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Molecular Structures of Phosphorus Compounds.

J.C.S. Dalton

Part V.! Electron

Diffraction Study of Tris(dimethylamino)difluorophosphorane

By Heinz Oberhammer,” Institut fir Physikalische und Theoretische Chemie der Universitit Tiibingen, Germany
Reinhard Schmutzler, Lehrstuh! B fiir Anorganische Chemie der Technischen Universitit Braunschweig,

Germany

The molecular structure of PF,(NMe,); has been determined by electron diffraction of the gas. A trigonal-
bipyramidal structure with the fluorine atoms in axial positions is obtained with the following geometric parameters
(r. values): r(C—H) =1.120 + 0.006, r(N—C) = 1.460 + 0.003, r(P-F) = 1.632 + 0.006, r(P-N) = 1.674 +

0.005A; CNC =113.0 £ 2.3, PNC = 122.2 + 0.5, and HCH = 109.3 + 1.3",

The configuration at the nitro-

gen atom is nearly planar and the torsional angle of the dimethylamino-groups around the P—N bonds,
T=70.1%2.7°. SCF-LCAO-MO calculations in the CNDO/2 approximation result in a very similar value for the

torsional angle.

CoNTINUING interest is attached to the chemistry and
stereochemistry of five-co-ordinate phosphorus com-
pounds in general 2 and, particularly, to such compounds
containing electronegative fluorine, the fluorophos-
phoranes.? The characteristic feature of many of these
compounds is their stereochemical non-rigidity which
often manifests itself in the observation of temperature-
dependent n.m.r. spectra,® which suggest fast intra-
molecular exchange of ligands at five-co-ordinate
phosphorus. In connection with the n.m.r. studies, a
knowledge of the ground-state geometry of the fluoro-
phosphoranes was also desirable and both X-ray! and
electron-diffraction techniques® have been employed.
A number of studies have confirmed trigonal-bipyramidal
stereochemistry for fluorophosphoranes in which the
axial positions are invariably occupied by fluorine as
the most electronegative substituent at phosphorus, i.e.

as in (I) where X, Y, Z = fluorine or other substituent
groups.

Fluorophosphoranes in which one or more of the
groups X, Y, and Z contain nitrogen ¢ are of further
stereochemical interest because of the possibility of =
bonding between phosphorus and nitrogen.” The only
known gas-phase molecular structure of a nitrogen-
containing fluorophosphorane is that of the cyclic

t 1 mmHg ~ 13.6 X 9.8 Pa.
1 Throughout this paper 1 A = 100 pm, 1 Torr = (101.325/760)
kPa, and 1 cal = 4.1868 J.

1 Part IV, H. Oberhammer and J. Grobe, Z. Naturforsch.,
1975, B30, 506.

2 D. Hellwinkel in ‘ Organic Phosphorus Compounds,’ eds.
G. M. Kosolapoff and L. Maijer, Wiley—Interscience, New York,
1972, vol. 3, p. 185.

3 For reviews see, for example, R. Schmutzler in ‘ Halogen
Chemistry,” ed. V. Gutmann, Academic Press, New York, 1967,
vol. 2, p. 31; R. Schmutzler and O. Stelzer, M.T.P. Internat. Rev.
Sci., Inorg. Chem. ser. 1, Butterworths, London, 1972, vol. 2, p. 61.

4 For reviews see, for example, I. Ugi, D. Marquarding, H.
Klusacek, P. Gillespie, and F. Ramirez, Accounts Chem. Res.,
1971, 4, 288; E. L. Muetterties, M.T.P. Internat. Rev. Sci., Inorg.
Chem. ser. 1, Butterworths, London, 1972, vol. 9, p. 37; R. R.
Holmes, Accounts Chem. Res., 1972, 5, 296; R. Luckenbach,
‘ Dynamic Stereochemistry of Pentacoordinated Phosphorus
Compounds,” Georg Thieme Verlag, Stuttgart, 1973.

diazadiphosphetidine [NMe(PF,)],% and it was of
interest to have structural information on further com-
pounds, especially those of acyclic structure. The
compound PF,(NMe,); was chosen for its expected
simple structure; also, the n.m.r. spectra of this com-
pound indicate it to be stereochemically rigid, relative to
the n.m.r. time scale, and no positional exchange
between axial and equatorial substituents is evident.

EXPERIMENTAL

A sample of tris(dimethylamino)difluorophosphorane 8
was provided by Dr. H. Bestian, Hoechst A.G., Hoechst,
Germany. The product (b.p. 40 °C, 6 mmHg) was checked
by n.m.r. spectroscopy, and no impurities were detected.?t
The following parameters were observed: (°F) 8p +53.3
p.p.m. (internal CCLiF), 1Jpy 696 Hz; (3'P) 8p +65.5 p.p.m.
(external H PO,); (*H) 8y —2.76 p.p.m. (internal SiMe,);
3]}:{1) 10.8, AJHF 2.8 Hz.

The usual techniques were used for obtaining the dif-
fraction photographs with the KDG2 apparatus.® An
accelerating voltage of 60 kV was chosen and the electron
wavelength was determined by ZnO powder diffraction.
Details are given in Table 1.J The small difference in the
nozzle temperatures for the two camera distances will have
a negligible effect on the mean-square amplitudes. The
procedure for data reduction, background refinement, and
calculation of the radial distribution function is described
elsewhere.1% In the range s — 0—1.4 A the theoretical
molecular intensity function was used in the Fourier
transform with the damping factor y = 0.002 A2, The
modified molecular intensities s}ePt-(s) and the theoretical
intensity function siftheor.(s) as calculated for the final
model (Tables 2 and 3) are shown in Figure 1 together with

8 See, for example, (a) L. S. Bartell and K. W. Hansen, Inorg.
Chem., 1965, 4, 1777; (b) A. Almenningen, B. Anderson, and E. E.
Astrup, Acta Chem. Scand., 1969, 23, 2179.

8 M. Murray and R. Schmutzler, Z. Chem., 1968, 8, 241.

? See, for example, S. C. Peake and R. Schmutzler, Colloque
International sur la Chimie Organique du Phosphore (C.N.R.S.
no. 182), Paris, May 1969, Actes, p. 101; E. L. Muetterties, P.
Makin, and R. Hoftmann, J. Amer. Chem. Soc., 1972, 94, 5674;
R.Hoffmann, J. M. Howell, and E. L. Muetterties, ibid., p. 3074;
A. H. Cowley and J. R. Schweiger, [/.C.S. Chem. Comm., 1972,
560; J. Amer. Chem. Soc., 1973, 95, 4179; A. H. Cowley, M. J. S.
Dewar, D. W. Goodman, and J. R. Schweiger, ibid., p. 6506.

8 F. Ramirez, C. P. Smith, and S. Meyerson, Tetrakedron
Letters, 1966, 3651; F. Ramirez, A. S. Gulati, and C. P. Smith, J.
Amer. Chem. Soc., 1967, 89, 6283; R. A. Mitsch, ibid., p. 6297;
R. E. Banks, R. N, Haszeldine, and R. Hatton, Tetrahedron
Letters, 1967, 3993.

8 W. Zeil, J. Haase, and L. Wegmann, Z. Instrument., 1966, 74,
84.

10 (@) H. Oberhammer and J. Striahle, Z. Naturforsch., 1975,
A30, 296; (b) J. Haase, ibid., 1968, A23, 1000.
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the difference curve. Scattering factors and phase shifts
of Haase 1% were used for calculating the theoretical
intensity function.

Structuve Determination.—The radial distribution function
fexpt.(y) (Figure 2) was used to obtain a preliminary model of
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potentially from s ; to s =4 A1, remains unity in the
range 4 <{s << 30 A7, and decreases exponentially from
s =2380 Altos .. A constant interval of As = 0.2 An
was used. The following assumptions were made in the
least-squares refinement. (i) Ci, Symmetry for the methyl

TaBLE 1
Experimental conditions
Camera 86/°C Exposure
distance {__“A_ - Pressure of camera time Electron wavelength s Range *
mm Sample Nozzle 107® Torr min A A
500 20 30 5 1.0—1.5 0.049 24 (1) 1.4—17.0
250 35 45 15 2.6—3.5 0.049 27 (1) 7.0—34.0

*s= i sin 9, where 6 is the scattering angle.

A 2

the molecule (Figure 3). This analysis showed that
equatorial positions for the dimethylamino-groups have to
be assumed. Any other grouping of the ligands resulted in
large discrepancies between experiment and model.

10 L0 30

FiGure 1 Experimental (...) and theoretical ( ) molecular
intensities (@) and difference curve sife=t(s) — shftheor.(s) (b)

TaBLE 2

Geometric parameters (v, values)

Distance/A o

—_— A - Angle/f
C-H 1.120 4 0.006 CNC 113.0 4+ 2.3
N—C 1.460 4- 0.003 PCN 1222 4+ 0.5
P-IF 1.632 4 0.006 HCH 109.3 4+ 1.3
P-N 1.674 4- 0.005 T* 70.1 4 2.7

Scale factors: Ryoo == 0.91 4 0.03; R,; = 0.93 4 0.06

* Torsional angle of the NMe, groups around the P—N bonds
(see text).

Furthermore, it was found that the configuration at the
nitrogen atoms is planar or nearly planar and that the CNC
planes of the dimethylamino-groups deviate slightly from
the directions perpendicular to the equatorial plane. The
positions of the NMe, groups are characterized by the
torsional angle v (Figure 3); <t = 0 corresponds to the
position of all the carbon atoms in a plane parallel to the
equator.

This preliminary model was then refined by a least-
squares procedure based on the molecular intensities. A
diagonal weight matrix was used which increases ex-

groups. (1) C,; Symmetry for the molecule. Model calcu-
lations with different torsional angles, r, for the dimethyl-
amino-groups resulted in poorer agreement between experi-
mental and theoretical radial distribution functions.
(¢42) In the final least-squares analysis the mean-square

TasLE 3
Mean-square amplitudes (A)

C-H 0.070 4 0.007 Ct..-C3
N-C 0.049 4 0.003 = c2...Ct 0.451 + 0.195
P-F 0.049 4 0.003 @ Cle«s(Ct
P-N 0.049 + 0.003 Ct...C8 0.583 4 0.480
P.--C 0.071 4+ 0.004 Ct...C? 0.070 ¢
F---N 0.070 4+ 0.004 F--TF 0.055 ¢
N- -N  0.107 + 0.036 F..-H 0.250 ¢
Fl...Ct 0.103 4+ 0.022 (N -+ H) (short) 0.150¢
Fi..-C2 0.098 4 0.013 (N -.-H) (long) 0.250°
N---C 0.262 4+ 0.063 8 (C---H) 0.300 ¢
P---H 0.105 -+ 0.080 (H---H) 0.250 ¢
¢ Assumed to be equal (see text). ? All non-bonded N---C
amplitudes were assumed to be equal. ¢ Assumed.
{a) !
‘ ! \//
~J V
()
1 2 4 5

3
rlA
Ficure 2 Experimental radial distribution function (2) and

difference curve A(#) (b)
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amplitudes of the C-N, P~F, and P-N bond distances were
assumed to be equal. In the first calculations only /(C—N)
and !(P-F) were taken to be equal, since preceding
structure determinations resulted in very similar values for
these amplitudes in other molecules. For methylamine 11
and trimethylamine 12 values of 0.046 4+ 0.002 and 0.045 +
0.003 A respectively were determined for the C-N ampli-
tude. For the two extremely different axial P-F bonds in
PF; and PMe,F, the experimental amplitudes are 0.043 +
0.00213 and 0.048 &+ 0.001 A respectively.’¥ Since the
value for the P-N amplitude, which was varied separately
in the first calculations, was always very close (4-0.002 A)
to the value for the C—N or P-F amplitude, this assumption
seems to be justified. (iv) The mean-square amplitudes
for some non-bonded distances were assumed to be equal
and some amplitudes were not refined in the least-squares
procedure (see Table 3).

‘With these assumptions eight basic independent geometric
parameters, eleven mean-square amplitudes, and the scale
factors Ry, and Ry, for the two camera distances were
refined simultaneously. Five elements of the correlation

Ficure 3 Molecular model for PF,;(NMe,),

matrix {cy} had absolute values >0.6, ie. ¢ [r(P-F),
7(P-N)] = —0.88, ¢ (CNC, PNC)= —0.66, ¢ [CNC,
IFL.++CY)] = 0.80, ¢ [#(P-F), {(P-F)] =084, and ¢
[#(P-N), I(P-N)] = —0.80.* The results of the least-
squares analysis are given in Tables 2 and 3. The error
limits are three times the standard deviations. The error
limits for the bond distances include possible uncertainties
due to assumption (é¢7), since for the P-N and P-F distances
variations are smaller than +0.003 A when differences of
40.005 A are permitted for the respective mean-square
amplitudes. The corresponding uncertainty in the C-N
bond length is smaller than 4-0.002 A. Values for the
non-bonded distances without hydrogen atoms are given in
Table 4.

Since the contributions of the P-F and the P—-N distances
to the molecular intensities are very similar there is the
possibility that the values for these two distances could be
interchanged, i.e. #(P-N) < #(P-F). Comparison with the

* The correlation matrix has been deposited as Supplementary
Publication No. SUP 21768 (2 pp.). For details see Notices to
Authors No. 7, J.C.S. Dalton, 1975, Index issue (items less than
10 pp. are supplied as full-size copies).

1 H. K. Higginbotham and L. S. Bartell, J. Chem. Phys., 1965,
42, 1131.

12 B. Beagley and T. G. Hewitt, Trans. Faraday Soc., 1968, 64,
2561.
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respective bond distances in molecules like PMe,F,
[#(P-F)ax 1.685 £ 0.001 A]1% or [NMe(PF,)], [7(P-N),
1.595 A]15 seems to support such a possibility. Several
calculations with different starting values for #(P-N) and
r(P-F) were made in order to confirm that the values in
Tables 2 and 3 represent the correct minimum of the least-
squares analysis. When interchanging the starting values,

TABLE 4

Non-bonded distances (A) without hydrogen atoms
(s values)

P..--C 2.746 Fl...C* 2496
N---N 2899 Fl...C% 3.702
Ct..-C% 2435 Fz-...C!  3.765
F-..F 3.264 F2...C® 2,589
F---N 2.338 Cl...C® 4.263
Nt...C® 3.882 Cle--Ct 4477
Nt...Ct 3.559 C2...C* 4.378
Nt...Cs 3.718 Ct-..C¢ 5.204
Nt...C8 4.028

the least-squares procedure converged to the values in
Tables 2 and 3 after 12 iterations. Although the peak in
the radial distribution function corresponding to the bonded
distances could be fitted almost equally well with inter-
changed P-N and P-F bond distances, fe=Pt-(v) could not be
reproduced consistently in the range 7 > 2 when
#(P-F) > #(P-N). In this case the sum of the errors
squared is more than twice as large as for the results given
in Tables 2 and 3.

The positions of the methyl groups were not refined in
the least-squares procedure. The agreement between
experimental and theoretical intensities was better for the
staggered than for the eclipsed position.

DISCUSSION

The equatorial P-N bond lengths in PFy(NMe,), are
considerably longer than those in the cyclic compounds
[NMe(PPhF,)],1® [NMe(PCly)l, " and [NMe(PF,y)], 1
where values for #(P-N), of 1.64, 1.635 4- 0.007, and
1.595 A respectively were determined. They are very
similar to P-N bonds in compounds of three-co-ordinate
phosphorus, where for most molecules the bond lengths
are between 1.65 and 1.70 A. A detailed review of the
stereochemistry of compounds containing P-N bonds
was published recently.’® The axial P-F bond lengths
in phosphoranes depend very strongly on the electro-
negativity of the equatorial ligands. The value obtained
for PF,(NMe,), is between those determined for PF;
[/(P-F)ox 1.577 4-0.005 A]18 and PMegF, [r(P-F)u
1.685 - 0.001 A] 14 corresponding to the intermediate
electronegativity of the dimethylamino-groups [x(NMe),
3.0.1°

’l]‘ he sum of the bond angles at the nitrogen atoms is
357.4 - 2.4°, i.e. the configuration of the bonds to
nitrogen is almost planar. The planar or near-planar

13 K. W. Hansen and L. S. Bartell, Izorg. Chem., 1965, 4, 1775.

14 H. Yow and L. S. Bartell, J. Mol. Structure, 1973, 15, 209.

15 A. Almenningen, B. Andersen, and E. E. Astrup, 4cta Chem.
Scand., 1969, 23, 2179.

16 J. W. Cox and E. R. Corey, Chem. Comm., 1967, 123.

17 1., G. Hoard and R. A. Jacobsen, J. Chem. Soc. (4), 1966,

1203.
18 T, Vilkov and L. S. Khaikin, Topics Current Chem., 1975, 53,

25.
19 P, R. Wells, Progr. Phys. Org. Chem., 1968, 8, 111.
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configuration of the bonds to nitrogen is characteristic of
most dimethylamino-groups bonded to phosphorus.i8
The NMe, groups are rotated around the P-N bonds by
an angle of ©=70.1 4-2.7°. The position of these
groups relative to the equatorial plane was also the
main subject of a SCF-MO investigation using the
CNDO/2 approximation (see Appendix). The minimum
total energy was obtained for a torsional angle v = 67°
(Figure 4), very similar to the experimental result.
The shallow minimum in the potential energy and the
low potential barrier of ca. 3.4 kcal mol? at r = 90°
allow large-amplitude torsional motions of the NMe,
groups. The frequency of the torsional vibration
cannot be determined from the electron-diffraction
experiment and we know of no spectroscopic investi-
gation of this molecule. The very large experimental
values for the N:--C, C1-.-C3, and Cl---C% mean-
square amplitudes (Table 3) indicate that the potential
barrier at v = 90° may be even lower than the value

obtained from the CNDO/2 calculations. Furthermore,
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FIGURE 4 Total energy as a function of torsional angle

inversion of the slightly non-planar P-NMe, groups may
also contribute to these large amplitudes.

APPENDIX

CNDO/2 Calculations.—The CNDO/2 approximation
with the original parameterization was used.?® Only the
torsional angle © was investigated. The position of the
CH, groups was optimized for each value of the dihedral
angle. The total energy as a function of t is shown in
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Figure 4, indicating that a torsional angle of © = 67° is the
optimum compromise between steric repulsion of the atom
cores and the electronic energy. The optimized position of

2
5
5
s
[T |
<
0
.
s
(=]
~
Q-2
<
0 L5 90 135 180

e

FiGurREe 5 Electronic energy AE,, and Coulomb-repulsion
energy of the cores, AE;, as a function of torsional angle ~
(1 a.u. ~ 627 kcal mol™)

the methyl groups for this dihedral angle is almost staggered.
The breakdown of the total energy into electronic and
Coulomb-repulsion energy of the cores is shown in Figure 5.
The electronic energy would have a minimum for vertical
(r = 90°) positions of the NMe, groups and the Coulomb
repulsion would be a minimum at = = 45°. The electronic
energy for horizontal positions (t = 0°) is ca. 40 kcal mol™
higher than for vertical positions, indicating that the
vertical positions would also be preferred in the absence of
steric interactions. The following net charges (in atomic
units) were obtained: P 40.64; F —0.32; N —0.18; and
Me +0.09.
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