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The Crystal and Molecular Structure of Phospholanic Acid
(P-Oxo-P-hydroxo-phospholane), (CH,) ,PO(OH)

EYVIND ALVER and HANS MAGNUS KJO9GE

Chemical Institute, University of Bergen, Bergen, Norway

The crystal and molecular structure of phospholanic acid (P-oxo-
P-hydroxo phospholane) has been determined by X-ray diffraction
methods.

The crystals are orthorhombic, space group P2,2,2;, (No. 19),
with cell dimensions, a=6.38 A, b 12.69 A, ¢c="7.15 A. There are four
asymmetric molecules (CH,),PO(OH) in the unit cell.

Intensities were measured by point photometry on integrated
Weissenberg films. The agreement residual R, was 0.07 for about
640 structure amplitudes at the end of the least squares refinement

rocess.
P The molecules are bonded together to helices along the axis ¢
by hydrogen bonds, of length 2.48 A, between the oxo atom and the
hydroxyl group of adjacent molecules.

The P—O “single bond” is 1.56740.006 A (e.s.d.), and the
“double bond”, 1.473+0.010 A. The mean length of the two phos-
phorus-carbon bonds is 1.786 4-0.017 A. The amplitudes of the aniso-
tropic thermal vibrations are large, and this may explain the abnor-
mally low values obtained for the carbon-carbon bond lengths (down
to 1.43 A, with e.s.d. 0.03 A).

The five-membered ring is non-planar, and asymmetrical. The
angle in the ring at the phosphorus atom is 95°.

t has been found that five-membered cyclic phosphorus compounds (phos-
Ipholane derivatives) are hydrolysed much faster than the six-membered
analogs (phosphorinane derivatives).! This might be due to different sterical
distribution of atoms around the phosphorus atoms in the two cases, and/or
to difference in strain in the five-membered and the six-membered rings.
The present paper describes the structure determination of phospholanic acid,
P-oxo P-hydroxo phospholane, by X-ray diffraction methods. This work
was started with the purpose of obtaining information that might contribute
to a better understanding of the chemistry of cyclic phosphorus compounds.
It is, however, also hoped that the present work will contribute to the under-
standing of the structural chemistry of small ring compounds in general.
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1102 ALVER AND KJOGE

EXPERIMENTAL

The crystals are orthorhombie, space group P2,2,2, (No. 19), and there are four
molecules (CH,),PO(OH) in the unit cell. The cell dimensions are, a=6.38 A, b=12.69
A, ¢c=17.15 A, within +0.2 %,

The intensities of the reflections were measured with a point photometer on integrated
equi-inclination Weissenberg films. The usual multifilm technique was employed, and
in all, about 640 independent intensities of the orders 0kl to 4kl and hkO to hk5 were
recorded. On higher layers only the extended spots were measured, and an “extended
spot”’ correction was applied. No correction for absorption has been thought necessary,
as the crystals employed were small (about 0.15 mm across), and contain no element
heavier than phosphorus.

DETERMINATION OF THE STRUCTURE

It was first attempted to determine the structure in the projections along
a and ¢, by the usual heavy-atom method and by direct sign determination
by the “multiplication rule”. As the z coordinate for the phosphorus atom
seemed ambiguous, the three-dimensional Pattersom function was computed.
The « and y coordinates for the phosphorus atom were confirmed. The posi-
tions, relative to the phosphorus atom, of the two oxygen atoms and the two
carbon atoms bonded to phosphorus were also indicated. As it was not known
which way the non-planar ring should be twisted, the last two carbon atoms
were located by (F,—F.) synthesis. It was thus possible to solve the ¢ projec-
tion.

The three-dimensional Patterson function did, however, indicate two
possible z coordinates for the phosphorus-oxygen vectors. It was found easiest
to try both sets of coordinates, and one of them at once gave reasonable
agreement between observed and calculated structure factors. The least
squares computations proceeded smoothly until the residual R, was 0.16.

Table 1. Final positional parameters of one asymmetric unit in fractions of the corre-
sponding cell edge, with their estimated standard deviations, and B in the isotropic
temperature factor exp — B(sin6/1)? used for the hydrogen atoms.

x Yy z a(x) o(y) o(z) B

P 0.3754 0.4188 0.0990 0.0003 0.0001 0.0002
0, 0.1973 0.4909 0.1274 0.0009 0.0003 0.0006
O, 0.4221 0.3954 —0.1122 0.0010 0.0006 0.0007
C, 0.6095 0.4576 0.2144 0.0011 0.0006 0.0013
C, 0.6974 0.3591 0.2954 0.0017 0.0009 0.0016
C, 0.56316 0.2879 0.3409 0.0017 0.0006 0.0012
C 0.3631 0.2915 0.2086 0.0031 0.0012 0.0018
Ifoﬂ 0.4157 0.4808 —0.176 0.017 0.008 0.014 12.1
H,, 0.7156 0.4944 0.132 0.017 0.007 0.015 7.6
H,, 0.5140 0.5047 0.285 0.012 0.0056 0.011 8.2
H,, 0.7667 0.2788 0.168 0.019 0.008 0.014 8.8
H,, 0.7957 0.3745 0.405 0.019 0.008 0.013 8.0
H,, 0.4462 0.3525 0.476 0.016 0.009 0.014 5.2
H,, 0.6477 0.2227 0.350 0.022 0.012 0.018 9.0

a 0.2554 0.2973 0.232 0.024 0.008 0.015 8.6
H, 0.4017 0.2322 0.119 0.021 0.010 0.016 10.7
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STRUCTURE OF PHOSPHOLANIC ACID 1103

Table 2. Anisotropic vibration parameters for the phosphorus, oxygen, and carbon atoms.
The expression used 1s exp— (B11h%+ Baak?-+ Basl? -+ Brshk+ Baskl-+ B1shl).

ﬂll ﬂ22 ﬂ33 ﬁlz ﬂls ﬂﬂa
P 0.0295 0.0081 0.0116 0.0044 —0.0036 0.0001
0, 0.0488 0.0209 0.0151 0.0336 —0.0111 —0.0086
O, 0.0595 0.0112 0.0125 0.0211 0.0041 —0.0016
C, 0.0376 0.0098 0.0266 —0.0078 —0.0094 0.0075
C, 0.0390 0.0095 0.0347 0.0029 —0.0344 0.0023
C, 0.0416 0.0120 0.0439 0.0021 —0.0104 0.0215
C 0.0497 0.0148 0.0299 —0.0262 —0.0214 0.0130

-

At this stage the hydrogen atoms were included in the computations, and
anisotropic temperature factors for the phosphorus, oxygen, and carbon
atoms were introduced. The approximation process was interrupted when
all shifts seemed insignificant. The final value of the residual R, was 0.07.
Atomic scattering factor tables were taken from International Tables

The positional and thermal parameters are given in Tables 1 and 2, observed
and calculated structure amplitudes in Table 3, and bond lengths and bond
angles in Table 4 and in Figs. 1 and 2. The bonds involving hydrogen atoms
are not included in the tables because of the inaccuracy of the hydrogen
positions. However, lengths of the carbon-hydrogen bonds were found between
0.7 A and 1.4 A, four of them close to 1.0 A. The oxygen-hydrogen bond was
found 1.2 A long.

Fig. 1. Two asymmetric units projected along ¢ (axis b horizontal) with bond lengths
(A) (left) and torsion angles around the bonds of the ring (right). The signs -- on the
torsion angles indicate direction of twist (right — left screw). The length of the bond
P—0; is indicated on Fig. 2. The indicated position of a hydrogen atom is by assumption.
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Table 3. Observed and calculated structure amplitudes, multiplied by 100.0.
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Table 3. Continued.
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RESULTS AND DISCUSSION

The molecules are arranged in helices around the screw axis parallel to
¢, as shown in Fig. 1, and are in these helices bonded together through hydrogen
bonds of length 2.48 A between the hydroxyl group of one molecule and the
oxo atom of the next. Similarly short hydrogen bonds have been found in
phosphoric acid and derivatives.2,3 All other bonding between molecules
seems to be due to van der Waals’ forces only. The shortest such contacts
are 3.65 A between oxygen atoms, 3.60 A between oxygen atom and carbon
atom, and 3.84 A between carbon atoms. This may explain the strong thermal
vibrations at room temperature, and the low melting point (54.5°C). The
crystal structure can thus be described as a packing on parallel infinite helices,
the monomers being held together in the helix by one strong hydrogen bond
per phospholanic acid unit.

The bond lengths and valence angles are shown on Figs. 1 and 2, and in Table
4. The two phosphorus oxygen bonds show a marked difference in length, the
“double bond” is 1.473--0.010 A, while the “single bond” is 1.567-+-0.006 A.
Both values are in good agreement with the lengths reported in other com-
pounds, i.e. 1.57 A and 1.44 A in methyl ethylene phosphate.4

The two phosphorus-carbon bonds are not significantly different, their
mean length is 1.7864-0.017 A. It should be expected, as found, that these
bonds are shorter than the bonds in trimethylphosphine (1.84 A),5 because
the neighbouring phosphorus-oxygen bonds must induce a certain amount of
polarity. They should, on the other hand, be longer than the phosphorus-
carbon bonds in the methyl phenyl phospholanium ion,® (mean bond length
1.77 A) where the phosphorus atom has a net positive charge.

The carbon-carbon bonds are found as short as 1.43 A, 1.43 A, and 1.49 4,
respectively, with standard deviations 0.029, 0.022, and 0.019 A.

As the phosphorus-oxygen and the phosphorus-carbon bond lengths are
quite reasonable, it seems rather remarkable that the carbon-carbon bonds
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1106 ALVER AND KJOUGE

Fig. 2. The a projection, with valence angles (°). For clarity, two of the angles at the
phosphorus atom are indicated on the molecule to the right. (Axis b horizontal).

show such large deviations from normal length. In similar cases it has been
suggested that such ‘‘short bonds’ might be due to the simplifying approxima-
tions frequently used in the least squares computations.” In the present case
the least squares computations were first carried out with a block diagonal
approximation, and then repeated with the ‘“full matrix’” method. The two
resulting parameter sets were not significantly different.

Most probably the low values obtained for the lengths of these “short
bonds” are due to the strong anisotropic thermal vibrations. Corrections may
be estimated, but in the present case a more extensive analysis might be
needed. It seems likely that the true anisotropic vibrations are far from being
elliptical. A certain amount of disorder can hardly be ruled out, at a tempera-
ture only 30° below the melting point. Besides, a better approximation to the
true electron density might be obtained during the computation process by
moving carbon and hydrogen atoms relatively to each other, at the same time
modifying the thermal parameters. It is felt that further investigations, also
including a complete structure determination at low temperature, would be
of interest.
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Table 4. Bond distances, with standard deviation, and valence angles in the phospholanic
acid molecule. The estimated standard deviations in the angles are between 0.5° (the
angles at the phosphorus atom) up to 1.5° (angles at carbon atoms in the ring).

1 (4 a (1) (A) Angle )

P-0, 1.473 0.010 0,—P-—0, 113.4
P-0, 1.567 0.006 0,—P-C, 114.4
P—C, 1.776 0.015 0,—P—C, 117.7
P-C, 1.797 0.020 0,—P—-C, 109.9
C,—C, 1.487 0.019 0,—P—-C, 104.9
C,—C, 1.429 0.022 0,—P—-C, 94.8
C,—0C, 1.433 0.029 P —C,—C, 105.4

0,—C,—C, 109.9

C,—C;—C, 112.7

C¢;—C,—P 106.5

The angle in the ring at the phosphorus atom is 94.8°, as also found in
methyl phenyl phospholanium iodide.® The phosphorus-oxygen double bond
seems to be nearer to the normal to the plane through the phosphorus atom
and the two neighbouring carbon atoms than the phosphorus oxygen single
bond. It seems that the angles at the carbon atoms nearest to the phosphorus
atom are smaller than the two other angles in the ring, but the inaccuracy of
the parameters of the carbon atoms introduces some doubt on this point.

The five-membered ring is non-planar, and asymmetrical. The torsion
angles around the bonds of the ring, starting at a phosphorus-carbon bond,
(P—C,), are 14°, 30°, 36°, 24°, and 5°. As the angle between the normal to the
plane through P, C,, and C,, and the normal to the plane through P, C,, and
C, is only 5°, the four atoms P, C;, C,, and C, are lying nearly in a plane.

In the phenyl methyl phospholanium ion the torsion angles were found to
be 17°, 36°, 40°, 26°, and 5°, taken in the same order. The two rings thus do
not seem significantly different. The torsion angles in methyl ethylene phos-
phate 4 seem somewhat smaller, 11°, 20°, 20°, 13°, and 2°, but the ring conforma-
tion is in principle the same.

In the solid state there should exist two mirror isomers of phospholanic
acid, but only one of the forms is present in a single crystal of the symmetry
P2,2,2,. ‘

The following computer programs were used during the computations: Intensity
correction program by Shiono,® Least squares block diagonal program by Mair,’ Least
squares full matrix program by Gantzel, Sparks and Trueblood, modified by Remming.?
We want to express our sincere thanks to all the authors mentioned.

Programs for Patterson and Fourier synthesis, and programs for computation of
bond lengths, bond angles, and torsion angles, as well as some smaller programs for data
handling, were written by the present authors.

The computations were carried out on the IBM 1620 and the IBM 360/50. We are
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