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Six N-phenyl-2-thiocarbamoyldimedone and N-methyl-2-thiocarbamoyldimedone chelates of Co(III), Cu(II), Ni(II), and
Zn(IT) have been synthesized. The coordinate bonding has been investigated by spectral, magnetic, proton resonance, and

electron resonance measurcments,
dimedone.

The findings are compared with the properties reported for complexes of 2-carbamoyl-
Introduction of sulfur into the carbamoyl moiety appears to reduce intermolecular bonding in the metal com-
plexes and to enhance the covalency of the metal-ligand bonding.

Nmr, spectral, and combustion analyses indicate that

tris(N-phenyl-2-thiocarbamoyldimedonato)cobalt(III) combines with toluene ina 1:1 ratio.

Introduction

A few investigations of the metal-binding properties
of tetracyclines have been reported.®* On the basis
of spectral and magnetic properties of cobalt(II) and
nickel(I1) complexes of three tetracyclines, Baker and
Brown* concluded that the metal ions are coordinated
to the tetracyclines through oxygen atoms and the
diketoamide group is most likely the portion partici-
pating in the coordinate bonding. Prior to the report
of Baker and Brown, we had carried out a study of metal
complexes of a 2-carbamoyldimedone (2-carbamoyl-3,5-
dimethylcyclohexane-1,3-dione), which is a simpler
model system of the diketoamide group, and we pre-
sented evidence for the coordination of the oxygen rather
than the nitrogen of the carbamoyl moiety to the metal
ion in each chelate.! The magnetic and spectral data
suggest that the bis(N-substituted 2-carbamoyldime-
donato)metal complexes have a quasi-octahedral struc-
ture, The structure is attributed to intermolecular
bonding involving the metal ion of one molecule and
the nitrogens in the carbamoyl moieties of two neigh-
boring molecules.

The study of monothio-3-diketones and their metal
complexes by Chaston, Livingstone, ef al.,> indicates
that the replacement of one oxygen atom of a §-dike-
tone markedly alters the metal-bonding properties of
the ketone. As part of our investigation of 2-carba-
moyldimedone chelates, we have prepared metal
complexes of some N-substituted 2-thiocarbamoyldi-
medones of the general formula

R=CH;,,n=2,M =Cu, Zn,Ni

n=3M=Co
R=CH;n=2 M=Ni
n=3,M=Co

(1) Part I: E. P. Dudek and M, L. Snow, Inorg. Chem., 8, 395 (1966).

(2) Participant in the Wellesley College Institute of Chemistry supported
by the National Science Foundation.

(3) A. Albert, Nature, 172, 201 (1953); A. Albert and C. W. Rees, tbid,,
177, 433 (1956).

The coordinate bonding in the compounds differs
noticeably from that of the analogous 2-carbamoyldi-
medone derivatives but is similar to the bonding re-
ported for metal chelates of monothio-3-diketones.?

Experimental Section

Chemicals.—Chloroform-d was supplied by Merck Sharp and
Dohme of Canada. The calibrant for magnetic susceptibility
measurements, mercury(II) tetrathiocyanatocobaltate(Il), was
obtained from Eastman Organic Chemicals.

Synthesis of Compounds. Ligands.—N-Phenyl-2-thiocarba-
moyldimedone (5,5-dimethylcyclohexane-1,3-dione) was synthe-
sized according to the procedure of Goerdeler and Keuser,®
and N-methyl-2-thiocarbamoyldimedonc was prepared as de-
scribed by Dudek and Dudek.?

Complexes.—The divalent metal complexes of N-phenyl- and
N-methyl-2-thiocarbamoyldimedone listed in Table I were
prepared by the following general method. The 2-thiocarbamoyl-
dimedone derivative (8 mmoles) dissolved in hot ethyl acetate
was added to the hot aqueous solution of the metal acetate hy-
drate (4 mmoles). The two-phase mixture was stirred overnight,
the complex forming as an insoluble product between the two
phases. The mixture was filtered, and the precipitate washed
with cold water and then dried ## vacuo over phosphorus pentox-
ide. The material was recrystallized from the appropriate solvent.

The cobalt complexes in Table I were synthesized as follows.
The ligand (12 mmoles) was dissolved in hot ethyl acetate and
combined with a hot aqueous solution of cobalt(Il) acetate
tetrahydrate (4 mmoles). Air was drawn through the mixture
overnight. The complex formed between the two phases was
filtered, washed with cold water, dried n vacuo over phos-
phorus pentoxide, and recrystallized from the appropriate
solvent.

Infrared Spectra —Spectra were obtained on a Perkin-Elmer
Model 337 grating spectrometer using the potassium bromide
pressed-disk method. The instrument was calibrated with a
polystyrene film and the wavelengths are accurate to =5 cm ™1,

Ultraviolet Visible Spectra.—Spectra were taken on Perkin-
Elmer 202 and Cary Model 14 recording spectrometers. Chloro-
form, which had been passed through a column of aluminum
oxide to remove alcohol, was used as the solvent. All spectra
were recorded at room temperature.

Proton Resonance Spectra.—The spectra were taken on a Varian
A-60 spectrometer with tetramethylsilane as an internal standard.
The spectra were recorded at the ambient temperature of the
probe, 31°, except for bis( N-phenyl-2-thiocarbamoyldimedonato)-

(4) W. A, Baker, Jr.,and P, M. Brown, J. Am. Chem, Soc., 88, 1314 (1966),
and references cited therein.

(3) 8. H. H. Chaston and S. E. Livingstone, Ausiralian J. Chem., 20, 1079
(1967), and references cited therein.

(6) J. Goerdeler and U. Keuser, Chem. Ber., 97, 2209 (1964).

(7) E. P. Dudek and G. Dudek, J. Org. Chem., 32, 823 (1967).
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TABLE I
CHARACTERIZATIONS OF SOoME METAL COMPLEXES OF N-SUBSTITUTED 2-THIOCARBAMOYLDIMEDONES

Analysis, %

—

Dec pt, Yield, C H. N S Solvent(s) used in
R M n °Cce % Caled Found Caled Found Caled Found Caled Found recrystallization
CeHs Cu 2 180-181 75 58.86 58.99 5.27 5.39 4.58 4.64 10.47 10.45 Benzene-cyclohexane
CeH; Zn* 2 197-198 75 57.00 57.53 5.42 540 4.43 4.39 10.15 10.32 Benzene-hexane
CsH; Ni 2 285-286 75 59.32 59.53 5.31 5.50 4.61 4.47 10.56 10.74 Benzene
CeH; Coc 3 158-160 40 64.11 64.36 5.79 5.98 4.31 4.16 9.89 9.93 Cyclohexane, then
toluene-hexane
CH;, Ni 2 250-251 70 49.70 50.04 5.84 5.8 5.80 5.8 13.27 13.35 Benzene
CH, Co 3 212-213 50 51.78 51.78 6.08 6.30 6.04 5.91 13.82 13.88 Toluene-hexane
¢ All compounds decomposed on melting. ?» Data for 1:1 bis(N-phenyl-2-thiocarbamoyldimedonato)zinc(II)-water. ¢ Data for
1:1 tris{ N-phenyl-2-thiocarbamoyldimedonato)cobalt(1I1I)-toluene,
TABLE II
INFRARED BANDs (cM™!) oF N-SUBSTITUTED 2-THIOCARBAMOYLDIMEDONES AND THEIR METAL CHELATES®
Uncoordinated Cross-conjugated
R M n y(C==0) p(C=2=C) system »(C==8) »{M—0)
CeHs H 1 1610 vs 1540 m 1500 vs, 1400 s 1274 m, 1150 m 475 m
CeH; Cu 2 1605 s 1550 s 1470 vs, d, 1380 s 1268 m, 1145 m 478 m
CeH, Zn 2 1600 m 1550 m 1470 vs, 1360 s 1268 m, 1140 b 478 m
CeH; Ni 2 1600 m 1550 m 1470 vs, d, 1380 s 1270 m, 11560 m 483 m
CsH; Co 3 1590 m 1545 m 1475 vs, 1370 s 1268 m, 1140 m 486 m
CH; H 1 1600 vs 1540 sh 1520 vs, 1380 s 1262 m, 1146 m 475 m
CH; Ni 2 1600 m 1550 m 1480 vs, 1400 s 1272 m, 1145 m 488 m
CH; Co 3 1590 m 1550 m 1480 vs, 1370 s 1275 m, 1150 m 480 m

e g, strong; m, medium; w, weak; v, very; sh, shoulder; b, broad; d, doublet,

nickel(II) the spectrum of which was run at 40, 50, and 60°
owing to the low solubility of the complex. No change in chemical
shifts was observed over this temperature range. The spectra
were calibrated as previously described.! All compounds were
studied in 109, w/w chloroform-d, except bis(N-phenyl-2-
thiocarbamoyldimedonato)zine(11) monohydrate which was also
studied in dimethyl sulfoxide-ds.

Magnetic Measurements.—Magnetic measurements were
made by the Gouy method at room temperature (24 =+ 2°),
The calibrant was mercury(Il) tetrathiocyanatocobaltate(11).?
The magnetic moments were corrected for diamagnetic contribu-
tions.? The estimated error is +=29.

Electron Paramagnetic Resonance Spectra.—Spectra were
obtained with a Varian V-4502 epr spectrometer employing
100-kHz modulation and detection and operating at about 9.5
GHz. The klystron frequency was measured by a Hewlett-
Packard 5245L electronic counter with a 5255-A frequency con-
verter. The magnetic field was determined with a proton gauss-
meter, the frequency of which was measured by the same elec-
tronic counter. The samples were 209, toluene-809, chloro-
form solutions, and the spectra were recorded at room tempera-
ture and at 77°K.

Results

Infrared Spectra.—The band assignments listed in
Table IT are based on the infrared studies of monothio-
B-diketones and their metal chelates by Chaston,
Livingstone, et al.®~? The spectra of the 2-thio-
carbamoyldimedone and the monothio-g-diketone com-
pounds appear to be similar; however, vibrational
coupling in the cross-conjugated system of 2-thio-
carbamoyldimedones’ renders assignment of bands

(8) B. N. Figgis and R. 8. Nyholm, J. Chem. Soc., 4190 (1958).

(9) B. N. Figgis and J. Lewis in ““Modern Coordination Chemistry,” J.
Lewis and R, G. Wilkins, Ed., Interscience Publishers, Inc., New York,
N. V., 1960, p 403.

(10) S. H. H. Chaston, 8. E. Livingstone, T. N. Lockyer, V. A, Pickles, and
J. S. Shannon, Australian J. Chem., 18, 673 (1965).

(11) R. K. Y. Ho, 8. E. Livingstone, and T. N. Lockyer, ibid., 18, 1927
(1965).

(12) S. H. H. Chaston and S. E. Livingstone, ébid., 20, 1065 (1967).

in the 1600-1400-cm—* region more difficult. The
value of the carbon-sulfur stretching frequency is
also uncertain. The nickel(II) chelates of N-substi-
tuted 2-thiocarbamoyldimedones exhibit two absorp-
tions of moderate intensity at ~1270 and ~1150
em™! while the carbon-sulfur stretching frequency
bands of the monothio-3-diketone—-nickel chelates ap-
pear between 1260 and 1220 cm—.* According to the
arguments of Chaston, Livingstone, ef al.,'° the bands
in the 490-470-cm~? region are attributed to metal-
oxygen stretching frequencies. This assignment is
questionable, however, since the band positions are
independent of the nature of M, M being a proton or a
divalent or trivalent metal ion.

Ultraviolet-Visible Spectra.—The increase in wave-
length and intensities of the ultraviolet absorptions of
N-phenyl- and N-methyl-2-thiocarbamoyldimedone
upon complexation with metal ions is indicative of an
enhancement of the electron delocalization in the
conjugated systems of the ligands. The two bands in
the visible region and the absence of any near-infrared
absorption in the spectra of the nickel(II) chelates
suggest a square-planar structure for these compounds.
The absorptions at 16.3 and 20.4 X 10% cm™! are
tentatively assigned to the transitions !A, — B, and
1Ay, — !B, respectively, based on Dy, microsym-
metry.13

Proton Magnetic Resonance Spectra.—The sharpness
of the bands in the spectra and the absence of any
noticeable contact shifts indicate that the nickel and
cobalt complexes, as well as the zinc compound, are
diamagnetic. The splitting by 5 Hz of the N-methyl
resonance of each N-methyl-2-thiocarbamoyldimedone

(13) 8. Yamada, H. Nishikawa, and E. Yoshida, Bull, Chem. Soc. Japan,
89, 994 (1966), and references cited therein,
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R M
CeH; H
CeHg Cu
C6H5 Zn
CeHs Ni
C5H5 CO
CH; H
CHs Ni
CHg Co

e Log values of molar extinction coefficients are given in parentheses;

n

NN N

[ V)

3

Pmax

42,300 (4.65)
41,400 (4.64)

42,500 (4.60)
41,200 (4.64)

Pmax (most intense)

38,500 (4.32)
35,900 (4.73)
37,000 (4.70)
32,200 (4.83)

33,700 (4.92)
39,800 (4.41)
32,800 (4.50)
35,200 (4.94)

Pmax

34,500 (4.20)

33,200 sh (4.52)

32,400 (4.54)

37,000 sh (4.18)

sh, shoulder.

Ymax

25,500 (4.08)

Vmax

20,600 (2.54)
16,400 (1.81)

20,100 (2.46)
16,600 (1.81)

17,700 (2.72)
15,900 sh
(1.92)

16,300 (1.78)

TABLE IV
ProToN MAGNETIC RESONANCE DATA FOR METAL COMPLEXES OF N-SUBSTITUTED 2-THIOCARBAMOYLDIMEDONES®
R M n Dimethy! Methylene R N-H O-I1
i b 7 37
O, - L 112 fz.gs 7.43 13.97 17.37
}2.07
CH; Zne 2 1.01 2.53 735 15.2
}2.06
. 2.42 7.30 14.3
. J
CeHs Ni 2 1.01 5 47
|2.35 (toluene) 7.18 (toluene) 14.7
1.0 2.43
CsH; Co 3 {1 07 2 65 7.28
2.75
2.42 )
CH;, H 1 1.05 5 50 3.14 (J = 4.8 Hz) 12.3% 17,110
- }2.38 ~
CH; Ni 2 1.00 o 47 3.21(J = 5.0 Hz) 12.8
1.00 2.42
CH; Co 3 ’ 2.62 3.24 (J = 5.0 Hz) 13.2
1.01 2.68

¢ Chloroform-d solvent.
methylene, 2.40; water, 3.31; R,7.33; N-H, 15.1.

complex (see Table IV and Figure 1) is due to the
coupling with the NH proton. Thus removal of the
amide hydrogen to produce an imine form on complex-
ation is ruled out.

The larger chemical shift of the NH proton in bis-
(N-phenyl-2-thiocarbamoyldimedonato)zinc(II), § 15.2
ppm, than in bis(N-phenyl-2-carbamoyldimedonato)-
zinc(I1), 6 12.9 ppm, suggests that for the zinc chelates,
as for the free ligands,” the hydrogen bonds involving
the NH proton are stronger in the sulfur derivatives.
Also the chemical shift data denote stronger hydrogen
bonding of the NH group in the metal complexes than
in the corresponding free ligand, the order of in-
creasing hydrogen bonding being ligand < Ni(I1) <
Co(I11) < Zn{(IT) complex. The N-H chemical
shift exhibited by the zinc compound is the same for
both chloroform and dimethyl sulfoxide solutions.
Apparently, even in strongly coordinating solvents
such as dimethyl sulfoxide, the hydrogen bond of the
NH group is not perturbed. The independence of the
NH chemical shift of solvent, temperature, and con-
centration indicates that the hydrogen bonding is in-
tramolecular rather than intermolecular.

The existence of the zinc complex as the monohy-
drate, which is suggested by the elemental analysis,
was corroborated by the nmr spectrum of the com-
pound in dimethyl sulfoxide-ds. This particular sol-
vent was used to locate the water resonance, since

In ppm downfield from tetramethylsilane.

b Reference 7, ¢ In dimethyl sulfoxide-der dimethyl, 0.95;

N-CHg “H CHg
H i ‘) TMS
“ ~y fM“‘MW)L o w'/‘ . MMi\-.
12.8 ppm 3.2 247’ 238 1,00 ppm :

Figure 1.—Pmr spectrum (CDCl; solution) of bis(N-miethyl-2-
thiocarbamoyldimedonato)nickel(II),

proton exchange in dimethyl sulfoxide is slow.'* The
resonance at 3.31 ppm shown by the zinc complex
coincides with the absorption which appears in a
spectrum of the pure solvent on addition of water.
The resonance of the methyl protons occurs as a
singlet for each of the complexes except the cobalt(IIT)
chelates where the resonance is a doublet. Also, as
shown in Figure 2, the spectrum of each cobalt(III)
complex contains three methylene resonances in the
ratio 2:1:1 unlike the 1:1 doublet exhibited by the
other 2-thiocarbamoyldimedone chelates. The frans
isomer of the tris chelates or a mixture of ¢is and frans
isomers may be responsible for the multiplicity of
bands in the spectra of the cobalt(IIT) complexes.t?

(14) O.I. Chapman and R. W. King, J. Am. Chem. Soc., 86, 1256 (1964).
(15) R. C. ¥Fay and T. S. Piper, ¢bid,, 84, 2303 (1962).



Vol. 7, No. 4, April 1968

(.00 ppm

Figure 2.—Pmr spectrum (CDCl; solution) of tris(N-methyl-
2-thiocarbamoyldimedonato)cobalt(III). The NH signal is not
shown.

On recrystallization from toluene-hexane or ben-
zene-hexane, tris(N -phenyl-2-thiocarbamoyldimedon-
ato)cobalt(I1I) retains one molecule of the aromatic
solvent per molecule of complex. Initially the crude
product isolated from the reactant mixture was re-
crystallized once from cyclohexane to yield a crystal-
line solid with a decomposition point of 210° and no
solvent band in its nmr spectrum. The solid, however,
was no longer soluble in cyclohexane. Recrystal-
lization of the material from toluene-hexane lowered
the decomposition point to 160°. After being dried
at 80° in an evacuated drying pistol for 18 hr, a sample
still exhibited two solvent bands at 2.35 and 7.18
ppm in close agreement with the chemical shifts of
2.32 and 7.17 £ 0.03 ppm reported for toluene by
Varian Associates.!® The relative peak intensities
suggested a ratio of one molecule of toluene to one
molecule of cobalt(IIT) complex. The ratio was con-
firmed by combustion analyses. Benzene also was
found to behave as a solvent of crystallization in the
same molar ratio.

Magnetic Moments.—All of the metal complexes of
N-substituted 2-thiocarbamoyldimedone which have
been prepared in this investigation are diamagnetic
except for bis(N-phenyl-2-thiocarbamoyldimedonato)-
copper(II). The magnetic moment of 1.87 BM recorded
for the copper(II) complex is normal for a Cu(II) com-
pound, the majority of Cu(II) compounds having mag-
netic moments of about 1.9 BM at room temperature.!’

Electron Paramagnetic Resonance Spectra.—The
g values obtained from room-temperature measurements
are go = 2.11 and 2.14 for the copper(II) complexes
of N-phenyl-2-thiocarbamoyldimedone and N-phenyl-
2-carbamoyldimedone, respectively. To obtain a good
glass at liquid nitrogen temperature, the solvent
mixture of 209, toluene~80%, chloroform was used.!®19
The 77°K spectra of the glasses were typical of cop-
per(IT) complexes of Dy, symmetry.’® Analysis of
the parallel absorptions yields g, = 2.14, a; (Cu hyper-
fine splitting) = —182 X 10~ cm~! for bis(N-phenyl-
2-thiocarbamoyldimedonato)copper(I11) and g, = 2.30,
a; = —197 X 107* ecm™! for bis(N-phenyl-2-carba-
moyldimedonato)copper(II). The presence of “‘extra

(18) N. S. Bhacca, L. F. Johnson, and J. N. Shoolery, “NMR Spectra
Catalog,’’ Vol. I, Varian Associates, Palo Alto, Calif, 1962, spectrum no. 157.

(17) B. N. Figgis and J. Lewis, Progr. Inorg. Chem., 6, 37 (1964).

(18) H.R. Gersmannand J. D. Swalen, J. Chem. Phys., 36, 3221 (1962).

(19) V. C. Swett and E. P. Dudek, ¢bid., in press,
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absorptions’”!8 requires the use of a computer to ob-
tain g, and ¢, values. Furthermore, evaluation of the
parameters would not add significantly to the compar-
ison of the thiocarbamoyldimedone and carbamoyldi-
medone chelates.!® Consequently the values of g,
and a, were not determined.

The absence of any nitrogen hyperfine splitting even
at 77°K, although the line width at half-peak height
was 10 gauss, indicates that the amide nitrogen is not
bonded to the copper. Low values of g denote a high
degree of covalency in the coordinate bonding of
copper(ll) complexes.?® Apparently, in the 2-thio-
carbamoyldimedone complex, the copper—sulfur bond
is more covalent than the copper-oxygen bond in the
analogous 2-carbamoyldimedone compound owing pos-
sibly to the greater polarizability of sulfur. From
epr studies of copper diethyldithiocarbamate, Reddy
and Srinivasan?® reached a similar conclusion, namely,
that the copper-ligand binding is more covalent with
sulfur as the coordinating atom than with oxygen (or
nitrogen).

Conclusion

The spectroscopic data indicate that in chelates of
N-substituted 2-thiocarbamoyldimedone the sulfur
atom is bonded to the metal ion. First, there is no
nitrogen hyperfine splitting in the epr spectrum of
bis(N - phenyl-2-thiocarbamoyldimedonato)copper(II).
Second, the nmr data establish a hydrogen on the
amide nitrogen which is strongly hydrogen bonded.
Third, the differences betwen the 2-thiocarbamoyl-
and 2-carbamoyldimedone complexes parallel the dif-
ferences between metal complexes of monothio-3-
diketones and B-diketones.® The exchange of sulfur
for oxygen in the 2-carbamoyldimedone ligands
changes the nickel(II) chelates from paramagnetic,
associated, quasi-octahedral species to diamagnetic,
square-planar complexes and converts the paramag-
netic, associated, quasi-octahedral cobalt(I1I) com-
plexes to diamagnetic, octahedral cobalt(III) com-
pounds. The removal of the intermolecular associa-
tion of the N-phenyl-2-carbamoyldimedome complexes
on substitution of sulfur for oxygen is reflected in the
increase in solubility of the compounds in organic
solvents.

The oxidizing agent in the Co(II)-Co(III) tran-
sition is presumably molecular oxygen. The oxidation
occurred on mixing the reagents and stirring without
drawing air through the solution; however, a higher
yield of the Co(III) complex was obtained using the
stream of air. No bis(N-substituted 2-thiocarbamoyl-
dimedonato)cobalt(IT) was isolated. To identify the
oxidizing agent, further studies are being carried out.

The epr results suggest greater covalency in the
coordinate bonding of the N-phenyl-2-thiocarbamoyldi-
medone chelate of copper(II) than in the analogous
carbamoyldimedone complex. The shift of the nickel-
(IT) complex from high spin to low spin on exchange of

(20) D. Kivelson and R. Neiman, ibid., 36, 149 (1961).
(21) T.R.Reddy and R. Srinivasan, {bid., 43, 1404 (1965).
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sulfur for oxygen indicates that sulfur produces a
stronger ligand field than does oxygen in the nickel(IT)
chelates. This finding is in accord with the ligand-
exchange studies?? and stahility constant measure-
ments of monothio-@3-diketone—nickel(ITI) chelates??
which reveal that nickel(II) in a square-planar en-
vironment binds sulfur more strongly than oxygen.
The high-frequency values of the first spin-allowed
band in the spectra of the N-phenyl- and N-methyl-2-

(22) S. H, H. Chaston, S. E. Livingstone, and T. N. Lockyer, Australion
J. Chem., 19, 1401 (1966).
(23) S. H. H. Chaston and S. E. Livingstone, ¢bzd., 19, 2035 (1966).
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thiocarbamoyldimedone complexes of nickel(II) place
these ligands higher in the spectrochemical series
than the monothio-g-diketones investigated by Chaston
and Livingstone.?? Conjugation with the second
carbonyl group in the dimedone ring may contribute
to the crystal field stabilization energy.
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The Dipolar Ion Structure of
Phosphoramidic Acid. Heats of Ionization!®

By Dana LevINE AND IRWIN B. WILSON
Recetved November 7, 1967

Although there is conclusive evidence that amino
acids exist in solution as dipolar ions, there is no com-
pletely definitive evidence concerning the structure of
phosphoramidates in solution. The phosphoramidate
anion, [NH;tPOs;2—]~, is believed to have a tripolar
ion structure in crystals of the sodium salt.? This
conclusion is based upon X-ray diffraction studies
showing trigonal symmetry of the N-P axis with three
N-O hydrogen bonds of equal length and with equal
ONP angles. Although the positions of the hydrogen
atoms were not determined, it is probable that if one
of the hydrogen atoms were contributed by oxygen, the
symmetry would be measurably disturbed.

This crystallographic study is the primary basis on
which phosphoramidates are taken to have the tripolar
ion structure in solution. The second ionization con-
stant of phosphoramidic acid was found to increase in
the presence of formaldehyde;® the first was not
investigated. This result suggests and favors the di-
polar ion structure of phosphoramidic acid, but it is
also consistent with the ‘“‘uncharged” formulation
hecause it is quite reasonable to consider that the form-
aldehyde adduct of the uncharged form would be more
acidic than the original structure.

(1) This research was supported by National Institutes of Health Fellow-
ship 3F1-GM-25,555-02 and Grant NB 00573-16 and by National Science
Foundation Grant 18926.

(2) E. Hobbs, D. Corbridge, and B. Reistrick, Acia Cryst., 6, 621 (1953).

(3) W. Jencks and M. Gilchrist, J. Amer. Chem. Soc., 86, 1410 (1964).

The dipolar ion structure has been postulated in the
treatment of hydrolysis and reactions of nucleophiles
with phosphoramidic acid.®~7

In this work we have endeavored to obtain ad-
ditional information bearing on the structure of phos-
phoramidic acid in solution by evaluating the heats of
ionization of the first and second ionizations of phos-
phoramidic acid. The rationale of this method is
based upon data presented in Table I. The heats
of ionization of phosphoric acid at 25° involving
the ionization of hydroxyl groups are numerically
small for both the first and second ionizations. There-
fore, we must expect that those ionizations of phos-
phoramidic acid which correspond to the ionization of
hydroxyl groups will have numerically low heats of
ionization. The heat of ionization of an ammonium
function in phosphoramidic acid, on the other hand,
might well be expected to have a large positive value if
its ionization were the second ionization, z.e., the one
with pK. = 8.6.

Results and Discussion

The ionizations of phosphoramidic acid can be rep-
resented as

[NH, "PO;H]0, —H* K ([NH;*PO27] ")
NHPOH, =~ {NH.POH~ |
—H*, Ko
NH,PO;2~

Values for ionization constants K; and K, werc ob-
tained from titration curves at different temperatures
and ionic strengths. The ionization constants at
infinite dilution (Table I) were obtained for 25° by
extrapolation of the lines obtained by plotting pK ws.
v u/(1 -+ 1.15+/u) (Figure 1) in accordance with eq 1,
where 4 and B are functions of the temperature and
have the values of 0.509 and 0.329 at 25°.% The sym-
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