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PHOSPHONIC ACIDS AND ESTERS
VI®. A TAFT EQUATION CORRELATION FOR ALKYLPHOSPHONIC ACID
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Department of Chemistyy, Unsversity of Piltsburgh, Perpnsylvania (U.S. A1)
(Received July 1:1th, 1963)

The applicability of the Hammett equation to the acid dissc:iation constants of arvl-
phosphonic® and arylphosphinic® acids and, in modified form?, to a variety of phos-
phoric acid derivatives and their mono- and di-thio analogs® has been demonstrated.
By axtension of the relationship to phosphonic and phosphinic acids containing
carboxy substituents, substituent values (6) for the POH~-, PO,2-, and PO, H-
groups were obtained® 3. However, in both arviphosphonic and phosphinic acids, the
possibility of d+p= bonding between the phosphoryl group and the benzene ring
exists and the ¢ values obtained may not be direct measures of the inductive strength
of the phosphorus-containing group. Although this effect is probably quite small and
possibly negligible™”, it was of interest to apply the Taft equation® to the acid dis-
sociation constants of alkyvlphosphonic acids. The demonstration of a linear po*
relationship for these acids would allow extension of the treatment to alkyiidene
bisphosphonic acids as a possible method for the determination of ¢* values for the
—PO,H~ and related groups. In the alkviphosphonic acids, the possibility of d+p=
bonding is absent and a derived ¢* should be directly related to the inductive strength
of the phosphono group. Freedman and Doak® and Schwarzenbach and Zurc® have
concluded that qualitatively the PO,H~ group is electron-attracting in an aliphatic
environment.

Plots of log K/K, (Ko = ionization constant for methylphosphonic acid) for the
first ionization constant of twenty (I-XX) and for the second ionization constant of
seventeen (I-II1, V, VI, NI-XXIJ) alkviphosphonic acids versus the corresponding
values of 6*7 were linear. The acidities of six acids (XJ, XITI, XVI, XX-XXII) were
determined In the present study; the remaining values of lonization constants
measured at 25° in water were taken from the literaturel®12***. The data were ana-
ivzed by the least squares method to give

log Ky = —2.47 + 1r.1z1 6% {z)
log Ky = —7.77 + 1.177 6® (2
The fit of the data to the equation was satisfactory!?® as indicated by correlation
coefficients (»} and standard deviations (s): equation (1), » = 0.g77, s = 0.I3I;

* For Part \ see ref. 1.
°* Studies of the ultraviolet absorption spectra of arviphosphonic ac’ds have indicated this

eficct to be minimal, ¢f. ref. 6.
T 7" The dissociation constants recorded are nonthermodymamic values since liguid junction
porenual and activity corrections were not made. Cf. ref. 8, pp. 491—392.
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equation (2), r = 0.986, s = 0.163. Observed acidities, ¢* values and acidities cal-
culated by equations (x) and (2) are recorded in Table 1.

In the Taft treatment of the primary ionization constant, only the strongly
acidic trichioromethyl (XXII) and dichloromethyl (XXI) acids deviated from the
linear relationship. Such a deviation is not unexpected because of the inaccuracy in
o* for highly halogenated groups?, and the polar saturation efiect observed in aliphatic
series? [as experimentally determined, (XXT) is a stronger acid than (XXII)].

Deviations from linearity in the second ionizaticn constant relationship were
observed for the branched alkylphosphonic acids (IV, VII-X); in each case, the acids
were found to be less acidic than predicied by equation (2). This acid weakening effect
is probably due to a steric inhibition of solvation of the di-anion; similar steric effects
on acidity have been observed in thie carboxylic acids®™> !¢ and steric interference with
solvation is a common factor in producing non-linear Taft relationships?15. It is of
interest to note that the branched acids do not deviate in the pK, plot; this lack of
deviation would imply a markedly more complex and extensive solvation of the
di-anion than of the mono-anion. Since it is reasonable to expect the di-anion to be
more highly solvated, steric effects would be expected to exert more noticeable
influence on pK, than on pK,;.

The reaction constant values (p*) for the two ionization steps (-+X.T2I, +X.I77)

TABLE 1
ACIDITIES OF ALKYLPHOSPHOXIC acips, RP(O)(OH),

Calcuiazeda Observed
Compournd R c®
2R, AR PR 2K, Rej.

1} CH, 0.00 2.47 777 2.38 7-T4 ro
(1) C,Hg —o.10 2.58 7-89 2.43 +.85 10, II
(11} n-CoH. ~—o0.115 2.60 7.91 2.49 3.66 10, 12
() 150-C4Hy —o0.125 2.01 7.92 2.70 S.43% 10
V) n-C Hy —o0.130 2.01 7.92 2.59 S.19 10
(VL) n-CoH 5 —o.10 2,63 7.98 2.60 7.G0 1o
(V1) neo-C H, —o0.105 2.035 7.90 2.54 $.635% 10
(VILI) iso-C3H. —0.190 2.68 7-99 2.66 S.34% io
(IX) sec-C;Hy —o.210 2.7z S.o2 2.7% §.480 10
(X) tert-C Hy —0.320 2.83 S.15 2.79 §.86% 10
(NI} C,H,CH.CH, +o0.08 2.38 7-63 2.55 +.83 c
(XII) CeH;CH, —+0.225 2.22 7.51 2.30 7.355 11
{XIIL) {CgHj)aCH —+0.405 202 7.20 2.19 7.09 c
(NXIV) CHsCH=CH <+o.41 201 7.29 2.00 7.10 11
(X\V) HOCH. +0.555 1.85 7-12 1.91 7-15 10
(XVI) CH,OCH, +0.85 1.52 6.77 1.38 6.75 c
(XVE) ICH, +0.85 1.52 .77 1.30 6.72 10
{XVILlf) "BrCH. =1.03 1.32 6.56 .13 6.52 10
{XIX} CICH., “+1I1.05 1.30 6.54 1.40 6.30 10
(XX) CeH . C=C +1.35 0.96 6.18 1.14 6.30 c
(XXI) CL,CH +r1.9% o.30 5-49 1149 5.58 c
(XXII) CI,C +2.65 —0.50 1.63 1.6349 471 c

2 From equations (1) and (2).

b Deviates from linearity in equation (2); observed values not used in derivation of equation {2).

© Acidity values determined in this study by standard methods!%1}; authentic samples of these
acids were prepared by established procedures.

4 Deviates frem linearity in equation (1) : observed values not used in derivation of equation ().
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indicate that the electrical effect of the substituents are transmitted to the ionizing
phosphonic acid group to a lesser extent than they are to the carboxy group of
aliphatic carboxylic acids” (p* = - 1.72I). A similar relationship of reaction constants
from Hammett plots of phenvlphosphonic and benzoic acids has been observed and,
by comparison with the aryl boronic and arsonic acids, it has been concluded that p
values for the ionization of acids depends strongly on the polarizability of the central
atom of the acidic group?. The relationship between the p* values for the aliphatic
phosphonic and carboxvlic acids supports this concept, but the paucity of data
regarding the acidities of alkvlboronic and -arsonic acids does not allow a more
complete test. Stokingly, the p* values for both the first and second ionizations are
quite similar indicating that tl.e inductive effect of the substituent is transmitted to
both the acid and the mono-anion to approximately the same extent. This result may
be fortasitous since it would be anticipated that the differing polarizabilities of the
uncharged acid and the charged anion would lead to different susceptibilities to
inductive efiects. This anticipation is borne out of the p values for the first (0.755)
and second {0.949) dissociations of phenvIphosphonic acids in water; in 50 %; ethanol
the relationship is reversed, p for the first ionization (0.g86) being larger than that
for the second {0.883)%. While a studv of the icnization of phosphonic acids may- offer
a2 means for determining the susceptibilities of chemically similar neutral and charged
species to inductive effects, it Is apparent that entropv and enthalpy effects are
irnportant and a precise thermodynamic study is required.

TABLE 2
ACIDITIES OF ALXYLIDENERISPHOSPHONIC acibps, RIP{O}OH}. .
Obserzc it Cairulared®
Comasurd R — s ———

B LY EX sec aed
ENXXIIL; -CH.- 2.57 .57 —o0.09 —0.76
INXIV) ~-CH.CH(CH, ;- 250 .00 —o.x2 +o0.05
INXNVG —{CH.},— 2.63 731 —o 1t =0.33
XXV —iCH 2~ 2.75 752 —o.25 -~0.19

2 From r2i. 9.

% For the group —-RP{O;{OH!O-.
€ From equation {1} and pK..

¢ From equation {2} and pK,.

The demonstration of linearity in the above relations made feasible an extension
of the treatment to methyvlene bisphosphonic acid (XXXIII} in an effort to obtain a ¢*
szlue for the phospheono group. The acidities of a number of alkyviidenebisphosphonic
acids have been determined® and the values are recorded in Table 2. Since only an
approximate value {< 2} was reported for the first ionization constant of (NXNIII},
the treatment must be restricted to the second and third ilonizations of the acid.

H.O,P-CH.-PO,H- ——> —~HO,P-CH,~PO,H"
~HO,P-CH,-PO,H- — ~HO,P-CH,-PO,*-

These two consecutive lonizations mayv be considered as the first and second ioniza-
tions of an alkylphosphenic acid, RP(O)(OH}., with R = -CH,P(O}(OH)O- and
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application of equations (1) and (2) to the observed pK, and pKj; values for (XXIII)
should vield a ¢* value for the -CH,P(O){(OH)O~ group*. The ¢* values obtained
by this approach are shown in Table 2 and from the divergence of the two values it
is apparent that the Taft relationship fails for (X XIII). This failure could arise from
either a steric inhibition of solvation of the anion formed on ionization”” analogous
to the behavior of the branched alkyvlphosphonic acids or by the operation of an
electrostatic field effect arising from the charged substituent. Some support fcr this
explanation is provided by similar treatment of the bis-acids (XXIV)~{XXVI). The
divergence between the two calculated values of o* for each substituent decreases
with the number of intervening methylene groups, but remains approximatelv con-
stant for the branched bisphosphonic acid (XXIV) relative to (XXIII); in (XXIII)
and (XXIV), the steric bulk of the substituent group is similar. Both field and steric
«ffects associated with the substituent group would be expected to decrease marked-
Iv, as observed, with the distance between the group and the ionizing center’®.

As a further test of the possibilityv of 41+—p5 bonding between a benzene ring and
the phosphono group, equations (1) and (2} were applied to phenyvlphosphonic acid.
The calculated values (pK,; = 1.80, pK, = 7.06) are, within the limits of accuracy of
equations (1) and (2), in excellent a"reement with the experimentally observed values
{pK; = 1.832 1.60'7; pK, = 7.07% 6.85'). The direct dependence of the acidity of
this acid on 6*cgus and the lack of any real divergence between calculated and ob-
served acidities reconfirms the essentiallv negligible character of such bonding?®.18.

Further approaches to the determination of inductive substituent constants for
phosphono and related groups by Taft treatments of phosphorus substituted acetic
acids are in progress.

“MMARY

The Taft equation has been found to apply satisfactorily to the first and second
dissociations of alkvlphosphonic acids. Observed deviations may be attributed to
steric inhibition of solvation and implyv markedly different solvations for the mono-

and di-anions; the reaction constants for the two di-ssociations are nearly identical.
Attempted assignments of ¢* values to the -POsH—- group by application of the
relationship to bisphosphonic acids failed.
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