2 groups in the chain are 
intramolecularly hydrogen bonded in AN and DMSO.2 

The values of log K* of anions of hydroxymonocarboxylic 
acids are considerably smaller than those of log K' of mo
noanions of nonhydroxydicarboxylic acids of the same chain 
length, the difference being about 3 units in AN and 2 in 
DMSO (Tables I and II). This is expected, as the carboxyl 
group is a much stronger hydrogen bond donor than the hy-
droxyl group. From ir spectra to be presented in a subsequent 
paper valuable information was obtained on the structure of 
monoanions of dicarboxylic acids. The rf-bitartrate and bi-
tartronate ions in AN appear to be present primarily as H A * -

(structure III). This form possesses a strong - C O O H - O - O C -

< 
i 

a 

i.O 2.0 3.0 4.0 5.0 

( p K H A ) w 

Figure 4. Plots of pAT(HA)A\ (line A) or pAT(HA)M (line B) vs. pAT(HA)w 
for monocarboxylic acids. Left-hand ordinate for A, right-hand ordinate 
for B. Symbols are the same as in Figure 3 and the numbers the same as 
in Table I. 

intramolecular hydrogen bond. A solution of these monoanions 
in a weakly basic aprotic solvent, like AN, is essentially an 
equilibrium mixture of structures I and III, structures II, IV, 
and V apparently being nonexistent. Values of log (A"' + K'*) 
listed in Table II were calculated using eq 5, assuming K* = 
K*E and substituting values of K*E of the corresponding 
monoester from Table I. 

Conversion of structure I to III involves formation of a single 
a -OH—0 - OC intramolecular hydrogen bond, the strength 
of which can be taken approximately equal to that in glyco
late.9 Hence [ H A * - ] / [ H A - ] = K* glycolate. Combining the 
values of log K* glycolate in Table I with those of log (K' + 
K'*) in Table II permits the estimation of K' and K'* indi
vidually. The following values of log K' are found: 3.6, 3.9, and 
2.8 for ̂ -bitartrate, maro-bitartrate, and bitartronate in AN, 
respectively. Corresponding log K' values in DMSO are 1.0, 
2.0, and 0.6. The values of log K' of bitartrates generally are 
close to those of bisuccinate, but those of bitartronate are 
considerably smaller than those of bimalonate. It appears that 
the OH substituents in bitartrate have little effect on the 
strength of the - C O O H - O - O C - intramolecular hydrogen 
bond in H A - (structure I). For reasons mentioned in a previous 
paper,2 values of log K' of the homologous series of oxalic acids 
are 1.7 units smaller in DMSO than in AN. On the basis of the 
assumptions made in the evaluation of K', a similar difference 
between log K' values in AN and DMSO is encountered for 
the monoanions of the hydroxy dicarboxylic acids. 

From the data in Tables I and II it is evident that the in
tramolecular hydrogen bonds - O H - O - O C - in structures 
H-V, particularly in structure III, have hardly any effect on 
the homoconjugation constants of the various mono- and 
diprotic acids. Furthermore, homoconjugate species involving 
/«/ermolecular - O H - O - O C - hydrogen bonding in the 
diprotic monoanions can be considered as negligible. 

Kolthoff, Chantooni / Intramolecular H Bonding between OH and COO 
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Table VI. Transfer Activity Coefficients of Tartaric Acid Species 

H2SUC 

H2Tart(rf,/) 
H2Tart(</) 

H2Tart(mMo) 
HSuc-
HTarr(d) 
HTart"-

[meso) 
Suc2-
Tart2"(rf) 
T3.rt2(meso) 

pAN. 
7w 

-1.2 
-2.6" 

-6.5 
-6.4* 

-21.9 
-17.2 

pA N . 
7DMSO 

(-1.9) 

- 6 . 1 * 

+ 1.4 
-1 .5 / 

+0.5 
-1.2 

p AN. 

7 M 

-1.5 
-2.2" 

(-1.7)" 
-2.8* 

-3.8 
-3 .3 / 

-15.1 
-10.0 

/>w. 
,yDMSO 

-0.7 

(-3.9)" 
-3.5C 

+7.9 
+4.9* 

+22.4 
+ 16.0 

pM. 
^DMSO 

(-0.4) 

-3.3C 

-2.5C 

+5.2 
+ 1.8* 
+ 1.8* 

+ 15.6 
+9.0 
+9.8 

" From solubility of diacid. * From solubility of KHTart and PfK+. 
c From p7HTart~ calculated from b, P T H + , and pK\. 
rfpANYDMS0H2Tart(<i) = pw

T
DMS0H2Tart(rf) + pA N-

7wH2Tart(d,/), using the value of pw7DMSOH2Tart(</) not in pa
rentheses and assuming 7H2Tart(d,/) = 7H2Tart(rfJ. 

epAN7MH2Tart(rfj=pAN7DMSOH2Tart(rf)-pM7DMSOH2Tart(^), 
i.e., c and d. /From values of pAN7M-DMSOH2Tart, pAfi, and 
p A N 7 M ' D M S 0 H + using pAN7M-DMSOH2Tart values not in paren
theses. SpA N7wHTart-(d) = pAN7DMS0HTart-(rf) -
pw7DMSOHTart (d). 

Transfer Activity Coefficients, 7 . Values of pANys of the 
various species are listed in Table VI. Transfer activity coef
ficients of ions are based on the tetraphenylborate assumption. 
One-half of the difference in transfer activity coefficient of 
d-tartaric and succinic acids between AN and S, (p A N -
7 sH2Tart - p A N 7 s H 2 S u c ) / 2 , is regarded as the difference 
in free energy of solvation (in log K units) per OH group in 
tartaric acid in AN and S. This has been found equal to - 2 . 1 , 
-0 .6 , and -0 .7 (Table VI), S being DMSO, M, and W, re
spectively. These values are comparable t o p A N 7 s ( H a ) , which 
is the transfer energy, 7, of the intermolecular hydrogen bond 
between a carboxyl group in AN and the solvent, S, as accep
tor. Values of />A N7 s(H a) have previously been reported10 as 
-1 .9 , -1 .4 , and -0 .8 , S being DMSO, M, and W. Regarding 
the nonhydrogen bonded contribution of the OH group to 
/?A N7 s(H a) as small and constant for the various solvents, it 
is concluded that the order of strength of the intermolecular 
hydrogen bond between COOH and S parallels that between 
OH and S. In other words, we find the order of strength of the 
intermolecular hydrogen bond between a solvent acceptor and 
a donor independent of the strength of the hydrogen bond 
donor. 

Hydration and Alcoholation of Tartrate Species in AN. In 
accordance with the transfer activity coefficients in Table VI 
the overall solvation with DMSO, M, and W of the tartaric 
acids in AN (Figure 1, Table IV) is considerably greater than 
that of succinic acid. From the constants in Table IV it is ap
parent that the hydration and methanolation of the dianions 
are in the order: succinate > meso-tartrate > d-tartrate, while 
DMSO as a solute does not solvate any of these ions. In 
agreement with this order is the observation of Mathieson and 
Conway1' that the apparent molal volumes and molal adiabatic 
compressibilities in aqueous solution are larger for the meso-
than for the ^-tartrate. Apparently, water and methanol in 
dilute solutions in AN are weaker hydrogen bond donors than 
the OH group in the intramolecular bond with C O O - . 

Experimental Section 

Chemicals. Solvents. Acetonitrile, methanol, and dimethyl sulfoxide 
were purified and stored as described previously.1 The preparation 

of 0.9 M tetramethylammonium hydroxide in methanol has been 
described1 elsewhere. 

Acids. Monochloro-, a,/3-dibromo-, and dichloroacetic acids were 
Eastman Kodak White Label products. The dichloro acid was distilled 
at 20 mm of pressure, while the others were used as received. Cy-
anoacetic, glycolic, and 0-hydroxypropionic acids were from Aldrich 
Co. The latter two were not further purified, while the former was 
recrystallized from chloroform. Assay of the above acids by alkal-
imetric titration in water with the exception of /3-hydroxypropionic 
acid (which contained 6.8 mol % bimolecular esterification product) 
was 99.5 ± 0.4%. Mono .sec-butyl esters of d- and maro-tartaric acids 
were prepared by refluxing an equimolar mixture of the alcohol with 
the diacid in the presence of a few drops of concentrated sulfuric acid 
as catalyst.12 The monoester was used without further purification 
as recommended.12 Recrystallization from anhydrous ether resulted 
in disproportionation of these esters into the insoluble diacid and 
soluble diester. Assay by direct alkalimetric titration in water and from 
back-titration with standard HCl to a bromthymol blue end point after 
saponification by boiling V2 h with a known amount of sodium hy
droxide yielded the following results: RHA, 97.5 wt %; H2A, 2.5%; 
no detectable diester in the ^-tartrate monoester; RHA, 97.7 wt %; 
R2A, 2.3%; no detectable diacid in the m«o-tartrate monoester. Al
drich Co. tartronic and rf-tartaric acids were used as received, while 
tetrahydroxysuccinic, meso-tartaric acid monohydrate, and ^,/-tar
taric acid hydrate were recrystallized from AN or AN-ethanol mix
tures and dried at 60 0C at atmospheric pressure. Assay of the latter 
two acids corresponded to the anhydrous form. 

Salts. Tetramethylammonium glycolate, bitartrate, and ^-tartrate 
were prepared in the same way. as tetraethylammonium salts of 
diprotic acids.1 

Crystal Solvates of Acids and Salts. Using a procedure described 
in a previous paper10 the following were found not to form solvates: 
(/,/-tartaric acid with water or DMSO and potassium rf-bitartrate with 
DMSO. d-Tartaric acid formed the solvate H2Tart-0.64DMSO. 

Techniques. The procedure used in determining the solubilities of 
tartaric acids in the various solvents has been described.2 The total 
solubility of potassium bitartrates was estimated in methanol in a 
similar way. The potentiometric cell, reference electrode, and pH 
meter were the same as used previously.13 Calibration of the Beckman 
No. 39137 cationic glass electrode in methanol was carried out in 
saturated solutions of potassium bromide, chloride, and perchlorate, 
the values of pKs? having previously been reported.14 In DMSO dilute 
potassium perchlorate solutions were used for calibration. In both 
solvents the electrode response was 57 ± 1 mV/paA' unit in the paK 
range covered in the present work. 
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