
Nov., 1949 ALDEHYDE-ACETAL EQUILIBRIUM IN METHANOL-WATER 3651 

of magnitude is observed. This effect is at­
tributed to the reversible formation of the acetal 
and will be discussed in paper II of this series. 

Summary 
The absorption spectra of the three o-hydroxy-

naphthaldehydes and their negative ions has been 

The striking effect of temperature change upon 
the absorption spectrum of 3-hydroxy-2-naph-
thaldehyde in acidified 80 mole per cent, methanol-
water,3 and the fact that temperature change 
had no such effect on the spectra of either 1-
hydroxy-2-naphthaldehyde or 2-hydroxy-l-naph-
thaldehyde under identical conditions led to the 
extension of these studies to related compounds. 
Under the same conditions it was found that the 
spectrum of salicylaldehyde was somewhat af­
fected by temperature, while that of o-meth-
oxybenzaldehyde showed a pronounced tempera­
ture effect. Further experiments showed that 
the temperature dependence vanished when 
neutral methanol or methanol-water was used 
as solvent, and that temperature dependence 
appeared when acidified 98 mole per cent methanol 
was used as solvent for either l-hydroxy-2-
naphthaldehyde or 2-hydroxy-l-naphthaldehyde. 
These experiments suggested that the changes 
observed were caused by acid catalyzed formation 
of- acetals or hemiacetals. To distinguish be­
tween these possibilities, and to define the dif­
ferences existing among these related compounds, 
their spectra were determined in neutral and acid 
methanol-water solutions over a range of tem­
perature and methanol concentration. 

Experimental 
Absorption Measurements.—A Beckman model D . U. 

spectrophotometer was used in all measurements. One-
cm. fused silica cells with standard taper stoppers pre­
vented solvent loss by evaporation. The temperature of 
the cells was controlled as previously described.3 As 
a precaution, the previously purified aldehydes were dis­
tilled or sublimed immediately before use and were 
handled in nitrogen. Methanol was reagent grade, and 
blanks were prepared from the same sample of solvent in 
all cases. 

Preparation of Salicylaldehyde Methyl Acetal.— 
Twenty-five ml. (29 g.) of salicylaldehyde was dissolved 
in 100 ml. of methanol which contained 0.002 mole of 
hydrochloric acid. The solution was cooled in stages to 
Dry-Ice temperature and stored in Dry Ice for one week. 
I t was then neutralized a t tha t temperature with 1 N 

(1) Presented at the meeting of the American Chemical Society 
in San Francisco, March, 1949. 

(2) Present address: Stritch School of Medicine, Loyola Univer­
sity, Chicago 12, Illinois. 

(3) Paper I, T H I S JOUKNAL, 71, 3647 (1949). 

determined in a variety of solvents. A theory, 
based on resonance possibilities in the ground and 
excited states, accounts for the striking differ­
ences in the low frequency absorption bands of 
these compounds. 
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sodium hydroxide, and the methanol and water removed 
below 0.1 mm. as the mixture warmed to room tem­
perature. The precipitated salt was filtered off with the 
aid of an anhydrous ether wash, and the product distilled 
at less than 0.01 mm. after removal of the ether below 
25°. After the lapse of a week, this fraction was redis­
tilled, and after preliminary evolution of a low-boiling 
liquid (possibly methanol), a 9-g. fraction (b. p . 64.5-
65.0°, 0.01 mm. ; d^4 1.107, VPT, 1.5119) was obtained. 
The colorless residue weighed 9 g. Analysis of the distil­
late gave C, 64.8, 64.8; H, 7.2, 7.3. Calculated for 
C9Hi2O3: C, 64.27; H, 7.19. This is apparently the same 
substance prepared by Pauley and v. Buttlar,4 but these 
authors report only the boiling point. 

Calculations and Results 
The equilibria considered are 

H H OR 

I I/ 
R'-C=O + ROH = R'—C—OH (1) 
H OR H OR 

R'—C—OH + ROH = R'—C—OR + H2O (2) 
The equilibrium constant for the sum of reactions 
1 and 2 is 

TT _ Cacetal Hwater _ TAcA7Ac^HiQA7HaO , „ , 

flaldehyde^raethanol TAlA7AlT2MeOH A72MeOH 

If we assume that hemiacetal formation is small, 
the ratio NAC/NAI can be obtained from the 
measured absorption spectra as 

where, at a given wave length,6 e0 is the measured 
extinction coefficient of the aldehyde in neutral 
methanol, et is that of the acetal in neutral meth­
anol and e is the apparent extinction coefficient 
of the aldehyde in a given acidified methanol-
water solution. If 6i is zero or small compared to 
eo and «, the equation reduces to (1) 

AAc/ 'NM = € 0 - e/e (5) 

Measurements of the spectra of the acetals of 
salicylaldehyde and o-methoxybenzaldehyde 
showed that ei was small at the wave lengths 
chosen in each case, and consideration of the 
spectra of a- and /3-naphthol indicated that this 

(4) H. Pauley and R. v. Buttlar, Ann., 383, 283 (1911). 
(5) The preferred wave length is that of an absorption maximum 

which can be ascribed to the carbonyl group. 
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was also the case a t the rather long wave lengths 
chosen for the naphthaldehyde calculations. 

Preliminary calculations of K\+2 (equation 3) 
assuming tha t 7Ac = 7 AI and using values from the 
literature6 for the activities of methanol and water 
gave only fair agreement between values cal­
culated from measurements a t different methanol -
water ratios. Examination of the published da ta 
revealed tha t no measurements had been made 
in the range of concentration which is of interest 
here, although in some cases da ta from smoothed 
curves had been tabula ted in this range. 

I t was, therefore, necessary to obtain some 
assurance as to the meaning of the numbers which 
could so easily be obtained from laboratory meas­
urements. Rearrangement of equation (3) and 
combination with (5) gives 

~T~-NTi-Kl + 1 r^aotfao (6) 

If the plot of («0 — e)/e against 2V2MeOEtZiVH1O 
is a straight line, the quant i ty (7AiT2MeOH)Z 
(TACTHJO) is a constant over the range considered, 
and if t ha t constant is unity, the slope of the line 
is Ki+ 2. Figure 1 shows typical measurements 
from which these da ta can be obtained, and Fig. 
2 shows this tes t applied to the da ta for sali-

Wave length, A. 3000 2600 2000 
Frequency, cm.-1.30,000 40,000 50,000 

Fig. 1.—Absorption spectra of o-methoxybenzaldehyde 
in methanol-water solutions: — neutral methanol, 25°; 

eighty mole % methanol, 0.01 M HCl, 25°; 
eighty mole % methanol, 0.01 JfHCl, 2°; methanol, 
99.8 mole %, 0.01 M HCl, 25°. 

(6) (a) Ferguson and Funnell, J. Phys. Chtm., 33, 1 (1929); 
(b) M. Ewert, Bull. soc. Mm. BtIi., it, 493 (1936); (c) Butler, 
Thomsen and Maclennan, / . Chem. Soc, 674 (1933); (d) Dulit-
kaya, J. Gen. Chtm. (V. S. S. R.), II , 9 (1945). 

20 

2V8KEOH/'JVHSO. 

Fig. 2.—Extinction coefficients of salicyaldehyde in 
acidified methanol-water solutions, X = 3250 A.: filled 
circles, 25°, open circles, 2°. 

cylaldehyde.7 The linear relationship found is 
confirmed by the da ta on o-methoxybenzaldehyde 
and 3-hydroxy-2-naphthaldehyde. This test si­
multaneously verifies the assumption t ha t hemiace-
tal formation is small, since any appreciable hemi-
acetal formation would cause a deviation from the 
straight line observed. 

One can then calculate equilibrium constants 
on a comparative basis. T h e values obtained will 
be subject to a constant correction when the 
activity coefficient of water in these solutions is 
available, bu t are useful for comparative pur­
poses and can be used in calculation of compara­
tive values for AH and AS without ambiguity. 
The da ta obtained are given in Table I and the 
calculated thermodynamic values are collected in 
Table II. 

Discussion 

The da ta in Table I show clearly the reason 
temperature has so much less effect on the spectra 
of 2-hydroxy-l-naphthaldehyde and 1-hydroxy-
2-naphthaldehyde than on those of the other 
aldehydes studied. In most methanol-water 
solutions so little acetal is formed from either 
of these aldehydes tha t the spectrum is only 
slightly affected, and in 80 mole per cent, methanol 
even a 100% change in the amount of acetal would 
scarcely be measurable. 

The values obtained for the equilibrium con­
stants cannot, unfortunately, be compared with 

(7) Although the straight line relationship is found, it has not been 
shown that TAI/VAO = 1, nor that T « M , 0 H / 7 H l 0 - 1. The first 
is probably correct, since the solutions of aldehyde were very dilute 
and the standard state chosen is the infinitely dilute solution. 
The second relation Ii probably not correct. In this range ^u«OH 
Is probably unity, while THiO is somewhat greater than unity. 
Orsr the range of interest, however, both appear t« be constant. 
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TABLE I The driving force of the reaction is found in 
ACETAL FORMATION IN METHANOL-WATER SOLUTIONS AH, and is comparable to that for the formation 

e x 10-' Ki + 2 of ethers from alcohols. The entropy of the 
compound NM,0H 25= 2° 25° 2» system decreases in all cases. A portion of this 

Salicylate- 1.00" 3.51 3.61 decrease can be ascribed to the decrease in the 
hyde X = 0.978 1.46 0.88 0.0325 0.0722 number of particles, while some of the remainder 
3250 A. .968 1.83 1.19 .0318 .0696 m a v be due to differences in hydrogen bonding 

.956 2.10 1.46 .0324 .0706 of water molecules as compared to alcohol mole-

.925 2.56 1.97 .0326 .0733 cules. These factors are constant in all the cases 

.895 2.82 2.32 .0325 .0714 considered. The differences observed must be due 

.802 3.16 2.92 .0345 -0 7 2 1 to differences in the aldehydes and their corre-
.0324 .0714 sponding acetals and their respective solvent envel-

o-Methoxy- 1.00" 4.11 4.11 o p e S - Comment on these differences is restricted 
benzalde- 0.895 1.39 0.753 0.256 0.591 because of the lack of a common plane of reference, 
hyde, X = .802 2.24 1.46 .257 .559 but cautious analysis may yield some information. 
3200 A. .802 2.28 1.45 .248 .565 Jn comparing the equilibrium formation of 

.648' 3.12 2.34 .262^ .633^ acetal from salicylaldehyde with that from o-
.256 .582 methoxybenzaldehyde one might reason that, 

3-Hydroxy-2- 1.00° 1.76 1.74 since a chelated hydrogen bond must be broken 
naphthal- 0.956 0.447 0.217 0.141 0.337 in the case of the salicylaldehyde but not in o-
dehyde, .895 0.847 .488 .142 .336 methoxybenzaldehyde, the formation of acetal 
X = 3846 .802 1.17 .511 .157̂  .362̂  from the latter should be favored over that from 
A- -142 -336 the former. This is exactly what is observed. 

2-Hydroxy-l- 1.00° 5.22 5.22 However, the data in Table II show that this 
naphthalde- 0.978 4.04 3.44 0.0067 0.0120 argument, based on energy considerations, has 
hyde, X = substantially nothing to do with the result, and 
3 5 8 0 A- that differences in AS are the basis of the ob-

l-Hydroxy-2- 1.00" 4.90 4.90 s e r v e d changes. The values for AH, which is 
naphthalde- 0.978 4.22 3.95 0.0037 0.0056 closely related to energy change, indicate that 
hyde, X = energy required to replace that of the chelated 
3 7 2 0 A- hydrogen bond is supplied, most probably by the 
-In neutral methanol. b Value from the slope of the f o r m a t ion of several new hydrogen bonds with 

lme as in Fig. 2. ' Value probably outside the range of .. „0 iv p r i 1 . Tf j-j™ w p acrenf +hp Va1np<5 for 
constancy of YM.OH and 7H!o. 1^tsolven}; u> tnen, we accept tne values lor 

AH as evidence that the increase in the number 
TABLE II of solvent molecules bound is greater in the 

THERMODYNAMIC QUANTITIES" FOR THE FORMATION OF formation of salicylaldehyde methyl acetal than 
ACETALS IN METHANOL-WATER SOLUTIONS in the formation of o-methoxybenzaldehyde 

AF0M AH, AS, methyl acetal, we are prepared for the experi-
compound cai. cai. e. u. m e n t a l r e s u l t t h a t t h e i n c r e a se in order (decrease 

o-Methoxybenzaldehyde + 800 -5800 -22.2 i n e n t r o p y ) i s greater in the former reaction. It 
Salicylaldehyde +2000 -5600 - 2 5 . 5 m a y b e n o t e d t h a t t h e v a l u e g o f AS f o r t h e 

3-Hydroxy-2-naphthaldehyde +1200 -6200 -24.6 s t e rically similar compounds salicylaldehyde and 
2-Hydroxy-l-naphthaldehyde +3000 -4100 -23.6 3-hydroxy-2-naphthaldehyde are more nearly 
l-Hydroxy-2-naphthaldehyde +3300 -2800 -20.5 a l ike_ This same small but, the author believes, 

• For comparative purposes, see note (7) and the text. r e a l difference is observed in the values of AS 
those obtained by Adkins and co-workers,8 in the reactions of 3-hydroxy-2-naphthaldehyde 
since, as these workers recognized, one cannot and 2-hydroxy-l-naphthaldehyde, both of which 
estimate the activities of any of the substances yield substituted /3-naphthols with the hydroxyl 
in their reaction mixtures. The only advantage group sterically available to the solvent. This 
the spectroscopic measurement can claim is the 1S n ° t the case with l-hydroxy-2-naphthaldehyde, 
use of very dilute solutions of aldehyde and acetal; and we find definitely different values for both 
so that the problem is reduced to the estimation of &H and AS, a result which is consistent with a 
the activities of water and the alcohol concerned, much smaller change in solvation in the reaction 
For the first time we are able to examine the than in those of the isomeric compounds con-
separate factors which influence the formation of sidered. There are two qualitative indications 
acetals from different aldehydes with some de- that the hydroxyl group is a solvation site even 
gree of assurance.9 when the chelate ring is presumably intact. One 

, „ , „ . , . „ , , , „ , . . „ „ „ is the almost negligible effect of the solvent 
(8) For leading references to the work of Adkins, Adams, Hartung, ° ° 

Street, Broderick, Minne and Dunbar, see T H I S JOURNAL, 56, 442 logCo.,New York, N. Y., 1932, pp. 169-170). These authors estimate 
(1934). the uncertainty in these free energies to be of the order of 100 

(9) Parks and Huffman have calculated some standard free calories. Since this corresponds to values of the ratio of the activity 
energies from the equilibrium data of Adkins and co-workers ("The coefficients in the range 0.8 to 1.2, this author believes that their 
Free Energies of Some Organic Compounds," The Chemical Cata- estimate of the uncertainty is too low. 
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change hydrocarbon to water on the spectrum8 

of l-hydroxy-2-naphthaldehyde, while its isomers 
show a real, albeit small, effect which is not due 
to acetal formation. The second is the fact that 
this compound steam distils with ease, its iso­
mers with considerable difficulty. 

Further, if we assume the energies of the acetals 
which are substituted /3-naphthols to be the same, 
we find that the values for LH indicate that the 
ground state of 3-hydroxy-2-naphthaldehyde is 
some 2,000 calories above that of 2-hydroxy-l-
naphthaldehyde. This is the order deduced in 
the previous paper,3 but the numerical difference 
is less than half that expected. It seems prob­
able that this is due to differences in solvent inter­
action which were much less important in the 
measurements made in hydrocarbon solvents. 

I t has been assumed until recently, that only 
one type of complexes between ferrous ion and a-
a'-dipyridyl (D) or o-phenanthroline (Ph) exists 
in solution and that the 6-coordinated ions 
FeD3++ and FePh3++ are present.1 

The formation of lower Fe++-D complexes as 
intermediates in the formation of FeD3++ has 
been recently assumed and confirmed by the ob­
servation that the formation of FeD3++ is less 
complete with an excess of Fe++ than with equiva­
lent concentrations.2 

Analogous yellow-colored complexes exist in the 
system Fe++-Ph, and it seems that both com­
plexes FePli2++ and FePh++ may be formed under 
favorable conditions.3 

We found strong evidence for the existence of 
the complex ion FeD++ studying the kinetics of 
formation of FeD3++,4 by the observation, that 
the reaction velocity, initially proportional to the 
Fe++ concentration, is retarded by a large excess 
of Fe++. The kinetics could be correctly inter­
preted, assuming the very rapid formation of 
FeD++ with an equilibrium constant -KFeD = 
2.7 X 104 at 25° and /x = 0.33. 

In the present paper we confirm this indirect 
finding by an entirely different and direct method. 
We found that acid solutions of a,a'-dipyridyl, 
containing only a small amount of free D, form 
with a large excess of Fe++ yellow solutions which 

(1) C. Ferrari, Gazz. Mm. ital., 67, 604 (1937); R. K. Gould and 
W. C. Vosburgh, THIS JOURNAL, 64, 1631 (1942). In the solid state 
F. M. Jaeger and J. A. van Dijk, Z. anorg. Chcm., 227, 273 (1936), 
prepared 1:1 compounds between a,a'-dipyridyl and ferrous sulfate. 

(2) J. H. Baxendale and Ph. George, Nature, 162, 177 (1948). 
(3) T. S. Lee, I. M. Kolthoff and D. L. Leussing, THIS JOUHNAL, 

70, 3596 (1948). 
(4) P. Krumholz, Nature, 163, 724 (1949). The formulation 

FeD+ + does not exclude that other groups, as water or Cl ~ are 
coordinated to Fe + *. 

Summary 

The differences observed in the spectra of cer­
tain aldehydes in neutral methanol as compared 
to solutions in acidified methanol have been shown 
to be due to the reversible formation of the corres­
ponding acetal in the acid solutions. The equilib­
rium constants for these reactions have been 
determined at 25 and 2°, and from these data 
comparative values for AiI and A5 have been 
calculated. Comparison of these data suggests 
the importance of solvation in interpreting the 
differences observed. The spectroscopic method 
offers a tool for the study of this reaction which is 
capable of separating to some extent energy 
factors from orientation factors. 
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turn reddish more or less rapidly, due to the 
formation of FeD3++. Under suitable conditions 
such solutions are stable enough to determinate 
their extinction in dependence on the concentra­
tions of the reactants, and thus the composition 
and equilibrium constant of the yellow compound. 
Solutions containing a very large excess of Fe++ 
are stable enough to measure the absorption spec­
trum of the yellow compound. As the calculation 
of the equilibrium constants involves the acid con­
stant of the a,a'-dipyridylium ion (HD+) , this 
constant has been determined. 

Experimental 
Material Used.—a,a '-Dipyridyl was purified by vacuum 

distillation and recrystallized from diluted alcohol and 
hexane; m. p . 70°. Ferrous chloride solutions were pre­
pared by dilution of a filtered 0.5 M solution, kept over 
iron powder with 0.005 Nhydrochloric acid. 

Determination of the Acid Constant of a,a'-Dipyri-
dylium Ion.—The acid constant of H D + was computed from 
pH values of solutions of D and its hydrochloride, the 
ionic strength being adjusted with potassium chloride. 
The pK values were determined with a glass electrode, 
calibrated with standard biphthalate and acetate buffers 
at the same temperature as the sample. Temperatures 
were kept constant to within ± 0 . 3 ° . The potential read­
ings could be reproduced within ± 0 . 5 m. v. Even ac­
counting for possible errors due to diffusion potentials 
between the saturated potassium chloride bridge and the 
measured solution and for the uncertainty in the pH 
values of the buffer, the error of the absolute values of 
the constants should be less than 10%. 

Determination of the Extinction of F e + + - D Solutions.— 
To obtain reproducible extinction values of solutions of 
the yellow complex, it is necessary to establish very rapidly 
a high concentration of Fe + +, because at low Fe + + con­
centrations there appears almost immediately the red 
color of FeD 3

+ +. The mixing set up consisted of a 250-
ml. beaker provided with two propeller stirrers rotating 
with the maximum speed, not yet introducing air bubbles 
into the liquid. About 125 ml. of the H D + solution, con­
taining various amounts of hydrochloric acid and potassium 

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF ORQUIMA, S. A. ] 

Ferrous Mono-a,a'-dipyridyl 

BY P. KRUMHOLZ 


