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Introduction

The utilization of trimethyl(trifluoromethyl)silane as a nu-
cleophilic trifluoromethylating reagent has made it possible to
synthesize hexakis(trifluoromethyl)cyclotriphosphazdn&om
hexafluorocyclotriphosphazene in 90% isolated yield. ad-
dition to the usual spectral characterization, we have reported
its structure determined by single-crystal X-ray diffraction and
compared it with that of the hexafluoro compoudds a solid
and stable indefinitely at room temperature and exhibits a
sublimation pressure o3 Torr at 22°C 2 In the solid,1 adopts
a structure with a planarsR3 ring and deviates only slightly
from the ideal D3, symmetry. In this study we report the
structure of the free molecule, using gas electron diffraction
(GED) and guantum chemical calculations. Only few molecular
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Figure 1. Experimental (dots) and calculated (full line) molecular

intensities for long (above) and short (below) nozzle-to-plate distances.

Table 1, and vibrational amplitudes are given together with the
experimental values as Supporting Information.

The radial distribution function (Figure 2), which was
obtained by Fourier transformation of the molecular intensities,
is reproduced very well with a planar ring structure dbg
overall symmetry. In the least-squares refinement, the molecule
was constrained to this symmetry. Furthermore, loCal

structures have been determined in the solid state as well as inSymmetry was assumed for the {§foups with a possible filt
the gas phase. The comparison of such structures providesingle between theC; axis and the PC bond direction.

interesting information about intermolecular interactions (pack-
ing effects) and about systematic differences between solid-
state structures determined by X-ray diffraction and gas-phase
structures derived by GED.

Experimental Section

The GED intensities were recorded with a gas diffractograph KD-
G28 at 25 and 50 cm nozzle-to-plate distances and with an accelerating
voltage of approximately 60 kV. The sublimation pressure at room
temperature was sufficient for recording the scattering intensities. The
photographic plates were analyzed with the usual methaaisd
averaged molecular intensities in theanges 218 and 835 A1 in
steps ofAs = 0.2 A1 are presented in Figure $ € (47/A)sin6/2, A
= electron wavelengthy = scattering angle).
Results

The geometry ofl was fully optimized with HF/3-21G*, HF/
6-31G*, and B3LYP/6-31G* approximations. All three methods
predict a planar N3 ring and Dz, overall symmetry. The
vibrational frequencies were calculated with the HF/3-21G*
method. All quantum chemical calculations were performed with
the Gaussian 98 program suit&/ibrational amplitudes were
derived with the program ASYM40from the calculated
Cartesian force constants applying a scale factor of 0.85 for

Vibrational amplitudes with similar values were collected in
groups and amplitudes, which either caused high correlations
with geometric parameters or were poorly determined in the
GED experiment, were constrained to calculated values. With
these assumptions seven geometric parameters and 12 vibrational
amplitudes were refined simultaneously. Only two correlation
coefficients had values larger thad.6|: PC/FCF= —0.75,
CPCltilt(CFRs) = —0.65. The geometric parameters for (g,
symmetry are included in Table 1, and the structure is shown
in Figure 3. The vibrational amplitudes are given as Supporting
Information. A slight improvement of the fit of the experimental
intensities is obtained if the molecule is allowed to deviate from
Dsn symmetry. If a flap angle between the1®@—N plane and

the plane of the three nitrogen atoms (oop(P)) is introduced,
the agreement factor decreases fiem 6.0% forDgz, symmetry

to R= 5.5% for the slightly nonplanar ring wit@s, symmetry
and oop(P)y= 4.8(7Y. All geometric parameters are unchanged
in this refinement with the exception of the endocyclic angles,
which decrease by less than 0.Z’he GED intensities are
insensitive toward out-of-plane distortions of the nitrogen atoms.
This minor deviation from planarity is considered to be due to

stretching and bending constants. Torsional force constants were (5) Frisch, M. J.; Trucks, G. W.; Schiegel, H. B.; Scuseria, G. E.; Robb,

not scaled. Calculated geometric parameters are included in
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Notes

Table 1. Experimental and Calculated Geometric Parameters for
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Table 2. Geometric Parameters of Cyclotriphosphazene Rings in

[(CF3)2PN]s [R2PN];, R = F, CF'
B3LYP/ compound P-N N—P—N P—N—-P
- a - * - € - *C

X-ray GED®  HF/3-21G* HF/6-31G* 6-31G 2PN (Crystaly 156000 11910) 12120)
P—N 1.581(4) 1.583(3) 1.573 1.583 1.607 [(CF3)2PNJ; (crystaly 1.581(4) 119.9(2) 120.1(3)
P-C 1.852(4) 1.870(2) 1.810 1.862 1.886 [(CF3)2PNJ; (gasy 1.583(3) 119.5(7) 120.5(7)
C-F 1.316(2) 1.333(1) 1.346 1.315 1.341 [(CH3)2PNJs (crystaly 1.594(2) 116.8(1) 122.6(1)
N—P-N 119.9(2) 119.5(7) 1145 117.1 119.1 :
P-N—P 120.1(3) 120.5(7) 1255 122.9 120.9 aReference 1° This work. ¢ Reference 7, uncorrected values.
C—P—-C 102.8(3) 105.5(12) 104.8 103.8 103.3
F-C—F 107.5(6) 108.6(7) 109.1 108.7 108.6 . .
tilt(CFa)? 2.3(6) ~ 0.6(15) 21 20 15 solid and gaseous state. X-ray crystallography determines

distances between mean atomic positions, whereas GED deter-
mines mean interatomic distances. Large amplitude vibrations
such as the rocking, twisting, and wagging motions of the
(CR3)2P moiety and the GForsional motions make the solid-
state values for the-PC and C-F bond lengths shorter than
the gas-phase values.

Comparison between the results of the three quantum
chemical methods with the experimental gas-phase structure
shows considerable variance. Neglecting systematic differences
between the experimental and the calculated, values, the
HF approximation with small basis sets (HF/3-21G*) underes-
timates the PC bond length by 0.06 A. The predicted
endocyclic N-P—N angle is 9 smaller than PN—P, whereas
the experimental values are very similar and differ only by 1
The HF/6-31G* method reproduces all bond lengths to within
+0.02 A, but the difference between the calculated endocyclic
bond angles is still @ These angles are reproduced best with
the B3LYP/6-31G* calculations where the two angles agree with
the experimental values within their uncertainties. This method,
however, overestimates all bond lengths slightly, especially the
P—N bond. Thus, none of these three standard computational
methods reproduces the experimental structure satisfactorily.

Ring parameters of cyclotriphosphazenesHR]; with R =
F, Ck;, and CH are listed in Table 2. The rings in these three
compounds are essentially planar. TheNPbond lengthens with
decreasing electronegativity of the substituent from 1.569(2) A
in [FoPN]z to 1.581(4) A in1 and to 1.594(2) A in [(CH)»-
PNJs. Whereas the two endocyclic bond angles®+N and
P—N—P differ by only 2 or 1° for R = F and CF, respectively,
the phosphorus bond angle is abotisfaller than the nitrogen
bond angle in the methylated compound. Comparison of the
X-ray data ofl and [(CH).PN]; reveals that the PC bond
lengthens by about 0.06 A upon @8F; substitution. Even
stronger substitution effects in P(V) compounds have been
observed previously between (g&PO (P-C = 1.809(2) &)
and (CR)sPO (P-C = 1.895(3) &).

aMean values from ref 12, values with & uncertainties® Mean
values for CG-F bond lengths and-FC—F bond angles? Tilt angle
betweenC; axis and P-C bond direction away from the opposite £F
group.
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Figure 2. Experimental radial distribution function and difference
curve. The positions of important interatomic distances are shown by
vertical bars.

Figure 3. Molecular model of [(CE).PN]s with atom numbering.
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vibrational effects. The HF/3-21G* approximation predicts a
rather rigid ring structure with out-of-plane vibrations between
118 and 355 cmt. The lowest vibrational frequencies are LF
torsions (26-37 cntl) and rocking, twisting, and wagging
motions of the (CE),P moiety (62-115 cnt?).

Discussion

Supporting Information Available: Table S1 with interatomic
stances and experimental and calculated vibrational amplitudes. This
material is available free of charge via the Internet at http://pubs.acs.org.
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In Table 1 the geometric parameters derived by X-ray .
. f di

crystallography, GED, and quantum chemical calculations are
compared. Within experimental uncertainties the structure of
the cyclotriphosphazene ring{M, N—P—N, and P-N—P) is
identical in the solid and gaseous phase. The values for-tt@e P
and C-F bond lengths derived by X-ray diffraction are shorter
by about 0.02 A than t'he gas-phasg valges. Qualitatively, these (8) Wilkins. C. .: Hagen, K.. Hedberg, L.: Shen, Q.: Hedberg) kam.
differences can be rationalized by vibrational effects that cause " chem. soc1975 97, 6352.
systematic differences between bond lengths determined in the (9) Marsden, C. Jinorg. Chem 1984 23, 1703.
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