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I. INTRODUCTION 
Increasing interest has been shown in recent years in the strength of organic 

oxygen-containing bases, and data on the relative strengths of these bases have 
been shown to have numerous important applications. The probable course of 
new and known reactions may be predicted from a knowledge of which of two 
functional groups or molecules will react preferentially with a proton, a car- 
bonium ion, or some other acid particle. The interpretation of acid-base catalysis, 
the large changes in reaction rates resulting from changing the solvent medium, 
and the separation of mixtures by coordinating the more basic components with a 
suitable acid are but a few of these applications. 

Specific interest in the basic function of oxygen in certain organic compounds 
has emerged from a study of inorganic nonmetallic halide-organic compound 
systems (50, 51, 60) in which the study of the solubility of hydrogen chloride has 
revealed several significant features. It now seems timely that some of these 
features be correlated with the results from widely differing experimental ap- 
proaches to indicate that some order is observed in the assessment of the basic 
function of oxygen in certain organic compounds. 

No attempt in this paper is made to define the “basicity” or “basic strength” 
of solvents, for, as has been pointed out in a previous discussion on the subject 
(124), the disagreement in the interpretation of the results has often been one 
involving the fundamental definition. Preference is given here to methods which 
measure definable quantities (e.g., solubility, infrared band shifts), particularly 
in systems of two components which correlate well with measurements on one- 
component systems, rather than to procedures which result in the calculation 
of the less easily defined “basicity constants.” 

Similarly, the nature of the complexes involving the hydrogen halides with 
1105 
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oxygen bases will be only briefly mentioned here. The earliest structure proposed 
for such complexes was that of the oxane type 

involving quadrivalent oxygen (48). This same structure was again proposed, 
together with others of a similar nature involving an oxygen valency of up to  
10, to account for the addition of up to five hydrogen chloride molecules to  one 
molecule of methyl ether, ethyl ether, and propyl alcohol a t  low temperatures 
(2). In  general the addition of hydrogen halides to alcohols is accepted today 
as forming the oxonium derivative ROH2+C1-, but for ethers the hydrogen- 
bonded complex R2O. - .H-C1 is preferred. Materials with dielectric constants 
lying between these two probably form one or the other or both of these types 
of association. 

11. METHODS OF DETERMINING BASIC STRENGTHS 
A. INFRARED AND RAMAN SPECTRA 

The early infrared and Raman spectra studies were directed towards the 
elucidation of the complex formed between acceptor molecules, such as  chloro- 
form and hydrogen halides, and donor molecules such as alcohols, ethers, and 
esters. The Raman spectrum of ether containing hydrogen bromide a t  -4OOC. 
showed band variations compared with that of the pure solvent (14), whereas 
similar studies with hydrogen chloride (157) failed to  indicate retention of the 
H-Cl band. The dimethyl ether-hydrogen chloride spectrum was interpreted 
in terms of a single complex with both the hydrogen and the chlorine bonded 
to  the oxygen atom (15). It was also interpreted as a strengthening of the hetero- 
polarity of hydrogen chloride, rendering the H-C1 band forbidden in the 
Raman spectrum (153). Further work on dimethyl ether was discussed in terms 
of two complexes involving one or two molecules of hydrogen chloride per mole- 
cule of ether (49). Owing to  the use of unfiltered exciting light, the complicated 
spectra obtained in these early investigations make these conclusions very 
unreliable, as is shown by later work on the complex of dimethyl ether with 
hydrogen chloride, deuterium chloride, and hydrogen bromide (152). Results 
are interpreted in support of the designation of the simple 1: 1 complex as a 
hydrogen-bonded structure and the higher complexes as oxonium compounds. 

Infrared measurements on alcohols in the 0.8-1.2 p region sbowed that both 
the bands due to  associated 0-H and unassociated 0-H disappeared in the 
presence of hydrogen chloride, and, remarkably enough, i t  was concluded that 
complexing with the alcohol occurred through the -0 - - C1-H linkage rather 
than through the -0. . .H-C1 linkage (47). Infrared frequency shifts of the 
hydrogen chloride fundamental band in benzene (121), in nitrobenzene and 
nitrotoluene (162), and in other nonconducting solutions led to interest in 
active solvents containing oxygen. No absorption bands were found for hydrogen 
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chloride in ethers and alcohols a t  1.7 1.1 (158), but characteristic bands were 
found a t  approximately 4.0 p for its solutions in ethyl acetate, dioxane, and ethyl 
ether (72). After extension to  n-butyl and isopropyl ethers (73), it was shown 
that the new band was due to  a shift to  longer wavelengths of the 3.46 1.1 funda- 
mental H-C1 band. On the basis of the view that the H-C1 bond was not broken 
but merely modified in the presence of ethers, this was interpreted in terms of 
hydrogen bonding between the hydrogen chloride and the basic oxygen in the 
ether. Further work using CH30D (74) and DtO (71) indicated that, the strength 
of the hydrogen bond formed between electron-donor and electron-acceptor 
atoms was directly proportional to the magnitude of the frequency shift. From 
the values of the frequency shift a table of basic strengths for a large number 
of ethers and esters was drawn up. A comparison of the donor properties of 
saturated cyclic ethers using CHBOD (134) showed that these were a t  least as  
basic as  their equivalent open-chain ethers. The ring size was found to  be im- 
portant and the following order of electron donation was indicated: 
four- > five- > six- > three-membered rings. 

The acid strengths of various alcohols were compared by infrared spectroscopy 
by measuring the O-H band shift using ether (3, 100) and triethylamine (3) 
as electron donors. The order of increasing acidity was found to  be primary > 
secondary > tertiary. When phenol was used as electron acceptor the reverse 
order for basic strengths was obtained (100). A slightly different method has 
been used (20, 21) for comparing the basic strengths of open-chain and cyclic 
aliphatic alcohols. The integrated intensity of the 0-H stretching band was 
measured for a number of alcohols and was found to  decrease as  the electron- 
donating power of the molecule increased. Since no second molecule is involved 
with the hydroxyl group in these measurements, the method should give an 
accurate measure of the inherent basic strength of the molecule, Le., electron 
density on oxygen. The alcohols fall into the accepted pattern of electron release 
of the substituent groups to  give the following orders of basic strengths: 
methyl < n-propyl < sec-butyl < tert-butyl ; trimethylcarbinol < triethyl- 
carbinol < triisopropylcarbinol. 

The effect of chlorine substitution was shown by the large increase in intensity 
(decrease in basic strength) in 3-chloro-l-propanol and again in 2,2,2-trichloro- 
ethanol. 

By means of the C-H infrared band shift of chloroform in mixtures, ethers 
were also investigated (69), but difficulties were encountered owing to  over- 
lapping of this band with similar bands for the solvent. These difficulties were 
overcome by the use of chloroform-d (107) and by dilution in carbon tetrachloride 
(23). From the frequency shifts of the OD band in CH3OD the relative proton- 
attracting powers of the solvents were in the following order: 

(n-CaH&O > (C2H~)20 > 1,4-dioxane > anisole 

Similar investigations in chloroform with alcohols containing a phenyl group 
indicated the following order for the strengths of the complexes (46): 

CeH6CHzOH > (CeHs)2CHOH > (CeH6)sCOH > CgH60H 
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Raman studies of equimolecular mixtures of chloroform with acetone, ethyl 
acetate, and ethyl ether (29) showed the occurrence of interaction. 

Forty-one organic compounds containing a carbonyl group have been ex- 
amined in the absence and presence of hydrogen chloride or phenylacetylene and 
the frequency shift of the H-C1 or C-H band recorded (27). Relationships 
were obtained between VHC~-VCH, V C ~ - V C = O  and VHCl-VC=O (where VHC1, V C ~ ,  and VC-o 

are frequencies of the HC1 band, the C-H band, and the C=O stretching band, 
respectively). It was found that in the absence of any effect due to ring strain 
or steric hindrance, the proton-attracting power of the carbonyl group is directly 
related to the inductive strength and direction of the substituent groups adjacent 
to the carbonyl group. The carbonyl-stretching frequency itself was shown to  be 
wholly dependent upon the inductive effect of the substituent groups, provided 
no ring strain or steric hindrance were present (95, 106). 

B. REACTION RATES 

One of the earliest systematic investigations into the effect of oxygen- 
containing solvents on the rate of a selected reaction was that of the alkaline 
dealcoholization of diacetone alcohol at 25°C. (P). Monohydric and polyhydric 
alcohols were investigated and the following order of reaction velocities was 
observed: glycerol < ethylene glycol < methanol << ethanol << l-propanol 
<< 2-propanol. From studies of the halogenation of alkyl and substituted alkyl 
ethers (91), the reaction velocity was found to increase with chain length of 
the alkyl group. This was progressive to the third or fourth carbon atom and 
thereafter remained practically constant. This follows the expected relative 
inductive powers of n-alkyl groups. Substitution of halogens or phenyl drastically 
reduced the reaction velocity, although moving the substituent further from 
the oxygen decreased the effect of the substitution. 

Ingold (89) suggested that the rate of ester hydrolysis might be used for 
evaluating the polarity of substituent groups. Relying on experimental work 
carried out by a large number of other investigators, Taft used the ratio of 
the rate constants for the base- and acid-catalyzed hydrolysis of aliphatic esters 
(RCOOC~HE,) to calculate polar substitution constants u* for various R groups 
relative to the methyl group (139,140,141,142). The values of u* for alkyl groups 
and for halogen- and phenyl-substituted alkyl groups agree with the expected 
electron attraction or release by the inductive mechanism. The introduction of 
a methylene group between substituent R and the functional group reduces the 
value of u* by a constant factor of 2.8, Le., u*(R) = 2.8 X a*(RCH2). A com- 
parison between the value of u* and values obtained by other methods for the 
same group is given in table 7. 

The relative acid strengths of water, alcohols, and glycols were compared 
by measuring the optical densities of two solutions of an indicator, one as a 
control and the other containing a certain concentration of the weak acid under 
observation (86). The value of the equilibrium constant K ,  a t  27°C. was taken 
as a measure of the acid strength of the weak acid and the following order was 
recorded: glycols >> methanol > water > ethanol > n-butyl alcohol > iso- 
butyl alcohol > sec-butyl alcohol > tert-butyl alcohol > 2-propanol. 
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The higher acid strength of methanol than that of water is explained in terms 
of a modification of the “B-strain” hypothesis (17). This hypothesis was originally 
proposed to  explain the reduction in basic strength on substituting methyl groups 
for hydrogen atoms. It is believed that a strain is set up by mutual repulsion of 
adjacent substituent groups. The substitution of a methyl group for hydrogen 
generally produces a decrease in acid strength, as shown by the lower value of 
K ,  obtained for the higher alcohols. 

The effect of changes in structure on the basic strength of oxygen-containing 
compounds was measured by their ability to  decrease the rate of the 
acid-catalyzed self -esterification of benzhydrol and the dehydration of tert- 
butyl alcohol in benzene solution a t  80°C. (122). For para-substituted 
acetophenones and ethyl benzoates the basic strength decreased as the electron- 
releasing ability of the substituent decreased: tert-C4H9 > @Ha > 13 > @1 > 
Br > NOz. 

For chloro esters the basic strength increased as the number of a-chlorine atoms 
decreased and as successive methylene groups were introduced between the 
chlorine atom and the carbethoxy group. Similar effects were found for phenyl 
in “benzyl ethers”: 

CeH&H&C4H9 (n) > c BH~CHZOCH& aHs > (C sH 5 )  zCHOCaHs (n) 
> (C BH~)zCHOCH (CsHs) z > (c sH5) zCHOCHzCsH6 

C ~ “ ( C H Z ) ~ O C ~ H Q ( ~ )  > CsHs(CHz)zOC4Hs(n) > C ~ H ~ C H ~ O C ~ H Q ( ~ )  > Ca]RsOCaHo(n) 

Observations on the dehydration of tert-butyl alcohol showed the following 
order of basic strengths: 

CH3(CHz)sCHzOH > CH~(CHZ)~CHIOH > CH3(CHz)rCHOHCHa > C6HsCHzOH 

In  contrast to the prediction of inductive effects, alcohols were found to  be 
more basic than the symmetrical ethers. It was suggested that the increased 
steric hindrance and alkyl group repulsion in ethers reduced the basicity through 
internal strains. 

Alcohols have also been examined by using the oxidation of decaborane (4,5) 
according to  the equation: 

BioHia + 30ROH + 10B(OR)3 + 22‘82 

The bimolecular rate constants for several alcohols were compared, and gen- 
erally it was found that the reaction was slower the more acidic the alcohol. Sub- 
stitution at the fourth carbon atom from the oxygen had little effect on reaction 
rate. Methyl-substituted l-butanols reacted faster than l-butanol and the 
reverse was found for chlorine substitution. 

No review on the directive effect of substituent groups on reaction rates would 
be complete without reference to  the work of H. C. Brown and coworkers. Al- 
though most of this work has been concerned with the substitution in aromatic 
nonoxygen-containing systems, electrophilic substitution constants have been 
calculated from the ionization of diphenyl- and triphenylcarbinols in aqueous 
sulfuric acid (36, 37) and from infrared absorption frequency for the carbonyl 
stretching band (92). These values have been compared with similar values from 
a large range of reactions for forty-one substituent groups (18). 
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C .  MEASUREMENTS OF GAS SOLUBILITY 

The interaction between an acid gas and a series of basic solvents may be 
expected to yield information on the relative basic strengths of the solvents and 
a number of such systems may be used for this purpose. 

1. Hydrogen chloride 
Until recently the solubility of hydrogen halides in basic solvents has been 

a neglected field of investigation and few references are to be found prior to the 
last five years. Determinations of the solubility of hydrogen chloride in methyl 
and ethyl alcohols (33, 34), on recalculation into moles of hydrogen chloride per 
mole of solvent, indicated that the expected order of basic strength (methyl < 
ethyl) was obtained a t  all temperatures from 30°C. to - 10°C. These solubilities 
were furthermore considerably greater than the values obtained for water over 
the same temperature range (127,128). In correlating these values with structure 
one must pay due regard to the effect of other factors such as solvent association 
and solvation, particularly in the case of water. 

Diethyl ether, also investigated with hydrogen chloride (133) from 30°C. to 
-9.2"C., gave values comparable to the values for alcohols a t  room temperature 
and are to be found together with those for the alcohols in the International 
Critical Tables. 

Measurements of the absorption of hydrogen chloride by a number of alcohols 
were carried out in order to confirm the formation of a stoichiometric complex, 
ROH.HC1 (98). Values were recorded at one temperature only (usually 3-6°C.) 
and within a variation of 8 per cent an equimolecular ratio of gas to solvent was 
obtained. Since no correlation was made between the variation in structure or 
substituent groups in the alcohols and the deviation from stoichiometry, i t  
must be assumed that all alcohols were believed to possess the same affinity for 
hydrogen chloride, i.e., the same basic strength. The solubility of hydrogen 
chloride in 2-propanol, methyl and ethyl acetates, and other solvents was investi- 
gated a t  25°C. (25), but values for these solvents are not in good agreement with 
subsequent values. 

A preliminary investigation of alcohols using hydrogen chloride indicated 
(57) that although a t  room temperature (usually 1 1°C.) unsubstituted alcohols 
absorbed approximately one mole of hydrogen chloride per mole of alcohol, the 
alcohols containing a halogen atom retained considerably less than this ratio 
at saturation. These results led to  a more comprehensive study of alcohols, 
carboxylic acids, and esters, using hydrogen chloride as solute in the temperature 
region 0-50°C. and a t  a total pressure of 1 atm. (52). For each of these series of 
compounds it was found that the basic strength of the particular compound was 
directly related to the electron density on the effective oxygen atom, which in 
turn depended on the inductive strength and direction of the group R adjacent 
to the oxygen atom in ROH, CH,COOR, RCOOCzHs, and RCOOH. For most 
of the compounds investigated linear relationships between solubility (moles of 
hydrogen chloride per mole of solvent) and reciprocal absolute temperature were 
observed and compounds were compared a t  a fixed temperature (10OC.) which 
was considered representative of the solvent. 
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With the exception of neopentyl alcohol, which is known to be peculiar in its 
interaction with hydrogen chloride (159), the alcohols ROH were found to  
follow the known inductive strength (90) of the adjacent R group, as indicated 
by the following comparisons for a- and 0-methyl substitutions. 

CHa < C2H5 < iso-CsH~ < tertGH9 
0.857 0.950 1.030 (reacts) 

C2H5 < n-CaH7 < iso-CaHg < neo-CsH1l 
0.950 0.956 0.973 0.930 

The decrease in influence of the phenyl group on removing i t  from the oxygen 
atom was shown by the values for benzyl alcohol (0.812), 2-phenylethanol 
(0.831), and 3-phenyl-l-propanol (0.894). In  the series of acetates CHaCOOR 
the solubility values again followed the series of inductive strengths of the group 
R. 

H < CHa < CzHa < iso-GH? 
0.19 0.612 0.633 0.723 

CSHs < n-CaHT < isoGH9 
0.633 0.665 0.712 

The inductive effect of chlorine was clearly reflected in the solubilities in the 
following ethyl esters : 

Acetate > chloroacetate > dichloroacetate > trichloroacetate 
0.633 0.273 0.167 0.109 

For saturated open-chain or cyclic alcohols the change in solubility was shown 
to bear a quantitative relationship to a change in the structure of the alcohol 
(53). From the values obtained for solubility changes a relationship between the 
number and position of carbon-hydrogen bonds present in the molecule and their 
contribution to the electron density on the oxygen atom was established. This 
enabled the solubility at 10°C. to be calculated directly from the structural 
formula ; comparison between the calculated and the experimental values was 
found to  be very good, as can be seen from table 1. 

Calculations for halogen-substituted alcohols gave a similar agreement with 
experimental values (table 1) ; more recently (55) this type of correlation has been 
extended to  the results for the following: acetates, CH3COOR (52) ; carbonates, 

c) 

(R0)zCO; silanes, Si(0R)e; borates, B(0R)s; and o(:.OR (58, 59). 

0 

From the extension of solubility measurements to low temperatures, it has been 
found that the solubility-structure relationships are maintained to approxi- 
mately -80°C. (58). 

2. Other gases 

The substitution of halogens and phenyl groups in alcohols was found to 
decrease the solubility of hydrogen bromide in such solvents (57, 59) in a similar 
manner to that observed for hydrogen chloride. The solubility of ammonia in 
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TABLE 1 
Comparison of calculated and observed solubilities of hydrogen chloride in alcohols at 10'C. 

Alcohol 1 
Methanol ....................... 
Ethanol. ........................ 
1-Propanol. ..................... 
2-Propanol, ..................... 
l-Butanol, ...................... 
2-Methyl-l-propanol (isobutyl 

alcohol). ...................... 
2-Butanol. ...................... 
l-Pentanol. ..................... 
2-Pentanol. ..................... 
4-Methyl-a-pentanol . . . . . . . . . . . .  
1-Hexanol.. ..................... 
3,5,5-Trimethyl-l-hexanol. . . . .  

Solubility 
(observed) 

0.857 
0.950 
0.956 
1.030 
0.964 

0.973 
1.048 
0.967 
1.056 
1.052 
0.970 
0.979 

Moles HCl 
Moles Solvent 

(calculated) 

0.857 
0.943 
0.957 
1.029 
0.965 

0.971 
1.043 
0.968 
1.057 
1.058 
0.969 
0.980 

- 

Solubility 
(observed) A 1 coho 1 

l-Heptanol, . . . . . . . . . .  
1-Oetanol . . . . . . . . . . . .  
Cyclohexanol . . . . . . . . .  
2-Methylcyclohexa- 

no1 . . . . . . . . . . . . . . . .  
2-Chloroethanol.. . . . .  
2-Bromoethanol.. . . . .  
1-Chloro-2-propanol. . 
1-Bromo-2-propanol. . 
l13-Dibromo-2-pro- 

panol . . . . . . . . . . . . . .  
2,3-Dibromo-l-pro- 

panol. . . . . . . . . . . . . . .  

0.973 
0.977 
1.030 

1.044 
0.500 
0.490 
0.553 
0.574 

0.122 

0.30$ 

Moles HCl 
Moles Solvent 

(calculated) 

0.970 
0.971 
1.031 

1.045 
0.467 
0.488 
0.553 
0.574 

0.119 

0.304 

alcohols and water indicated that the affinities for the alkaline gas were in the 
order water > methanol > ethanol, whereas the acidic sulfur dioxide was found 
to  give the reverse order (33). Later work with sulfur dioxide (35) agreed with 
these early investigations, but the values obtained for higher alcohols were not 
in keeping with the inductive strengths, as can be seen by the following: n-propyl 
ether > n-butyl ether > l-pentanol > ethanol > l-octanol > l-hexanol > 
methanol > l-propanol >> water. Using carbon dioxide as  solute the expected 
order of solubilities-Le., methanol < ethanol < l-propanol < isobutyl alcohol 
-was obtained (94, 101). 

The stability of the complex between boron trifluoride and an ether was found 
to  be in the reverse order to that expected from the inductive strength of groups 
adjacent to the oxygen (16). 

BF8.(CH3)20 > BF3 . (CZH~)ZO > BF3 .(iso-C3H7)20 

Steric strain was invoked to  account for this reversal of order. Although the 
protonization of ethers would not be expected to  be affected by steric restrictions, 
on account of the small size of the proton involved, it has been found (56) that 
the presence of a large group (e.g., isoamyl) does lower the solubility of hydrogen 
chloride by a steric mechanism. However, in this case it is not a free proton 
which must become attached, but a molecule of hydrogen chloride. This restric- 
tion was not found for cyclic ethers, such as tetrahydrofuran and dioxane, which 
have high affinities for hydrogen chloride as well as for boron trifluoride (16). 

D. VAPOR PRESSURE 

Indications of the donor-acceptor type of interaction are often obtained from 
measurements of vapor pressure in multicomponent systems. A strong negative 
deviation from ideal behavior, as predicted by Raoult's law, is normally found 
for systems in which the two components interact. 

Hydrogen chloride was found to  obey Henry's law in acetic acid a t  low con- 
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CFaCOOH . . . . . . . . . . . . . . . . . . .  
CClaCOOH . . . . . . . . . . . . . . . . . . .  
CHaCHClCOOH., .:. . . . . . . . . .  
CHaCHBrCOOH . . . . . . . . . . . . .  
CHeCICHnCOOH.. . . . . . . . . . . .  
CHzBrCHnCOOH., . . . . . . . . . . .  
CFaCHeCOOH., . . . . . . . . . . . . . .  
CHaCHzCHClCOOH . . . . . . . . .  
CHaCHClCHzCOOIi . . . . . . . . .  

CFaCFeCFzCOOH . . . . . . . . . . . .  
CF~CH~CH~COOH.  . . . . . . . . .  

TABLE 2 
Ionization constants of some carboxylic acids at 86°C. 

0.688 
0.2 
1.47 X 10-3 
1.08 X 10-3 
8.59 X 10-6 
9.8 X 10-6 
9.52 X 10-4 
1.4 X 10-8 
8.8 X 10-6 

0.678 
6.98 x 10-5 

Acid 

HCOOH .................... 
CHaCOOH . . . . . . . . . . . . . . . . .  
CaHsCOOH.. . . . . . . . . . . . . . . .  
n-CaH7COOH. . . . . . . . . . . . . . .  
iso-CaH?COOH . . . . . . . . . . . . .  
n-ChHsCOOH . . . . . . . . . . . . . .  
iao-CaHeCOOH . . . . . . . . . . . . .  
CHzFCOOH . . . . . . . . . . . . . . . .  
CHeClCOOH. . . . . . . . . . . . . . .  
CHzBrCOOH, . . . . . . . . . . . . . .  
CHFzCOOH . . . . . . . . . . . . . . . .  
CHClzCOOH. . . . . . . . . . . . . . .  

Ionization 
Constant 

1.77 x 10-4 
1.753 X 10-6 
1.343 X 10-6 
1.510 X 10-6 

1.6 X 10-6 
1.7 X 10-6 
2.2 x 10-8 
1.35 X 10-8 
1.38 X 10-8 
5.7 x 10-2 
5 x 10- 

1.5 X 10-6 

Acid Ionization 
Constant 
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centrations but deviated a t  partial pressures above about 100 mm. of mercury 
(126). Comparison (1 18) of the partial pressures of hydrogen chloride from solu- 
tions in benzene (130), nitrobenzene, acetic acid (126), ethylene glycol, and 
water (123) indicated that even at low concentration the latter two compounds 
had a high degree of complex formation. For solvents such as anisole, phenetole, 
and p,@’-dichloroethyl ether, Henry’s law was found to hold with hydrogen 
chloride for low concentrations (116, 119), and a relationship between entropy 
of solution from vapor pressure measurements and frequency shift for the 3.46 p 
absorption band of hydrogen chloride in the same solvent (71, 73) was found 
to  be of the form: 

A S  = 1O.OAp - 21.1 

A method of measuring the Henry’s law constant for hydrogen chloride in 
dilute solutions of a solvent in heptane, originally used with aromatic hydro- 
carbons, was adapted to compare the basic strength of a number of ethers (115). 
The Henry’s law constant was calculated for infinite dilution and then compared 
with other methods of measuring the basic strength (70, 74, 75, 93, 116, 134) 
with good agreement in all cases. Comparison of results from this method with 
those from saturated solubility measurements have since been carried out 
(53, 54). 

E. CONDUCTIVITY 

Ionization constants, calculated from conductivity data, have been obtained 
for a large number of carboxylic acids (6, 79, 80, 81, 108), and these values 
(table 2) have been used as a measure of the relative acid strength. The effect 
of halogen substitutions was also investigated (6, 79, 82, 108, 138), and the 
expected order of increase in acid strength of F > C1 > Br was found. Some 
doubt has been cast on the validity of using ionization constants which have been 
obtained at a single temperature as a true measure of the relative strength of 
acids (43, 75). Heats of neutralization (105, 146), taken in conjunction with 
values of log K M  (38, 39, 40), suggested that inversions of acid strength should 
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Alcohol 

HOH . . . . . . . . . . . . . . . . . . .  
CHaOH ................. 
CnHsOH ................ 

occur between 15%. and 45'C. Six cases of inversion were later found (42) from 
measurements over a range of temperature of E.M.F.'S in cells of the type 

Dissociation 
Constant 

1 X 10-18 
7 X 10-18 
7.28 X 10-20 

2.89 X 10-18 

1 Hz 
HAI 

NaCl I KC1 1 NaCl 
HZ I NaAl NaAa 

CFsCHzOH . . . . . . . . . . . . . . . . . . .  
CFsCH(CHa)OH . . . . . . . . . . . . . .  
CFsC(CHa)rOH . . . . . . . . . . . . . . .  
HOCHzCFzCFzCHzOH . . . . . . .  

where HA1 and HA2 are the acids under comparison. A similar phenomenon of 
inversion was also found in measurements of the solubility of hydrogen 
chloride (52). 

Alcohols have also been similarly measured, in particular the highly fluorinated 
alcohols. The values given in table 3 for water, methanol (45), and ethanol (30) 
indicate that the decrease in acidity is in the expected order: water > methanol 
> ethanol. However, when the dissociation constant obtained from conductivity 
measurements (31) is used rather than that from E.M.F. measurements for ethanol, 
the order of the two alcohols is reversed. The expected large increase in acidic 
strength resulting from the substitution of fluorine for hydrogen in alcohols is 
indicated by an increase in the order of the ionization constants from 10-19 
for ethanol t o  10-l2 for 2,2,2-trifluoroethanol. The successive substitution of a 
methyl group in the a-position of 2,2,2-trifluoroethanol yields a rather erratic 
change in acid strength which is difficult to explain. 

The values (table 4) of the equivalent conductivity a t  infinite dilution for 
hydrogen chloride in nonaqueous solvents give a measure of the extent to  which 
the solvent can serve as a proton acceptor (160), the dielectric constant of the 
medium having lesser effect. The value for ether is very low a t  this dilution, 
since the complex with hydrogen chloride is hydrogen-bonded and not an  oxonium 
derivative, as for the alcohols. 

4.0 X 1O-*Z (83) 
6.3 X 10-18 (83) 
2.5 X 10--1Z (83) 
1 X 10-1' (125) 

TABLE 3 
Dissociation constants of some alcohols at 96°C. 

(66, 88, 143) 
(66, 143) 
(68) 
(67) 
(65) 

3-Methyl-1-butanol.. . . . . . .  2.15 
Formic acid , , , , . , . , . . , , , . 
Acetic acid . . . . . . . . . . . . . . .  0.0925 

75.0 

Diethyl ether.. . . . . . . . . . . .  0.00053 

Reference 

Ethanol. . . . . . . . . . . . . . . .  
1-Propanol.. . . . . . . . . . . . .  
I-Butanol., . . . . . . . . . . . . .  
2-Methyl-l-propanol .. .. 

Alcohol 

84.7 
46.6  
28.4 
12.07 

Dissociation Reference 
Constant 

TABLE 4 
Conductivity at infinite dilution of hydrogen chloride in oxygen-containing solvents at 66'C. 

Equivalent 
Solvent Conductivity 

Equivalent 
References ~ Conductivity 1 Reference 
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F. HEATS OF MIXING, FREEZING POINTS,  AND VISCOSITY 

Studies of the latent heat of evaporation and freezing points of binary mix- 
tures of volatile liquids (147, 148, 164, 165) showed that systems such as methyl 
alcohol-chloroform, acetone-chloroform, ether-carbon tetrachloride, and ethyl 
alcohol-benzene exhibited irregularities due to  interaction between the two 
components. It was evident that there were strong attractive forces present in 
this type of system, and this was confirmed by determinations of viscosity and 
heats of reaction (9). Further studies (166) on the freezing-point diagram of 
the ethyl ether-chloroform system showed the existence of three complexes the 
stabilities of which were in the following order: 

(CzHs)zO*CHCla > 2(CzH5)2O.CHCl, > 3(CzHs)zO.CHC13 

This was independently confirmed (135). The complexes were thought to be due 
to  donation of an electron pair from the oxygen of the ether to  the chlorine of 
the halogen-containing substance. Ethers were considered better donors than 
ketones. From the heats of reaction a t  varying temperatures, which gave a 
maximum a t  the equimolecular ratio for this system (log), it was calculated that 
a t  15°C. 15-20 per cent of the molecules had formed complexes. A value of 
20 per cent a t  2OOC. was also obtained by calculation from viscosity studies 
(110). In  a slightly more comprehensive study of binary mixtures involving the 
haloforms the following order of donor strength was obtained (61) : diisopropyl 
ether > diethyl ether > p,p’-dichloroethyl ether; using ether, acetone, and 
quinoline the following order of acceptors was obtained : chloroform > bromo- 
form > iodoform. From this work came the first suggestion that this complex 
formation might result from bonding through the hydrogen of the haloform, a 
suggestion which met with much criticism at the time. 

Measurements of solubilities and heats of mixing carried out on more than a 
hundred ethers, esters, glycols, and ether esters using chloroform (167), dichloro- 
fluoromethane (167, 168), trichlorofluoromethane (28), and dichlorodifluoro- 
methane (28) indicated that cyclic ethers such as 1,Cdioxane were less basic 
than open-chain ethers, as were halogen-substituted ethers. Esters were almost as 
basic as ethers, but glycols were found to  form complexes only slightly, owing 
to the high degree and strength of their association. Decrease in basic strength 
as a result of halogen substitution (28) and phenyl substitution (111) was illus- 
trated by reduction in the heat of solution on mixing. Later work (102) on a few 
fluorinated ethers CHClFCFzOR (where R = CH3, CzHs, n-C3H7, and iso-C3H7) 
gave small positive heats of mixing with chloroform, indicating that the tendency 
to  form hydrogen bonds had been destroyed by reducing the basic character of 
the oxygen atom of the ether by substitution of fluorine for hydrogen. 

G .  OTHER METHODS 

Abnormalities observed for the dielectric constants of ether-chloroform mix- 
tures (120, 129, 132) and for ether compounds in dioxane and ether (26, 102, 145) 
were further investigated by measurements of electric polarizations on mixtures 
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TABLE 5 
Comparison of basic strengths of alcohols as determined by various methods 

Alcohol 

tsrl-Butyl alcohol. , . . , . , , . . , 
C yclohexanol. . . . . . . . . . . . . . .  
2-Propanol, . . . . . . . . . . . . . . . .  
2-Butanol. . . . . . . . . . . . . . . . . .  
Cyclopentanol . . . . . . . . . . . . .  
2-Methyl-l-propanol (iso- 

butyl alcohol). . . . . . . . . . . .  
l-Hexanol. . . . . . . . . . . . . . . . . .  
l-Butanol . . . . . . . . . . . . . . . . . .  
l-Propanol . . . . . . . . . . . . . . . . .  
Ethanol. . . . . . . . . . . . . . . . . . . .  
Methanol. . . . . . . . . . . . . . . . . . .  
Benzyl alcohol.. . . . . . . . . . . .  
3-Chloro-l-propanol . . . . . . . .  
2-Chloroethanol. . . . . . . . . . . .  
2,2,2-Trichloroethanol. , , . . 

' X IO* mole-' 
liter cm.-* 

0.34 
0.38 

0.39 
0.44 

- 

- 
- 
- 

0.52 

0.50 
0.54 
0.63 
0.60 
0.76 

- 

Nater 

mo!e 
per cenl 

3 . 4  
- 
- 
- 
- 

1.5 
2.1 
1.5 
1.2 
0.97 
3.1 - 
- 
- 
- 

K , ( d )  

0.2 

0.076 
0.2 

- 

- 
ca. 0.5 

ca. 0.6 
ca. 0.5 

0.96 
4.0 
3.8 

- 

- 
- 
- 

K (e) 

0.09 

2.01 
3.80 
3.36 

4.79 

6.70 
5.35 
5.20 
7.27 
2.86 

- 

- 

- 
- 
- 

Solubility of HC1 
in Alcohol (I) 

ntoles/moie 

(1.115)(g) 
1.030 
1.030 
1.048 - 
0.972 
0.970 
0.964 
0.956 
0.950 
0.857 
0.812 

(0.750) (9 )  

0.500 
0.087 

(a) Intensity (A')  of O-H stretching frequency (20). 
(') Infrared shift of OH band of alcohol in ether (3). 
(a) Mole per cent of water required to  chelate the  indicator (136). 
(d) Value of Re at 27°C. (86). 
(e) Specific bimolecular rate constant a t  25°C. for reaction of decaborane with the alcohol (4, 5). 
(f)  Solubility of hydrogen chloride in alcohol a t  10°C. (52, 53). 
(8) The figures in parentheses represent calculated solubilities, not measured values. 

or p-methoxyphenol (155), whereas trialkylsilanols, alkylcarbinols, or aryl- 
carbinols were found to  be too weak as acids to be measured by this method. 

111. COMPARISON OF RESULTS OBTAINED BY DIFFERENT METHODS 
Correlations between the methods of individual workers on the basic strengths 

and hydrogen-bonding properties of organic compounds containing oxygen have 
been made from time to  time, particularly within a particular series of com- 
pounds (viz., ethers, alcohols, esters). Infrared work on ethers and esters, using 
CHaOD, has been compared with solubilities of dichlorofluoromethane (74), 
carbon dioxide (74), and hydrogen chloride (54), with Henry's law constants 
(137), and with partial pressure work on hydrogen chloride (119). In  all of these 
cases good agreement has been found, since all of these methods recorded the 
hydrogen-bonding property of the solvent. This form of comparison has been 
extended in tabular form to alcohols and esters in tables 5, 6, and 7, which show 
comparisons between several methods for these compounds and for ethers. 
The solvents have been arranged in order of decreasing basic strength, as shown 
by the more reliable methods of comparison. It can be seen that the solvents 
generally follow the order predicted by an inductive mechanism alone. Since 
some of the infrared methods involve only the solvent molecule and give good 
correlation with methods involving interaction by a second molecule, it would 
appear that the latter is generally unaffected by steric factors in the cases shown. 
Disagreement amongst the methods is found mainly for comparisons of straight- 
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TABLE 6 
Comparison of basic strengths of ethers as determined b y  various methodo 

Ether 

cm-1 
Tetrahydrofuran, , 
Tetrahydropyran . . . . . . . . . . . 
Dioxane . . . . , . . . . . . . . . . . , . . . 
Isopropyl e ther , ,  , . . . . . . , , , . 
Ethyl ether.. . . , , . . , , , , . . . . . 
n-Propyl ether.. . . . . . . . . , . , . 

. . . . . , , . . - 
- 
97 
123 
130 
117 

n-Amyl ether..  . . . . . . . . . . . . . 110 
n-Butyl ether.. . . . . , . . , . . . , , 110 
Ethyl butyl ether.. , , . . . . . . . 117 
Methyl n-butyl e ther , ,  , . , . , 
Dibenzyl ether. . . , , , . . , . . . . 114 
y,y'-Dichloropropyl ether., 84 
B,B'-Dichloroethyl ether.. . , 84 
Phenetole. . . . . . . . . . . . . . . . . . . 57 
Anisole . . . . . . . . . . . . . . . . . . . . . 70 

- 

__ 
cm.-1 
117 
115 
111 
110 
96 - - 
101 
97 
95 - 
- 
- 
- - 

2100 
2600 
7500 

4000 
5200 

5200 

- 

- 
- 
- 

10300 

17300 

18500 

- 
- 

moles/mols 
1.38 

1.046 
0.978 
(0.892) (f) 

0.930 
0.914 
0.890 

0.788 
0.540 
0.276 
0.209 
0.180 
0.160 

- 

Infrared shift of OD band for CHaOD in ether (74). 
(b) Infrared shift of HCl band for hydrogen chloride in ether (71). 

Infrared shift of OD band for CH6OD in ether (134). 
(d) Henry's law constant for hydrogen chloride in solvent a t  infinite dilution (137). 
(e) Solubility of hydrogen chloride in ether at 10°C. (56). 
(*) Value from reference 133. 

TABLE 7 
Comparison of basic strengths of some esters as determined b y  various methods 

Ethyl isobutyrate . . . . . . . . . . 
n-Amyl aoetate .. . . . . . . . . . . . 
Ethyl acetate.. . . . . , . . . . , . . . 
Ethyl phenylacetate. . . . . . . . 
Ethyl benzoate.. . . . . . . . . . . . 
Methyl benzoate.. . . . . . . . . . . 
Ethyl formate,, . . . , . . . . . . . . 
Benzyl beneoate.. . . . . . . . . . . 
Phenyl acetate., . . . . . . . . . . . . 
Ethyl bromoacetate . . . . . . . . 
Ethyl chloroacetate.. . . . . . . . 
Ethyl cyanoacetate . , . . . . . . . 
Ethyl dichloroaoetate. . . . . . . 

0.20 

0.00 
0.215 
0.60 

0.49 

- 

- 
- 
- 
1.00 
1.05 
1.3 
1.94 

Iolubility of HC1 
in Ester (d)  

moles/molc 

0.6 
0.678 
0.659 
0.492 
0.450 
0.445 
0.387 
0.370 
0.325 
0.293 
0.273 
0. 
0.167 

Infrared shift of OD band for CHaOD in solvent (74). 
(b) Infrared shift of HC1 band for hydrogen chloride dissolved in solvent (71). 
(O) Polar substitution constant for group R in RCOOCaHs (141). 
cd) Solubility of hydrogen chloride in ester a t  IO'C. (52, 56). 
(e) Intensity of infrared carbonyl band (19). 

1 X 104 mole- 
cm.* 

3.46 

- - 
2.82 
3.84 
3.24 
2.74 

chain alkyl groups, where the changes in basic strength involved are very small, 
and in general this reflects the lack of sensitivity of a number of the methods. 
Few disagreements are found where halogens or phenyl groups are involved, 
since the magnitude of the changes in basic strength is much greater. 
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Whereas reasonable agreement may be found within a series of a particular 
type of compound, it is a different story when comparisons are made between 
the different types of compounds. Generally if the compounds are of a similar 
form, then comparative methods which are not affected by steric factors (i.e., 
infrared spectroscopy, hydrogen chloride, etc.) will generally clearly distinguish 
between the two. An example of such a comparison is that between ethers, 
R'OCH2R, and esters, R'COOR, which are clearly separated by infrared measure- 
ments (74) and studies of the solubility of hydrogen chloride (52). Similarly 
alcohols, RCHZOH, and carboxylic acids, RCOOH, present no problems. How- 
ever, difficulty arises when the hydrogen atoms of water are successively replaced 
by alkyl groups to form alcohols and ethers. If this change involved only an 
electron movement towards the oxygen atom, then the order of basic strength 
would become ethers > alcohols > water, but other properties of the molecules 
are changed by this substitution. Bond angles on the oxygen atom are altered 
from 104" 31' in water (32) to 110" 15' in methanol (22) to  115" 50' in dimethyl 
ether (96) by the increasing mutual repulsion of the groups attached to  the 
oxygen. Even larger repulsions are obtained when these oxygen compounds are 
protonated, and a value of 110" has been estimated for the unsubstituted oxonium 
ion (97). Reduction in the number of hydrogen atoms by alkyl substitution de- 
creases the extent of hydrogen bonding in the pure solvent from water to  ether 
and also decreases the stability due to resonance of the oxonium derivatives, 
until finally in ethers the complex with hydrogen halides is of the hydrogen- 
bonded rather than the ionic form as found for water and alcohols. Such profound 
changes in the nature of the solvent and in the derivatives, particularly with 
hydrogen halides, account to some extent for the disagreement between various 
methods of comparison. A further factor which has not been considered too care- 
fully in the past in comparisons between types of compounds is the effect of 
temperature. The solubility of hydrogen chloride, although not the best of com- 
parative methods where solvent changes occur, shows this effect excellently. The 
temperature at which a comparison is made between water, n-butyl alcohol, and 
n-butyl ether determines the order of basic strengths, as indicated by absorption 
of hydrogen chloride. Above 50°C. the order is alcohol > water > ether; between 
50" and 1°C. the order is alcohol > ether > water; below 1°C. the order is ether 
> alcohol > water (56). Similar effects have been found in other methods of 
comparison (42), and until the effect of temperature has been more fully investi- 
gated there is little hope of an accurate comparison, particularly among water, 
alcohols, and ethers. 

IV. REFERENCES 
(1) ~ E E R L O F ,  G.: J. Am. Chem. SOC. 60, 1272 (1928). 
(2) ARCHIBALD, E. H., AND MCINTOSH, D.: J. Chem. SOC. 86,919 (1904). 
(3) BARROW, G. M.: J.  Phys. Chem. 69, 1129 (1955). 
(4) BEACHELL, H. c., AND MEEKER, T. R.: J. Am. Chem. SOC. 78,1796 (1956). 
(5) BEACHELL, H. C., AND SCHAR, W. C . :  J. Am. Chem. SOC. 80, 2943 (1958). 
(6) BELCHER, D.: J. Am. Chem. SOC. 60, 2744 (1938). 
(7) BEZMAN, I. I., AND VERHOEH, F. H.:  J. Am. Chem. SOC. 67, 1330 (1945). 
(8) BHIDE, B .  W., AND WATSON, H. E. :  J .  Chem. Soo. 1937, 2101. 



11.20 W. GERRARD AND E. D. MACKLEN 

(9) BRAMLEY, A. : J. Chem. SOC. 109, 10, 434,496 (1916). 
(10) BRAUDE, E. A , :  J. Chem. SOC. 1944, 443. 
(11) BRAUDE, E. A , :  J. Chem. SOC. 1948, 1971. 
(12) BRAUDE, E. A, ,  AND STERN, E. S.: Nature 161, 169 (1948). 
(13) BRAUDE, E. A., AND STERN, E. S.: J. Chem. SOC. 1948, 1976. 
(14) BRIEGLEB, G., AND LAUPPE, W.: Z. physik. Chem. 28B, 154 (1935). 
(15) BRIEGLEB, G., AND LAUPPE, W.:  Z. physik. Chem. 38B. 260 (1937). 
(16) BROWN, H. C., AND ADAMS, R. LM.: J. Am. Chem. SOC. 64, 2557 (1942). 
(17) BROWN, H. C., BARTHOLOMAY, H., JR., AND TAYLOR, M. D.: J. Am. Chem. SOC. 66, 

(18) BROWN, H. C., AND OKAMOTA, Y.: J. Am. Chem. SOC. 80, 4979 (1958). 
(19) BROWN, T. L. : J. Am. Chem. SOC. 80, 3513 (1958). 
(20) BROWN, T. L., AND ROGERS, M. T. : J. Am. Chem. SOC. 79, 577 (1957). 
(21) BROWN, T. L., SANDRI, J. M., AND HART, H.: J. Phys. Chem. 61, 698 (1957). 
(22) BURKHARD, D. G., AND DENNISON, D. M.: Phys. Rev. 84, 408 (1951). 
(23) BUSWELL, A. M., RODEBUSH, W. H.,  AND ROY, M. F.: J. Am. Chem. SOC. 60, 2528 

(24) CARMODY, W. R. :  J. Am. Chem. SOC. 64, 188 (1932). 
(25) CHESTERMAN, D. R . :  J. Chem. SOC. 1936, 906. 
(26) CHRI~TIEN, A,,  AND LAURENT, P. :  Compt. rend. 196,792 (1932); 199, 639 (1934). 
(27) COOK, D.: J. Am. Chem. SOC. 80, 49 (1958). 
(28) COPLEY, M. J . ,  ZELLHOEFFER, G. F., AND MARVEL, C. S.: J. Am. Chem. SOC. 61, 3550 

(29) DADIEU, A., AND KOHLRAUSCH, K. W. F.:  Physik. Z. 31,514 (1930). 
(30) DANNER, P. S.: J. Am. Chem. SOC. 44, 2832 (1932). 
(31) DANNER, P. S., AND HILDEBRAND, J. H.: J. Am. Chem. SOC. 44, 2824 (1922). 
(32) DARLING, B. T., AND DENNISON, D. M.: Phys.Rev. 67, 128 (1940). 
(33) DE BRUYN, C. A. L.: Rec. trav. chim. 11, 112 (1892). 
(34) DE BRUYN, C. A. L.: Z. physik. Chem. 10,782 (1892). 
(35) DE MAINE, A. D.: J. Chem. Phys. 26, 1036 (1957). 
(36) DENO, N. C., AND EVANS, W. L.: J. Am. Chem. SOC. 79,5804 (1957). 
(37) DENO, N. C., AND SCHRIESHEIM, A.:  J. Am. Chem. SOC. 77,3051 (1955). 
(38) DIPPY, J. F. J.: J. Chem. SOC. 1938, 1222. 
(39) DIPPY, J. F. J. : Chem. Revs. 26, 151 (1939). 
(40) DIPPY, J. F. J., AND JENKINS, H. 0.: Trans. Faraday SOC. 37,368 (1941). 
(41) EARP, D.P., AND GLASSTONE, S.: J. Chem. SOC. 1936, 1709. 
(42) EVERETT, D. H., AND PINSENT, B. R. W.: J. Chem. SOC. 1948, 1029. 
(43) EVERETT, D. H., AND WYNNE-JONES, W. F. K.: Trans. Faraday SOC. 36, 1380 (1939); 

(44) FAURHOLT, C. : Z. physik. Chem. 126, 85 (1927). 
(45) FAURHOLT, C. : Z. physik. Chem. 126,103 (1927). 
(46) Fox, J. J., AND MARTIN, A. E.: Proc. Roy. SOC. (London) A162,437 (1937). 
(47) FREYMANN, R., AND GUERON, J.: Compt. rend. 206,859 (1937). 
(48) FRIEDEL, C. : Bull. SOC. chim. 24, 166 (1875). 
(49) GANTMACHER, A. R., VOL’KENSHTE~N, M. V., A N D  SYRKIN, YA. K. : Acta physicochim. 

(50) GERRARD, W., AND KILBURN, K. D.:  J. Chem. SOC. 1966, 1536. 
(51) GERRARD, W., MACHELL, G. ,  AND TOLCHER, P.: Research (London) 8, S7 (1955). 
(52) GERRARD, W., AND MACKLEN, E. D.: J. Appl. Chem. (London) 6,241 (1956). 
(53) GERRARD, W., AND MACKLEN, E.  D.: J. Appl. Chem. (London) 9,85 (1959). 
(54) GERRARD, W., AND MACKLEN, E. D.: Proc. Chem. SOC. 1968, 200. 
(55) GERRARD, W., AND MACKLEN, E. D. : Unpublished work. 
(56) GERRARD, W., A N D  MACKLEN, E. D. : J. Appl. Chem. (London), in press. 

435 (1944). 

(1938). 

(1939). 

37, 373 (1941). 

U.S.S.R. 12, 786 (1940) ; 14, 157 (1941). 



BASIC FUNCTION OF OXYGEN I N  CERTAIN ORGANIC COMPOUNDS 1121 

(57) GERRARD, W., MADDEN, R. W., AND TOLCHER, P.: J. Appl. Chem. (London) 6, 28 

(58) GERRARD, W., MINCER, A. M. A, ,  AND WYVILL, P. L.: J. Appl. Chem. (London) 9, 89 

(59) GERRARD, W., MINCER, A. M. A., AND WYVILL, P. L.: Unpublished work. 
(60) GERRARD, W., AND WOODHEAD, A. H. :  J. Chem. SOC. 1961,519. 
(61) GLASSTONE, S.: Trans. Faraday SOC. 33, 200 (1937). 
(62) GOLDSCHMIDT, H.: Z. physik. Chem. 60,728 (1907). 
(63) GOLDSCHMIDT, H. : Z. Elektrochem. 20,473 (1914). 
(64) GOLDSCHMIDT, H. : Z. physik. Chem. 89, 129 (1914). 
(65) GOLDSCHMIDT, H.: Z. physik. Chem. 124,23 (1926). 
(66) GOLDSCHMIDT, H., AND DAHLL, P. : Z. physik. Chem. 114,l (1924). 
(67) GOLDSCHMIDT, H., AND MATHIESEN, A. W.: Z. physik. Chem. 121,153 (1926). 
(68) GOLDSCHMIDT, H., AND THOMAS, L.: Z. physik. Chem. 126,24 (1927). 
(69) GORDY, W.: J. Am. Chem. SOC. 60,605 (1938). 
(70) GORDY, W. : J. Chem. Phys. 7, 93 (1939). 
(71) GORDY, W.: J. Chem. Phys. 9, (1941). 
(72) GORDY, W., AND MARTIN, P. C.: Phys. Rev. 62, 1075 (1937). 
(73) GORDY, W., AND MARTIN, P. C.: J. Chem. Phys. 7,99 (1939). 
(74) GORDY, W., AND STANFORD, S. C.: J. Chem. Phys. 8, 170 (1940); 9,204 (1941). 
(75) HAMMETT, L. P.: J. Chem. Phys. 4,613 (1936). 
(76) HAMMETT, L. P., A N D  DEYRUP, A. J.: J. Am. Chem. SOC. 64, 2721 (1932). 
(77) HAMMETT, L. P., AND DEYRUP, A. J. : J. Am. Chem. SOC. 66, 1900 (1933). 
(78) HAMMETT, L. P., AND PAUL, M. A. : J. Am. Chem. SOC. 66, 827 (1934). 
(79) Handbook of Chemistry and Physics, 40th edition, p. 1744. Chemical Rubber Publishing 

(80) HARNED, H. S., AND EHLERS, R. W.: J. Am. Chem. SOC. 66,2379 (1933). 
(81) HARNED, H. S., AND SUTHERLAND, R. 0.: J. Am. Chem. SOC. 66,2039 (1934). 
(82) HENNE, A. L., AND Fox, C. J. : J. Am. Chem. SOC. 73, 2323 (1951). 
(83) HENNE, A. L., AND PELLEY, R. L.: J. Am. Chem. SOC. 74, 1426 (1954). 
(84) HENNE, A.L., AND SMOOK, M. A,:  J. Am. Chem. SOC. 72,4378 (1950). 
(85) HESTON, B. O., AND HALL, N. F.: J. Am. Chem. SOC. 66, 1462 (1934). 
(86) HINE, J., AND HINE, M.: J. Am. Chem. SOC. 74, 5266 (1954). 
(87) HIRAI, M.: Bull. Chem. SOC. Japan 1, 125 (1916). 
(88) HLASEO, M., AND KAMIENSKI, E.: Rocsniki Chem. 7 ,6  (1927). 
(89) INGOLD, C. K. :  J. Chem. SOC. 1930, 1032. 
(90) INGOLD, C. K.: Structure and Mechanism in Organic Chemistry. G. Bell and Sons, 

(91) JONES, B.: J. Chem. SOC. 1936, 1831. 
(92) JONES, R. N., FORBES, W. F., AND MUELLER, W. A,:  Can. J. Chem. 74,3572 (1952). 
(93) JOSIEN, M. L., AND SOURRISSEAU, G.: Bull. SOC. chim. France 74, 3572 (1952). 
(94) JUST, G. : Z. physik. Chem. 37, 342 (1901). 
(95) KAGARISE, R. E. : J. Am. Chem. SOC. 77, 1377 (1955). 

(1955). 

(1959). 

Company, Cleveland, Ohio (1958-59). 

London (1953). 

(96) KAKIUCHI, Y., SHONO, H., KOMATSU, H., AND KIQOSHI, K.: J. Chem. Phys. 19, 1069 
(1951). . .  

(97) KOHLRAUSCH, K. W. F. : Monatsh. Chem. 68, 349 (1936). 
(98) KOHN, G. : Ber. 66, 589 (1932). 
(99) KOLTHOFF, I. M., AND WILLMAN, A.: J. Am. Chem. SOC. 66, 1007 (1934). 

(100) KUHN, L. P.: J. Am. Chem. SOC. 74, 2492 (1952). 
(101) KUNERTH, W.: Phys. Rev. 19, 512 (1922). 
(102) LACHER, J. R., MCKINLEY, J. J., AND PARE, J. D.: J. Am. Chem. SOC. 70,2598 (1948). 
(103) LAPWORTH, 
(104) LAURENT, P.: Compt. rend. 199, 582 (1934); 201, 654 (1935). 

A., AND PARTINGTON, J. R. :  J. Chem. SOC. 97, 19 (1910). 



1122 W. GERRARD AND E. D. MACKLEN 

(105) LEVI, D. L.: Thesis, Oxford University (1941). 
(106) LORD, R. C., AND MILLER, F. A.: Appl. Spectroscopy 10, 115 (1956). 
(107) LORD, R. C., NOLIN, B., AND STRIDHAM, H. D.: J. Am. Chem. SOC. 77, 1365 (1955). 
(108) MACINNES, D. A,, AND SHEDLOVSKY, T.: J. Am. Chem. SOC. 64, 1429 (1932). 
(109) MCLEOD, D. B.: Trans. Faraday SOC. 30,482 (1934). 
(110) MCLEOD, D. B., AND WILSON, F. J.: Trans. Faraday SOC. 31,596 (1935). 
(111) MARVEL, C. S., COPLEY, M. J., AND GINSBERQ, E.: J. Am. Chem. SOC. 62, 3109 (1940). 
(112) MOUNAJED, T.: Compt. rend. 197, 44 (1933). 
(113) NEWMAN, M. S., KUIVILA, H. G., AND GARRETT, A. B.: J. Am. Chem. SOC. 67, 704 

(114) NONHEBEL, G., AND HARTLEY, H.: Phil. Mag. 60, 729 (1925). 
(115) O’BRIAN, S. J.: J. Am. Chem. SOC. 63, 2709 (1941). 
(116) O’BRIAN, S. J.: J. Am. Chem. SOC. 64,951 (1942). 
(117) O’BRIAN, S. J., AND KENNY, C. L.: J. Am. Chem. SOC. 62, 1189 (1940). 
(118) O’BRIAN, S. J., KENNY, C. L., AND ZTJERCHER, R. A.: J. Am. Chem. SOC. 61, 2504 

(119) O’BRIAN, S. J., AND KING, C. V.: J. Am. Chem. SOC. 71, 3632 (1949). 
(120) PHILIP, J. C.: Z. physik. Chem. 24, 18 (1897). 
(121) PLYER, E. K., AND WILLIAMS, D.: Phys. Rev. 49,215 (1936). 
(122) PRATT, E. F., AND MATSUDA, K.:  J. Am. Chem. SOC. 76, 3739 (1953). 
(123) RANDALL, M., AND YOUNQ, L. E.: J. Am. Chem. SOC. 60, 989 (1928). 
(124) REMICK, A. E.  : Electronic Interpretations of Organic Chemistry, 2nd edition. John 

(125) RICHLER, S. B.: Ph.D. Thesis, Ohio State University (1951). 
(126) RODEBUSH, w. H., AND EWART, R. H.: J. Am. Chem. SOC. 64, 419 (1932). 
(127) ROOZEBOOM, H. W. B.: Rec. trav. ohim. 3, 84 (1884). 
(128) ROSCOE, H. E., AND DITTMAR, W. : Ann. 112,327 (1859). 
(129) SAYCE, L. A., AND BRISCOE, H. V. A.: J. Chem. SOC. 1926, 2623. 
(130) SAYLOR, J. H.: J. Am. Chem. SOC. 69, 1712 (1937). 
(131) SCHLESINQER, H. I., AND MARTIN, A. W.: J. Am. Chem. SOC. 36, 1589 (1914). 
(132) SCHULTZE, A.: Z. Elektrochem. 18,77 (1912). 
(133) SCHUNKE, J.: Z. physik. Chem. 14, 331 (1894). 
(134) SEARLES, S., AND TAMRES, M.: J. Am. Chem. SOC. 73, 3704 (1951). 
(135) SMITS, A., AND BERCKMANS, V. S. F.: Proc. Roy. Acad. Sci. Amsterdam 21,401 (1918) 
(136) SOLOWAY, S., AND ROSEN, P.: Science 121,832 (1955). 
(137) STROHMEIER, W., AND EcHTE,A.: Z. Elektrochem. 61, 549 (1957). 
(138) SWARTS, F.: Bull. Sci. acad. roy. Belg. [31 31,681 (1896); 624 (1903); I51 8, 353 (1922). 
(139) TAFT, R. W. : J. Am. Chem. SOC. 74,2729 (1952). 
(140) TAFT, R. W.: J. Am. Chem. SOC. 74, 3120 (1952). 
(141) TAFT, R. W.: J. Am. Chem. SOC. 76, 4231 (1953). 
(142) TAFT, R. W.: J. Chem. Phys. 26,93 (1957). 
(143) THOMAS, L., AND MARUM, E.:  Z. physik. Chem. A143, 191 (1929). 
(144) THORPE, T. E., AND ROGERS, J. W.: J. Chem. SOC. 71, 370 (1897). 
(145) TRINH, N. Q.: Compt. rend. 226, 403 (1948). 
(146) TULLY, K. J.: Thesis, Oxford University (1939). 
(147) TYRER, D. : J. Chem. SOC. 99, 1633 (1911). 
(148) TYREE, D.: J. Chem. SOC. 101,81, 1104 (1912). 
(149) UNMACK, A. : Z. physik. Chem. 129,349 (1927). 
(150) UNMACK, A. : Z. physik. Chem. 131, 371 (1928). 
(151) UNMACK, A. : Z. physik. Chem. 133,45 (1928). 
(152) VIDALE, G. L., AND TAYLOR, R. C.: J. Am. Chem. SOC. 78, 294 (1956). 
(153) VOL’KENSHTE~N, M. V., AND SYRKIN, YA. K.: Nature 139,288 (1937). 
(154) WEITH, A. J., HOBBS, M. E., AND GROSS, P. M.: J. Am. Chem. SOC. 70, 805 (1948). 
(155) WEST, R., AND BANEY, R. H.: J. Inorg. & Nuclear Chem. 7, 297 (1958). 

(1945). 

(1939). 

Wiley and Sons, Inc., New York (1943). 



BASIC FUNCTION OF OXYGEN IN CERTAIN ORGANIC COMPOUNDS 1123 

(156) WEST, W., AND ARTHUR, P.: J. Chem. Phys. 2, 215 (1934). 
(157) WEST, W., AND ARTHUR, P.: J. Chem. Phys. 6, 10 (1937). 
(158) WEST, W., AND EDWARDS, R. T.: J. Chem. Phys. 6, 14 (1937). 
(159) WHITMORE, F. C., AND ROTHROCB, H. S.: J. Am. Chem. SOC.  64, 3431 (1932). 
(160) WICKERT, K. : Naturwissenschaften 26, 500 (1938). 
(161) WILES, L. A., AND BAUGHAM, E. C . :  J. Chem. SOC. 1963, 933. 
(162) WILLIAMS, D.: Phys. Rev. 60, 719 (1936). 
(163) WOOLCOCK, J. W., AND HARTLEY, H . :  Phil. Mag. [7] 6, 1183 (1928). 
(164) WYATT, W. F.: Trans. Faraday SOC. 24, 429 (1928). 
(165) WYATT, W. F.: Trans. Faraday SOC. 26, 43 (1929). 
(166) WYATT, W. F.: Trans. Faraday Sco. 26,48 (1929). 
(167) ZELLHOEFFER, G. F., AND COPLEY, 11. J.: J. Am. Chem. SOC. 60, 1343 (1938). 
(168) ZELLHOEFFER, G. F.,  COPLEY, M. J., AND MARVEL, C. S.: J. Am. Chem. SOC. 60,1337 

(1938). 


