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Abstract

The XeOSeFs™ cation has been synthesized for the first time and characterized in solution by '°F, 77Se and '?*Xe NMR spectroscopy and
in the solid state by X-ray crystallography and Raman spectroscopy with AsF¢ ™ as its counter anion. The X-ray crystal structures of the
tellurium analogue and of the Xe(OChFs), derivatives have also been determined: [ XeOChFs][AsFg] crystallize in tetragonal systems, P4/n,
a=6.1356(1) A, c = 13.8232(2) A, V = 520.383(14) A%, Z = 2 and R; = 0.0453 at —60°C (Te) and a = 6.1195(7) A, ¢ = 13.0315(2) A,
V =488.01(8) A, Z =2 and R, = 0.0730 at —113°C (Se); Xe(OTeFs), crystallizes in a monoclinic system, P2,/c, a = 10.289(2) A,
b =9.605(2) A c= 10.478(2) A, B =106.599(4)°, V = 992.3(3) A3, Z =4 and R, = 0.0680 at —127°C; Xe(OSeFs), crystallizes in a
triclinic system, R3, a = 8.3859(6) A, ¢ = 12.0355(13) A, V = 732.98(11) A>, Z = 3 and R, = 0.0504 at —45°C. The energy minimized
geometries and vibrational frequencies of the XeOChFs ' cations and Xe(OChFs), were calculated using density functional theory, allowing
for definitive assignments of their experimental vibrational spectra. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Xenon(II) derivatives of the highly electronegative OTeF5
and OSeFs ligands have been extensively studied. The
OTeFs and OSeF; groups have effective group electrone-
gativities approaching that of fluorine and are capable of
stabilizing essentially all of the same oxidation states as
fluorine [1-3]. Consequently, nearly all of the chemistry of
OTeFs and OSeFs compounds has been developed by ana-
logy with that of the existing fluorides although that of the
OSeFs5 group is less extensive [4,5].

The present work was undertaken to complete the char-
acterization of the [XeOChFs][AsFg] salts and of their
related Xe(OChFs), derivatives. The [XeOSeFs][AsFg] salt
has been synthesized and characterized for the first time in
both the solid state and solution, while [XeOTeF5][AsFg]
and Xe(OChFs), have been characterized by X-ray crystal-
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lography. Density functional theory (DFT) calculations were
also performed on all compounds providing more complete
assignments of their vibrational frequencies.

2. Results and discussion
2.1. Synthesis of [XeOSeFs][AsFs]

The compounds Xe(OSeFs), and FXeOSeFs were pre-
pared in quantitative yield by reaction of SeO,F, with XeF,
as previously described [6], and the salt, [XeOSeFs][AsF¢],
has been prepared by analogy with [XeOTeFs][AsF¢] [7]
according to Eq. (1). Like the tellurium analogue,

FXeOSeFs + AsFs — [XeOSeFs|[AsFg] (1

[XeOSeF;s][AsF¢] is a stable yellow solid at room tempera-
ture that readily sublimes under dynamic vacuum at 45°C.
The XeOSeFs' cation is resistant to solvolytic attack by
BrFs at —51°C, although small amounts of SeF¢ (59.1 ppm,
1J("F-7"Se), 1428 Hz) were detected after dissolution of
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the sample in BrFs at or near —50°C. The XeOTeFs" cation
has been shown to rapidly solvolyze at room temperature
forming TeFg, and XeF,:[BrOF,][AsF¢] [8]. The 19F NMR
spectrum of the OSeFs group was significantly broadened at
—51°C and likely arises from the chemical exchange pro-
cesses represented by Eq. (2).

XeOSeFs ' + AsFgs~ (BrFs) = FXeOSeFs + AsFs (BrF, ™)
(2)

2.2. VF 7Se and ¥ Xe NMR spectra of [XeOSeFs][AsF¢]

The °F NMR spectrum of [XeOSeFs][AsF¢] in SbFs
solvent at 28°C (BrFs solvent, —51°C) consists of a first
order AX, spectrum in the fluorine-on-selenium(VI) region
of the spectrum and is accompanied by 7’Se (I =1/2,
7.58%) satellites: 0(Fa), 57.1 [62.2] ppm; O0(Fx), 74.9
[73.3] ppm; 2J(Fo—""Fx), 216 [219] Hz; 'J(1°FA-""Se),
1459 (not resolved owing to increased line broadening in
BrFs) Hz; 'J(Fx-""Se), 1415 [1398] Hz. The ’Se NMR
spectrum (SbFs solvent, 29°C) consists of a single 7’Se
environment at 627.5 ppm, comprised of a binomial doublet
of quintets resulting from the spin-spin couplings 'J("*Fo—
77Se) = 1460 Hz and 'J(Fx-""Se) = 1415 Hz. The '**Xe
spectrum in SbFs solvent at 25°C (BrFs solvent, —56°C)
consists of a single resonance at —1349.0 [—1438] ppm in
the xenon(Il) region of the spectrum. In contrast with the
129Xe spectrum of XeOTeFs ', the *J('?Xe—'°F,) coupling
of XeOSeFs" was not resolved and is likely the result of a
greater field dependent shielding anisotropy in the selenium
case arising from the significantly higher magnetic field
(5.8719T) used to record the '?Xe spectrum of the
XeOSeFs" cation versus that used to record the '*Xe
NMR spectrum of XeOTeFs" (2.1139 T) [8].

The '°F chemical shifts of XeOSeFs" are significantly
deshielded with respect to those observed for XeOTeFs"
under similar conditions (Fa, —54.6 ppm and Fx, —41.0 ppm;

SbF; solvent at 25°C) [8] although the frequency differences
between F, and Fx are comparable. The 2J("*Fy—'""Fx)
coupling in XeOSeFs" is greater than that in XeOTeFs"
(172.2Hz). The '®Xe chemical shift of XeOSeFs"
(—1349 ppm) is significantly deshielded with respect to that
of the XeOTeFs' cation under similar conditions
(6("*Xe) = —1472 ppm, SbF;s solvent at 25°C) [8] and is
consistent with the trend observed for a mixture of Xe(O-
SeFs), (—2200 ppm), FsTeOXeOSeFs (—2289 ppm) and
Xe(OTeFs), (—2379 ppm) recorded in CFCl; at room tem-
perature [9]. This suggests that the effective electronegativ-
ity of the OSeFs group is somewhat greater than that of the
OTeFs5 group.

The 'J(**F-7"Se) couplings are significantly less than the
LJ(19F-12Te) couplings ({J("Fo='?Te), 3802 Hz and
1J(19Fx—1%Te), 3814 Hz). Removal of the nuclear depen-
dencies and inclusion of a relativistic correction (' K(F=Se)rc
values are given in { }) yield reduced coupling constants
[10,11], 'K (F-Se) (Fa, 67.40 {58.36} and Fx, 65.37 {56.60}
x 1020 NA 2 m73), which are also less than the 'K(F-Te)
values (F5, 127.46 {88.58} and Fy, 127.86 {88.85}x
10% NA~?m™?). The trend in reduced coupling constants
is the same as that observed for SFgs, SeFg¢ and TeFg [12].

2.3. X-ray crystal structures of [XeOChFs][AsFs]
and Xe(OChFs), (Ch = Te, Se)

A summary of the refinement results and other crystal-
lographic information are given in Table 1. Important bond
lengths and bond angles are listed in Table 2 along with the
calculated values (see Section 2.5).

The crystal structures of [XeOTeFs][AsFg] and [XeOSe-
Fs][AsFg] are reported for the first time. Both compounds
are found to be isostructural and present the same four-fold
orientational disorder of the fluorine and oxygen atoms
(Fig. 1). The compound, Xe(OSeFs),, had been previously
studied by X-ray crystallography [13], but its room

Table 1
Summary of crystal data and refinement results for [XeOTeFs][AsF¢], [XeOSeFs][AsFg], Xe(OTeFs),, and Xe(OSeFs),

[XeOTeFs][AsFg] [XeOSeFs][AsFg] Xe(OTeFs), Xe(OSeFs),
Empirical formula AsF;,0TeXe AsF;,0SeXe F00,Te, Xe F00,Se,Xe
Molecular weight (g mol ") 558.82 510.18 608.50 511.22
T (°C) —60 —113 —127 —45
2 A 0.71073 0.71073 0.71073 0.71073
Space group (No.) P4/n(85) P4/n(85) P2,/c(14) R3(148)
aA) 6.1356(1) 6.1195(7) 10.289(2) 8.3859(6)
b A) 6.1356(1) 6.1195(7) 9.605(2) 8.3859(6)
c (A) 13.8232(2) 13.0315(2) 10.478(2) 12.0355(13)
b (©) 90 90 106.599(4) 90
V(A% 520.383(14) 488.01(8) 992.3(3) 732.98(11)
Z (molecules/unit cell) 2 2 4 3
Calculated density (g cm ™) 3.566 3.472 4.073 3.474
u (mm~ 1) 9.347 10.766 9.368 11.108

R{®, WRy® [I > 26(1)] 0.0453, 0.1345

0.0730, 0.1664

0.0680, 0.1589

0.0504, 0.1216

*R, is defined as Y ||Fo| — [Fc||/ > |Fo| for I > 2a(1).
12
P WR, is defined as [Z[W(Fg )%/ S w(E)?] " for I > 20(1).
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Table 2
Experimental geometries for [XeOChFs][AsF4], and Xe(OChFs),, and calculated geometries for XeOChFs", and Xe(OChFs), (Ch = Se, Te)*
Te Se
Experimental DFT* Experimental DFT*
[XeOTeFs][AsFg] and [XeOSeFs][AsFg]
Bond lengths (A)
Ch(1)-F(1) 1.80(2) 1.776 1.72(4) 1.627
Ch(1)-F(2) 1.81(2) 1.803 1.65(4) 1.668
Ch(1)-F(3) 1.82(2) 1.788 1.70(3) 1.646
Ch(1)-F(4) 1.84(2) 1.788 1.72(5) 1.646
Ch(1)-F(5) 1.79(3) 1.810 1.70(3) 1.670
Ch(1)-0(1) 1.85(3) 1.969 1.74(4) 1.845
As(1)-F(6) 1.72(2) 1.73(4)
As(1)-F(7) 1.69(2) 1.69(2)
As(1)-F(8) 1.74(2) 1.76(3)
As(1)-F(9) 1.72(2) 1.71(2)
As(1)-F(10) 1.72(2) 1.74(3)
As(1)-F(11) 1.81(2) 1.80(4)
Xe(1)-O(1) 1.96(4) 1.893 2.04(4) 1.902
Xe(1)-F(11) 2.24(3) 2.31(4)
Bond angles (°)
As(1)-F(11)-Xe(1) 135(1) 129(2)
Ch(1)-O(1)-Xe(1) 128(2) 119.6 120(3) 118.3
O(1)-Ch(1)-F(1) 175(1) 178.4 171(3) 177.7
O(1)-Ch(1)-F(2) 93(2) 88.0 94(3) 89.5
O(1)-Ch(1)-F(3) 89(2) 87.0 94(3) 84.8
O(1)-Ch(1)-F(4) 93(2) 83.3 76(3) 85.1
O(1)-Ch(1)-F(5) 99(2) 88.0 92(3) 89.2
O(1)-Xe(1)-F(11) 174(1) 174(2)
F(1)-Ch(1)-F(2) 92(2) 92.1 95(2) 92.3
F(1)-Ch(1)-F(3) 87(3) 92.8 76(2) 93.4
F(1)-Ch(1)-F(4) 85(4) 95.2 106(2) 93.5
F(1)-Ch(1)-F(5) 85(3) 93.6 87(2) 922
F(2)-Ch(1)-F(3) 165(3) 174.8 168(2) 174.2
F(2)-Ch(1)-F(4) 90(2) 90.9 72(2) 90.0
F(2)-Ch(1)-F(5) 67(2) 88.4 98(2) 88.8
F(3)-Ch(1)-F(4) 105(2) 90.3 102(2) 90.3
F(3)-Ch(1)-F(5) 98(3) 89.7 90(2) 90.2
F(4)-Ch(1)-F(5) 154(2) 171.3 164(3) 174.2
F(6)-As(1)-F(7) 89(4) 89(2)
F(6)-As(1)-F(8) 101(2) 101(2)
F(6)-As(1)-F(9) 91(5) 98(2)
F(6)-As(1)-F(10) 86(3) 86(2)
F(6)-As(1)-F(11) 175(3) 176(1)
F(7)-As(1)-F(8) 85(1) 86(2)
F(7)-As(1)-F(9) 176(2) 173(2)
F(7)-As(1)-F(10) 96(3) 95(1)
F(7)-As(1)-F(11) 96(2) 95(2)
F(8)-As(1)-F(9) 99(2) 93(1)
F(8)-As(1)-F(10) 172(2) 173(2)
F(8)-As(1)-F(11) 81(2) 81(2)
F(9)-As(1)-F(10) 80(4) 85(2)
F(9)-As(1)-F(11) 84(2) 78(2)
F(10)-As(1)-F(11) 91(3) 92(2)
Experimental DFT
XC(OTCFS)z
Bond lengths (A)
Xe(1)-0(1) 2.119(11) Xe(2)-0(2) 2.112(12) 1.996, 1.996
O(1)-Te(1) 1.843(11) 0(2)-Te(2) 1.842(11) 1.831, 1.831
Te(1)-F(1) 1.843(10) Te(2)-F(6) 1.855(11) 1.806, 1.806
Te(1)-F(2) 1.835(10) Te(2)-F(7) 1.830(10) 1.821, 1.821
Te(1)-F(3) 1.850(11) Te(2)-F(8) 1.848(11) 1.805, 1.805
Te(1)-F(4) 1.823(9) Te(2)-F(9) 1.825(10) 1.808, 1.805

Te(1)-F(5) 1.849(9) Te(2)-F(10) 1.835(9) 1.819, 1.819
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Table 2 (Continued)

Experimental DFT
Bond angles (°)
Te(1)-O(1)-Xe(1) 122.3(5) Te(2)-0(2)-Xe(2) 121.2(6) 124.8, 124.8
O(1)-Te(1)-F(1) 177.7(5) O(2)-Te(2)-F(6) 178.8(5) 179.2,179.2
O(1)-Te(1)-F(2) 95.1(5) O(2)-Te(2)-F(7) 92.6(5) 922,922
O(1)-Te(1)-F(3) 91.0(5) O(2)-Te(2)-F(8) 92.1(5) 89.9, 89.9
O(1)-Te(1)-F(4) 91.2(5) 0O(2)-Te(2)-F(9) 90.8(5) 90.7, 90.7
O(1)-Te(1)-F(5) 91.9(5) O(2)-Te(2)-F(10) 93.5(5) 91.7,91.7
F(1)-Te(1)-F(2) 87.0(5) F(6)-Te(2)-F(7) 88.2(5) 88.5, 88.5
F(1)-Te(1)-F(3) 86.8(5) F(6)-Te(2)-F(8) 87.2(5) 89.4, 89.4
F(1)-Te(1)-F(4) 87.8(5) F(6)-Te(2)-F(9) 88.2(5) 88.8, 88.8
F(1)-Te(1)-F(5) 89.1(4) F(6)-Te(2)-F(10) 87.5(5) 88.7, 88.7
F(2)-Te(1)-F(3) 173.8(5) F(7)-Te(2)-F(8) 175.3(5) 177.8,177.8
F(2)-Te(1)-F(4) 90.5(5) F(7)-Te(2)-F(9) 91.4(5) 90.0, 90.0
F(2)-Te(1)-F(5) 88.8(4) F(7)-Te(2)-F(10) 89.1(5) 89.2, 89.2
F(3)-Te(1)-F(4) 89.9(5) F(8)-Te(2)-F(9) 88.8(5) 90.3, 90.3
F(3)-Te(1)-F(5) 90.4(4) F(8)-Te(2)-F(10) 90.3(5) 90.5, 90.5
F(4)-Te(1)-F(5) 176.9(5) F(9)-Te(2)-F(10) 175.6(4) 177.4,177.4
O(1)-Xe(1)-O(1A) 180 0(2)-Xe(2)-0(2A) 180 179.5, 179.5

Experimental DFT

XG(OSCF5)2

Bond lengths (A)
Xe(1)-O(1) 2.09(3) 2.002, 2.002
O(1)-Se(1) 1.58(3) 1.698, 1.698
Se(1)-F(1) 1.70(4) 1.666, 1.666
Se(1)-F(2) 1.79(2) 1.688, 1.688
Se(1)-F(3) 1.67(3) 1.667, 1.667
Se(1)-F(4) 1.81(2) 1.667, 1.667
Se(1)-F(5) 1.65(3) 1.686, 1.686
Bond angles (°)
Se(1)-O(1)-Xe(1) 126(2) 121.8
O(1)-Se(1)-F(1) 171(2) 179.0
O(1)-Se(1)-F(2) 91(1) 922
O(1)-Se(1)-F(3) 93(2) 89.8
O(1)-Se(1)-F(4) 90(1) 90.1
O(1)-Se(1)-F(5) 96(2) 924
F(1)-Se(1)-F(2) 84(1) 88.4
F(1)-Se(1)-F(3) 92(1) 89.6
F(1)-Se(1)-F(4) 82(1) 89.1
F(1)-Se(1)-F(5) 93(1) 88.5
F(2)-Se(1)-F(3) 175(1) 177.9
F(2)-Se(1)-F(4) 82(1) 90.0
F(2)-Se(1)-F(5) 98(1) 89.4
F(3)-Se(1)-F(4) 95(1) 90.3
F(3)-Se(1)-F(5) 85(1) 90.2
F(4)-Se(1)-F(5) 175(1) 177.5
O(1)—-Xe(1)-O(1A) 180 177.7

* Infrared intensities (km mol ") are given in parentheses.

temperature structure was affected by a severe three-fold
orientational disorder giving rise to unrealistic geometrical
parameters. The crystal structure has now been redetermined
at —45°C (Fig. 2) and solved in a different space group and
with a different three-fold disorder model (see Section
3.4.2). In a previous study, the geometry of Xe(OTeFs),
was deduced from a single crystal study using precession
camera data, and the study was corroborated by powder data
[14]. Although the gross geometry reported agrees with the
detailed structure described in this paper (vide infra), the
crystallographic parameters differ markedly from those of

the present structure (space group Cmca, a = 9.83(5) A,
b=873(5) A, ¢ =1297(5) A, Z=4, V = 1114 A%, cf.
Table 1) and suggest that the crystalline material studied
was Xe(OTeFs), co-crystallized with another compound.1

"From the synthetic scheme described in [14], the two most likely
components are FXeOTeFs or HOTeFs. However, based on the difference
in volume between the two cells (120 A3), only one FXeOTeFs or one
HOTeFs molecule can be accommodated, which is incompatible with the
Cmca space group. Although it seems unlikely, four XeF, molecules
would, for example, account for a volume difference of 120 A? and would
be able to occupy special positions (2/m).
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Fig. 1. Structures of (a) [XeOTeFs][AsF¢] and (b) [XeOSeFs][AsFs], thermal ellipsoids are shown at the 50% probability level; (c) disorder model for both

[XeOTeFs][AsFg] and [XeOSeFs][AsF¢] (tellurium compound shown).

The crystal structure of Xe(OTeFs), reported in this work is
therefore the first reported for this compound.

Three of the four structures reported in the present work
suffer orientational disorders of the fluorine and oxygen
atoms (four-fold disorders for the [XeOChFs][AsF¢] salts
(Ch =Te, Se) and a three-fold disorder for Xe(OSeFs),)
which influence the geometrical parameters to some extent.
The disorder models are, however, different (see Sections
2.5.1 and 3.4.2). All three compounds crystallized in high
symmetry space groups (P4/n or R3) which require the
molecular axes to have only one orientation, allowing the
disorder to occur. In contrast, Xe(OTeFs), crystallized in a
lower symmetry space group (P2,/c) which requires the
molecular axes to have two alternating orientations, favoring
an ordered structure (Fig. 3). It is somewhat surprising that,
unlike [XeOTeFs][AsFg] and [XeOSeFs][AsFg], which pack

the same way, Xe(OTeFs), and Xe(OSeFs), display different
packing arrangements. Although the Xe(OSeFs), structure
is disordered, the eclipsed conformation for the equatorial
fluorines is preferred and is the same as for the well-resolved
Xe(OTeFs), structure. In all four structures, there are fluor-
ine contacts with xenon that are at the limit of the sum of
their fluorine and xenon van der Waals radii (3.55 [15]-3.70
[16] A): 3.321-3.575A (XeOTeFs"), 3.344-3.574 A
(XeOSeFs 1), 3.279-3.634 A (Xe(OTeFs),), 3.370-3.791 A
(XG(OSGFS)Q).

In the [XeOChF;s][AsF¢] salts, the AsF¢ ™ anion is fluor-
ine-bridged to the XeOChFs™ cation through short Xe- - -F
contacts ([XeOTeFs][AsFg], 2.24(3) A; [XeOSeFs][AsFgl,
2.314) A) comparable to that observed in the fluorine
analogue, [XeF][AsF¢] (2.212(5) A) [17], but significantly
shorter than that in the isovalent [FsTeN(H)Xe][AsFg]
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Fig. 2. (a) Structure of Xe(OSeFs),, thermal ellipsoids are shown at the 50% probability level. (b) View of the Xe(OSeFs), unit cell along the c-axis, for

clarity only one orientation is represented.

(2.580(3) A) salt [18]. It has been previously established for
[XeF][AsFg] [17] and [XeF][Sb,F;,] [19], when compared
with XeF, [20], that the longer the bridging anion—cation
contact, the more covalent the Xe-L bond, L (L = O, F, N).
This trend is reflected by the shorter Xe—O bonds in the
[XeOChFs][AsFg] (Te, 1.96(4) A; Se, 2.04(4) A) salts when
compared with those in neutral Xe(OChFs), (Te, 2.119(11)
and 2.112(12) A; Se, 2.16(3) A) and FXeOSO,F (2.16 A)
[21]. Similar Xe- - -F (2.458(8) A) and Xe-0 (1.962(9) A)
distances have been observed in HF-[HO-TeF,0Xe][AsFg]
[22].

The AsFg  anions in [XeOChFs][AsF¢] have distorted
octahedral geometries about their arsenic atoms, with brid-
ging As—F bond lengths that are longer ([XeOTeFs][AsF¢],
1.81(2) A [XeOSeFs][AsF¢], 1.80(4) 1&) than the others
(average: [XeOTeFs][AsFg], 1.72(2) A; [XeOSeFs][AsFg],
1.73(2) A). The lengthening of the As- - -F, bond in the
AsFg¢~ anion, where short anion—cation contacts exist
through Xe- - -F;,- - -As fluorine bridges, has also been
encountered in HF-[HO-TeF,0Xe][AsFg] (1.771(7) A ver-
sus 1.702(8)-1.722(8) A) [22], [XeF][AsFs] (1.813(6) A
versus 1.657(6)-1.690(5) A 171, [FsTeN(H)Xe][AsF¢]
(1.740(4) A versus 1.684(4)-1.712(3) A) [18] and in
[KrF][AsF¢] (1.845(2) A versus 1.691(2)-1.710(2) A) [23].

In all structures, the geometries around the chalcogen
atoms are pseudo-octahedral with cis-F—~Ch-F and F-Ch-O
angles deviating significantly from 90° in [XeOTeFs][AsFg],
[XeOSeFs][AsFg], and Xe(OSeFs), because of the disor-
ders. The F-Te-F and F-Te—O bond angles in the ordered
structure of Xe(OTeFs), are all equal to 90° within experi-
mental error. Although the Se-O (1.58(3) 10%) and Se-F
(1.65(3)-1.81(2) ;\) bond lengths in Xe(OSeFs), are sig-
nificantly affected by disorder, the Te—O ([XeOTeFs][AsF¢],
1.85(3) A; Xe(OTeFs),, 1.843(11) and 1.842(11) A), Te-F
([XeOTeFs][AsFg], 1.79(3)-1.84(2) A; Xe(OTeFs),,
1.823(9)-1.855(11) A), Se-O ([XeOSeFs][AsFg], 1.74(4)
A), and Se-F ([XeOSeFs][AsFy], 1.70(1) A) bond lengths
in [XeOChFs][AsF¢] and Xe(OTeFs), are in good agreement
with values previously reported for OSeFs and OTeFs
compounds [24-28].

While the O-Xe—O angles are constrained to be 180° in
both the ordered structure of Xe(OTeFs), and the disordered
structure of Xe(OSeFs),, the O—Xe-F angles only deviate
by a few degrees from linearity in the [XeOChFs][AsF¢]
salts (174(1)° (Te) and 174(2)° (Se) and are comparable
to that observed previously in HF-[HO-TeF,0Xe][AsF¢]
(175.6(3)°) [22]. The near linear arrangement of atoms about
xenon in these structures is consistent with an AX,E;
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(a)

(b)

Xe(l)

Fig. 3. (a) Structure of Xe(OTeFs),, thermal ellipsoids are shown at the 50% probability level. (b) View of the Xe(OTeFs), unit cell along the c-axis.

VSEPR arrangement in which the bonding pairs are in axial
positions and the lone electron pairs are in equatorial posi-
tions [29]. This is supported by the observation that inter-
molecular secondary contacts around the xenon atom avoid
the lone-pair electron density in the equatorial regions of the
xenon atoms in the FsChO-Xe- - -F-AsF5 and Xe(OChFs),
structures.

The OChF5 groups in Xe(OChFs), and the OChFs and
AsFg groups in [ XeOChFs][AsFg] are arranged trans to each
other and have Xe—O—Ch and Xe- - -F—As angles that are
significantly less than 180° [(As—F-Xe: [XeOTeFs][AsFs],
135(1)°; [XeOSeFs][AsFgl, 129(2)°), (Xe—O-M: [XeOTeFs]-

[AsFgl, 128(2)°; [XeOSeFs][AsFg], 120(3)°; Xe(OTeFs),,
122.3(5)° and 121.2(6)°; Xe(OSeFs),, 123.9(13)°)]. The
bent arrangements about the bridging fluorine and oxygen
atoms are in accord with VSEPR AX,E, arrangements [29].
Oxygen bridge angles similar to those observed in the title
compounds have also been encountered in Xe(OTeFs),
(Xe-O-Te = 125.1(3), 127.7(3)°) [30], O,Xe(OTeFs),
(Xe-O-Te = 130.7(2), 132.5(2)°) [30], FXeOSO,F
(Xe-O-S =123.7°) [21], and HF-[HO-TeF,OXe][AsF¢]
(Xe—-O-Te = 123.3(4)°) [22]. Their variability may arise
from the deformability of these angles and the space filling
requirements of the bulky OChFs groups.
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Fig. 4. Raman spectra of microcrystalline (a) [XeOTeFs][AsFg] and (b) [XeOSeFs][AsFs] recorded in a Pyrex melting point tube at —145°C using 1064-nm

excitation.

2.4. Raman spectra of [XeOChFs][AsFs] (Ch = Te, Se)

The low-temperature solid-state Raman spectra of [XeO-
TeFs][AsF¢] and [XeOSeFs][AsFg] are shown in Fig. 4. The
observed frequencies and their assignments are summarized
in Table 3, along with the calculated frequencies. The
Raman spectrum of [XeOSeFs][AsFg] is reported for the
first time, while that of [XeOTeFs][AsFs] [8] has been
recorded again and reassigned.

The XeOChFs" cations (C; point group symmetry) pos-
sess 18 fundamental vibrational modes belonging to a single
irreducible representation. A factor-group analysis correlat-
ing the C; point symmetry of the XeOChFs" cations to the
site symmetry (C,) and to the crystallographic symmetry
(C4p) reveals that each vibrational mode should be split into
A, and E; Raman-active components, and A, and E, infra-
red-active components under the crystal symmetry.

The fluorine bridged AsF¢  anions, with distorted octa-
hedral C point group symmetry, possess 15 fundamental
modes of vibration belonging to the irreducible representa-
tions, 10A’ + 5A”. The C, point group symmetry of the

AsF¢ ™ anion can be correlated to the site symmetry (C,) and
to the crystallographic symmetry (C,,); no bands are pre-
dicted to be split in the Raman spectrum.

The spectra of the XeOChFs' cations were assigned by
comparison with the frequencies obtained from DFT calcu-
lations and with those obtained previously for [XeO-
TeFs][SbyF; ;] [8]. The modes of the distorted AsFg
anion were assigned by comparison with those calculated
recently for the [KrF][AsFg] ion pair [23,31] and those
observed for other AsFg ™ salts [32,33]. The spectra of
Xe(OChFs), have also been assigned in Table 4 by compar-
ison with the frequencies obtained from DFT calculations
and are supported by Raman polarization measurements
made previously on Xe(OSeFs), for which infrared data
are also available [34].

2.5. Computational results
In order to improve the vibrational assignments and

gain more information about the structures and bonding
in XeOChFs" and Xe(OChFs), (Ch = Se, Te), electron



Table 3

Experimental Raman frequencies for [XeOTeFs][Sb,F|,], [XeOChFs][AsFs] and calculated vibrational frequencies, assignments, and mode descriptions for XeOChFs" (Ch = Se, Te)

Frequencies (cm ™) Assignments Frequencies (cm™") Assignments
[XeOTeFs] [XeOTeFs] XeOTeFs" XeOTeFs " AsFg~ (Cy)° [XeOSeFs] XeOSeFs™ XeOSeFs" AsFg™ (Cy)°
[SboFy 1™ [AsFel” (DFT)* (s [AsFe]* (DFT)* (ehy
775(24) A" 760(4) A"
754(4)
724(4) A 736(2) A
730(<1)
701(1) A
748(2) 739(78) Va(TeF1 — TeO) + vo(TeF5 779(3), sh 778(119) Vas(SEF5 — SeF4) + v,(SeF2 — SeF3)
— TeF4) + v, (TeF2 — TeF3) + some v(SeF1)
741(14) 739(6) 734(89) Vas(TeF2 — TeF3) 771(21) 775(128) v(SeF1)
731(13) 728(76) Vvas(TeF5 — TeF4) 772(135) vas(SeFS — SeF4) + v,(SeF2 — SeF3)
714(23) 712(41) 680(35) V4s(TeO — XeO) + some vy(TeF5) 717(39) 685(19) Vs(SeF5 + SeF2) + v(SeF3 + SeF4)
+ v,5(SeO0 — XeO)
676(6) A 676(20) A
671(64) 667(100) 651(6) vy(TeF2 + TeF3) 659(100) 643(13) v(XeO) — v(SeO)
661(31) 662(58), sh  643(3) vy(TeF5 + TeF4) 649(14) 641(4) vo(SeF5 + SeF4) — v(SeF2 + SeF3)
596(<1) A 598(4) A
487(41) 491(14) 485(25) vy(TeO + XeO) 545(32) 517(30) 1(XeO) + v(SeO)
481(17) 539(16), sh
474, sh 470(19) 468(10) 440(130) S(FSF2F3F4) umbrella
462(7), sh 458(5) 435(33) O(F2F3F1) o0.0.p.
432(23) O(F4F5F1) o.0.p. + 0(F2Se0)
438(2) 419(3) O(F5SeF2) + J(F3SeF4)
420(5) f
409(12) f 409(6) f
392(2) f 395(8) f
383(12) A" 382(9) A
374(3) A
358(9) 364(4) F1SeO rock — (F5SeF4 rock + F2SeF3 rock)
362(14) A
355(4), sh A’ 355(6), sh A
339(66) O(F5TeF3) + some d(F1TeF3)
334(35) O(F5TeF2) + some O6(F3TeF4)
333(1) 331(28) O(F3TeF4) + some d(F1TeF3)
320(4) 320(6) 322(29) O(F2F3F1) o.0.p. 322(35) 340(2) d(F1SeO) + 5(F5SeF2) — O6(F3SeF4)
311(10) 311(9)
293(9) 295(3) 292(3) S(F2TeO) — S(F3TeF1)
271(1) IN
264(1) A" 265(1) A
252(28) 251(28) 261(0) 3(F5TeF1) — §(F4TeO)
+ some O(F2TeF3)
248(2) 274(0) 0(F2Se0) — 0(F3SeF1) + o(F5SeF4)
240(2)
223(<1) A 226(1) A
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Table 3 (Continued)

Frequencies (cm™') Assignments Frequencies (cm™') Assignments
[XeOTeFs] [XeOTeFs] XeOTeFs" XeOTeFs" AsFs™ (Cy)°  [XeOSeFs] XeOSeFs™ XeOSeFs" AsFg™ (Cy)°
[SbaFl*®  [AsFg]” (DFT)* (ehy [AsFg]"™® (DFT)* (e
210(3) 205(1) 216(0) O(F5TeF4) — 0(F2TeF3) (towards O) 203(58) 227(0) O0(F1SeO) i.p. bisecting / F4SeF2
192(4) 183(0) O(F1TeO) in F2F1F3TeO plane 196(1) 205(0) J0(F1SeO) i.p. bisecting / F5SeF2
173(31) 174(34) 169(1) O0(F1TeO) in F5F1F4TeO plane
142(5) A
125(4) 127(1) 103(2) 0(XeOTe) approximately in XeOF1Te
plane
106(5) 112(1) d(XeOSe) approximately in XeOF1Se plane
56(1) Te-O torsion 61(1) Se-O torsion
111(1) Lattice modes 117(2) Lattice modes
96(3) 95(<1)
84(4) 83(5)
75(<1) 75(3), sh
69(7)

* Values taken from [8].

b Spectra recorded on microcrystalline powders in Pyrex glass capillaries at —145°C using 1064-nm excitation. Values in parentheses denote relative Raman intensities; sh, shoulder.
¢ Infrared intensities (km mol ") are given in parentheses.
4 The atom numbering scheme is given in Fig. 1; 0.0.p. and i.p. denote out-of-plane and in-plane bends, respectively.
¢ The AsFs~ anion is assigned under C, point symmetry as described in [23].
f Similar bands have been observed in other AsF~ salts but are not assigned.
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Table 4

Experimental Raman and calculated vibrational frequencies, assignments, and mode descriptions for Xe(OChFs), (Ch = Se, Te)

Xe(OTeFs), Xe(OSeFs),
Frequencies (cm ™) Assignments Frequencies (cm™") Assignments
Experimental® DFT® C,* Experimental? DFT® C,*
796(3) 790(0) v(TeO + Te/O’) + v(XeO,, 791(2) [788, m] 795(7) v(SeO0 + Se'0’) + v(XeO,)
788(5)
785(2)
730(4) 750(903) Va(TeO — Te'0') + ¥(XeOy) [725, vs] 755(701) Vas(SeO — Se'0’) + v(XeO,)
710, sh 706(205) vas(TeF4 — TeF5) + v, (Te'F4’ — Te'F5') 731(4) 740(194) Vas(SeF4 — SeF5) + v,(Se'F4’ — Se'F5’)
708, sh 706(242) Vo TeF2 — TeF3) + v,(Te'F2 — Te'F3) (699, s] 738(404) Vas(SeF4 — SeF5) — v,((Se'F4’ — Se'F5')
+ vas(TeF4 — TeF5) + v,(Te'F4’ — Te'F5')
706(7) 705(31) Vo TeF2 — TeF3) + v,(Te'F2 — Te'F3) 737(148) Vas(SeF2 — SeF3) + v, (Se'F2 — Se'F3)
701(9) 704(8) voo(TeF2 — TeF3) — v,(Te'F2’ — Te'F3) 735(175) Vo(SeF2 — SeF3) — v,(Se'F2’ — Se'F3)
1 1o (TeF4 — TeF5) — v, (Te'F4’ — Te'F5)
690(27) 683(99) vas(TeF1 — Te'F1’) 690(9) 713(156) vas(SeF1 — Se’'F1’)
679(0) v(TeF1 + Te'F1’) 704(7) v(SeF1 + Se'F1’) — v(XeO + XeO')
+ some v4(SeO + Se’0’)
647(22) 629(0) Vs(TeFy)eq — v(TeF1) + vs("[‘e/R;/)eq — w(Te'F1) 631(28) [638, w] 630(0) [vs(SeFg)eq — vs(SeF1)] + [\)5(S<3’134’)eq
— W (Se'F1")]
639(10) 623(49) v(Te'F4 + Te'F5’) — vy(TeF4 + TeF5) [612, s] 626(78) V(SeF4)eq — \'S(Se/F4/)eq + 1,5(0XeQ’)
635(14) 622(3) vs(TeF4 + TeF5) — vy(TeF2 + TeF3) + v 610(5) Vas(SE'F2" + Se'F3') — vy(Se'F4’ + Se'F5')
(Te'Fy + Te'F5') — v,(Te'F2' + Te'F3) + vs(SeF4 + SeF5) — vy(SeF2 + SeF3)
621(6) vs(TeF2 + TeF3) — v(Te'F2’ + Te'F3') 610(5) v¢(SeF4 + SeF5) — vy(SeF2 + SeF3)
+ v(Se'F2' + Se'F3') — v(Se'F4’ + Se'F5')
547(77) v5(XeO + TeO) — v(XeO' + Te'0’) + 5(0XeO') 611(21) v5(XeO + XeQ') + vy(SeO + Se'0’)
+ 6(0XeO)
440(100) 474(0) vs(XeO + TeO) + vy(XeOQ' + Te'O") 552(3) v(0XeO')
445, sh + 0(XeOTe) + 6(XeO'Te’)
428(27)
360(1) 0s[(TeF4)eq umbrella + (Te'Fy')eq umbrella] 469(3) 05[(SeF4)eq umbrella + (Se'Fy’).q umbrella]
355(241) 0as[(TeF4)eq umbrella — (Te'Fy’)q umbrella] 433(3) [431, s] 460(319) 0as[(SeF4)eq umbrella — (Se'Fy’)q umbrella]
345(84) F5F4F10 umbrella + F2'F3’F1’0O’ umbrella 421(2) [423, m] 450(77) 6(0XeQ') 0.0.p. + (OSeFs) bends
344(14) F5F4F10 umbrella — F2'F3’F1’0O’ umbrella 449(4)
340(5) (OTeFs) bends 394(1) 440(4) SeF5 bends
332(2) 337(34) TeFs5 bends 440(48)
328(2) 332(1) TeFs bends + 5(0XeO') 0.0.p. 380(2) 412(3) 6(0XeQ') 0.0.p. + (OSeFs) bends
320(4) 320(1) TeFs bends + torsion of OXeOQ’ around Xe 407(2) (OSeFs) bends + torsion of OxeQ’ around Xe
304(5) 304(0) 401(0)
297, sh 304(0) 400(0) SeFs bends
266(40) 300(38) [305, w] 338(31)
247(13) 254(0) TeFs bends 329(0) (OSeFs) bends
240(30)
234(13) 234(0) 248(1) 297(0) (OSeFs) bends
229(4) 293(0) SeFs bends
212(1) 212(0) TeFs bends + d(0XeO') 0.0.p. 271(0) 0(0XeQ') 0.0.p. + (OSeFs) bends
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Table 4 (Continued)

XG(OTSFS)z

Xe(OSeFs),

Frequencies (cm™ b

Assignments

Frequencies (em™)

Assignments

Experimental® DFT® C,* Experimental® DFT® C,*
203(1) 206(17) (OTeFs) bends + torsion of OXeO’ around Xe 265(0) (OSeFs) bends + torsion of OXeO’ around Xe
192(2) 199(12) (OTeFs) bends + torsion of OXeO' around Xe 196(1) 240(48) v,5(0XeO’), Xe moving
188(2)
147(0) TeFs rock about O i.p. 158(100) 179(0) (OSeFs) bends
145(0) TeFs rock about O i.p. 170(1) 6(0XeQ') i.p.
133(39) 137(0) 4(0XeQ'), Xe moving 0.0.p. + TeFs rock about O 132(40) 159(1) 0(0XeQ') 0.0.p.
130(37)
123(7)
120(6)
115(2)
66(10) 70(0) d(XeOTe) + d(XeO'Te’) 77(8) 95(0) XeO(SeFs) bend 0.0.p.
48(9) 62(0) XeO(TeFs) bend 0.0.p. asymmetry 94(0) 0(XeOSe) + 6(XeO'Se’)
39(11) 55(0) XeO(TeFs) bend 0.0.p. symmetry 80(0) Torsion of SeFs about SeO
32(11) 53(0) d(XeOTe) — d(XeO'Te’) 71(1) 0(XeOSe) — 5(XeO'Se’)
41(0) Torsion of TeFs about TeO 64(0) XeO(SeFs) bend o0.0.p.

# Raman frequencies are taken from [8].
® Infrared intensities (km mol ") are given in parentheses.
¢ Atoms designated with ‘prime’ denote the symmetry equivalents of atoms labeled F1, F2, F3, F4, F5, F6, and O in Figs. 2 and 3. The abbreviations 0.0.p. and i.p. denote out-of-plane and in-plane bends,

respectively.

4 Raman and infrared (values in square brackets) frequencies are taken from [34].
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structure calculations at the DFT level were carried out on
both gas phase species, as well as on the ion pair derived
from AsF,~ and XeOChFs'. We have shown that this level
of calculation gives good results for this series of compounds
and for several FsTeN-derivatives [18]. We also calculated
the geometries and vibrational frequencies for TeFq and
SeFg as benchmarks. The calculated M—F bond distances for
MF; are 1.801 A (Te) and 1.662 A (Se), compared with the
experimental values of 1.815(2) A (Te) [35] and 1.688(10) A
(Se) [36]. The TeF (SeF) stretches are calculated to be at 721
(761) (Tyy), 659 (693) (A;g) and 637 (631) (Ey) cm !,
compared with the experimental values at 751 (780)
(T1y), 697 (708) (Ai,) and 670 (658) (E) em~ ! [37,38].
The bends are calculated to be at 314 (455) (T1.), 298
(412) (T,,) and 183 (281) (Ty,) cm !, compared with the
experimental values at 325 (437) (T1,), 312 (403) (T»,) and
197 (264) (T»,) cm ! [37,38]. The calculated values are in
good agreement with experiment, with the DFT values about
30-40 cm ™! too low for the Ch—F stretches and 10-20 cm ™"
too low (Te) and too high (Se) for the bends.

2.5.1. Geometries

2.5.1.1. XeOChFs". The calculated ChFs geometries are in
good agreement with the experimental ones (Table 2). The
two Ch-F, bonds that are closest to the XeO group are
slightly longer than the other two Ch-F. bonds. The
calculated Ch-F, bond is shorter than the Ch-F. bonds
by about 0.01 (Te) and 0.02 (Se) A. The calculated Ch-O
bond lengths are too long by 0.12 (Te) and 0.11 (Se) A,
whereas the calculated Xe—O bond lengths are too short by
0.07 (Te) and 0.14 (Se) A. This discrepancy arises from the
strong interaction of Xe with the AsFg ™ anion, which leads
to a weaker Xe—O interaction than in the isolated cation.
This is consistent with Hartree—Fock (HF) calculations done
on the [XeOTeFs][AsF¢] ion pair. In this case, although the
Xe-F, bond distance of 2.01 A is far too short when
compared with the experimental value of 2.24 A, the Te-
O bond length shortens to 1.850 A and the Xe-O bond
length lengthens to 1.966 A, in agreement with experiment.
Two conformers having C; point symmetry are found for the
energy minimized gas phase structures of the XeOChFs™"
cations (Table 2). The Xe—O—Ch plane is rotated so that it is
staggered, but does not quite lie in the plane that bisects the
angle subtended by two equatorial fluorine atoms of the
ChF5 group, i.e., the equatorial TeF, group is rotated by
34.1° (Te) and 44.5° (Se) relative to the [F,TeOXe] plane. In
contrast, this angle is 36° (Te) and 48° (Se) in the
experimental structures; the deviations from the
calculated values are most likely related to disorder and/
or crystal packing.

2.5.1.2. Xe(OChFs),. The calculated geometry for
Xe(OTeFs), is in good agreement with the experimental
one, except for the calculated Xe—O bond length which is too
short by 0.12 A (Table 2) as found in XeOTeFs". The Te-F

and Te—-O bond lengths are in good agreement with the
experimental values as we would expect from the results for
the XeOTeFs" cation. The calculated Te—O bond length is
only 0.01-0.02 A longer than the Te-F bond lengths. The
calculated geometry for Xe(OSeFs), differs from that
observed experimentally, but we note that a ‘multi-site’
positional disorder induced errors in the geometrical
parameters (see Section 3.4.2). The calculated Xe-O
bond length is again too short, this time by 0.09 A. The
calculated Se—F bond lengths are all about 1.67 A and that of
Se-0 is 1.70 A. The calculated Se-O bond length is only
0.01-0.02 A longer than the Se—F bond lengths. Considering
the good agreement between the calculated and
experimental geometries for XeOSeFs™, it is likely that
the calculated geometry is more reliable except for the
Xe—O bond length. The calculated Xe—O bond length is
slightly longer in Xe(OSeFs), than in the tellurium
analogue, consistent with the higher electronegativity of
the OSeFs group. Two conformers having C, point
symmetry are found for the energy minimized gas-phase
structures of Xe(OChFs), (Table 2). For Xe(OTeFs),, the F,,
Te, O, and Xe atoms lie in the same plane, as observed
experimentally. The two equatorial TeF, groups are rotated
by ~45° relative to the [F,, Te, O, Xe] plane and are not quite
eclipsed. This differs from experiment, where this angle is
32° and the eclipsed conformation of the two equatorial TeF,
groups is imposed by symmetry. For Xe(OSeFs),, the torsion
angle between the O—Se—Xe and O'-Se’—Xe planes is ~26°,
and each equatorial SeF, group is rotated by ~45° from their
respective Se—~O—Xe plane. Experimentally, the F,, Se, O
and Xe atoms are found to be coplanar, but the staggered
conformation is also observed for the equatorial SeF,
groups, with an angle of 43° (Se); the two equatorial
SeF, groups are almost eclipsed. Again, the deviations
from the calculated values are most likely related to
disorder and/or crystal packing.

2.5.2. Vibrational frequencies

The calculated vibrational frequencies for XeOChFs " and
Xe(OChFs), are compared with the experimental values in
Tables 3 and 4. In general, the trends observed for the
stretching frequencies associated with the ChFs-group fol-
low those given for ChFg and, as expected, the Te—O and Te—
F frequencies are found to be lower than the Se-O and Se-F
ones. The calculated Te-F stretches in XeOTeFs' are
slightly greater than or equal to the values in TeFq with
three Te-F stretches (739, 734, 728 cmfl) derived from the
T, band, and the other two TeF stretches (651, 643 cm™!)
derived from the E, mode. The Te-F stretching frequencies
are all similar to what is found in FsTeN-derivatives that we
have calculated [18]. A number of the previous assignments
for XeOTeFst [8] have been reassigned based on the
calculated spectrum. For example, the frequency corre-
sponding to the asymmetric combination of the Xe—O and
Te-O stretches is at 680 cm ™', much higher than the pre-
vious assignment at 470, 476 cm™' and slightly above a
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number of the Te—F stretching frequencies. It is worth noting
that calculations on the ion pair show that there is a coupling
of the stretches involving O with the As—F modes near
750cm™" as well as some coupling to a mode near
550 cm ™. The predicted Te-O + Xe—O symmetric stretch
at 485cm~! is consistent with the previously assigned
values of 483, 492 cm™'. These stretches are above the
strongly coupled Te-N and Xe-N stretches in the
FsTeN(H)Xe" cation, 623 cm™' (v(Xe-N — Te-N)) and
432 cm ™' (v(Xe-N — Te-N)) [18]. The XeOTe bend is also
found to be lower at 103 cm ™' compared with 174 cm ™" in
the previous assignment. Similar modes had also been
incorrectly assigned in Xe(OTeFs), [8]. In the infrared
and Raman spectra of Xe(OSeFs), [34], we find that the
assignment for the mode observed at 725 cm ™' should be
changed to an SeO asymmetric stretch since it is expected to
be the most intense mode in the infrared spectrum.

2.5.3. Mayer bond orders and valencies,
and Mulliken charges

The Mulliken charges, Mayer valencies and Mayer bond
orders [39-42] are given in Table 5. The valencies for Te are
near 6.3 and those for Se are near 6.2 as expected for the
hexacoordination. The valencies of the F atoms are all more
than 1 ranging from 1.1 to 1.2. The oxygen atoms have
valencies of approximately 2 as expected for two-coordinate
oxygen atoms. The xenon atoms have valencies of 1.8 in the
Xe(OChFs), and this value is reduced to ~1.25 in the
XeOChFs" cations. The Ch-F bond orders range from
0.99 to 1.15 for the various compounds, showing essentially
single Ch—F bonds. The Ch-O bond orders differ signifi-
cantly in Xe(OChFs), when compared with the XeOChFs ™"
cations, with bond orders in the bis-compounds being about
1.1 and those in the cations being about 0.8, a clear differ-

ence. This is consistent with significant lengthening of the
Ch-O bond in going from the bis-compounds to the cations.
The Xe—O bond orders show the opposite behavior with the
bond order in Xe(OChFs), being 0.82 and the bond order in
the cation being 1.12. Again, there is a correlation as the Xe—
O bond distances decrease from 2.00 A in Xe(OChFs), to
1.90 A in XeOChFs*.

A natural bond orbital (NBO) analysis [43,44] was also
performed with a polarized double-{ basis set [39-43,46] at
the DFT level (Table 6). The natural population analysis
(NPA) given in Table 7 predicts the chalcogen and xenon to
have more positive charge and the F and O to have more
negative charge than does the Mulliken analysis. The NPA
gives charges of 3.45 and 3.45 (Te) and 2.78 and 2.94 (Se)
for XeOChFs ' and Xe(OChFs),, respectively. The Xe has a
charge of 1.1-1.2¢ for both the cations and the bis-com-
pounds. The NPA shows a larger degree of charge separation
(corresponding to more ionic bond character) than does the
Mulliken charge analysis, but both are consistent with
significantly ionic structures. The NBO analysis shows that
the Ch—F bonds are highly ionic with 80-90% of the nominal
two electrons in the bond being on the F. The electrons on the
F are found to be in orbitals having high p character. The
chalcogen in the Ch—F bonds has a low valence s population
and higher p and d populations. The Ch—O bonds are similar
to the Ch—F bonds in terms of their make-up. There are about
0.2¢ in the ¢ orbitals for the Ch—F and Ch—O bonds. The
Xe—O0 bonds in the cations show that there is about 40% of
the bond on the Xe and 60% on the O. The bond is essentially
pure valence p in character on both the O and the Xe. We
were unable to find two Xe—O bonds in the Xe(OChFs),
compounds as the NBO analysis only yielded one Xe-O
bond even though there are two symmetric Xe—O interac-
tions. The latter finding is consistent with the valence bond

Table 5

Atomic charges, Mayer valencies and Mayer bond orders for XeOChFs", and Xe(OChFs), (Ch = Se, Te)

Atom XeOTeFs " XeOSeFs " Xe(OTeFs), Xe(OSeFs),

Atomic charges and Mayer valencies®
Ch(1) 1.32 [6.31] 1.06 [6.24] 1.31 [6.34] 1.05 [6.24]
F(1) —0.18 [1.22] —0.12 [1.24] —0.25 [1.10] —0.19 [1.12]
F(22) —0.22 [1.14] —0.17 [1.14] —0.27 [1.07] —0.22 [1.07]
F3) —0.18 [1.20] —0.12 [1.23] —0.25 [1.11] —0.20 [1.12]
F4) —0.18 [1.22] —0.12 [1.23] —0.25 [1.10] —0.20 [1.12]
F(5) —0.22 [1.12] —0.17 [1.14] —0.26 [1.07] —0.22 [1.08]
O(1) —0.16 [1.98] —0.17 [1.96] —0.30 [2.07] —0.29 [2.01]
Xe(1) 0.82 [1.24] 0.82 [1.25] 0.50 [1.78] 0.53 [1.80]

Mayer bond orders
Ch(1)-F(1) 1.14 1.16 1.04 1.05
Ch(1)-F(2) 1.06 1.04 1.00 0.99
Ch(1)-F(3) 1.11 1.11 1.05 1.05
Ch(1)-F(4) 1.11 1.11 1.05 1.05
Ch(1)-F(5) 1.03 1.04 1.01 1.00
Ch(1)-O(1) 0.81 0.75 1.13 1.05
Xe(1)-O(1) 1.12 1.12 0.81 0.82

# Mayer valencies are reported in square brackets.
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Table 6
Natural bond order analysis for the XeOChFs" cations and Xe(OChFs), (Ch = Se, Te)
Orbital Orbital population Yos op 9od
XeOTeFs "
o(Te-F) 1.88-1.89 [Te (13-15%)] 15-18 50-55 27-34
[F (85-87%)] 84-86
a(Te-0) 1.88 [Te (12%)] 14 46 40
[O (88%)] 83
a(Xe-0) 1.99 [Xe (39%)] 7 92 1
[O (61%)] 91
" (Te-F) 0.17-0.18
" (Te-0) 0.20
0" (Xe-0) 0.04
XeOSeFs"
a(Se-F) 1.85-1.86 [Se (18-20%)] 16-18 50-54 28-34
[F (80-82%)] 90
(Se-0) 1.88 [Se (17%)] 15 47 39
[O (83%)] 90
a(Xe-0) 1.99 [Xe (43%)] 5 95 0
[O (57%)] 94
" (Se-F) 0.21-0.22
*(Se-0) 0.24
" (Se-0) 0.07
XC(OTCF5)2
o(Te-F) 1.88-1.89 [Te (12-13%)] 16-17 49-52 32-35
[F (87-88%)] 83
6(Te-0) 1.88 [Te (16%)] 19 49 32
[O (84%)] 78
" (Te-F) 0.18-0.19
" (Te-0) 0.18
XC(OSCF5)2
a(Se-F) 1.86-1.88 [Se (16-17%)] 16-17 49-51 32-35
[F (83-84%)] 85
6(Se-0) 1.88 [Se (22%)] 19 49 31
[O (78%)] 79-81
" (Se-F) 0.20-0.21
7*(Se-0) 0.19
descriptions I and II of XeL, and XeL (L = OChFs), where important contributing structures. Accordingly, the

structures [L™Xe? L] and [XeZtL™] are the least

L Xe’'L™ < L-Xe'L™ < L™ Xet—-L

Xe—L" < Xe*'L™ (I

Table 7

NPA for the XeOChFs" cations and Xe(OChFs), (Ch = Se, Te)
Atom XeOTeFs™ XeOSeFs™ Xe(OTeFs),  Xe(OSeFs),
Ch 3.45 2.78 345 2.94
F5 —0.58 —-0.47 —0.58 —-0.50
F2 —0.57 —0.47 —0.60 —0.53
F3 —0.54 —-0.41 —0.58 —-0.50
F1 —0.54 —0.42 —0.58 —0.50
F4 —0.53 —-0.42 —0.60 —-0.53
(0] —0.88 —0.70 —1.10 —0.97
Xe 1.18 1.11 1.17 1.16

Xe(OChFs), molecules have formal Xe—O bond orders of
1 and the formal Xe—O bond order for the XeOChFs " cations
is 1, in qualitative agreement with the Mayer bond orders
and NBO analyses.

3. Experimental
3.1. Apparatus and materials

Manipulations involving volatile materials were per-
formed under anhydrous conditions as previously described
[46]. The syntheses of XeF, [47], [XeOTeFs][AsF¢] [7],
Xe(OTeFs), [6], Xe(OSeFs), [6] and AsF5 [47] have been
described elsewhere; and SbFs (Ozark Mahoning) [48] and
BrFs (Matheson) [49] were purified as previously described.
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Freon-114 (Aldrich) was dried over P,O;y and vacuum
distilled into a dry Pyrex storage vessel prior to use.

3.1.1. FXeOSeF's

Stoichiometric amounts of Xe(OSeFs), (1.7524 g,
3.438 mmol) and XeF, (0.5816 g, 3.436 mmol) were loaded
into a 9 mm NMR tube in a drybox at room temperature,
closed with a Kel-F valve and warmed to 45°C, whereupon
the sample melted, yielding a pale yellow liquid and with
solid XeF, remaining at the bottom of the sample. After ca.
15 min, all XeF, had dissolved and upon standing; the liquid
FXeOSeFs became colorless (2.362 g, 6.941 mmol).

3.1.2. [XeOSeFs][AsFs]

The salt, [ XeOSeFs][AsFg], was prepared by addition of a
stoichiometric excess of AsFs to liquid FXeOSeFs (2.3615 g,
6.941 mmol) in a 9 mm FEP reactor at room temperature.
The sample was agitated as gaseous AsFs was slowly bled
into the reactor through a Kel-F valve whereupon a light
yellow solid formed. The AsFs pressure was increased to
1 atm and the solid sample powdered. After several hours, the
AsFs pressure was increased to 2 atm and maintained at this
pressure for 12 h followed by removal of excess AsFs under
vacuum. The sample was pumped under dynamic vacuum for
several minutes at room temperature, yielding 3.453 g
(6.769 mmol) of [XeOSeFs][AsFg] (theor. 3.498 g).

3.2. NMR sample preparation

Samples of [XeOSeFs][AsFg] for '°F, 7Se, and '*’Xe
NMR spectroscopy (see Section 3.5) were prepared in 4 and
9 mm FEP tubes, respectively, fitted with Kel-F valves. After
the solute and solvent had been added, the sample tubes were
heat sealed and inserted into 5 and 10 mm thin-walled
precision glass NMR tubes (Wilmad), respectively, as pre-
viously described [50]. A '°F sample employing BrFs as the
solvent was prepared by condensing BrFs onto [XeOSe-
Fs][AsFg] at —196°C followed by warming to —40°C to effect
dissolution. Fluorine-19, 7’Se and '*Xe samples employing
SbFs as the solvent were prepared by adding SbFs to FEP
sample tubes using a glass syringe inside a dry nitrogen-filled
glove bag. The SbFs samples were transferred to a drybox
equipped with a cryowell, where the SbFs was frozen and
[XeOSeFs][AsFg] was added. The samples were warmed to
room temperature on a metal vacuum line under 1 atm of dry
nitrogen whereupon slow evolution of AsFs occurred. The
AsFs pressure was periodically reduced by pumping the N,/
AsFs mixture down to 1 atm. When AsFs evolution ceased,
the samples were cooled to —78°C and evacuated to remove
residual AsFs prior to heat sealing the sample tubes.

3.3. Crystal growth

3.3.1. [XeOTeFs][AsFg]
Crystals of [XeOTeFs][AsFg] were grown as thin yellow
plates over a period of several months at room temperature

by sublimation onto the walls of a %in. o.d. FEP tube
pressurized to 1 atm with dry nitrogen. Suitable crystals
of [XeOTeFs][AsF¢] were mounted inside the drybox
equipped with a microscope, and sealed inside Lindemann
glass capillaries. The crystal used for the X-ray structure

determination had the dimensions 0.6 x 0.3 x 0.02 mm>.

3.3.2. [XeOSeFs][AsFs]

In the drybox, [XeOSeFs][AsFg] (ca. 0.2 g) was loaded
into a previously dried 40 cm long, 10 mm o.d. glass vessel
joined to a metal valve by means of a graded glass/metal
seal. The glass vessel was connected to a vacuum line,
pressurized to 10 Torr with dry nitrogen, flame sealed,
and then mounted at a 45° angle inside a fumehood. Clear,
yellow crystals sublimed slowly onto the walls of the glass
vessel over a period of several months. The crystals were
freed from the walls of the vessel by mechanical shocking
and mounted as described above. The crystal used for the X-
ray structure determination had the dimensions
0.15 x 0.08 x 0.02 mm”.

3.3.3. Xe(OTeFs), and Xe(OSeFs),

In the drybox, Xe(OChFs), (ca. 0.1 g; values in { } denote
the selenium compound) was loaded into one arm of a T-
shaped FEP reactor constructed from }Tin. o.d. FEP tubing
and fitted with a Kel-F valve. The reactor was attached to a
glass vacuum line and Freon-114 was condensed onto
Xe(OChFs),. The reactor was then pressurized to 1 atm
with dry nitrogen at —78°C and the solid was allowed to
dissolve. The valved arm containing the solution mixture
was attached to a glass vacuum line and placed inside a glass
dewar adjusted to —18°C by means of a cold stream of dry
nitrogen. The tube was then cooled slowly over a period of 4
{3} hto =30 {—10}°C. At —30 {—10}°C clear, colorless
plates formed throughout the solution and along the walls
of the tube. The tube was maintained at —30 {10}°C for
an additional hour, and then the supernatant was decanted
into the empty side arm of the reactor. The contents of the
side arm were then frozen and separated from the apparatus
using a heat seal. The tube containing the crystals was
pressurized to 1 atm with dry nitrogen and maintained at
—78 {0}°C. The crystal used for the data acquisition
was mounted and heat sealed inside a glass Lindeman
capillary and had the dimensions 0.25 x 0.20 x 0.06 mm?’
{0.30 x 0.25 x 0.20 mm®}.

Following data collection at —45°C, the Xe(OSeFs),
crystal was shown to undergo a phase transition upon cool-
ing to —79 (£2)°C, where a large number of additional
diffraction spots appeared and the crystal ultimately pow-
dered.

3.4. X-ray structure determinations
3.4.1. Collection and reduction of X-ray data

The crystals were centered on a P4 Siemens diffracto-
meter, equipped with a Siemens SMART 1 K charge-coupled
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device (CCD) area detector (using the program SMART
[51]) and a rotating anode using graphite monochromated
Mo Kua radiation (4 = 0.71073 A). The crystal-to-detector
distance was 5.000 cm, and the data collections were carried
out in a 512 x 512 pixel mode using 2 X 2 pixel binning.
Processing was carried out by using the program SAINT
[51], which applied Lorentz and polarization corrections to
three-dimensionally integrated diffraction spots. The pro-
gram SADABS [52] was used for the scaling of diffraction
data, the application of a decay correction, and an empirical
absorption correction based on redundant reflections.

3.4.2. Solution and refinement of the structures

The XPREP program [53] was used to confirm the unit
cell dimensions and the crystal lattices. All solutions were
obtained using direct methods, which located the positions
of the heavy atoms. Successive difference Fourier syntheses
revealed the general positions of all the oxygen and fluorine
atoms, implying a four-fold disorder for [XeOTeFs][AsF¢]
and [XeOSeFs][AsF¢], and a three-fold disorder for Xe(O-
SeFs),. The disorders are, however, different. In [XeOCh-
Fs][AsFg], each atom is disordered around one site, while in
Xe(OSeFs),, each atom is disordered around three sites,
implying that each O atom is positionally disordered with
two other F atoms. This gives rise to a better disorder model
for the cation than for the neutral compound. In contrast, the
structure of Xe(OTeFs), was ordered. The final refinements
were obtained by introducing anisotropic parameters for all
the atoms in the case of Xe(OTeFs), and for only the heavy
atoms in the three other disordered structures; and by
introducing extinction parameters and weighting factors
recommended by the refinement program. In the final dif-
ference Fourier maps, the maximum/minimum electron
densities were located around the heavy atoms.?

3.5. Nuclear magnetic resonance

The NMR spectra of [XeOSeFs][AsFg] in BrFs and neat
SbFs solvents were recorded unlocked (field drift
<0.1Hzh ') on a Bruker AM 500 spectrometer
[11.7440 T; F (470.599 MHz), ""Se (95.3838 MHz)] and
on a Bruker WM 250 spectrometer [5.8719 T; '**Xe
(69.5626 MHz)] using 10 mm broad band probes for 7’Se
and '®Xe and a 5 mm probe for '°F. The '°F spectra were
acquired in 16 (SbFs) and 32 (BrFs) K memories with
spectral width settings of 20 kHz, yielding acquisition times
of 0.410 (SbFs) and 0.819 (BrFs) s with data point resolu-
tions of 2.44 (SbFs) and 1.22 (BrFs) Hz/data point; a pulse
width of 1.00 us was used. The 7’Se spectrum was acquired

2 Crystallographic data for the structures in this paper have been
deposited with the Fachinformationzentrum Karlsruhe (FIZ) as supple-
mentary publication Nos. CSD 411809, CSD 411810, CSD 411811 and
CSD 411812. Copies of the data can be obtained, free of charge, on
application to FIZ, abt. PROKA, 76344 Eggenstein—Leopoldshafen,
Germany (Tel.: +49-7247-808-205 or e-mail: crysdata@fiz-karlsruhe.de).

in a 16 K memory with a spectral width setting of 20 kHz,
yielding an acquisition time of 0.410s and data point
resolution of 2.44 Hz/data point; a pulse width of 6.00 ps
was used. The '?*Xe NMR spectra were acquired in 16 K
memories with spectral width settings of 25 (SbFs) and 20
(BrFs) kHz, yielding acquisition times of 0.328 (SbFs) and
0.410 (BrFs) s and data point resolutions of 3.05 (SbFs) and
2.44 (BrFs) Hz/data point; a pulse width of 35.0 ps was used.
Chemical shifts were referenced externally at 30°C with
respect to neat samples of CFCl; ('°F), XeOF, (*°Xe) and
(CH3),Se (""Se).

3.6. Raman spectroscopy

The Raman spectra of [XeOTeFs][AsF¢] and [XeOSe-
Fs][AsFg] were recorded at —145°C on a Bruker RFS 100
FT Raman spectrometer equipped with a quartz beam
splitter, a liquid nitrogen-cooled Ge diode detector, and a
low-temperature accessory. The backscattered (180°C)
radiation was sampled. The scanner velocity was 5 kHz,
and the wavelength range for acquisition was 5500—
10,500 cm~! when shifted relative to the laser line at
9394 cm~', giving a spectral range of 3895 to
—1105cm™". The actual usable Stokes range was 50—
3500 cm ™! with a spectral resolution of 2 cm~'. The Fourier
transformations were carried out by using a Blackman
Harris three-term apodization and a zero-filling factor of
4. The 1064 nm line of an Nd YAG laser (350 mW max-
imum output) was used for excitation of the sample with a
laser spot of ca. 0.2 mm at the sample. The spectra were
recorded at —145°C on powdered microcrystalline samples,
which were sealed under ca. 1 atm of dry N, inside Pyrex
melting point capillaries, using laser powers of 200
{178} mW and averaged over 500 {200} scans (values
for [XeOTeFs][AsFg] are not bracketed and those for [XeO-
TeFs][AsFg] are given in brackets { }).

3.7. Calculations

The calculations were done at the DFT and HF levels. The
DFT calculations were done with the program DGauss [54—
57] on an SGI computer system. The DZVP2 basis set [58]
was used for H, N, O and F. For Te and Xe, a basis set was
used in which the Kr core electrons were treated with a
pseudopotential (PP) [59,60] and the remaining electrons
were treated with a polarized valence double-( basis set. For
Se, a PP basis set was used for the Ar core electrons. The
calculations were done at the local level with the potential fit
of Vosko et al. [61]. The geometries were optimized by use
of analytic gradient methods and second derivatives were
also calculated analytically. For the NBO analysis [62-66] at
the DFT level, the NBO program integrated with Gaussian-
98 was used [43]. For the NBO calculations, the polarized
valence double-{ basis set of Dunning and Hay [44] was
used for O and F, and an all-electron basis set from Huzinaga
et al. [45] contracted to valence polarized double-( was used
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for Te and Xe. The HF calculations were done with the
program Gaussian-98 [43]. For O and F, a polarized valence
double- basis set was used [44] and for As, an all-electron
basis set from Huzinaga et al. [45] was used. For Te and Xe,
a polarized double-{ valence basis set was used with an
effective core potential [67-69].

4. Conclusion

The present study describes the first synthesis and char-
acterization of the XeOSeFs cation and significantly
extends the X-ray crystallographic data for Xe(II) deriva-
tives of the OSeFs and OTeFs groups. The structures of
the XeOSeFs' and XeOTeFs' cations as well as that
of Xe(OTeFs), are described for the first time and that of
Xe(OSeFs), has been redetermined at low temperature in a
different space group, providing an improved refinement
of that structure. Electronic structure calculations reveal
that the geometric parameters in the gas phase, including
the dihedral angles in Xe(OChFs),, are in good agreement
with experiment. The calculated vibrational frequencies
corresponding to the energy minimized geometries have
provided full assignments of the vibrational spectra of
XeOChFs" and Xe(OChFs), and have led to the reassign-
ment of a number of frequencies previously reported for
XeOTeFs", Xe(OSeFs), and Xe(OTeFs),. A comparison
of the '¥Xe NMR chemical shifts for XeOChFs" under
similar solvent and temperature conditions show the same
chemical shift trend as Xe(OChFs),, and are in accord with a
higher electronegativity for the OSeFs group than for the
OTeFs group.
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