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Abstract 

An n.in.r. method for the establishment of a scale of acidities of 

weak acids in liquid ammonia is described. A pK range of 6.6 units has 

been covered using substituted anilines. The relative values fit a • 

Hammett up plot with p = - 5 3 A new a value for n-fluorine of -o 05 
is proposed for these systems 

Zr 
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Introduction 

In recent years there has been an increasing interest in stron1y 

basic systems and in the determination of the acidities of very weak 

acids 
1-5 

The acidities studied cover an enormous range of about 30 pK 

H. Stewart and J. P. O'Donnell, J. Am.' Chem. Soc., 8L-, 493(1962); 

Can. J. Chem., )-i-2, 1681, 1694(1964). 

K. Bowden and R. Stewart, Tetrahedron, 21, 261(1965) and refs. 

therein 

A. Streitwieser, Jr. and H. F. Koch, J. 'Am. Chem. Soc., 	, 

(i96). 

() 	A. Streitwieser, Jr., J. I. Brauman, J. H. Hmons and A. II. 

Pudjaatmaka, J. Am. Chem. Soc., 87, 384(1965). 

(5) 	A. Shatenshtein, J. Am. Chem. Soc., 59, 32(1937). 

units, and no one solvent system has been used in their determinatjoi. 

In general, as an acid becomes weaker, the solvent system must become 

more basic in order to achieve a measurable ionization. The solvent 

systems used include aqueous hydroxide, pyridine, 1  diinethyl sulphoxide-

alcohol mixtures,2 cyc1oherlamine, 3  and liquid ammonia,' 6  to mention 

(6) . E. C. Fohn, H. B. Cuthrel1 andJ. J. Lagowski Inorg. Chei., 4., 	. . . 

1002(1965), Inorg Chern , 5, 1002(1966) 

just a ,  few. The principle disadvantage of most of these solvent systems 

is that they only cover a limited range of 5 or 6 pH units 1 
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However, the high basicity and low ionization constant of liquid ammonia 

(10_27 at 250)7 indicate that this wod be a suitable solvent in which 

------ 

(7) 	W. L. Jolly and C. J. Hallada, Chapter 1 in Non-Aqueous Solvent 

Systems, T. C. Waddington, ed., Academic Press, Ltd., London, 1965. 

to study acid dissociation. Recently a study of acid dissociation in 

liquid ammonia has been reported by Lagowski and coworkers, who used 

a spectrophotometric technique. .- - - 

The high volatility of ammonia makes it necessary - either to work at 

low temperatures, as did Lagowski, 6  or to study the solutions under 

presure, as we have chosen to do. N.M.R. is ideal.y suited for deter-

mining the concentrations of protonic species in sealed tubes, and we 

have used this technique to determine the relative acidities of some 

anilines covering a range of 6.5 pK units. Evidence will be presented 

to show that this method can be used to extend this range by at least 

5 plC units at the weaker end of the scale. However, extension to the 

more acidic region where some direct measurements have been made seems 

unlikely because of the tendency of the stronger acids to form comp1exs. 8  

(8) 	K. L. Servis, J. Am Chem Soc , 87, 5495( 196 5) and refs therein 

- - 	- The principle disadvantages of the spectrophotometric method are 	- 

the complicated apparatus needed for the determinations and the fact hL - 

amide iQn absorbs strongly at 350 m and so obscures absorption bands is 
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this region . 
	

Solvent absorption has also been found to be troublesome 

in the determination of the acidities of anhlines in dimethylsuiphoxide 

solutions 

(9) 	R. Stewart and D. Dolman, private communication. 

Experimental 

Chemicals 	All of the substituted anilines except 	noaniline 

were obtained commercially, --cyanoaniline was kindly donaLu by Dr. R.  

Stewart of the University of British Columbia. 	The anilines were 

purified by recrystallization from suitable solvents, or by drying 

followed by distillation, until the literature melting or boiling points 

were obtained 

• 	 Commercial synthetic ammonia was dried and stored over sodium in 

• 	a glass vesselattached to the vacuum line until required. 

• 	 rreparation of Samples. 	All samples were prepared using standard 

vacuum line techniques in the following manner. 	The two acids to be 

compared were placed in a glass tube (A, Figure 1) fitted with a break- 

Lff seal and glass-enclosed magnet 	This tube was evacuated, .ealea 

and attached by glassblowing to the vessel shown in Figure 1 	The 

apparatus was thoroughly dried by flaming under high vacuum, transfereo. 

to a dry bag where a small piece of freshly cut sodium was introduced 

via B under an atmosphere ofdry argon, thentransferred back to the 

vacuum line and evacuated thoroughly. 	Pure dry ammonia from the reservoir 

was then distilled into the vessel, and the apparatus was then sealed at B. 
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The reaction between sodium and ammonia was allowed to proceed to corn- 

pletion at room temperature to give NaNH 2  and hydrogen. 	It was found 

necessary to catalyze this reaction with minute amounts of platinum 

introduced into the n.m.r. tube by previously washing this tube with a 

lO M solution of chioroplatinic acid, drying and subsequent decompo- 

sition by heating 	The reaction of sodium with ammonia was generally 

• complete in 12_24 hours, as •evidenced by the complete discharge of the 

deep blue color of the solvated electron; if the tubes were not 

tlpltiidt? reaction times up to three thonths were obse±ved. 

Once reaction was complete., the hydrogen produced in the reaction 

was removed via C, collected and measured by means of a Toepler pump. 

The hydrogen determination gave a direct measure of the sodium amide in 

the vessel, and although it was not needed in the calculation, it served 

as a check on the results since the total amount of acid ionized should 

equal the amount of amide ion. 	After the hydrogen had been removed, 

break-off seal A was broken, and the acids were distilled down into the 

n m r 	tube 	The tube was sealed off at the constriction, the mixture 	tl 

warmed to room temperature when equilibrium was rapidly achieved and t 

n.m.r. spectrum recorded on a Varian A60 spectrometer at 31 ° C. 

The final solutions were approximately 0.5 M in each acid and • j 	• 

sodium amide, however deliberate variabions from these values for a 

a  given pair of acids gave the same relative acialty witnin expermentJ error 

) 
Analysis of N M R 	Spectra 	The method adopted to set up the r.L- 

tive acidity scale was simply that of adding two acids, HA and HB, to 	H 

suspension of sodium amide in liquid ammonia, allowing the mixtuxe to 

come to equilibrium, and then measuring the ratios (HA)/(AT) and (iIB)/(B) 
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Using the relation ApK = log [(HB)/(B) 3 - log [(HA)/(A) 3, the value 

of ApK for the two acids was calculated 	This was then repeated for 

another pair of acids, HB and HC, and so on üitil the required rarge 

was covered. 

The ratios acid/anion were obtained from an examination of the 

n.m.r.• spectrum of the solution at equilibrium. 	Fortunately, the spectra 

were simple because of rapid proton exchange beUween the acids stuaicd 

and their anions. 	Thus only two, rather than four, groups of peaks were 

observed, each, group being a time-averaged combination of an acid and 

its anion. 	Having previously obtained n.xn.r. spectra of both the acid 

alone ana. the anion alone, it was an easy matter to caulate the rttao 

acianion from the spectrum of a mixture of the two, because the n.m.'r. 

spectrum resulting from two species undergoing rapid chemical exchange 

depends only upon the n.m.r. parameters of the species and upon their 

10 relative amounts. 

(io) 	J. A. Pople, W. G. Schnjeder and H. J. Bernstein, High Resolution 

Nuclear Magnetic Resonance, McGraw-Hill Book Co., Inc.', New York, 

New York, 1959, p. 218. 

A tical spectrum is shown in Figure 2. 	This is the spectuni which 

results when 1 -methylaniline and 3,5-dimethylaniline are adaLd to a suspcn- 

sion of sodium amide in liquid ammonia 	The "quartet" of peaks ceneid 

at -6.29 p.p.m. arises from an average of-the ring protons of n-methyl- 

aniline and its anion; while the two peaks at -5.77 and -5.4.9 p.p.m. 

arise from thering protons of 3,5-dimethylanilineand its aflion. 	Removal 

of a proton from an aniline results in a shift to higher field of all the 
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peaks in the spectrum due to the increased shielding from the negative 

charge on the molecule. The ring protons are the most sensitive to the 

negative charge and shifts to higher field of -'jl p p  m are observed 

Since the negative.•charge on the nitrogen will effect the shielding at 

the ring positions via both inductive and conugative effects the 

shielding will be different at the various ring positions, and it is 

found that the shift to higher field is in the order para> ortho > metu. 

The effect is illustrated in Figure 2 for !_methylaniline by the two 

sets. of quartets (A and B) below the actual spectrum; the set (A) to 

lower field represents the ring protons of the uni.onizd acid, while 

the set (B) to higher field represents the spectrum of the completely 

ionized acid. It is seen that the ortho and meta proton resonances have 

moved apart. This behavior is more obvious in the case of 3,5-dimethyl-

aniline (the lines above the actual.spectriun) where the ortho and para 

p -otons (C) have almost the same chemical shift in the parent acid bt 

are quite different in the anion (D and E). In our measurements we L'IV& 

used this shifting apart of the aromatic part of the spectrum to determine 

the extent of ionization because this eliminates the need for.a reference 

point from which to measure chemical shifts. However, the acids aniline 

and 3-trifluoromethylaniline have complicated n.m.r. spectra which change 

drastically as 51J changes thus making the spectra rather more difficult 

to analyze. We found it more convehient, in these two cases, to use 

chemical shifts relative to an external reference of tetramethylsi1an 

to estimate the extent of ionization In the cases where the acditie 

were sufficiently close, cross checks were carried out, and agreement bc'tLer 

than 0.1 Kunit in all cases, and to 0.05 pK unit inmost cases, was obtained. 
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Discussion 

Introduction of substituents into the ring of an aromatic acid 

changes the electron density at the acidic center, and thus the acidity 

is changed. In this way large changes in the strength of a parent acid 

can be produced. We have used a series of substituted anilines to cover 

a range of 6.6 plC units The data are shown in Table I. The aciditics 

are all relative to that of 2,5-dichloroanili 	he stiongest xcid for 

which we have quantitative data The effect of substituents upon tc 

acidiLy is illustrated in a conventional Hoinmett op plot (Iijure ) fox 

the meta and para substituted compounds. We have used a values compiled 

by Barlin & Perrin 11  for all substituents except -cyano (for uhich we 

(ii) G. B. Barlin and D. D.Perr:in, Quart. Revs., 20, 75(1966) 

have used the o value of 1.00 which has been used Lo fit experivientl 

results:for the dissociation of anilinjum ions 12). Sornedjsubstjtutej 

(12) J. Clark and D. D. Perrin, Quart. Revs., 18, 295(196). 

compounds are also included in this plot by assuming additivity of the 

a constants A good straight line correlation is obtained with a p vluc 

of -5 3 The high p value indicates that the acidity of the anilin. iz 

• extremely sensitive to the substituent. 

One noticeable feature of this Hammett plot is a lower acidity for • 

-fluoroaniljne than would have been predicted from the a value of 
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para fluorine 	Obviously the electron withdrawing ability of fluorine 

• is counteracted by a much stronger effect due to conjugation with the 

ring with the result that the electron density on the nitrogen is 

increased rather than reduced. 	This effect of a para fluorine has also 

been observed in the pK values of phenol and anilinium ions 13 

(13) 	A. 	I. 	Biggs and R. A. Robinson, J. 	Them. 	Soc., 	383(1961). 

• Streitwieser 	has sgested thata a 	component should he adedto the 

normal a for 4-fluorine and we propose that a a value of -0.05 should be 

used for this substituent when considering acidities of .anilines, 

anilinium ions, phenols and other related systems. 

Since a nitro group in the para position can con <;ate with the 

acidic center a 0 	should be used to obtain cod-elation on a Hammett 

te plot: 	a value of 1.26 for use with anilines has been suggested. 

Using this value we would predict that LHnitroaniline would be 1.05 pK 

units nore acidic than 2,5-dichloroaniline. 	However we were unable to 

obtain any overlap between 2,5-dichioroaniline and 4-nitroaniline in 

arthydrous ammonia, and our data indicated that, for these two acids, 

pK> 3 	Stewart and Doan8  have found a difference of 3 

for this pair of acids 	The ability of a nitro group to trai S ut it 

• effect to the reactive center appears to be greater in annydrous 11u 1  

ammonia than it is in the aqueous systems used to establisn the a 	LU1S 

id  

The dissociation of these anilines may be regarded as the s.cona 

ionization of the corresponding aniliniuzn ion, and it is of interest to 

compare the effect of substituents upon the two dissociations. 



Figure 4 shows a plot of the anilinium ion acidity versus the anilise 

acidity and a remarkably good correlation is obtained 	The slope of 

the line (0.53) shows the greater sensitivity to' the substituent of the 

aniline acidity over that of the anilinium ion dcidity.  

Complex Formation 

Attempts were made to stu:' stronger acids in the hope that we 

would be able to extend our scale of relative acidities to includ 

nitroaniLnes and acids such as o and p-nitroacetanjide (whoe pK 

were recently determined directly in liquid ammonia 6 	We wou'd ti 

be able to put our scale on an absolute basis. 	Unfortunately the 

susceptibility of nitroanilines 	o complex formation has oieventcd 

from extending the measurements to acids stronger than 2,5-aiccioro- 

aniline 	For example, a solution of --nitroaniline, 2,4dimethyi_6_ 

nitroaniline and sodium amide in liquid ammonia gdve an n.m.r. apectruiii 

which had only two very broad structureless peaks in the aromatic re:in 

of t±ie spectrum 	Presumably partial ionization of each acid hdd occ rrLa 

but complex formation occurs between anions, with rapid exchanc r esi 

ing in a.broadening of the spectrum 

The nature of the complexes formed between nitroanilines and base 

has been clarified as a result of some n m r 	studies of Crampton arr..  
14 	 9•' 	 . Gold 	and Servis 	This former group examined the changes which oa 

(lL) 	M 	R. Crampton and V. Gold, Proc 	Chem 	Soc , 298(1964), C -is 

. 	 . 	 . Commun., 256(1965). . 



-11- 

C some polynitroanilines in dimethylsulphoxi(ie 

upon the addition of base. They concluded that anion I 

CH3\ 	
H 	 CH3\ 
	

CH 

NO2 NO2 	
0CH3 	NO2JNO2 	O1f 	NOfNJ 02 

H 	H 	 H a 	b 	 a 	Hb
—>  

I IT 

was first formed, and that this was converted into II upon the acidi-

tion of more than one equivalent of base. However, 	ey were unable 

to observe a signaldue to H. and concluded that rapid exchange of 

OCH at that site was occurring. Servis 8  in a later couication 

reported on the reactions of some 1-substituted trinitrobenzenes witi. 

methoxide and was able to observe signals due to both H and H. 
a 

During the course of our measurements we have found that even 

4-nitroaniline is subject to Lomplex formation of the above type and 

that 2,4_dinitroaniline forms di-negative anion complexes in which 

exchange is slow. 
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• 	 Table II gives the n.m.r. parameters for solutions of 2,4-dinitro- 

aniline III in liquid ammonia containing various amounts of base. 	A 

solution of this acid in plain 

- 	 U 	- 

NH 	 NO 

1a 	v 	 1I 	-- 	 N 
N 

o 

,7LH 	 H 
H 

NO 	 • 2 	 2 

II'I 	 Iv 	 V 

ammonia gives an n.m.r. spectrum which consists of at AJ3 quaret fo- h 

and H 	 and a - doublet.for H, with each component of B being further split 

by spin-spin coupling with H. 	The NH2  proton signal is not visible 

oecause of rapid exchange with anion present 	Lagosi°  has shown tt 

this acid is ionized in plain liquid ammonia. 	Addition of one equivalent 

of base (e.g. NaOH) results in complete removal - of one proton to give-the 

anion IV, and the n m r 	signals arising from the ring piotons sUow 

shift to higher magnetic field 	It should be noted that the basc n 

pattern of the acid is retained in the spectrum of the anion and at all 

intermediate stages of ionization, as was found for the other anili1Ls 

Profound changes in the spectrum occur as the base concentration is  

further increased 	A new set of peaks grows in at the expense of tho 
0 

aue to the anion, and when two equivalents of base have been aaed c1 

- the new - set remains. 	The spectrum of the resulting solution is shown 	- 	- -• 	- 

Figure 5 and is assigned to a complex havang structure V. 	The &B 

of H 	and 	is retained, but .hifted to higher magnetic held 	lLsuJr 
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of the extra negative charge, and H 	is now found to resonate at a hLhr 

H ' magnetic field than H. 	This shift is ten times the shift undergone by 

R 	and is best explained by a rehybridization at the 3-carbon from S 

to sp3 . 	This change is accompanied by a reduction in the spin-spin 

coupling between H 	and H. 	The new broad peak observed at low stfiel 

H is assigned to the Mi proton internally hydrogen bonded to the 2-nitro 

H group 	this peak is presr1t 	when Oci 	i 	N1I 	us Lb me 	ci 	314,  

The areas of the peaks due to 1\T, 1, H 	and H •  are in the expected. 

1 1 1 1 ratio. 	Water pi OJUOLd 	ill 	Lhemm 	 1,11c, 	 / 

rise to the peak at -.55 p.p.m., and this peak presunably also inciadow 

the signal from the proton of the OH group at the 3-position 1  proton 

exchange causing a merging of these two types of hydr 

Proton removal ocurs when 4_nitroani1ine is treated with base in 

liquid ammonia; but whereas sodiun hydroxide produces no furaner 

action, excess amide does. 	A collapse in the spectrun of the ring 	e;ons 

occurs, implying attack of one or more ring positions by 
iIflidL ion.  

These phenomena illustrate the stronger basicity of liquid ammonia 

compared to the solvents used by other investigators 9 ' 13  who ubserveb 

addition of base to aromatic systems only with trinito compounds. 	1:: 

is clear that addition occurs to dinitro and probably even mononitro 

compounds in liquid ammonia. 	 . 	.. 



14 

Other Acids 	. 	. 

Recent, interest t.ntheacidities of carbon compounds.2 has led us 

to examine a few of these, in a preliminary ianner, in the hope that W 

will be able to obtain good data for both nitrogen and carbon acids ir1 

the same solvent. We have examined solutions of the following acids in 

liquid ammonia in the presence of sodium amide: mdccc., flubrene, 

triphenylmethane, diphenyLethane and. toluene. With tWe excepttcri of 

toluene all of these acids can be completely ionized with excess amidn 

ion. Literature data indicate that ciiphényethane is ll pK units 

weaker than fluorene, and it appears that fluorene is at the more acidic 

end. of our aniline scale. 1 ' 2  It follows that we should be able to exesd 

our sca.le by at least another 5 pK units, since diphenylmethane can 

completely ionized in liquid ammonia. Toluene cannot be detectably 

ionized, even with high concentralions of potassium amide, so it appears 

that the limit to our acale lies somewhere between toluene and diphenyl- 

methane. 
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Relative Acidities of Some Substituted AnilLn€ 

buh.f itucnt  pk for Lieitur't: 	V:L: 
ol 	U1I.J...L:jU 

2,5-dich1oro  

35-1jitrifluorornethyl 0.0 . 

L_cyano 	. 0.j 	. .1. ( 

2,4-dichioro 	. l.jo 

3,-achloro 2 L5 

3-trifluoromethyl 
. 	3.22. 

+-chloro 
3 

- 5.65 . 	 . 

ço 
. 	 Lj.05 

3,5 -d±netnyl 6 	2 i 

. 

, - -d1meGhyl: o .2o .., 	p1 
4.01 

6 )3 

n-methyl 	.. 	 . 
. 	 6.58 .: 	. 	 508a 

Reference 13. . 	 . 

b 
R. A. Robinson, J. Res 	Nati 	Bur. 	Std A68, 159 (16) 

Bryson, J. Am 	Che 	Soc 	82, 	88 (1960) 
d. 

M. M. Fickling, A. Fischer, B. 	R. Mann, J. 	Parker, 	and 	CL 

J. Am. Chem. Soc. 81, 8226 (1959).. . 

C 
M. Wepster, Rec 	Tray 	Cairn 76, 	335 (1957) 

R. 	N. 	BLLtLC, 	J. 	ClI( 

.... 
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FLgure Captions 

H 
Figure 1.. vessel used for the preparation of samples. 

Figure 2 	N m r 	p ctrum of 	olul ion oL j-ru h1 uii1isi, 

3,5 -dirnethylaniljne and their anions in i±cjuid 	noria. 

Figure. 3. Hanett up plot for relative acidities of substituted 

anilines.  

Figure 4. Aciitis of substituted aniliniu ions (oIulr 

Diotued aa1nsu ti e relative acidities of the )arerit  

dfliLr (abscissa) 

Figure 5. N.rn.r. spectrum of a solution of 2 ,-dinitroanj1ine in 

liquid ammonia containing more than two equivalet of 

sodium hydroxide. 
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