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SR “." The'Intrinsic Basicity of the Hydroxide idn".,

By Wllliam L. Jolly

University of Callfornla o

Iggpld ammonia is a much more bas1c solvent than water, and i

therefore one expects protonlc aclds to be more completely 1onlzed

- ("stronger") in- ammonla than in water. In fact, it may be shownrthat a

o normal -protonic aclds have 1on1zat10n constants in llquld ammonla whlch - ’

*»?;are about 1010 times larger than the ionlzation constants 1n water.
1.NOW'water itself is not exactly a normal" acxd,<and.one mlght not
'expectvit to‘obey this rﬁle exactly. Bubt it isfrather surprising to

v'ilearh the.extent to which it disobeys the ruleaf TheﬂpK of water in )

':f’llquld ammonia is 18 and the pK of water in water is 16 (1) Thus,'_-_t

..+in liquid ammonla, the 1on1zat10n constant of water is lOO times smaller'ltl

than it is 1n water. The explanatlon whlch has ‘been offered for thls
)

*5fqbehav1or is that the hydrox1de 1on is abnormally strongly stablllzed

}tin _water by hydrogen bonding, and that consequently water in water is .,-lt**‘

.. . an abnormally strongnac;d. (1) If it were not for the unusual stabili- .

't*»zation'of:the hydroxide ion in water, the pK of water in water would be © -

;. The justification for this rule is discﬁssea.in:AptendixAI._-[“

Cuem-a7:es
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‘:fiexpected to be about 28' It has recently been shovn:that‘the n.m.r.

-_';chemlcal shift for: the hydrox1de ion in ammonia lies 137 p p i to hlgher ;‘

-;field of that for the hydroxide.ion in water."(g)v.Again the explanatioh

. was given in terms of hydrogen.bohding_in water. Other acids whose

- anions are strongly hydrogen-bonded in water show-anomalous differences

: ,f,iin their pK values in‘water and ammbnia, but the anomalies are not as

4'rgreat as they are in the case of water.

It has been shown that dlmethyl sulfoxide (DMSO) and water have

““about the same basicities, and so one would expect normal acids to have

similar ionization constants in these two solvents. (3) . However the
ionization constants of carboxyllc acids and the blsulfate ion are

106,- lO7 tlmes smaller,ln DMSO than in water. These anomalles can be ﬁ'

'iexplained‘in terms-of pronounced Stabilization of the anions in water lf:ﬁ~ s

through hydrogen bondlng.

It is clear that the ac1d1t1es of hydroxylic acids and normal acids

- can be meaningfully compared only when all the acidities are those'

applicable to the same non~hydroxylic sol-vent. In most tabl@é of aeid

pK values (such as Table l) the appllcable solvent is water. Thus one

gets the impress1on that an alcohol such as ethanol (aqueous pK & 17)

1s 1ntr1n51cally more acidlc than acids such as 1ndene (aqueous K = 20) R

| ;~fj“j_ ;"~“‘*~*and“dxphenylam1ne (aqueous- pK 23). However in a non—hydroxyllc solventqﬂ'

f;;such as an ether or DMSO, the reverse is true —»that is, 1ndene and

2 See Appendixlll._ .
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."'diphenylamine are more: acidic than ethanol.x'Steinertahd Cilbert (L)

have shown that. it is possible to have comparable amounts of the four

"species,~triphenylmethane (pK ~ 32% triphenylmethide‘ion,'ethanol, and

ethoxide ion, together in DMSO. This shows that triphenylmethane and

‘hAethanol have similar acidities in this solvent.

_The intrinsic ba31c1ty of the hydrox1de ion is mnch greater than -

that which can be achleved in a solvent such as water or alcohol.

- Unfortunately, hydroxides are not appreciably soluble in non-hydroxylic.

solvents. This difficulty has been overcome in many cases by the use 7.

...of potassium t-butoxide, which has a»greater solubility in solvents ,

such as DMSO. . (5) It has been shown that synthetlcally 1mportant

“}-base-catalyzed reactlons such as the Wolff Kishner reduction and Coée :
*'elimlnatlon proceed much more rapldly in DMSO-butox1de solutions than.?
‘hvin hydroxylic'soZ!.'\re‘ntsA.‘\.:L (6) However, it has not been generally recognlsed o
that alkall metal hydroxides need not be dissolved to bring about the - o
*‘““*1onlzat10n”of weak ac1ds. SOlld sodium hydrox1de and pota351um hydrox1de,f"
v‘are very effectlve in the preparatlon of salts. From readily avallable

*ﬂthermodynamlc data3 we calculate the following equilibrium constants.

 PKOH, \ + H =K+ KOH HgO ' k=103t
S(s) T T aqg T Tag ( ) o i
‘@NaOH, \ + H __ = Na'__ + NaOH-Hz0 K =100
e..www(s) aq aq TR (5),~ e

3 Most of the data were taken from the N.B.S. Clrcular SOO (7), but ;.g;,
-1t was necessary to estimate the entroples of KOH and KOH Hz20 u31ng
the methods outllned by Latimer. (8) T . .



"f.d*ffu;-;ﬂ:fjWe see that any ac1d with an aqueous pK less than 31 should react

w1th potas51um hydroxlde to form the pota551um salt and any ac1d
4 with an aqueous pX less than 23 should react s1m11arly Wlth sodlum
hydroxide. Of course these reactlons only have meanlng for nonaqueous
B solvents, becauSe.it is'not-pQSSible,-for exaﬁple, to have both KOH-
v”.ax‘and KOH'Hgo.in eduilibrium with a sQlutien whieh in the usual sense’is
ﬂ, agueous. Thevffee enefgy of transfer of a salt-or4a neutral species-

".‘from water to another solvent is rather small and 80 we -can consider

these reactlons and thelr calculated equlllbrlum constants to be valid

L

ARy W,

'Wdforqany.solvent

CBKOH( ) +HA =K + AT+ KOHCH0 K =2037PRA

T PNaOH |y + HA Na© + A7 + NaOH'Hz0~ . K = 10°3°PKHA
The aqueous pK values for a few acids are preSented ianabie 1.
From thls table- we can get an idea as to the klnds of acids which w1ll

react w1th KOH and NaOH. We have found several of-these reactions to e

i ' fev ‘be synthetically useful. By 81mply stlrrlng powdered reagent grade
. KOH w1th solutlons of the approprlate acids in 1,2~ dlmethoxyethane,
A vv}: ‘3f},‘f we have Prepared, in quantltatlve yield, solutlons of the pota531um R

?”JT“"fT"f*Zf;"if‘”salts of“germane, ethylgermane, cyclopentadlene, 1ndene, and fluorene.'.f o

o The“;eectlons,are much easier and,safer to carry out than the usual(;Jfﬁj;f7>‘
 reactions of dispersed metal suspensions with weak acids. Using the

solutions‘prepared from KOH as intermediates,,e vafiety,of derivaﬁiﬁes,_d_fu_




such as CHzGels, CH3GeH202H5,'ferr0cene, hickelocehe, and

" bis-indenyliron(II), have been prepered.

CHsCl + K + Geils™
CH3CL + K + CoHsGeHn"
R

- PeClz + 2K + 2CsHg
. . ' + -
NiCls + 2K + 2CsHs

FeClz + 2K  + 2CoH,~

(9)
CHzGeHz + KC1
CH3GeHoCzHg + KC1

- Ni(CsHs)z + 2KCL

 Fe(Csliz)2 + 2KC1

[

_Uhdoubtedly many more appllcatlons of the reactlons of potas31um .

hydroxide w1th weak acids in non-hydroxylic solvents can be found.

.

Aprpendix Ir -

From a comparlson of the free energles of transferrlng varlous

salts and acids from water to ‘ammonia, it was concluded that ac1d pK

- values generally should be 12 units greater in water than in ammonia.

(1) There are veryvfew'acids (whose anions do not strongly hydrogen L

‘bond with water') for‘which acidity data in both solvents are

,: avallable.i However, the data for four dlfferent acids are dlscussed in Qd o

the follow1ng paragraphs, and 1t can be seen that these data 1nd1cate

- ApK 10 rather than ApK 12.

" UCRDA17323
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By cénventipn; the ammonium ion has a pK value of O in liquid

- ammonia.

+ ST
NHy + FHz = Nig + NH3 K _
-——In water, the pK value is 9.3 (8), Corresponding}to ApK = 9.3.

El

NH4+ + Hz0 = H30+_+ NH> K=5x J.O-lo
. W11marth et al (lO) measured the rate constant for the aqueous

”_'reactlon

Ho + O - H™ + HoO

. in the temperature range £§0-110°. From their data, we éalCUIate.m
k = 2.8 x'1o’6 1. mole™t sec—l_at 25°. Bar-Eli and Klein (11) measured -

the rate constant'for the liquid ammonia reaction
Ho + Nﬁgﬂ" - H + NH>

in the temperature range -5C to -705. From theif data, we calculatef

k=6.1x 103 1._mole-l se l at 25°. By assumlng that tne rate ,
:-‘conStants for uhe reverse reactions are equal (dlffu51on con t led),
AMT_W;Mf_W_Qwe'calculate.A”Qr the ratic the 1onlzau10n constants for njdrogcn, ,
61x103/(28x10 )= 22*'309,0*'Ap£€%93

From the conauct;vxuy data of Smlth (lc), it is clPar uhet ‘j'fb

cyanamide 1s oq uh° borderﬁlqe between st*ong and weak acids *n *1qu14
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'.ammonla. .We Shall assume pK X% 0 in ammqnia: In water, the pK is

10. h (13), yleldlng ApK 10.4.

Blrchall and Jolly (lh) reported that phosphlne reacts w1th solld

| NaOH and ammonia to give a very pale yellow solutlon.

- '» : . ,.~ + ;
NaOH + PH>s = PH? am + Na am + HgOam

I we assume (PH2") = (Na+) = (HZO) ~ 1072 and (PH5) ~ O.5,~ahd'

-7

estlmate Y, =0. L, we calculate K = '3 x 10 By comblnlng this

result with available thermodynamlc data (l 7, 15), we calculate,.-
for PH3 in ammonla, K = 16. From the k;netlc data of Wespon and
Bigeleisen on the exchange of'hydrogeu'between phoephine and water :
(16), one calculates, using the usual standard states for water and

phosphine, a value ‘of 27 for the pK of phosphlne. Thus we flnd that

the data are consistent with ApK % 11.

Appendix II. -

The pK of p-nitroacetanilide in liquid ammonia at -55.6° is 5.1.

",(lZ) Using an estimated‘AS°_of ionization of -60 e.u., this is

corrected to pK =47.2‘at 25°., The pK of p-nitroacetanilide in water .

is unknown, but from data of Bowden and Stewart (l§)'and the applicatien ‘

of the Hammett Gb function; we estimate 12.5 for the aqueous pK. Thus

ﬂ_,we obtaln ApK x 5.

From klnetlc data of Kelley et al (_2) we conclude that the rate a

.constant for the ‘ionization of ethanol in llquld ammonla at -33 L° 1

equal to or less than ~‘O,Ql»sec l, The value 1s only an upper ‘limit lp



because it i# pbséible-thaﬁ,’tg a cért;in’e;ténf; £ﬁé ;ate'meaéured was
that fér a faster reacticn such as -
ELOH + MHs - mst + EtOHCEt%l
m;MIf we assume that_the.re§erse reaction ié diffusidn controiiedl
(k = 101 1. mote™® sec™, we caleulate pK S 13 for EtOH in liquid
ammoﬁig at -33.h°.. By using a AS° of ionization of -60 e.u., this
vaiuef;emains unéhanged at 25°. From the aqueous pK of 17,
we then obbain ApK € L. | :
The'AéK values for the aﬁove two acids are considerably less than
10, the average value found in Appendix I. The“discrepancies may be

accounted for in terms of the hydrogen bonding of the anions in water.
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