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The phosphorus-bonded hydrogen of phenylphosphonous acid undergoes isotopic exchange with deuterium

in both acidified ethanol-water mixtures and in aqueous alkaline solution.
catalyzed exchange was studied utilizing nuclear magnetic resonance spectroscopy.

The kinetics of the acid- and base-
Oxygen-18 exchange be-

tween phenylphosphonous acid and solvent water was not detectable under the conditions in which hydrogen ex-

change was measured.

Phosphonous acids have been shown by n.m.r. and
infrared spectroscopy! to have the general structure
O
7 \
R-P—OH, although on the basis of chemical evidence,
AN
H
Frank? has suggested that these compounds are a mix-
ture of tautomers, form I being the overwhelmingly
predominant species.
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R—P—OH > R—P
I H II OH

Recently Quin and Dysart? observed a lack of reactivity
of phenylphosphonous acid with diazomethane and
concluded that the anion of this acid is not tautomeric,
i.e., there is no equilibrium of the type

L OHT-
4
CsH;—P—0~ > | CiH—P

AN Ay

H o

The hydrogen atom bound to phosphorus in related
compounds has been shown to undergo isotopic ex-
change with deuterium (or tritium) from the solvent,
e.g., in dialkyl phosphonates,*~® monoalkyl phospho-
nates,* phosphorous acid,®!® and hypophosphorous
acid.’' It was suggested that in each case this exchange
is due to the tautomerism of the general type

0 OH
AN 5\/:
2 N

H

We have found that phenylphosphonous acid also
undergoes exchange with solvent deuterium in both
acidified ethanol-water mixtures and in aqueous alka-
line solution. The rate of this exchange was followed
by observing the changes of intensity in the proton
magnetic resonance spectra of the reaction solution.

Experimental

Phenylphosphonous acid (Hopkins and Williams) was re-
crystallized twice from hot water; m.p. 70-71°, 1it.12 71°,

Phenylphosphonous Acid-d.—Phenylphosphonous acid (0.5
g.) was dissolved in ethanol-d (2 ml.) and 7.6 N DCI in D,O
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(2 ml.). After 1 hr. at room temperature the solvent and DCI
were removed under high vacuum. The residue was recrystal-
lized from hot DyO; m.p. 70-71°. Then.m.r. spectrum in DO
was identical with that of the normal compound except for the
reduced intensity of the P—H resonance line.

Ethanol-d. —EtOD was made by hydrolyzing diethyl oxalate
witho DyO and fractionally distilling the product!®; b.p. 78.3—
78.5°.

NaOD solution was made by dissolving sodium in D,O.

DCI solution was made by passing DCl gas (from benzoyl
chloride and D,0!) into D,O.

Procedure.—Proton magnetic resonance spectra were obtained
on a Varian 4300 B high resolution spectrometer operating at
56.4 Mec./sec.

The proton magnetic resonance spectrum of phenylphosphonous
acid in ethanol-water solution consists of resonance lines due to
the phenyl group, to the solvent, and a doublet due to the phos-
phorus-bonded hydrogen with a spin-spin coupling constant of
~700 c.p.s. The progressive replacement of the phosphorus-
bonded hydrogen results in a corresponding decrease in the
intensity of the P-H doublet.

The change in intensity observed in the P—H resonance line of
phenylphosphonous acid in deuterated solvents is due to an ex-
change reaction. Oxidation or other chemical reactions are
ruled out by the observation that the spectrum of phenylphos-
phonous acid in 4 N NaOH and in 4 N HC! (containing 509
ethanol) is stable for at least 4 hr. In addition, the spectrum of

the deuterated substrate CsH;—P—OH in normal acid solution

D OH
shows a small P-H line which increases with time, following first-
order kinetics (Table I).
TaBLE I

Acip-CATALYZED HYDROGEN EXCHANGE OF PHENYLPHOSPHO-
Nous AcIp IN EtAaNOL-d-D0O SoLuTioN AT 23 =+ 1°

[PPA], [EtOD], % [D+],
mole 1, ™1 v./v. moles 1. 71 ki1, min. "t X 102
0.7 50 0.5 2.22
7 50 0.97 3.33
7 50 1.0 3.18
7 50 1.94 5.59
7 50 2.95 7.36
7 50 3.88 9.32
.28 50 2.95 8.74
1.00 50 2.95 6.99
0.7 25 1.94 4.82
0.7 75 1.94 8.32
1.0 50 2.95 4.13°

o For phenylphosphonous acid-d.

Owing to the limited solubility of phenylphosphonous acid in
water, weighed quantities were dissolved in equal volumes of
ethanol-d and DCI1-D;O solution. The intensity of one com-
ponent of the P-H doublet was measured as a function of time
for different concentrations of DCl and phenylphosphonous acid.
The intensity of the P-H doublet as estimated by the peak height
is directly proportional to the concentration of the phosphorus-
bonded hydrogen.!®

In previous studies”® on another n.m.r. spectrometer the
intensity was taken arbitrarily as the ratio of the height of the
P-H line to the height of an internal standard. However, the
stability of the present instrument for periods up to an hour is
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N. Y., 1959, Chapter 19.



3004

L
K
1

o 1 I !
0 20 30 40

[DC1] Mole L,

Fig. 1.—Observed first-order rate constants for hydrogen
exchange in 0.7 M solutions of phenylphosphonous acid as a
function of DCl concentration; solvent, ethanol-d-D,O (1:1
by vol.); temp. 23 £ 1°.

such that there was no significant difference between rate con-
stants estimated from either absolute or arbitrary peak heights
and most runs were based directly on absolute measurements of
peak heights. Runs were followed to over 759, completion,
an average of 30-40 points being taken per run. The tempera-
ture of the reaction solution was 23 & 1°.

Runs in NaOD, in which the substrate is ionized, were carried
out in the absence of methanol, since sodium phenylphosphonate
is sufficiently soluble in water. The runs in alkaline solution
were slower than those in acid solution, necessitating the use of
an arbitrary peak height to allow for instrumental instability.
The ratio of heights of the phenyl resonance line and one compo-
nent of the P-H doublet was taken as a measure of the intensity
of the P-H resonance line.

Calculation of Kinetic Results.—First-order kinetics are to be
expected'® for any isotopic exchange reaction in which one of the
isotopes is present in low concentration.

In the present case the concentration of exchangeable protons
was never more than 39 and first-order kinetics were in fact
observed.

The rate law for the replacement of the proton of phenylphos-
phonous acid by a deuteron in the large excess of deuterated
solvent, i.e., for

O O
ya 1 Va 1
CeHs—P—H -+ 5 DO —>» C¢H—P—D + 5 H,O

OD oD
can be taken as

(%([CeHyPHOOD]t — [CH: PHOOD] ») =
— k1 ([CeH;:PHOOD]y — [CeH;PHOOD ] )

where the concentration terms refer to the concentrations of the
hydrogen form of phenylphosphonous acid at zerotime, time £, and
at equilibrium (infinity). The very rapid exchange of the proton
on the hydroxyl by deuterium is not measurable by this technique.
Since the concentration of the hydrogen form at equilibrium may
be neglected in the present case it follows that

1. [CsH;-PHOOD],

k= =71 [CH, PHOOD],
0
4
A logarithmic plot of | C¢H—P against time should be
OH H ¢

linear. In practice, the intensity of the P-H line was plotted on
semi-log paper and excellent linear plots were obtained. The
slopes were obtained by visually fitting a straight line through the
experimental points. The pseudo-first-order rate constants ob-
tained from the slopes of these plots are given in Tables [ and II
and plotted as functions of DCl and NaOD concentration in Fig.
1 and 2. Since the ratio of the hydrogen to deuterium in this
system is of the order of 0.03, there is an uncertainty in the
results of the order of 109.

(18) G. M. Harris, Trans. Faraday Soc., 47, 716 (1951).
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KFig. 2.—Observed first-order rate constant for hydrogen ex-
change in 0.7 M solutions of phenylphosphonous acid in DO,
as a function of NaOD concentration; temp. 23 =% 1°.

It is evident from the linearity of these plots that the depend-
ence of exchange on hydrogen ion and hydroxide ion concentra-
tion is first order. The positive intercept in Fig. 1 is a measure
of the uncatalyzed ‘“water reaction’’ of the unprotonated species.
There is no significant intercept obtained on extrapolating to
zero hydroxide concentration the results of base-catalyzed ex-
change. No significant exchange was detected after 3 days at
room temperature in runs carried out in sodium acetate solution.

From Tables I and II it may be seen that there is less than 159,
variation in the rate for concentrations of phenylphosphonous acid
in the range 0.4-1.0 M, which indicates that the exchange re-
action is also first order in phosphonous acid. It should be
noted that the ‘‘acidic’’ hydrogen of phosphonous acid has? pK,
1.75 and therefore any contribution to the acidity of the DCl
solutions due to this hydrogen may be neglected in the range of
acidity studied.

TaBLE II

BASE-CATALYZED HYDROGEN EXCHANGE OF PHENYLPHOSPHON-
ous Acip IN DyO AT 23 + 1°

Concen. of
phenylphosphonate,
mole 1,71 [OD]1-, moles 1.7 ki, min. "1 X 103
0.7 0.5 0.30
7 1.9 1.46
7 2.98 2.15
7 3.9 3.33
7 5.74 4.37
1.0 5.75 4.52
0.28 5.74 4.18
Sodium phenyl-
phosphonate, mole 1, ~1 Sodium acetate, mole 1. -t
0.7 0.12
7 .25 No detect. exch.
7 .38 in 72 hr.
7 .5

The dependence of rate on ethanol concentration is §h0wn tgy
the last three results in Table I. The small difference in rate in
going from 259, to 509 ethanol justifies qualitative comparisons
between the results of the present study and previous data ob-
tained for dialkyl phosphonates in aqueous solution.

Oxygen-18 Experiments.—To determine whether phenyl-
phosphonous acid undergoes oxygen exchange with the solvent
under the conditions used to study hydrogen exchange, samples of
phenylphosphonous acid were dissolved in solvents containing
water enriched in oxygen-18. After times corresponding to over
4 half-lives for hydrogen exchange in the same solvent, the slvent
was partially evaporated in the case of acidic solvents and the first
crop of crystals was filtered, washed with a little water, and dried
for 3 hr. on a high vacuum line. The recovered phenylphospho-
nousacid (m.p. 70-71°) was analyzed for oxygen-18 by the method
of Anbar and Guttmann.' .

The alkaline reaction solution was neutralized with HCl solu-
tion and the phenylphosphonous acid extracted with ethyl

(17) M. Anbar and S. Guttmann, Intern. J. Appl. Rad. Isotopes, 4, 233
(1959).
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TasLE III dominating influence on the exchange rate is the charge
80 EXCHANGE BETWEEN PHENYLPHOSPHONOUS ACID AND WATER state of the Sl}bStrate- Thus Wl'}lle exphange in diethyl
AT 23 == 0.1° phosphonate is catalyzed by cations (in the order OH~
> PO,~ > AcO™), phosphorous acid does not exchange
Atom 9, Atom %, " f .
excess 190 excess 140 in the presence of these ions, presumably owing to the
in solvent in recovd. electrostatic repulsion between the ions and the mono-
Solvent H:0  Time, hr.  substr. and dianions of phosphorous acid. The behavior of
H,0-EtOH (1:1) 1.75 1 0.008 phenylphosphonous acid falls between these extremes.
05 The monoanion is not attacked by acetate or phosphate
H,0-EtOH (1:1) 12 N HC 1.94 1 1006 ions. In strong base, however, phenylphosphonous
7.9 N NaOH 1.83 4 .020 acid exists as the monoanion as compared to a dianion
TaBLE IV
CaTaLysis CONSTANTS FOR EXCHANGE OF PHENYLPHOSPHONOUS AcIiD, DIETHYL PHOSPHONATE, AND PHOSPHOROUS ACID
kac0™, kpo,,
kyt, mole™! min. ™! kv, min. ¢ kOH™, mole™! min. 7! mole ™! min.~!  mole 7! min, 7!
Phenylphosphonous acid 2.1 X 1072 1.2 X 10—2¢ 0.77 X 10—# Lt R
Diethyl phosphonate (EtO),POH 6.0 X 1072 2 X 10-% 7.0 X 1072 7.5 X 1072 2.1
Phosphorous acid, H;PO; 1.8 X 107% 0.5 X 107¥ e e Lo

eBthanol-water solution (1:1 by volume), temp. 23 =+ 1°.
80 =+ 0.2°, D. Samuel and B. Silver, unpublished results.

acetate. After removal of the solvent, phenylphosphonous acid
was obtained, dried on the vacuum line, and analyzed for 0.
The results are given in Table III.
Discussion

The results show that in acidified 509, ethanol-water
(v./v.) solution phenylphosphonous acid undergoes
hydrogen exchange with the solvent, the rate being
given by

0
7
specific rate = £y = R CsH;P—OH
H

= ku[H7] + &«

where R is the total rate of exchange, kg is the catalysis

constant for the hydrogen (deuterium) ion, and k.

the specific rate of the acid-independent exchange of the
O

Y
unprotonated species of CsH;P—OH
AN

H

In sodium deuteroxide solutions in D,O exchange also
occurs, the specific rate being given by

(6]
/|
kB = R CeHsP—O—‘ = kOH[OH—‘]
[T
H
where kon is the catalysis constant for the hydroxide
(deuteroxide) ion.

It may be seen from Table II that the exchange
reaction is not catalyzed by acetate ion.

The above results indicate that under the experi-
mental conditions, the neutral species, the protonated
species, and the monoanion of phenylphosphonous
acid are all involved in tautomeric equilibria. This is
to be expected in view of the close structural relation-
ship between the phosphonous acids (I) and mono-
phosphonates (III) where hydrogen exchange with
water is known* to occur.

O
7
RO—P—H
OH III

It is of interest to compare the rate constants for
the hydrogen exchange of phenylphosphonous acid with
the corresponding constants for a typical dialkyl phos-
phonate (diethyl phosphonate)’® and phosphorous
acid.1®1!  As may be seen from Table 1V, the pre-

¥ Aqueous solution, temp. 20° (ref. 6 and 7). Values of kom- and
kpo,- are oxidation catalysis constants taken from P. Nylen, Z. anorg. allgem. Chem., 235, 161 (1938).
4 Neutral molecule.

¢ Aqueous solution, temp.

¢ Monoanion. / Dianion.

in the case of phosphorous acid. The lower negative
charge results in an observable rate of exchange due to
the attack of the strongly basic hydroxide ion.

Differences between the uncatalyzed and acid-cata-
lyzed rates are probably more closely related to intra-
molecular electronic factors in the substrate. The
presence of negative charged oxygen atoms in the anions
of phenylphosphonous and phosphorous acid will
strengthen the P-H bond by an inductive effect relative
to the bond in dialkyl phosphonates.

The role of tautomerism in the reactions of phenyl-
phosphonous acid is unknown. In the case of dialkyl
phosphonates the rate of oxidation in aqueous halogen
solution is known to be controlled by the rate of forma-
tion of the phosphite tautomers—®

RO O RO OH
N7 N
P — P.
7N\ e
RO H RO

A similar situation appears to obtain in the acid-
catalyzed oxidation of phosphorous acid® and of hypo-
phosphorous acid.!! The present demonstration of the
existence of tautomerism in hydroxylic solvents has no
direct bearing on the reaction in nonhydroxylic sol-
vents

3RPO:H; + 2PCl; —> 3RPCl; + 2H;PO;

studied by Frank.? An unsuccessful attempt to find
evidence of tautomerism? was based on the fact that the
titration curve of phenylphosphonous acid shows only
one inflection. Arguments of this kind are invalidated
when the potentially ionizable hydrogen is involved in a
comparatively strong covalent bond such as the P-H
bond in phenylphosphonous acid, dialkyl and monoalkyl
phosphonates, phosphorous and hypophosphorous acids.
A direct titration of the hydrogen of a P-H bond has only
been possible in the case of tiialkylphosphoaium com-
pounds. 181

The results of Table III show that oxygen-18 does
not exchange significantly between phenylphosphonous
acid and the given solvents within 1 half-life of the
exchange of hydrogen with water. This result is
evidence against a ‘“‘hydration mechanism” for hydro-
gen exchange

0 OH OH
Vs /
CeHsP\—H + H;0® —>CeH;P—H —> C;H,;P + H,0

OH HO¥ OH IV O¥H

(18) W. C. Davies aud H. W. Addis, J. Chem. Soc., 1622 (1937)!
(19) B. Silver and Z. Luz, J. Am. Chem. Soc., 88, 786 (1961).
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since, if the hydroxyl groups of intermediate IV are
equivalent, a path 1s available for oxygen exchange
between substrate and solvent. The mechanism of
hydrogen exchange are assumed to be the same as those

presented for the dialkyl phosphonates.®~® The acid-
catalyzed exchange may be formulated as
C6H5 O CoHs OD+ CgHs OD
N7, N @ /
P < P —> P, + H+
/N 7N
HO H HO H HO
D+ l (3)
CeHj O CeHs oD+
N7 @ NS
P < P
7N\ N
HO D HO D

The first step (1) involves a fast pre-equilibrium proto-
nation, followed by the rate-determining step (2), the
fission of the P-H bond to give the tricovalent tautomer,
which subsequently picks up deuterium from the sol-

C. C. THOMPSON, JR., AND P. A. D. bpE MAINE

Vol. 85

vent, step (3), and loses a proton from one of the
hydroxyl groups, step (4). The hydroxide ion catalysis
of exchange presumably proceeds by direct proton
abstraction. There is no physical evidence for the

tricovalent tautomer of phenylphosphonous acid. The
CHs; O

normal form P is probably stabilized by con-

H OH
jugation of the phenyl and phosphoryl groups.?? The
CeH OH

tautomer P: will lose this stabilizing energy,

OH
but a partial compensation may be expected due to the
conjugation of the phenyl group and the lone pair of
the phosphorus atom, such as Jaffé*! has found in
triphenylphosphine.
(20) M. I. Kabachnik, T. A. Mastryukova, and T. A, Melentiyeva, Tetra-
hedron, 17, 230 (1062).

(21) H. H. Jaffé and L. D. Freedman, J. Am. Chem. Soc., T4, 1069
(1952).
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Solvent Effects on Charge-Transfer Complexes. I.

The s-Trinitrobenzene—Naphthalene

Complex in Carbon Tetrachloride, n-Heptane, n-Hexane, Cyclohexane, Chloroform, or Carbon

Disulfide®®

By C. C. THOMPSON, JR., AND P. A. D. DE MAINE!P
RECEIVED Mav 13, 1963

Formation constants and absorptivities for the 1:1 s-trinitrobenzene-naphthalene complex in six inert solvents
(CCly, n-hexane, cyclohexane, n-heptane, CHCl;, or CS;) were calculated with spectrophotometric data collected
at fifteen wave lengths between 3300 and 4000 A at20and 45°. All data were processed with an IBM 1620-60
K computer using programs with the self-judgment principle, fail-safe procedure, error-analysis, and instruc-
tions for correcting concentrations for density—volume—temperature changes incorporated. Absorptivities
(ac) for the complex at the absorption maxima (near 3600 A.)at 20° vary from 1294 (£22) for n-heptane to 1540
(=£13) for n-hexane. As the temperature is increased from 20 to 45°, the absorptivities decrease by approxi-
mately 109, except in CHCJ; systems where those between 3650 and 4000 A are unchanged. The formation
constant (K) is independent of wave length at each temperature in all solvents except #-heptane where at 20°
K, in moles/l. units, is 9.58 (£0.17) for wave lengths between 3300 and 3700 A., and then gradually increases to
14.61 (£0.17) at 4000 A. At 45°, K in n-heptane is 6.12 (£0.09) at wave lengths up to 3850 A., then it in-
creases to 8.27 (x=0.09) at 4000 A. Average values for K at 20° vary from 1.82 (=£0.08) in CHCl;3t0 9.58 (£0.17)
in n-heptane. However, the heat of complex formation appears to be independent of the inert solvent with a
median value near —3.0 kcal. per mole except for cyclohexanc where the value is —4.16 (£=0.63) kcal. Recent
developments in theories of complex formation are examined. Variations of K with wave length and of ac with
temperature are attributed to simultaneous higher order reactions.

Introduction

In the new computer method? preselected limits of
experimental error are used in tests of data compati-
bility with a number of alternate equations or theories.
The method yields precise information for each param-
eter, thereby completely removing ambiguities in
reported results.

K

For the reaction, A + B = C, the Benesi-Hilde-
brand,® Ketelaar,®® and Scott* noniterative spectro-
photometric methods can be used to calculate the
equilibrium constant, K, and ac, the absorptivity for
C, only if [A] >> [B], aa and ap are known, and
aa, ap, and ac are independent of concentration. Re-
cent computer work in our laboratories has shown that
aa and ap are seldom completely independent of comn-
centration and the use of constant values for as and ag

(1) (a) Taken from the Ph.D thesis of C. C. T., University of Mississippi,
1964. (b) Department of Chemistry, University of Illinois, Urbana, Il

(2) P. A. D. de Maine and R. D. Seawright, *’ Digital Computer Programs
for Physical Chemistry, Vol. I, The Macmillan Co., New York, N. Y., 1963.

(3) (a) H. A, Benesi and J. H. Hildebrand, J. Am. Chem. Soc., 71, 2703
(1949); (b) J. A. A. Ketelaar, C. van de Stolpe, A. Goudsmit, and W.
Dzcubas, Rec. trav. chim., T1, 1104 (1952).

(4) R. L. Scott, ibid., T8, 787 (1956).

can result in erroneous conclusions, In the iterative
method used in this work (see Data Processing Method)
the restrictions on relative concentrations and the re-
quired concentration independence of as and ap are
removed.

For three systems researchers®~ have reported that
the values for K calculated for 1:1 complex formation
vary with wave length. Such variations in K and non-
linear Benesi—-Hildebrand or Ketelaar plots have been
attributed to the neglect of unsuspected higher order
reactions. Recently® there have been devised mathe-
matically exact iterative methods for calculating Kj,
K3, aa, as, ac,, and ac, for the equation sets

K, K.

(I)A+B<_C1; C1+A<_C2
Ky K,
(IDA+B_>C; 24+ B >C

In these methods there are no restrictions on concentra-

(5) P. A. D. de Maine, M. M. de Maine, and C. Froese, J. Mol. Spectry.,
8, 373 (1962).

(6) P. A. D. de Maine and P. Carapellucci, ibid., 7, 83 (1961).

(7) H.J. G. Hayman, J. Chem. Phys., 37, 2290 (1962).

(8) P. A. D. de Maine, J. Mississipps Acad. Sci., in press.



