
Crystal and Molecular Structures of 
Rhenium Heptafluoride 

Rhenium heptafluoride, ReF,, is one of only two stable binary compounds MX, with a 
heptacoordinated metal atom M and halide atom X. Its low-temperature crystal structure, 
as determined by high-resolution powder neutron diffraction, reveals the molecular struc- 
ture, which has been the subject of speculation and debate for many years. Here it is shown 
within experimental error that at 1.5 kelvin the lowest energy configuration of ReF, has 
symmetry C, (m) and is a distorted pentagonal bipyramid. The deviation of the two axial 
Re-F bonds from collinear and the puckering of the ring of equatorial fluorine atoms are 
similar to what has been postulated as one of the conformations of the pseudorotational 
motion observed at higher temperatures. 

R~F,  and IF, are the only two stable binary 
compounds of the type MX,. OsF, can also 
occur, but decomposes above 170 K (I) .  
The molecular structures of these com- 
pounds pose several questions (2) and are 
subject to steric crowding and fluxionality. 
Up to hexacoordination, the valence-shell 
electron-pair-repulsion theory (VSEPR) de- 
veloped by Gillespie and Nyholm (3) cor- 
rectly predicts the molecular structure. Fur- 
thermore, an extension of this approach, 
the "principle of repelling points on a 
sphere," works independently of the repul- 
sive force law invoked for MX,, with n 5 9 
with the exception of n = 7 (4). For 
heptacoordination compounds, the latter 
predicts structures whose symmetry ranges 
from DSh for soft repulsions that distort to 
lower symmetries such as a monocapped 
trigonal prism or a monocapped octahedron 
as the repulsions harden, with C,, and C3, 
symmetry (5), respectively. Gas-phase and 
solution spectroscopic studies of IF, and 
ReF, indicate that the favored arrangement 
is based on the pentagonal bipyramid (6). 
The presence of five ligands in the equato- 
rial ring of a pentagonal bipyramid results in 
steric crowding. Puckering of the ring may 
relieve the strain, but the odd number of 
ligands is thought to cause fluxionality and 
pseudorotation of the ligands (5). A deter- 
mination of the crystal structure of a hep- 
tafluoride at low temperature presents an 
opportunity to investigate the arrangement 
of this unusual coordination number with- 
out the problems posed by fluxionality. 
Although IF, is the most studied he~taflu- 

oride compound (6), the determination of 
its crystal structure at low temperature has 
so far proved intractable because of the 
effects of two phase transitions (7). Little is 
known about the solid-state behavior of 
ReF, below the phase transition that occurs 
below 183 K. Thus, the arrangement of 
seven nonchelated ligands around a central 
atom has remained an outstanding problem 
in chemistry. 

In common with manv other binarv 
fluorides with high coordiiation number: 
ReF, solidifies to form an orientationally 
disordered, body-centered-cubic phase, 
which transforms to a lower symmetry 
structure, between 183 K and 163 K (8). 
The presence of a phase transition in ReF, 
has prevented the growth of a single crystal 
of the low-temperature phase. In this work 
we have used powder neutron diffraction to 
determine the structure of ReF, at 1.5 K. 
Neutron diffraction was used because the 
scattering process is not dominated by the 
heavy rhenium atom as would be the case 
for x-rays. Hence, neutron diffraction is 
more sensitive to the arrangement of the 
fluorine atoms. 

The structural phase transitions of solid 
ReF, were first investigated with-the diffrac- 
tometer DIB at the Institut Laue Langevin, 
Grenoble. France. This instrument is 
equipped with a position-sensitive detector 
that spans 80" in scattering angle. The 
diffraction pattern was monitored as the 
temperature was cycled between 1.5 K and 
200 K (Fig. 1). On warming, a phase 
transition to the cubic phase is seen at 153 - ,  

T. Vogt, lnstitut Laue Langevin, BP156, F-38042 
K. Below 153 K a steady increase in the 

Grenoble Cedex. France. splitting in the diffraction peaks can be seen 
A. N. F~tch. Deoartment of Chemistrv. Keele Universi- with decreasing temDerature. We have 
ty, staffordshire ST5 5BG, United ~ h ~ d o m .  

" 

solved the crystal structure of ReF, at 1.5 K 
J K. Cockcroft Department of Crystallography, Birk- 
beck College, Malet Street, London WClE 7HX, Un~t- from high-reso1ution data On the 
ed Kingdom. neutron diffractometers D1A and D2B (9). 
*Present address: Physics Department, Brookhaven From data collected at 151 K, just 2 K 
National Laboratory, Upton, Long Island, NY 11973, below the transition to the cubic phase, the 
USA. structure was initially solved as monoclinic, 
tPresent address ESRF, BP220, F-38043 Grenoble 
Cedex, France. space group C2/c (1 0). Subsequently, the 
$To whom all correspondence should be addressed, diffraction patterns of ReF, at 1.5 K were 

indexed as a triclinic dirtortion, with space 
group Ci. During careful analysis of both 
data sets it became apparent that the struc- 
ture at 151 K is really triclinic, though the 
distortion of the unit cell angles from 90" is 
too small to give resolvable splittings in the 
diffraction pattern. Structure solution was 
by autoindexing (1 I) ,  pattern decomposi- 
tion (1 2), and use of direct methods (1 3). 
The solution of crystal structures from pow- 
der data has recently been reviewed (14). 

The structure of ReF, at 1.5 K was 
refined by the method of Rietveld (15), 
with initial coordinates derived from the 
solution at 151 K. The best parameters for 
ReF, at 1.5 K. obtained from the data 
shown in Fig. 2, are presented in Table 1. 
Even at 1.5 K. anisotro~ic disolacement 
factors were required to describe the scat- 
tering density of the fluorine atoms..Inde- 
pendent anisotropic thermal parameters for 
each fluorine atom results in overparame- 
terization and slightly non-positive-definite 
thermal ellipsoids of vibration for some 
atoms. The most satisfactorv refinement 
uses TLS constraints to simulate rigid body 
translational (T) and librational (L) motion ~, . ' 
for the molecules, with T constrained as 
isotropic and S (the cross term between 
translation and libration) set to zero. The 
mean amplitude of vibration of the fluorine 
atoms is 0.12 A. A view of the crystal 
structure is shown in Fig. 3. 

Examination of the molecular structure 
(Fig. 4) shows that ReF, is a distorted 
pentagonal bipyramid. The equatorial ring 
is puckered with a mean displacement of 
0.17 A from the ideal plane formed by the 
rhenium and equatorial fluorine atoms. The 
mean deviation from perpendicular of the 
angle between axial and equatorial Re-F 
bonds is 6.2". In addition to the puckering, 
the axial Re-F bonds are bent from collin- 
gar by 5.4', which is smaller than the value 
of 7.44 to 7.65" determined by gas phase 
electron diffraction. The average Re-F dis- 

Fig. 1. Variation of the d~ffraction pattern of 
ReF, with temperature On warming, a transi- 
tion is observed to a body-centered-cubic 
phase at 153 K. The data were collected with 
nominal A = 2.52 A on the diffractometer Dl B 
with the multidetector covering the 28 range 15 
to 95". 
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tance of 1.843 A agrees well with the latter 
study's value of 1.835(5) A. 

Although fondly the crystallographic 
point symmetry of the molecule is C, (I), the 
molecule has a mirror plane within experi- 
mental error that passes through Re, F(l), 
F (2), and F (6), so that the molecular symme- 
try is C, (m). The mean distance and angular 
deviations fm C, symmetry are 0.0014 A 
and 0.4", respectively. Deviations from mirror 
symmetry are to be expected because the 
molecules are packed in a lattice lacking 
mirror planes. The average axial bond length 
of 1.823 A is shorter than the mean equatorial 
value of 1.851 A, a result similar to that 
observed in IF, (5). The mean uatorial to 
equatorial F-F distance is 2.201 '%, , which is 
comparable to that observed in hexauwxdi- 
nated fluorine compounds such as SF6 (1  6), 
whereas the axial to equatorial fluorine dis- 
tance is at least 0.22 A longer. Axial bendmg 
and puckering of the equatorial ring are 
invoked in the pseudorotational motion of 
ReF, in the gas phase, where the molecule 
transforms from one C, conformation to 

0 

an equivalent one via a C, intermediate 
(5). Thus, the molecular structure at 1.5 
K can be viewed as a frozen-in state of the 
pseudorotational motion. 

At 151 K the crystal structure of ReF, is 
actually triclinic with a pseudo-twofold axis 
present in the molecule in addition to the 

mirror plane. As the transition to the cubic 
phase is approached, the triclinic distortion 
decreases, but whether a true monoclinic 
~hase  exists iust before the cubic transition 

reached cbuld not be determined from 
the current study. At 151 K the thermal 
motion resulting from librations of the flu- 
orine atoms about the central rhenium 
atom are much larger than the distortions 
from DB symmetry. 

Above 153 K the crvstal structure of 
ReF, is body-centered-cubic, space group 
lm3m with a lattice parameter a = 
6.2027(7) A at 200 K. The molecules are 
orientationally disordered and perform 
large-amplitude librations, rotations, or 
pseudorotations. A crystal structure repre- 
sents a mean structure averaged over time 
and the sample volume. Because of the 
orientational disorder. the fluorine atom 
density is distributed over the surface of a 
sphere and can be described with the use of 
symmetry-adapted spherical harmonic func- 
tions, as has been done for the high-tem- 
perature crystal structure of SF, (1 6). Al- 
though the molecular symmetry of ReF, is 
lower than that of SF,, the crystal struc- 
tures are very similar, with the Re atoms 
at 0,0,0 and f,i,f and the fluorine atom 
density located preferentially on the six 
fourfold axes about each Re. For ReF, at 
165 K, the average Re-F bond length 

Fig. 2. Observed, calculat- 
ed, and diierence powder 2500 
neutron diffraction patterns 
of ReF, at 1.5 K measured 
on D2B with nominal A = 2000 
1.594 A. Vertical ticks indi- 3 

cate calculated reflection .& 1500 
positions. R factors for the .@ 
fit are 4, = 13.4%, Rl = 2 1000 
8.3%, and = 5.6%. - 500 

Table 1. Refined parameters of ReF, at 1.5 K in space group CS from D2B data with nominal A = 
1.594 A. Lattice parameters: a = 5.5039(1) A, b = 8.5026(2) A c = 9.0916(2) A, a = 88.513(2)", 
$ = 93.843(2)", and y = 89.496(2)". Wmolecule = 106.086(4) A3 with Z = 4. Equivalent isotropic 
displacement factors are calculated from refined TLS matrices. Number in parentheses denotes 
estimated standard deviation in last digit. 

Atom 

refined from D2B data is 1.836(5) A, in 
excellent agreement with the low-temper- 
ature value. 

In the cubic phase each molecule is 
coordinated by eight others. At low tem- 
perature the ReF, molecules adopt a hexag- 
onal close-packed arrangement. The mole- 

Fig. 3. View of the crystal structure of ReF, at 
1.5 K. 

Flg. 4. Molecular structure of ReF, (A) viewed 
down the axis of the pentagonal bipyrarnid [Re 
and F(l) are eclipsed by F(2)] and (B) viewed 
perpendicular to the mirror plane of the mole- 
cule [F(4) and F(7) are eclipsed by F(5) and 
F(3), respectively]. The thermal ellipsoids are 
drawn at 50% probability. Selected bond dis- 
tances (A) and angles (")are shown. Bond 
angles not illustrated are F(l)-Re-F(7) = 
85.8(2)", F(2)-Fle-F(7) = 89.8(2)", F(1)-Re- 
F(4) = 97.8(2)0, F(1)-Re-F(5) = 98.6(2)", F(2)- 
R e ( 4 )  = 83.8(2)", F(2)-Re(6) = 103.6(2)", 
and F(1)-Re-F(2) = 174.6(2)". 
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cules in subsequent layers are rotated by suppl~ed by Fluorochem Ltd (Glossop, United King- (1 1) as C-centered monoclinic with a = 5.619 ,&, b 
dom), was sublimed in vacuo into a 15-mm diameter =8.608,&,c=9228,&,~=93.90",andM2,=19.0. 1800 with respect to each other' This leads quartz glass ampoule and sealed. The vacuum line Integrated Fqaa les  were extracted from the short- 

to an efficient packing of the molecules. was flamed out and pretreated w~th ReF, vapor to er wavelength data measured on D2B with the 
The dioole moment of ReF, is small (1 7 ) .  avoid decomposition of the ReF, dur~ng sublimation. program PAWHKL (12). The values of F 2  were used 

~ , , 
Catalytic traces of water on the surface of the glass as input to direct methods program SHEMS (13), and antiferroelectric ordering is likely to result ln the formation of impurities such as R~OF, which found the five atoms required to define a 

play only a minor role. and SiF, (7) .  Ideally the sample should have been complete ReF, molecule in space aroup C2Ic. The 
checked for soluble solid-state impurities such as structure was iefined bv the methodof kietveld with 
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Encapsulation of Methane and Other Small 
Molecules in a Self-Assembling Superstructure 

N. Branda, R. Wyler, J. Rebek Jr. 
Physical inclusion of small molecules in larger structural lattices is well known in the crys- 
talline state and is a common feature of the chemistry of zeolites. In the liquid state, a variety 
of synthetic macrocyclic molecules are available to complex and contain smaller guest 
species. An alternative strategy for binding is explored: assembly of cavity-forming structures 
from smaller subunits. Encapsulation of small guest molecules such as methane can be 
achieved with a synthetic structure that assembles reversibly through hydrogen bonding. 

Studies of molecular recognition phenom- 
ena have led to increasingly sophisticated 
compounds-cryptands ( I ) ,  cryptophanes 
(Z), and carcerands (3)-for binding ions 
and small molecules. These covalently 
bound structures feature macrocyclic 
shapes with openings of various sizes that 
permit entrance and exit of the guest. Free 
and complexed species are separated by 
energy barriers related to the ease of pas- 
sage of the guest through the openings. 
Reversible assembly of the host around the 
guest is a frequent lesson taught by biolog- 
ical chemistry; weak intermolecular forces 
are used and viral capsids are the paradigm 
example. The economic appeal of using 
multiple copies of a single, self-comple- 
mentary structure for guest inclusion led us 
to explore this means for binding small 
molecules. 

We recently introduced the structure 1 
(Fig. 1) and gave evidence of its self- 
association into a dimeric assembly in 

Deparrmenr of Cnem sir) Ma~sacn~serrs  nsr lure of 
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solution (4). The molecule is prepared in a 
single operation from commonly available 
materials and is easily isolated. The struc- 
ture features an array of hydrogen bonding 
sites along its periphery and a skeletal 
curvature that positions these sites in a 
self-complementary manner. The dimer is 
held together by eight hydrogen bonds 
along the seam of a roughly spherical 
structure that resembles a tennis ball. 

The inner dimensions. as defined bv 
molecular modeling (9, indicate a cavity 
of 50 to 55 A3 and suggest that suitable 
smaller molecules of complementary shape 
and symmetry can fit within. In solvents 
such as chloroform-d (CDCl,) which com- 
pete weakly for hydrogen bonds, two forms 
of the dimer are present, as evidenced by 
proton nuclear magnetic resonance 
(NMR) spectroscopy at 500 MHz. One 
form is "empty" ( 6 ) ,  whereas the other is 
most likely occupied by solvent. The ex- 
change between these two forms is slow on 
the NMR time scale; separate signals are 
seen for the resonances of the N-H and 
one of the benzylic protons. As the tem- 
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Fig. 1. Monomeric 1 and energy-minimized 
structure of the dimer (MacroModel 3 . 5 ~  with 
AMBER* force field and GBISA chloroform sol- 
vation). Phenyl groups have been omitted for 
clarity. 

perature is lowered, the occupied form in- 
creases in concentration at the expense of 
the empty one. By using a number of guests 
in CDCl,, it is possible to probe the dimer's 
capacity for small molecules of appropriate 
size with NMR titrations. For example, as 
CH2C12 is added, signals for a third dimeric 
species appear in the N-H and benzylic 
regions of the spectra. In favorable cases 
using guests such as methane (CH4), ethane 
(CH,CH,) , and ethylene (H2C=CH2), sig- 
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