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_An N.M.R; Method for the Determination of Relative Acidities of )

Weak Acids in Liquid Ammonia

oW

Thomas Birchall and William L. Jolly

Department of Chemistry of the
University of California and the _
Inorganic Materials Research Division of the
: Lawrence Radiation Laboratory,
Berkeley, California 94720

Abstract
An n.mfr.'method for the eétablishment of a scale of acidities of
weak acids inlliquid ammonia is described. A PK range of 6.6 units has™ "
been coveredvusing substituted anilines. The relative values fit a ’
Hammett op plot withvp = -5.3. A new o value for 4-fluorine of -0.05

is proposed for these systems.

"
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Introduction

In recent years there has been an increasing interest in strongly

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

.ac1ds _ The ac1d1t1es studled cover an enormous range of about 30 pK

(1) R. Stewart and J. P. O'Donnell, J. Am. Chem. Soc., 8u u93(1902>

Can. J. Chenm., L2, 1681, 169u(196u) ‘ -

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

therein.

(3)° A. Streitwieser, Jr. and H. F. Koch, J. ‘Am. Chem. Soc., Eo, Lou
(196L4).
(4) A Streitwieser, Jr., J. I. Brauman, J. H. Hammons and A. H.

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

(5)  A. Shatenshtein, J. Am. Chem. Soc., 59, 432(1937).

ﬁnits, aﬁd no one solvent system has been used in their dstérmination,
In general, as.ah acid becomes weaker, the“soivest system.mustvbécome '
more basic in‘order to achieve a measurable ionization._ The so}vent

| systems used‘include aqueous hydroxide, pyridine,l dimethyl sulphoxide-
. , : . , 5 6

alcohol'mixtures,2 -cyclohexyla.mine,3 and liquid ammonia, to mention

(6) - E. C. Fohn, R. E. ‘Cuthrell. and-J. J. Lagowski, Inorg. Chem , bk,

1002(1965) Inorg. Chem., 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.t

Sl

w
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However, the high basicity and low ionization constant of liquid ammonisa

=27

(10 at 25°)7 indicate that this would be a suitable solvent in which

!

(7 w L Jolly and C. J. Hallada, Chapter 1l in Non Aqueou° SolVLnt

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

to study acid‘dissociatien Recently a study of acid dleOCletlon in
llquld ammonia has been reported by Lagowski and coworkers, who used
a spectrophotometric technique. |

| Tne highvvolatility of ammonia makes 1t necessary either to work at
low temperatures, as did Lagowski,6 or to etudy the.solutions under
preésure, as we have ehosen-to do. N.M.R. is ideally suited for deter-
‘mining'the eoncentratiens of protonic speciee in sealed tubes, and we
have used this technique to determine the relative acidities of some
anlllnes coverlng a range of 6. 5 PK units. Evidence wiil be presented
to show that this method can be used to extend this range by at‘least
5 pK units at the weaker end of the scale. However, extension to .the
more acidic region where some dlrect measurements have been made6 seems

unlikely because of the tendency of the stronger acids to form complex:zs.

(8 K. L. Servis, J. Am. Chem. Scc., §Z, 5495(1965) andvrefe. therein.

_Tne principle disadvantages of the spectrophotometric method are

the complicated apparatus needed for the determinations and the fact that

amide ion absorbs strongly at 350 mu and so obscures absorption bands in
‘ ' M
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this region.6 Solvent absorption has also been found to be troublesome

‘in the determination of the acidities of anilines in dimethylsulphoxide

9

solutions.

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

Experimentél

Chemicals. All of the substituted anilines except h?g;mnoaniline
- we?e obtained commercially; L-cyanoaniline was kindly donateu by Dr. R.
: Stewaft of the University of British Columbia. The anilines were
furified by‘reérystallization from suitabie solvents, .or by drying

, follo&ed by distillation,_until the literature melting or boiling points
’» were obtained; | |
dcmmercial synthetic ammonia was dried and stored éver sodium'in

a glass vessel attached to the vacuum line until required.

. Préparation of’ Samples. A;l samp;es were‘preparéd using standard
vaCuﬁm‘line techniqués ih the following manner. - The two acids to be
compared were placed in a glass tube (A, Figure 1) fitted with a break-
off seal and gléss-enclosed magnet. This tube was evacuatéd, sealed
~and attached by glassblowing to the vessel shown in Figure 1. The -
apparatus waé thoroughlyldried by flaming under high vacuum, trénéfefred
'vto a dry.bag‘where.é small Piece of freshly‘cut scdium wés.introduced
. via Bruhder an‘atmosphere of -dry argon, thenitransferred 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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.fThe reaction between sodium and ammonia was allowed to proceed to com-
[. pletion at room temperature to give NaNH2 and hydrogen. It was found
necessary to catalyze this reaction with minute amounts of platinum I
.introduced into ﬁhe n.m.r. tube by previously washing this tube with a
lO"u'g solution of ohloroplatinic‘acid, drying and subsequent decompoe‘
sition by heating. The reaction of sodium with ammonia was generally:‘
completé.in'12-2h hours, as evidenced by the complete discharge of the
deep blue color of the solvated electron, if the tubes were not
) platlnlzed reaction times up to three months were observed.
Once reaction was complete, the hydrogen produced in the reaction
| was removed via C, collected and measured hy.means of a Toenler pnmp.
- 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 dlstllled down into the
'l n.m.xr. tube.' The tube was sealed off at the constriction,_the mixture
‘~warmed to rOom ﬁemperature.when equilibrium was rapldly achieved and thne
n.m.r.'speCtrum recorded on a Varian’A6013pectrometer at 31°C. |
The finalvsolutions were approximately 0.5 M in each acid'and'in
sodiumramide, however dellberate variations from these values for a
'”“ ' igf' , glven palr of acids gave the same relatlve acidity within exper:mcntel error.

‘"> ‘ § G B Analy81s of N.M.R. Spectra. The method adopted to set up the rela-
Y .

tlve ac1d1ty scale was sxmply that of adding two aclds, HA and HB, to a
suspens;on of sodium amide in liquid ammonia., allowmng the mixture to

, .come to equilibrium, and ‘then measuring the ratios (HA)/(A") and (HB)/(B“).
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Using tne relation APK = log [(HB)/(BE)] - log [(HA)/(AT) ], the‘value
Aof ApK for the two acids was calculated. This was then repeated for
7 another palr of acids, HB and HC, and so on untll the requlred range
was covered. |
The ratios acid/anionvwere obtained from an examination of the

n.m.r.fspectrum of the solution at equilibrium. 'Fortunately, ﬁhe spectra
. Were simple‘because of rapid proton exchange between the acids studied
-and‘their anions. Thus only two, rather than four, groups of peaks were
Qbsarved each group being a tlme averaged comblnatlon of an acid and
its anion. Hav;ng Previously obtained n.m.r. spectra of bothvthe acid
“alone and -the ahion‘alone,Ait was an easy-matter to calculate the fatio
acié/anion fren’the spectrum . of a mixture of the'two, necaUSe the n.m.r.
: speetrum resulting frem two species undergoing rapid chemical exchange

depends only upon the n.m.r. parameters of the spe01es and upon. thelr

relatlve amounts.lo

(10) J. A. Pople, W. G. Schnieder and H. J. Bernstein, High Resolution

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

New York, 1959, p. 218.

A typical Spectfum is shown in Figurele This is the spectrum hux;f -
results when h-methylanlllne and 3, 5 ~dimethylaniline are added to & - suspern-
-.’_s1on of sodium amide in llquld ammonia. The ' quartet of peaks_centeredn':" (},

v at -6. 29 p. p.m. arlses from an average of- the rlng protone OLF“-methyl—
aniline and 1ts anion; while the two peaks at -5.77 and 5 L9 p P.m. »-, .
arise from the rlng protons of 3,5~ dlmethylanlllne and its anlon. hemOVal

‘of a proton from an aniline results in a shift to hlgher fleld of all the
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peéks in the spectruﬁ due to the increased shieldiﬁg from the negative_
charge on the molecule. The ring protons are the most sen51t1ve to the
negatlve charge and shifts to higher field of ~1 p.p.m. are- observed.

B Since the negative charge on the?nitrogen will effect the shieiding atv

the fing pcsitions via both inductive and conjugative effects the

‘shielding will be differeht at the various ring positiohs, and it is

found that the shift to higher field is in the order para > ortho > meta.
The effect is 1llustrated in Figure 2 for h-methylan¢llne by the two

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

rlo&er field’represents the ring protons of the unjoni?ed acid, while

the set (B) to higher field represents the spectrum of the compietelj
ionized ac1d. It is seen that the ortho and meta proton resonances hnave
moved apart. This behavior is more obvious in'the case of 3,5—dimethyl-v
aniline (the Lines above the actual,spectrum).where the ortho aﬁd pafa
protons (C) have almcstbthe same chemical shift in the parent acid but

are quite different in the anion (D and E). 1In our measureﬁents we have o
used this shlftlng apart of the aromatlc part of the spectrum to dLL(lﬁ’nu4_
tne extent of ionization because thls eliminates the need io* a refercnce ‘
~ point from which to measure chemical shifts. However, the acids aniline
and 3-triflucromethylaniline have complicated h mer. spectrc which chaﬁc;.
drastlcally as 5/J changes, thus maklng the spectra raLher more dlffch

to analyze. We found it more convenient, in these two cases, to use
>chem1cal shifts relaclve to an external reference of tetramethy131lane

to estlmate the extent of 1onlzat10n In the cases wherewthe ac1d1t1ex 'Hié
‘were sufflclently close, cross checks were carried out and agreement. bcttor

than O 1 pK unit in all cases, and to O. 05 pK unit in-most cases, was obtﬁined.:
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Discussion

Introductlon of substituents into the rlng of an aromatic acid.

..14

changes the electron den81ty 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 substitutedvanilines tovbover
a range of 6.6 pK units. The data are shown in Table I. The”acidities
ore all relative to -that of.2,5—dichloroanilinem the strongest acid Tor
.which me have quantitative data. The effect of sabstltuentu upon “the -
a01dlby is 1llubtrated in a conventlonal Hammett op plot (Figure J) for
the meta and para substltuted compounds. We have used 0‘values compilled

by Barlin & Perrin;l for all substituents except U-cyano (for whrich we

F 4

*(11) G. B. Barlin and D. D. Perrin, Quart. Revs., 20, 75(1966).

hqve used the o~ value of 1.00 which has been used to fit exﬁerimental

results. for the dissociation of anilinium ionle). Some disubstituted -

(12) J. Clark and D. D. Perrin, Quart. Revs., 18, 295(196L4).

compounds are also 1ncluded in this plot by assumlng add1t1v1ty of the.

.o constants. A good stralght line correlation is obtained with a p value m”i
of 5. 3 The high p value indicates that the ac1d1ty of the aniline Jov
'-extremely sensitive to the subgtltuent

One notlceable feature of this Hammett plot is a lower a01olty f'or

'h fluoroaniline than would have been predicted from the a vuluo OI a
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para fiﬁoriﬁei Obviously the electron withdrawing ability of flubrine
f-is.éounteracted by a much stronger effect due to conjugation with the

ring wifh the result that the electron dénsityvon the nitrogen is»s

incressed rather than rsduced.. This effect of a para fluorine has also '

been observed in the X values'of phenol and anilinium ions. 3

(13) A. I. Biggs and R. A. Robinson, J. Chem. Soc., 388(1961).

StreitWiesér‘B has suggested that a 0~ component should be added to the
normal ¢ for H-flﬁdrine.énd we ﬁropose that a O‘vaiue‘of -0.05 should bL
used for this substituent when: cons1der1ng aCldltles of anillnes,
‘anilinium ions, phenols and other related systems. |

Since a nitro group in the para position can conjugate with the

acidic center a ¢ should be used to obtain correlation on a Hammett\

[D

type plot: a value of 1.26 for use with anilines has been suggesteu.

ﬁsing‘this value we would predict that h-nitrsaniline would be 1.05 pk
i units more acidic than 2,5-dichlgroaniline._ quever we were unable to
obtain any overlsp between 2,5-dichloroaniline-and Lenitroaniline in
anhydrous ammonia, and our data 1nd1cated that for these two ac1ds
A@K > 3. Stewart and Dolman8 have-found»a difference of 3.8 pK units
vfor thls pair of acids. The abi;ity of a nitro grdﬁp #o‘transﬁit its
23 ' ?,  effect to the reactive cehter appears to be greater in an‘ny‘df‘ouu iiquid

o PR ammonla than 1t is in the aqueous systems used to establlsn th 0" constants.
g v : e

The dlssoc1atlon of these anlllnes may. be regarded as tue second
ionization of the corresponding anilinium ion, and it is of interest to -

compare the effect of substituents upon the two dissociations.
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Figure L4 shows a plot of the anilinium ion'acidity versus the aniline
acidity'and a remarkably good correlation is obtained. The slope of
‘the line (0. 53) shows the greater sen31t1V1ty to the substltuent of the .

aniline acidity over that of the anilinium ion ac1d1ty.

Complex Formation

Attempts were made to study stronger acids in the hope that we
would be able to extend our scale of rtlatlve aCLdltlﬂb to include

nltroanlllnes and ac1ds such as o and p-nitroacetanilide (whose-pK's

were recently determined directly in liquid ammenia6}. We would then

be ablebto_put_our scale on an absolute basis. Unfortunately the
b.suebeptibility Qf nitroanilines “o complex formation has prevented u:
frpm extending the’measﬁremehts tovacids stronger thaﬁ 2,5-dichloro-
aniline. For'exemple,_e solution of M-nitroaniline; 2,h-dimethy1-6-
~nitroaniline and sodium amide ih liqﬁid aﬁmonia gave en'n m. r ‘spectrun
Wthh had- only two very broad structureless peaks in the aromatic rezicn
of tne snectrum Presumably partlal 1onlzatlon of each ac1d hdd occarreu
but comp*ex formation occurs between anions, with rapid exchange‘resrlt-
ihg in a.broadening of the spectrum.
The nature of the complexes formed between nitroenilines and bage

nas been clarlfled as a result of some n.m.r. studles of Crampton anc

=y
§i

Gold 4 and Serv1s.9 ThlS former group examined the changes which ocecur:

(14) M R. Crampton and V. Gold, Proc. Chem.. Soc., 298(196&) Chem

Commun., 256(196)) : . L ' v
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in the n.m.r. spectra of some polynltroanlllnes in dlmethyloulphOXde

i i - R upon the addltlon of base. They concluded that anion I-
,"‘
CH, .
3\N _H
O, Mo oem.” ook~

3 3

—_— >
N o o

N02
I It

was first formed and that this was converted 1nto IT upon the =ddi-
» tlon of more than one -equivalent of base. However, they were unable

te Qbserve a 51gnal_aue to Hb and copcluded that rapid exehange of

OCH3‘ at that site waeACCcurring. Servis8 in a later cemmunication
reported on the reaetions of some l-substituted trinitrobenzenes wif?
methoxide and was able to observe signals due to ‘both H and Hb

Durlng the course of our measurements we have found that even

h-nltroanlllne is subject to eomplex formation of the above type ‘and

that 2,h5d1n1troanlllne forms di-negative anion complexes in which

exchange is slow.
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Table II glves the n.m.r. paramebcrs for solutions of 2,h4-dinitro-
- aniline IITI in. llquld ammonia containing various amounts of base. A

solution of this acid in plain

2 |
| ]! .
N )i o N
Ha //\«’/ O2 Hzl AN \\/NOQ @ \/’/f TN
[ . . g ':‘ ’l _B
S /h%\,ﬂl <
y TN N (i BTN
N J ’
N0, N02 NO,
IIT | | v | v

ammonia gives ah n.m.r. spectrum which consists of arn- AB quartvet for E}
énd Hb §nd a-doublétAfor Hc, with each cbmponenﬁ of B being furtner sp th_
by spin-spin cqupl;ng withbHc. The NH2 proton signal is not visible
because of rapid é#change with anion preséntg _LagowskiS has shown ﬁhat
this acid is ionized in plain liquid ammonia. Addlt on of one equlvul

of base (e.g. NaOH) results in compleue removal of one proton to give the
anion Iv, and the n.m.r. s1gnals arising from the ring protonu show a
éhifﬁ to-h;gher magnetlé field. It should be noted that the basic n.ﬁ,r}
pattérn.qf the éqidlis féfained in the specﬁrum of the anion and_at all’
intermediate étages,ef‘ionizatiop, as was. found fér the other ani}ines.
?rgfound changes in the spéctrum.occur as the base concentratioﬁ is
fufther increased. A new.set of peaks grows in at the expénse of those
Que.to the anlon and when two equivalents of base have been adaded on

o the new set remains. The spectrum of' the resultlng solution is ohou _in '
‘ Flgure 5 'and is assigned to a oomplex havnno structure V. The AB Quarteu

 Ovaa and Hb is retalned, but hlfted to hlgher magnetlc 1le‘d as a result

‘ .'\
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} R \

?? of the extra negative charge, and Hc i1s now found L6 resonate at o higner

4 :

] ) . . ) . ]

I magnetic field than Ha. This shift is ten times the shirt uwhdergone by

g . T :
'? ' Hb‘and is best explained by a rehybridization at the 3I-carbon from
[N n

P to sp”. This change is accompanied by a reduction in the Spin-spin

i . : . .

coupling between Hb and Hc' The new broad peak observed i lowest field

is assigned to the NH proton internally hydrogeﬁ bonded to the £~n G

(ST

group: this peak is present when OCH3~ or NH2~ are used instvend ol O~

The areas of the peaks due to NH, Hb’ H,1 and HC are ihvthe expected

1:1:1:1 ratio. Water broduced in the ionization of the aniline pives

‘rise to the peak at -4.55 P.p.m., and thlu peak presumabiy also includes

{ ' ‘ ’ uhe s1gna¢ from the proton of the OH vroup at the 3-positicn, wroton

exchange cau51ng a merging of these two Lypes of nydronon.

Proton removal occurs when M—nitroaniline is'treated with ba

ase in
! S liquid ammonia; but whereas sodium hydroxide produces no furtaer inte--

action, excess amide does. A collapse in the spectrum of the r;ng He

Lo QN3

oceurs, 1mply1ng attack of one or more ring positions by amide ion.

Tnese,phenomena illustrate the stronger basicity of liquld ammonia

P _ ' compared to the solvents used by other‘investigatorsg’13 who bbseryed
addition of base to aromatic systems only with trlnltro compoundu. e

j o - 1s clear that aqdltlon occurs to dinitro and probably even monon;tr

compounds in liquid anmonia.




"Other Acids .

I

.Recehﬁsinterest gp,thé’acidifies of éarbon cémpoundse)L has led us
fo examine a few of th%se, in a ﬁfeliminary manner, in‘the hope that we
‘will'bé'able td_oﬁtéiﬁjgood'data fbr bothinitrbgen and carbon acids in
the saﬁe solvent. Wé £ave examined solutions of ﬁhe following acids in
liquid ammonié in tﬁe:pfesence df sodium amide: indene, fluorene,
trlphenylme hane, dlphenylmetnane and toluene. With tie éxception cf
toluene all of these acids can be comﬁletely ionized with exces: awmide
ion. Literature datau indicate that dlphenylmethane LS ~11 yK units
: weaker thanAfluorené and lt appears that Iluorene is at the more zcidic

end. of’ our aniline scale.l’e It follows that we should be able to ex

&
oy

ouf scalelfy at least.énother 5 pK.units, sinéejdiphenylmethane can e
completely iohized in liquid ammonia.v Toluene caﬁnot be deteétably

ionized; even Qithbhigﬁ concentraﬁiéns of potassium amide, so'it.appears
that the.limit to our écale lies somewhere between toluene and diphenyl-

methane.
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Table I

Relative Acidities of Some Substituted Anilines

w

Substituent pﬁ §or Litér%tur? Ya}uuﬁ‘fd§ pﬁ.f'
Anilines oﬁ_An;Lln;um Fins
2,5-gichloro . o ' o 1se®
3;5—bi:trifluoromethyl | 0.0&
L-cyanc : O{SM - _ ;Li.7ud
g,u-diéhloro , , 1.16 .01?
S{M-dicﬁloro : N 2.5 ‘  Q j§b
-trifluoromethyl | R T

b-chloro b5 N

] B s 4 .60°
»M-fiudro 5.88 L 651
-3;5-diméthyl 6.02 M‘9le
2,5-diﬁethy1' 6.26 h.62F
Lhoethyl - 6.L3
L-methyl 6.58 5. 082
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AL Bryson; J. Am. Chem. Soc. 82, u858v(196o),"'

M. M. Fickling; A-;Fischer, B. R. Mann,'J..Parker{ and J. Vaughun; i

J. Am. Chem. Soc. 81, 4226 (1959).

—_

. M. Wepster, Rec. Trav. Chim. 76, 335 (1957).

R. N. Beale, J. Chem. Soc. Mol (1954).
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‘Acidities of substituted anilinium ions
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Iigure Captions

Véssel.used:ﬁﬂ~the Preparation of samples.

N.m.r. spectrum of & solution of M-mcthyl&niline,

‘3,5—dimethylaniline}and their anions in liquid amnonia.
Hammett op plot ror relative acidities of substituted

Canilines.

s

(ordihate)

plotted against the relative acidities of the parent

aniline (abscissa)._

Nem.r. spectrum of & solution of 2,L-dinitroaniline in
liquia ammonia .containing more than two equivalents or

sodium hydroxide.
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This report was prepared as an account of Government
‘sponsored work. Neither the United States, nor the Com-
mission, nor any pérson acting on behalf of the Commission:
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, .method, or process disclosed in this report
may not infringe privately owned rights; or
B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
“of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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