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ABSTRACT: The [XeOXeOXe]** cation provides an un- 0
precedented example of a xenon(Il) oxide and a noble-gas Oﬁ;\LgF &

oxocation as well as a rare example of a noble-gas dication. The T7 ) iy
[XeOXeOXe]** cation was synthesized as its [u-F(ReO,F;),]” F« /\’F xi\?/% & X8 "
salt by reaction of ReO;F with XeF, in anhydrous HF at —30 F\/F -~ \%/
°C. Red-orange [XeOXeOXe][-F(ReO,F;),], rapidly decom- 0
poses to XeF,, ReO,F;, Xe, and O, when the solid or its HF
solutions are warmed above —20 °C. The crystal structure of
[XeOXeOXe][u-F(ReO,F;),], consists of a planar, zigzag-
shaped [XeOXeOXe]** cation (C,, symmetry) that is fluorine bridged through its terminal xenon atoms to two
[u-F(ReO,F;),] anions. The Raman spectra of the natural abundance and '*O-enriched [XeOXeOXe]** salts are consistent
with a centrosymmetric (C,;) cation geometry. A proposed reaction pathway leading to [XeOXeOXe][y-F(ReO,F;),], consists
of a series of oxygen/fluorine metathesis reactions that are presumably mediated by the transient HOXeF molecule. Quantum-
chemical calculations were used to aid in the vibrational assignments of [Xe!®180Xe!1*0Xe] [,u-F(ReW 80,F,),], and to assess
the bonding in [XeOXeOXe]** by NBO, QTAIM, ELF, and MEPS analyses. Ion pair interactions occur through Re—F,-—Xe
bridges, which are predominantly electrostatic in nature and result from polarization of the F,-atom electron densities by the
exposed core charges of the terminal xenon atoms. Each xenon(Il) atom is surrounded by a torus of xenon valence electron
density comprised of the three valence electron lone pairs. The positive regions of the terminal xenon atoms and associated
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fluorine bridge bonds correspond to the positive o-holes and donor interactions that are associated with “halogen bonding”.

B INTRODUCTION

Noble-gas compounds have generated considerable interest
since the discovery of noble-gas reactivity by Neil Bartlett in
1962." Over the ensuing decades, the syntheses of the binary
xenon fluorides, KrF,, and oxide fluorides of xenon have
provided a diverse derivative chemistry.” Although thermody-
namically unstable with respect to their elements, xenon oxides
have also been isolated and characterized in macroscopic
quantities for every known oxidation state of xenon except the
+1/, and +2 oxidation states, ie., XelVO,,’ XeVIO3,,4_9
XeV0,,' 7" (5%-0,)Xe"™0,,"¢ and [Xe"™MO(]*.""7** No
isolable oxides of krypton are known.”® Both XeO; and XeO,
are shock sensitive, decomposing explosively with the release of
402° and 642" kJ mol ™), respectively, whereas water-insoluble
XeO, quiescently decomposes under water at 0 °C?> over
several minutes. In contrast, [Xe"™O4]*" salts are kinetically
and thermodynamically stable at ambient temperatures and
pressures’ and have been characterized by X-ray crystallog-
raphy,w_zz’25 Raman,”**”* infrared,***%>* photoelectron,zg’33
Auger,”® Méssbauer,”” '¥Xe NMR,*”** and UV>” spectroscopy.
Xenon tetroxide is generated by the reaction of concentrated
H,SO, with Na,[XeOy] and has been isolated as a pale yellow,
volatile solid, and its molecular structure has been obtained
from an electron diffraction study of XeO, in the gas phase.'’
Xenon tetroxide has also been characterized by infrared,'”'®
Raman,'#"> 123Xe NMR spectroscopy,”” and mass spec-

-4 ACS Publications  © 2015 American Chemical Society

13398

trometry."" Photolysis of XeO, in noble-gas matrices at 365 nm
yielded the Xe(VIII) peroxo-compound, (77*-O,)XeO; and
XeO,."® The former was characterized by infrared spectroscopy.
Xenon trioxide, XeO;, has been synthesized as a colorless
crystalline solid and characterized by single-crystal X-ray
diffraction,” Raman,® and infrared’ spectroscopy. Recently,
XeO, has been synthesized as a bright yellow solid at 0 °C.’
The characterization of XeO, by Raman spectroscopy revealed
that XeO, is polymeric, possessing an extended structure in
which Xe is bonded to four oxygen atoms having a local square-
planar XeO, geometry around the central Xe atom.

The xenon(II) oxide, XeO, has been postulated as an
intermediate in some oxidation reactions of XeO,.” Its gas-
phase UV and vacuum UV emission spectra have been
attributed to emissions from Xe*O™ ion pair states.’®’’
Monomeric XeO has not been synthesized in macroscopic
amounts, but has been obtained in an argon matrix>® where UV
spectroscopic evidence suggested that the ground state of XeO
is essentially a van der Waals molecule with a bond length
considerably longer than the excited state value. Xenon
monoxide was subsequently shown by gas-phase quantum-
chemical calculations to have an unbound *I1 ground state. The
only bound state is the excited 1'Z* state.’>”’
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Scheme 1. Proposed Reaction Pathway Leading to the Formation of [XeOXeOXe][p-F(ReO,F;),],
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In a prior study, the first xenon(Il) oxide fluoride species,
[FXeOXeFXeF]*, was synthesized as its [PnF4]~ (Pn = As, Sb)
salts by reaction of XeF, with [H;0][PnF4] in HE.” The
[FXeOXeFXeF][PnF,] salts were characterized by single-
crystal X-ray diffraction, Raman spectroscopy, and quantum-
chemical calculations. Although the oxygen and fluorine atoms
bonded to the central Xe atom of [FXeOXeFXeF|* are
positionally disordered in both [PnF¢]~ salts, the presence of a
bridging oxygen atom was corroborated by ''*0 isotopic
shifts obtained from the Raman spectrum and by isotopic shift
values obtained from quantum-chemical calculations. It was
proposed that XeF, is hydrolyzed by [H;0]* to form FXeOH,
an intermediate in the formation of the [FXeOXeFXeF]|"
cation.

In the quest for a xenon(I) oxide, the reaction of ReO;F
with XeF, was investigated as a possible means to transfer
oxygen to xenon(II). A reliable synthesis of high-purity ReO;F
in anhydrous HF (aHF) has been recently developed,” which
has allowed its chemistry to be more widely explored. The HF
solvate, ReO;F(FH),, has also been isolated and characterized
by single-crystal X-ray diffraction and Raman spectroscopy.

The present study reports the synthesis and characterization
of the first xenon(II) oxide, [XeOXeOXe]** as its
[4-F(ReO,F;),]” salt. The salt has been structurally charac-
terized by low-temperature single-crystal X-ray diffraction and
Raman spectroscopy. Vibrational assignments have been made
with the aid of quantum-chemical calculations, which were
supported by '®O-enrichment studies. The nature of the
bonding in [XeOXeOXe][u-F(ReO,F;),], has been examined
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using natural bond orbital (NBO), quantum theory of atoms in
molecules (QTAIM), electron localization function (ELF), and
molecular electrostatic potential surface (MEPS) analyses.

Bl RESULTS AND DISCUSSION
Synthesis of [XeOXeOXe][u-F(ReO,F;),],. Reaction

progress and product purities were monitored by recording
the Raman spectra of the solids under aHF in FEP reaction
vessels at —140 °C.

The salt, [XeOXeOXe][u-F(ReO,F;),],, was obtained by
the reaction of ReO;F*’ with XeF, in aHF at —30 °C according
to a three-step reaction sequence (eqs 1—3), with the overall
synthesis summarized in eq 4. A range of XeF,:ReO,F(FH),
molar ratios was surveyed to determine whether or not other
xenon(II) oxide or oxide fluoride cations could be formed.

ReO,F + 2HF — ReO,F(FH), (1)
3XeF, + 4ReO,F(FH), —

[XeOXeOXe][p-F(ReO,F,),], + 2[H,0][HE)] (2)
2XeF, + 2[H,0][HE] — 2Xe + O, + 8HF 3)

5XeE, + 4ReO,F(FH), —

[XeOXeOXe][p-F(ReO,E,),], + 2Xe + O, + 8HF
(4)
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The molar ratios of the reactants, XeF,:ReO;F, were
2.11:1.00, 1.19:1.00, 1.18:1.00, 1.14:1.00, 1.02:1.00, and
0.56:1.00. Upon warming the reaction mixtures to —30 °C,
ReO;F and XeF, dissolved in aHF over a period of ca. 5—10
min, forming pale yellow solutions. As the reactions progressed
over a period of 2—4 h at —30 °C, the solution colors changed
from pale yellow to yellow-orange. Rapid cooling of the
solutions (XeF,:ReO;F = 2.11:1.00, 1.19:1.00, 1.18:1.00,
1.14:1.00) to —78 °C resulted in irreversible precipitation of
red-orange colored microcrystalline powders that was accom-
panied by solution color changes from yellow-orange to
colorless upon complete precipitation. The low-temperature
Raman spectra of the red-orange crystalline products under
frozen aHF (XeF,:ReO;F = 1.19:1.00, 1.14:1.00) and products
isolated under dynamic vacuum at —78 °C (XeF,:ReO,F =
2.11:1.00, 1.18:1.00) were identical and were assigned to
[XeOXeOXe][u-F(ReO,F;),],. Crystals of
[XeOXeOXe][y-F(ReO,F;),], that were of a quality suitable
for an X-ray structure determination were grown by slowly
cooling the yellow-orange solutions (XeF,:ReO;F = 0.56:1.00
and 1.02:1.00) from —30 to —3S °C over a S h period. The
80-enriched salt, [Xe'*0Xe'®0Xe][u-F(Re'®0,F;),],, was also
synthesized from enriched Re'®O5F using a modification of a
published synthetic procedure® (also see Experimental
Section).

A plausible reaction pathway leading to
[XeOXeOXe][y-F(ReO,F;),], is provided in Scheme 1. The
reaction sequence is presumably initiated by XeF, coordination
to ReO;F(FH),, followed by intramolecular rearrangements
that lead to [OXeFReO,F,(FH)]. Subsequent HF solvolysis
yields ReO,F;(FH) and HOXeF. The HOXeF molecule has
also been invoked as a key reaction intermediate in the
synthesis of the [FXeOXeFXeF]* cation.”” The reaction of
HOXeF with a second equivalent of ReO,F(FH), provides
[HOXeFReO;F(FH)], which, in turn, undergoes condensation
with HOXeF to yield [FXeOXeFReO,F(FH)]. The latter
product undergoes intramolecular rearrangement and subse-
quent HF solvolysis to form ReO,F;(FH) and FXeOXeOH.
Fluorine coordination of FXeOXeOH to Lewis acidic p-
F(ReO,F;)(ReO,F,) results in a positive charge on the
XeOXeOH unit of u-F(XeOXeOH)[u-F(ReO,F;)(ReO,F,)]
which promotes a further FXeOH condensation/H,O elimi-
nation reaction to give u-F[FXeOXeOXe][u-F(ReO,F;)-
(ReO,F,)]. In view of the stabilities of [u-F(ReO,F;),]”
salts,*" the latter complex may be reformulated as
[FXeOXeOXe][u-F(ReO,F;),], where it is understood that
there is a Xe---F—Re fluorine bridge interaction between the
cation and the anion. In the final step, [FXeOXeOXe]*
undergoes fluoride ion abstraction by 2 equiv of ReO,F;(FH),
which undergo HF elimination to give [XeOXeOXe][u-
F(ReO,F;),],. Water generated in Scheme 1 is protonated in
HE,*»* forming [H;O][HF,] which reacts with XeF,
according to eq 3 to form Xe, O, and HF. Although the
[FXeOXeFXeF]" cation may be formed as an intermediate, its
[AsFg]~ and [SbF¢]™ salts have been shown to rapidly
decompose, with gas evolution, above —30 °c.¥

The [XeOXeOXe][u-F(ReO,F;),], salt decomposes as a
solid or in HF solvent to ReO,F;, XeF, (both confirmed by
Raman spectroscopy), O,, and Xe at temperatures above —20
°C (eq 5).

[XeOXeOXe][p-F(ReO,E,), ], —
4ReO,F, + XeFE, + O, + 2Xe ©)

Xenon formation was confirmed by condensation from the
evolved gas mixture at —196 °C. In a separate study, ReO,F;
and XeF, were shown to be unreactive in aHF at room
temperature and when equimolar amounts were fused at 80 °C.
In instances (XeF,:ReO;F = 1.19:1.00, 1.14:1.00) where
[XeOXeOXe][u-F(ReO,F;),], had been isolated before the
reaction sequence (eqs 2—4) had gone to completion (ca. 1h at
—35 °C), the solution samples were allowed to decompose
(=20 °C to room temperature) and were pumped on at room
temperature to remove HF, XeF,, Xe, and O,. The Raman
spectra of the resulting solids consisted of mixtures of ReO,F;
and unreacted ReO,F.

X-ray Crystallography. Details of the data collection and
other crystallographic information for [XeOXeOXe][u-F-
(ReO,F;),], are given in Table 1, and important bond lengths
and bond angles are provided in Tables 2 and S1, respectively.

Table 1. Summary of Crystal Data and Refinement Results
for [XeOXeOXe][u-F(ReO,F;),],

[XeOXeOXe][u-F(ReO,F;),],

space group P1

a (A) 7.7142(2)

b (A) 8.0991(2)

¢ (A) 10.0494(2)
a (deg) 88.2797(13)
B (deg) 69.1278(12)
7 (deg) 62.0249(12)
Vv (A)3 510.91(2)
molecules/unit cell 1

mol wt (g mol™) 1564.7
calcd density (g cm™) 5.086

T (°C) -173

u (mm™) 28.67

R 0.0283
wR,” 0.0597

“R, is defined as Y ||Fyl — IF.|| YIF,l for I > 26(I). bR, is defined as
[X[w(E — E2*1/ Xw(Ee)*? for I > 20(1).

The salt, [XeOXeOXe][u-F(ReO,F;),],, crystallizes in the
triclinic space group P1 (Z = 1) (Figure 1). The unit cell
consists of a well-isolated [XeOXeOXe][u-F(ReO,F;),], ion
pair, where the [XeOXeOXe]** cation interacts through
fluorine bridges with two symmetry-equivalent [u-F-
(ReO,F;),]” anions. The [XeOXeOXe][u-F(ReO,F;),], ion
pairs occupy parallel b,c-planes and stack along the a-axis
(Figure S1). The shortest intermolecular ligand atom distances
occur for O(l)"'0(4C) (2962(8) A) and F(7)"'O(2K) (2.882(8)
A), which are close to the corresponding sums of the van der
Waals radii (OO, 3.04 and O---F, 2.99 A).** The central Xe(p
atom has six Xe-+O (3.324(6)—3.663(6) A) and four Xe--F
(3.119(5)—3.429(5) A) long contacts, and the terminal Xe2n)
atoms have two Xe---O (3.311(6), 3.239(6) A) and five Xe---F
(3.114(5)—3.419(5) A) long contacts so that the total
coordination numbers of Xe;y and Xe( are 12 and 9,
respectively (Figure S2). These contacts are somewhat shorter
than the sums of the Xe--O (3.68 A) and Xe-~-F (3.63 A) van
der Waals radii.** In the absence of these contacts, both xenon
atoms are under bonded, having bond valences®™ of 1.56
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Table 2. Experimental and Calculated Geometric Parameters for [XeOXeOXe][u-F(ReO,F;),], (C;), [XeOXeOXe]** (C,;), and

FXeOXeOXeF (C;)

[XeOXeOXe]
[XeOXeOXe][u-F(ReO,F;), ], [XeOXeOXe]* FXeOXeOXeF [u-F(ReO,F;), ],

exptl” caled” caled” exptl” caled”
Bond Lengths (A) Bond Angles (deg)
Xe)—Oq) 2.135(6) 2.174 2207 2.155 O@p)—Re()—Fy 90.2(2) 91.6
Xez—Oq) 1.987(6) 2.034 2.021 2.098 O@)—Rey—=F3) 96.4(2) 97.8
Xe@)—F 2.392(4) 2.310 2.086 O@)—Rey=Fy 96.4(3) 97.8
Re(y—F( 2.007(4) 2.112 F()—Re(y—F( 77.5(2) 76.7
Re(—Og,) 1.676(6) 1.680 Fy—Re(y—F(3) 82.4(2) 80.4
Re(y—O(y 1.673(6) 1678 F)—Rey—=Fy 81.5(2) 80.5
Re())—F3 1.859(4) 1.863 F(—Re()—F 80.5(2) 80.5
Re(;)—F, 1.852(5) 1.860 F(;—Re(y—F, 82.7(2) 80.6
Re(;)—F(y) 2.048(4) 2.073 F5—Re()—F 158.8(2) 155.8
Re(—O(4 1.750(5) 1.687 Re(;y—F(5—Re(y 158.3(3) 1518
Re»—Os) 1.661(6) 1.678 O(s)—Re(;)—O(y 100.2(3) 1032
Re(y—F() 2.174(5) 2243 O(s)—Re)—F(s) 98.7(3) 99.0
Re(y—F() 1.815(5) 1.888 O(s)—Re)—Fg) 98.4(3) 98.6
Re(y)—F(s) 1.863(5) 1.859 O(s)—Re)—F() 99.2(3) 98.1
Re(y—F 1.883(5) 1.941 O(s)—Re)—F(y) 177.6(3) 174.0
Bond Angles (deg) O—Rep)—F(y 82.0(2) 82.7
O—Xey=O(1a) 180.0 180.0 180.0 180.0 O@—Re)—Fs 91.6(3) 95.9
Xe)—O)—Xe(y) 115.6(3) 1187 1236 118.1 O@—Rep)—Fg 161.2(3) 158.1
O—Xe)—Fq) 176.7(2) 1753 177.1 Oy—Re)—F( 94.3(3) 93.9
Xe@)—Fy—Req) 134.8(2) 130.7 F(s)~Rez)—F(y 80.3(2) 81.0
0(3)—Re(1)—0(2> 101.6(3) 102.8 F(S)—Re(z)—F(é) 83.2(3) 83.2
O@)—Re(y—F(y 90.7(3) 88.9 F(s)—Rez—F(y) 159.8(3) 1578
0(3)—Re(1)—F(2) 168.1(3) 165.5 F(Z)_Re(z)_F(é) 79.3(2) 75.5
O3)—Re(y—F3 96.3(3) 97.1 F(—Re5)—F(y) 81.4(2) 80.6
O)—Re(y—Fy 97.6(3) 97.4 F(s—Rez)—F(y 85.1(3) 80.3
O@)—Re()—F() 167.7(2) 1683 O(s)—Re)—Fg) 98.4(3) 98.6
O@)—Rey=F(y) 90.2(2) 91.6 O(s)—Re)—F(7) 99.2(3) 98.1
0(2)—Re(1)—F(3) 964(2) 97.8 0(5)—Re(2)—F(2) 177.6(3) 174.0
O@)—Rey—Fy 96.4(3) 97.8 Ow)—Re)—Fy 82.0(2) 82.7
Fy—Rey—F(y) 77.5(2) 76.7 Ow—Re)—Fs 91.6(3) 95.9
F(—Re)—Fg 82.4(2) 80.4 Oy—Re)—Fg) 161.2(3) 158.1
F()—Re()—F, 81.5(2) 80.5 O—Re)—F() 94.3(3) 93.9
F)—Re(y—F) 80.5(2) 80.5 F(sy—Re)—F(y) 80.3(2) 81.0
F(—Re)—F, 82.7(2) 80.6 F(s)—Re(5—Fg 83.2(3) 83.2
F)—Re(y—F 158.8(2) 155.8 F(s—Re)—F(7) 159.8(3) 157.8
Re(;y—Fz)—Re(y) 158.3(3) 151.8 F()—Re)—Fg 79.3(2) 75.5
0(5)—Re(2)—0(4> 100.2(3) 103.2 F(Z)—Re(z)—F(7) 81.4(2) 80.6
O(s)—Re)—F(s) 98.7(3) 99.0 F(s—Rez—F(y) 85.1(3) 80.3

“See Figure 1 for the atom labeling scheme.
PP) level of theory, see Table S1.

The B3LYP/ aug-cc-pVDZ(-PP) level of theory was used. For values at the PBE1PBE/aug-cc-pVDZ(-

(Xe(1)) and 1.57 (Xe(;,4)) (Table S2). The introduction of the
aforementioned long contacts results in total bond valences of
1.84 (Xe(;)) and 1.81 (Xe(;54))- The next closest Xe--O and
Xe---F distances have bond valences <0.01 and are too long to
be considered as contacts.

The central xenon atom of [XeOXeOXe]?* is located on an
inversion center, whereas all other atoms of the cation and
anion are on general positions, giving C; symmetry for the ion
pair. The [XeOXeOXe]*" cation is planar by symmetry and,
when considered in isolation, has C,, symmetry. The central
Xe(1)=O(;,1a) bonds (2.135(6) A) are significantly longer and
more polar than the terminal Xe(;,4)—0O(; 14) bonds (1.987(6)
A), in accordance with the dominant resonance contributions,

(1) and (2).

13401

The central Xe(;)—O(;,14) bond lengths are equal, within
+30, to the Xe—O bond lengths of Xe(OTeF;), (2.119(11)
A),* FXeOSO,F (2.155(8) A),"” Xe(OSO,F), (2.1101(13),
2.1225(13) A),* and FXeONO, (2.126(4) A).” The terminal
Xe(24)—0q1,1a) bond lengths are equal, within +30, to the
Xe—O bond lengths of [XeOTeF][Sb(OTeF;)s]-SO,CIF
(1.969(4) A).*° The Xe(24)—O(1,1a) bonds are slightly shorter
than the Xe—O bonds of Xe(OTeF;),,* Xe(OTeF;),
(2.039(5), 2.026(5) A),"' and 0O,Xe(OTeF), (2.024(5),

DOI: 10.1021/jacs.5b08765
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Xe3

Figure 1. (a) The crystal structure of [XeOXeOXe][y-F(ReO,F;),],. Thermal ellipsoids are shown at the 50% probability level. (b) Calculated gas-
phase structure of [XeOXeOXe][u-F(ReO,F;),], (B3LYP/aug-cc-pVDZ(-PP)). The experimental and calculated geometric parameters are

provided in Tables 2 and SI.

2.020(4) A),>" but are significantly shorter than the Xe—O
bonds of FXeOSO,F*” and FXeONO,."

The Xe(;,4)---F(1,1a) bridge bonds between the
[XeOXeOXe]** cation and the [u-F(ReO,F;),]” anions
(2.392(4) A) are considerably longer and more polar than
the terminal Xe—F bonds of XeF, (1.999(4) A).>> Overall, the
Xe(y2a)-F(1,14) cation—anion bridge bonds are slightly longer
than the Xe---F bridge bonds in a number of [XeF]" salts, e.g.,
[XeF][AsF4] (2.208(3),°* 2.212(5) A),”® [XeF][SbF]
(2.278(2) A),>* [XeF][BiF] (2.204(7) A),>* [XeF][Sb,F,,]
(2.343(4) A),”* and [XeF][Bi,F,,] (2.253(5) A),”* consistent
with the dominant electrostatic nature of the Xe(;;4)-—-F(y,14)
interaction in [XeOXeOXe][u-F(ReO,F;),], (also see Com-
putational Results).

The O()—Xe(;y—O(4) bond angle is linear by symmetry,
whereas the O(; 14)—Xe(;,4)—F(1,1a) bridge bond angles slightly
deviate from linearity (176.7(2)°). Both bond angles are
consistent with linear AX,E; VSEPR arrangements”* in which
three valence electron lone pairs of xenon occupy equatorial
positions and two bonding electron pairs occupy axial positions.
Similar near-linear fluorine bridge angles occur for F—Xe'---F
and O—Xe™--F in [FXeOXeFXeF][PnFs] (As, 177.4(5)°,
178.3(5)°, 178.2(5)% Sb, 178.6(3)°, 177.9(1)°),” [XeF]-
[AsFs] (179.1(2)°,°* 178.9(7)°),”® [XeF][SbF,]
(177.94(9)°),>* [XeF][BiFs] (178.4(3)°),** [XeF][Sb,F,,]
(179.3(2)°),>* [XeF][BiF,,] (178.9(3)°),”* and FXeOSO,F
(177.4(3)°)."

13402

The bent Xe(l)_o(l,lA)_Xe(Z,ZA) (115.6(3)0) and Xe(leA)———
F(j,10—Re(; 14) (134.8(2)°) bond angles are in accordance with
AX,E, VSEPR arrangements at the oxygen and fluorine
atoms.>* The Xe(1y=O(1,1a—Xe(2a) bond angles are slightly
smaller than the Xe—O—Ch (Ch = S, Se, or Te) angles in
Xe(OTeF;), (121.2(6)°, 122.3(5)°),*® Xe(0OSO,F),
(119.74(7), 119.18(7)°),*® FXeOSO,F (123.7(5)°),"’
Xe(OSeFs), (123.9(13)°)* and are also less than the Xey—
O1)/F(;)—Xe(,) bond angle in [FXeOXeFXeF][PnF4] (As,
123.5(6)°, 123.6(6)° Sb, 2 X 124.6(3)°).” The Xe(yoa) -
F(1,1a—Re(;14) angles and related fluorine bridge angles are
expected to be more open than the Xe(;)—O;,14)—Xe(;24) angle
owing to reduced lone-pair—bond-pair repulsions between the
bridge bonds and the electron lone pairs of the bridging
fluorine atoms. The fluorine bridge angles that occur between
the [XeF]* cation and its anion in [XeF]* salts are more open,
eg, [XeF][AsF¢] (133.6(2)°° 134.8(2)°),>> [XeF][SbFq]
(136.9(1)°),>> [XeF][BiFs] (156.1(4)°),>> [XeF][Sb,F,,]
(148.1(2)°),>* and [XeF][Bi,F,,] (151.3(3)°.**

The [XeOXeOXe]*" cation bridges to two [u-F(ReO,F;),]”
anions through fluorine atoms that are trans to oxygen atoms of
the anions. The preference for trans- versus cis-coordination is
attributed to the trans influence of the doubly bonded oxygen
atoms.”” The bridging fluorine atom is a weaker p,—d, donor
than the doubly bonded oxygen atom, therefore, more effective
competition of the oxygen atom for the same two d,_orbitals of

rhenium enhances the negative charge and basicity of the
fluorine atom trans to it. In contrast, the terminal fluorine
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atoms cis to the oxygen atom and trans to each other are less
basic and, therefore, less favorable for fluorine bridge formation.
Such trans-oxo fluorine bridges are found in other transition-
metal oxide fluorides: (ReO,F3)y,,*"*" (TcO,F3)q,"°
(0sO3F,) " [u-F(TcOF,),][SbyF,,],"" [u-F(ReOF,),]-
[Sb2F11]759 [u-E(OsO,F3), ] [szFn]yéo and [XeF][u-F-
(05031:2)2]-61

The [u-F(ReO,F;),]” anions of K[u-F(ReO,F;),]*" and
K[u-F(ReO,F;),]-2ReO,F,*" have been structurally character-
ized by X-ray crystallography. Both salts display cation—anion
interactions that are essentially Coulombic in nature. In
contrast, the [u-F(ReO,F;),]” anions of [XeOXeOXe]
[u-F(ReO,F;),], interact with the [XeOXeOXe]** cation by
means of fluorine bridges that lower the anion symmetries from
C,, to C,. Despite a conformational change and symmetry
lowering, the structural parameters and trends among the
[#-F(ReO,F;),]™ anion bond lengths and bond angles of the
[XeOXeOXe]*" salt are comparable to those reported for
K[u-F(ReO,F;),] and K[u-F(ReO,F;),]-2ReO,F;, and are not
further discussed.

In contrast with K[u-F(ReO,F;),] and K[u-F(ReO,F;),]
2ReO,F;, where the Re—F—Re bridge bonds are equal by
symmetry, the Re(;;4)—F;,4)—Re,4) bridge bonds of
[XeOXeOXe][u-F(ReO,F;),], are asymmetric. The fluorine
bridge asymmetry is, to a large extent, indicative of the strength
of the Xe—F bridging interactions between [XeOXeOXe]*"
and [u-F(ReO,F;),]”, showing shorter Re(; ;4)—F(;24) bridge
bonds that are proximate to the cation—anion bridges
(Re(l,lA)_P(Z,ZA)J 2048(4), Re(Z,ZA)_F(Z,ZA)! 2174(5) A) Similar
asymmetries are found for the anions of [XeF][Pn,F;;] (Pn =
Sb, Bi),52 where the Pn—F—Pn bridge asymmetry is more
pronounced in [XeF][Bi,F,] (2.092(6), 2.195(6) A) than in
[XeF][Sb,F;;] (2.010(3), 2.066(3) A) and is attributed to the
greater ionic character of [XeF][Sb,F,,] and its weaker Xe---F
bridge bond (Xe-—-Fg,, 2.343(4) A; Xe-—Fy, 2.253(5) A).>

Raman Spectroscopy. The low-temperature Raman
spectra of [Xe!®180Xe!*’*0Xe][u-F(Re'*’!*0,F;),], are
shown in Figure 2. The observed and calculated frequencies
and mode descriptions are provided in Tables 3, S3, and S4.
Spectral assignments were made by comparison with the
calculated frequencies and Raman intensities of
[Xe'S/10Xe!/1*0Xe] [u-F(Re'*/'$0,F;),], (C)),
[Xe!®180Xe!*180Xe]** (C,,) (Tables 3 and SS), and
[u-F(Re'"*0,F;),]™ (C,) (Table S6), which were optimized
at the PBE1PBE/aug-cc-pVDZ(-PP) (values given in square
brackets) and B3LYP/aug-cc-pVDZ(-PP) levels of theory. The
vibrational modes of [u-F(ReO,F;),]”, which had been
previously assigned with the aid of LDFT and NLDFT
calculations,*" have been improved in the present work and
are provided in Table S6, but are not further discussed.

The centrosymmetric, zigzag-shaped [XeOXeOXe]*' gas-
phase cation possesses C,, symmetry. Its nine fundamental
vibrational modes span the irreducible representations I" = 34,
+ 2A, + 4B, where the A, and B, modes are infrared active and
only the A, modes are Raman active. The v;(A,) band,
corresponding to the symmetric out-of-phase [v(Xe,0,) +
U(Xe;4014)] — [1(Xe,0;) + v(Xey04)] stretching mode,
occurs at 581.6 cm™" and exhibits a '*O isotope shift of —32.3
cm™", The most intense band in the Raman spectrum occurs at
358.7 ecm™' with a 'O isotope shift of —17.8 cm™" and is
assigned to 2,(A,). This band corresponds to [1(Xe;0;) +
v(Xe;0.4)] + [1(Xe,0p) + v(Xeyu014)] and is the in-phase
counterpart of v;(A,). The v;(A,) band, corresponding to the

Intensity, 10-1 cts s -1

100 200 300 400 500 600 700 800 900 1000
Av, cm'

Figure 2. Raman spectra of [XeOXeOXe][u-F(ReO,F;),], recorded
at —140 °C using 1064 nm excitation for natural abundance (lower
trace) and ~97% '8O-enriched (upper trace). Symbols denote FEP
sample tube lines (*), instrumental artifact (%), overlap of
[XeOXeOXe][u-F(ReO,F,),], lines with FEP sample tube lines (),
unreacted XeF, (§), and small quantities of '*O and mixed '1*Q
isotopomers of the [u-F(ReO,F;),]” anion (#).

symmetric in-phase [6(Xe,0,Xe;) + 5(Xe2AOIAXe1)]LP. bend-
ing mode, occurs at 92.8 cm™" with a '®0 isotope shift of —2.5
cm™,

The calculated gas-phase '¢/'%0 isotopic shifts of the free
[XeOXeOXe]*" cation are in good agreement with their
experimental values (v,(A,), —29.7 [-32.2] ecm™; UZ(Ag))
—18.1 [-19.5] em™}; v3(A,), =04 [-0.3] cm™!). There is also
good agreement between the experimental and calculated
frequencies of the free [XeOXeOXe]*" cation for v;(A,) (565.3
[611.3] cm™) and vy(A,) (326.1 [353.6] cm™); however, the
calculated frequency of 1/3(Ag) is underestimated (71.3 [74.9]
cm™) by both methods. Optimization of the [XeOXeOXe]
[u-F(ReO,F;),], ion pair resulted in similar '¥'30 isotopic
shifts (v,(Ay), —29.8 [-32.5] em™}; 15(A), —189 [-17.3]
em™ v3(4,), =03 [-03] em™') and in slightly higher
vibrational frequencies (v;(Ay), 580.1 [621.8] cm™} vy(Ay),
376.2 [397.4] em™; I/3(Ag), 89.9 [94.4] cm™") that are in better
agreement with the experimental values. None of the
symmetric modes of the cation are coupled to anion modes
in the ion pair.

The frequency and isotopic shift of [v(Xe,O0,) +
v(Xe4014)] — [¥(Xe,0,) + v(Xe,0,4)] are comparable to
those of the antisymmetric [¢(Xe,0,) — v(Xe,0;)] stretching
mode of [FXeOXeFXeF]" (595.8 cm™); Av'¥'®, —27.0 and
—31.4 cm™).* The corresponding symmetric mode of
[FXeOXeFXeF]* was coupled to Xe—F stretches and
consequently occurred at higher frequency than that of
[XeOXeOXe][u-F(ReO,F;),], (418.7 and 429.8 cm™;
AV'18 —248 and —27.8 cm™!, respectively). The anion
bands have been fully assigned (Table S3 and S4) and are in
good agreement with those of K[u-F(ReO,F,),],*"" K[u-
F(ReO,F;),]-2ReO,F;,*" and ReO,F-2HE.*

Computational Results. Quantum-chemical calculations
for [Xe'*180Xe!®/'*0Xe][u-F(Re!*!*0,F,),], (C;) and
[Xe!®/180Xe!180Xe]** (C,,) were carried out using the
PBEIPBE (values in square brackets) and B3LYP methods
and the aug-cc-pVDZ(-PP) basis set. Although the optimiza-

DOI: 10.1021/jacs.5b08765
J. Am. Chem. Soc. 2015, 137, 1339813413


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08765

Article

Journal of the American Chemical Society

*(€S 21qe1,) Ired uor ayy ur spowr smyy
03 [(V4¥ V1Y 0V OY%eN)'d — (“4°4°° 0" 0% )’d] woy uonnqruod ews € OS[e ST 19, Ired uor ay3 ur spow sty 105 [(VWVeyq¥eg)'d — (Pg%y¢d)’d] woy uonnqruod e osfe st 919y .H\.bmm uor Ay}
ur apow sty 10§ [(VegVeey)1 — (Veg¥iey)a] — [(VIaVey) 1 — (V'aVeex)a] + [((g%)1 — ((g'q)1] + [("d"g) — (T4%9X)/7] Wolj UORNGLIU0D [[eWS € OS[e S 919Y,T,, ‘T I3L] Ul UaAI3 ST suIads Suraqe]
woje Y, .A.m.o.ov wcﬂm.mo.uso pue A.Q.C w:ﬂ&.& Aiv ISIM) Aiv yoox A%v pusq A\Nv [2J913S 9J0UIP SUONRIAIGQY ‘sudis Alv snurw NE pajouap are suorssardwod ﬁwcw pue suonodeUod puoq pue ‘sugis
(+) snyd £q pajousp axe s3uruado s[3ue pue suoneduopd puog,, ‘((_ow ury) saRISUIUT PIIELUI PAJE[NO[Ed JOUIP s3oorIq drenbs ur sanfe *(;_NWe ) SAHISUSIUI UBWEY PIJL[NO[Ed J0UIP sasayjuared
ur SaN[eA S 9]qe], Ul uaAI3 a1e sanfea I THAd A {(dd-)ZAAd-99-3ne /X TEQ, *SINISUIUI Uewey [ejuswLadxa AIR[2I 9jouap sasayjuated Ul SaN[eA UORBIDXD WU-$9(T Suisn O, 01— ¢ 9qmy d]dures
JA Ue UT papI10dal sem winidads uewrey YT, q (0g1)1 = (Og1)1 = g1/91V f_W Ul uaa13 are sy1ys o1dojost pue sapuanbayy reuoneIqrp ‘¢S 9[qe., ul papraoid st sjuswuisse pue sapuanbaxy Jo 181 [[NJ V7,

[("ox¥'oY%RX) — (Tax'0%X)'] ("v)on ro— [e]l(o)zT1 [e](o)eTr
[(tox¥'QY%ex)'d — (Tox'0%X)"d] ("g)n T0— [1>1(0)e+e [1>](0)S¥¢ ¥0— 5061(0)9°98 516](0)0°L8
H(exVI0VX)e + ('9X'0%X)9] (v)= 00— [o](s€)60L [o](se)E1L €0— [0](¥+0)9°68 0](¥0)6°68 ST— (€0)€06 (s0)8'26
ool (Tax 1Yy )e — (T9X'0%X)9] ("v)t 9'v— [9](0)tor11 [9](0)oSTI €L— [¥](0)¥ 2ot [(¥](0)L 691
F(ex¥I0YRx)9 — (PX'0%X)9]  ("a)* ¥0— [+1(0)6'6ST [+](0)€ 091 L0~ Acl(o)LzLr Asl(0)¥eLt
[(M'oY%x)1 + (fo%x)1] + [(Y'Oo'ex)1 + (*0'ex)1] CGv)a 81— [0](£7)080€ [0](0€)T92¢ 68T— [o](sTr)€LSE [o](6cT)T9LE 8LI— (001)6°0%€ (001)L'8S€
[(M'o¥ex)1 — ("o%x)1] + [(Y'o"x)1 — (*0'eX)1] ("q)s L6T— [€8](0)¥'L8E [o6](0)T L0V +'ST— L[sotl(o) 10t L[102](0)S°S9¥
[(V'oYex)1 — (fo%x)1] — [(Y'o'ex)1 — (*o'ex)1] ("q)'n $8T— [o1](0)S°6TS [81](0)0'8%S 67— [vog](0)9sES [zz€](0)0's9s
[('oY%ex)1 + ("0%x)1] — [(Y'O"x)1 + ('0'eX)1] Cv)'a L6~ [0](z1)9s¢es [0](0T)€S9S 86— [0](#6)€ 0SS [o](otT)T°08S €e— (0g)c6tS (1€)9 188
ﬁmuﬂ%mwm w(fhﬂ Oﬁ OS wifhﬂ Owﬁ OS w(th Owﬁ Of
5(10) popeo 5(2) paro P
+2[2XOg1/91PXOg1/91°X] [P Og1/orP M)A [PX 041 /91X Ogy /912X ]

[4X0°X0?X] 3seyd-sen pue [ (f1°Qay)d-1]
[@X09X09X] w +~TNO»NO&Q 10§ umacuzaw_wﬁw pue Am: \Ehdv syrys srdojosy Og1/01 ‘sapuanbaxg —wqoﬁcua—_>+wm.uc_=u?0 pue rejuswEddxy pajdd[as ¢ dqeT,

DOI: 10.1021/jacs.5b08765

J. Am. Chem. Soc. 2015, 137, 1339813413

13404


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08765/suppl_file/ja5b08765_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08765

Journal of the American Chemical Society

Table 4. Natural Population Analysis Charges, Natural Atomic Orbital Bond Orders, and Valences for [XeOXeOXe]
[u-F(ReO,F;),], (C), [XeOXeOXe]* (C,,), and FXeOXeOXeF (C,)”

[XeOXeOXe][u-F(ReO,F;),],

Atom

Xeqy) 1.061 [0.656]
Xe(y) 1.095 [0.600]
O —0.792 [0.786]
Fuy —0.621 [0.443]
Bond

Xe1)—Oq 0.330
Xey—O 0.461
Xe(—F) 0.141

“The B3LYP/aug-cc-pVDZ(-PP) basis set was used.

[XeOXeOXe]* FXeOXeOXeF
Atomic Charge [Valence]
1.084 [0.636] 0.966 [0.692]
1.095 [0.484] 1.044 [0.660]
—0.638 [0.808] —0.911 [0.741]
—0.616 [0.260]
Bond Order

0.321 0.342

0.486 0.395

0.259

tions of [Xe'¥1850Xe!*'*0Xe]*" (C,,) resulted in stationary
points with all frequencies real (Tables 3 and SS; Figure S3),
the optimizations of [Xe!®/!180Xe!'®/'80Xe][u-F-
(Re'®180,F,),], (C,) (Tables 3, S3, and S4; Figure 1) each
gave one imaginary frequency. Attempts to follow the
imaginary frequencies resulted in conformers that were severely
twisted about their Xe(;;5)--F(114) bridge bonds; thus, all
subsequent NBO, QTAIM, ELF, and MEPS calculations were
carried out using the calculated C; geometry. The hypothetical
FXe!*0Xe!*® 0XeF (C,;,) molecule was also calculated in
order to better assess the nature of the Xe---F bridge bonds in
the ion pair (Tables 3 and S7; Figure S3). The
[4-F(ReO,F;),]” anion was also calculated to aid with the
anion mode assignments of the ion pair (Table S6; Figure S3).

Geometry Optimizations. The calculated symmetry of the
ion pair is C; and the local symmetry of the [XeOXeOXe]**
cation is Cy;,. The local gas-phase symmetry of [XeOXeOXe]*"
is the same as in the crystal structure. Although the calculated
gas-phase ion pair and the solid-state ion pair have the same
point group symmetry, their conformations differ. In the
calculated ion-pair, the Xe and Re atoms of both anions are
coplanar, whereas the Re-F---Re axis in the solid-state
structure is approximately perpendicular to the Xe()Xe(;):
Xe(ya) axis (Figure 1). The calculated bond valences of Xe())
and Xe(y,a) (Table S2) suggest that the reorientation of the
anions most likely stems from the need for each Xe atom to
complete its valency requirement through additional long
intramolecular Xe---F contacts. In the crystal structure, similar
intermolecular Xe---F contacts occur between neighboring ion
pairs (see X-ray Crystallography); however, in the calculated
gas-phase ion pair, the xenon atoms can only achieve their
valence complements through intramolecular contacts (Table
S2), resulting in a conformation that substantially differs with
respect to the crystallographic conformation.

Despite the conformational difference between the calculated
and experimental ion pairs, all experimental bond length and
bond angle trends were well reproduced by the quantum-
chemical calculations (Tables 2 and S1). The central Xe()—
O(1,1) bond lengths (calcd, 2.174 [2.139] A; exptl, 2.135(6) A)
are longer than the terminal Xe(;;,)—O(;14) bond lengths
(caled, 2.034 [2.007] A; exptl, 1.987(6) A). The O(;)—Xe(;)—
O(1a) angle is linear by symmetry, whereas the Xe(;y—0O(; 14)—
Xe(324) bond angles (caled, 118.7 [118.0]°; exptl, 115.6(3)°)
are significantly bent. The calculated Xe(,)-—F; 14 bridge bond
lengths (2.310 [2.279] A) are slightly overestimated compared
to the experimental values (2.392(4) A). The calculated
F(1,10)-Xe(2,24)—0(1,14) bond angles are also in very good
agreement with experiment (caled, 175.3 [175.2]°% expt],

176.7(2)°). A comparison of the geometrical trends of the
calculated ion pair with those of the free [XeOXeOXe]** cation
(Xe(1)=O(1,1a) 2:207 [2.169] A; Xe (524)—01,1a) 2.021 [1.994]
A; Xe)=O(1,1a—Xep2a) 123.6 [122.5]°) shows that the
central Xe(;)—0O(;14) bond lengths and Xe;y—O; 14)—Xe(,24)
bond angles slightly decrease upon ion pair formation, but the
terminal Xe(;;4)—O(y,1a) bond lengths remain essentially
unchanged.

In order to assess the degree of ion pairing, the energy-
minimized geometry of the hypothetical FXeOXeOXeF
molecule was calculated. Although the O—Xe—O (180.0°),
Xe—O—Xe (118.1 [117.0]°), and O—Xe—F (177.1 [177.4]°)
bond angles are comparable to those of the ion pair, fluoride
ion coordination affects the Xe—O bond lengths. The central
Xe(1)=O(1,1a) bond lengths are shorter (2.155 [2.119] A),
whereas the terminal Xe(;,4)—O(j,1a) bond lengths are longer
(2.098 [2.068] A) than those of [XeOXeOXe]**; however, the
relative bond length order, Xey—O(;14) > Xe(224)—O(1,14)
remains unchanged. The Xe(,,4)—F(1,14) bond lengths (2.086
[2.057] A) of FXeOXeOXeF are considerably shorter and more
covalent than the Xe(,,4)---F(; 14) bridge bonds (2.310 [2.279]
A) of the gas-phase ion pair, [XeOXeOXe][u-F(ReO,F;),],.

The geometrical parameters and trends within the [u-
F(ReO,F;),]” anions (Re—O < Re—F < Re—F,; O—Re—O >
O—Re—F > O—Re—F, > F—Re—F,) of the calculated ion pair
are similar to those of the experimental structure (Tables 2 and
S1).

Natural Bond Orbital (NBO) Analyses. The NBO analyses
for the [XeOXeOXe][u-F(ReO,F;),], ion pair (C)),
[XeOXeOXe]** (C,,), and FXeOXeOXeF (C;) were carried
out for the B3LYP/aug-cc-pVDZ(-PP) and PBE1PBE/aug-cc-
pVDZ(-PP) optimized gas-phase geometries and are compared
with those of the [FXeOXeFXeF]* cation.”” The trends in
calculated charges, valences, and bond orders for the above
molecules are consistent at both levels of theory (Tables 4 and
S8).

Overall, the Xe(;), Xea)y Oq,ia)y and Fj ) charges of
[XeOXeOXe][u-F(ReO,F;),],, [XeOXeOXe]**, and
FXeOXeOXeF are nearly half of the formal charges expected
for purely ionic interactions (Xe, +2; O, —2; F, —1) and are
consistent with semi-ionic bonding. The Xe(;) and Xe(,,s)
charges of the free cation (+1.085 and +1.095, respectively), are
in accordance with resonance structures (1) and (2) and do not
change significantly when [XeOXeOXe]*" forms fluorine
bridges with the [u-F(ReO,F;),]” anions of the ion pair
(+1.061 and +1.095), but decrease significantly upon formation
of the hypothetical FXeOXeOXeF molecule (+0.966 and
+1.044). The O charges become more negative upon ion-pair
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a b

Figure 3. Contour maps of the charge density showing the bond paths and the intersection of the interatomic surfaces (top) and charge density
contour maps of the Laplacian distribution (bottom) in (a) [XeOXeOXe]**, (b) FXeOXeOXeF, and (c) [XeOXeOXe][u-F(ReO,F;),],. The
nuclear positions in the contour maps of the charge density are identical to those in the contour maps of the Laplacian distribution. The contour
values start at +0.001 au and increase in the order +2 X 10", +4 X 10", and +8 X 10" with n starting at —3 and increasing in steps of 1 to give a
maximum contour value of 8 X 10° with several additional contour values on the contour maps of the Laplacian distribution (+0.05, +0.06, +0.07,
+0.5, £0.55, 0.6, +0.65, +0.7, +0.75 au). Bond critical points are denoted by blue dots. Solid blue contours denote positive, and dashed red lines

denote negative values of Vp.

formation ([XeOXeOXe]**, —0.638; [XeOXeOXe][u-E-
(ReO,F;),],, —0.792) and are most negative in the neutral
FXeOXeOXeF molecule (—0.911). The F; ;4 charges of the
ion pair (—0.621) are similar to those of FXeOXeOXeF
(—0.616). The positive charge transferred from the
XeOXeOXe-moiety of the ion pair (+0.333) to its anions is
considerably less than that transferred from the XeOXeOXe-
moiety of FXeOXeOXeF (+0.768) to its F-ligands.

The Xe(;)—O¢;,14) bond orders are comparable among the
three species, ranging from 0.321 to 0.342. The Xe(;,4)=Oy,14)
bond orders are similar for free [XeOXeOXe]** (0.486) and for
the ion pair (0.461). In contrast, the Xe(;,,—O(;,14) bond
orders of FXeOXeOXeF (0.395) are smaller, indicating that the
Xe(:24)—O1,1a) bonds are less covalent than the Xe(;y—Og;,1a)
bonds. The Xe(;,4)--F(;,14) bridge bond orders of the ion pair
(0.141) are approximately half of the Xe(;,1—F;,4) bond
orders of FXeOXeOXeF (0.259), indicating significantly
weaker covalent interactions for the Xe(;,4)--F(14) bridge
bonds of the ion pair than for the terminal Xe(;,5)—F(y14)
bonds of FXeOXeOXeF.

The Xe(;) valences of the ion pair (0.656) and
FXeOXeOXeF (0.692) are only slightly greater than that of
the free cation (0.636), whereas the Xe(y2a) valences increase
significantly from [XeOXeOXe]** (0.484) to the ion pair
(0.600) and are highest in FXeOXeOXeF (0.660). The O, ;4
valences of the ion pair (0.786) are comparable to those of the
free cation (0.808) and slightly greater than the O, valences
of FXeOXeOXeF (0.741). The F(;,,) atom valences are in
accordance with the semi-ionic characters of the Xe(;,0)-—-
F(,1a) bonds in the ion pair (0.443) and FXeOXeOXeF
(0.260). The higher valences of the bridging F(; ;) atoms of the
ion pair are in accordance with their higher coordination
numbers.

QTAIM Analyses. The natures of the Xe—O and Xe—F
bonds in the free [XeOXeOXe]*" cation, the [XeOXeOXe]
[4-F(ReO,F;),], ion pair, and the hypothetical FXeOXeOXeF
molecule have been investigated by complementary use of the
quantum theory of atoms in molecules QTAIM®* and the
topological® analysis of the Becke and Edgecombe electron
localization function (ELF).®*

The contour maps of the charge densities showing the bond
paths and intersections of atomic surfaces (Figure 3), charge
density contour maps of the Laplacian distributions (V2p)
(Figure 3), and valence shells of charge concentration (VSCC)
relief maps (—V?p) (Figure S4) are provided for
[XeOXeOXe]**, [XeOXeOXe][u-F(ReO,F;),],, and
FXeOXeOXeF.

For two atoms to be bonded to one another, they must be
linked by a bond path, indicating that some electronic charge is
accumulated between the two nuclei. The presence of a bond
path implies the existence of a bond critical point along it,
where the charge density, p, is at its minimum value, but is a
maximum with respect to lines perpendicular to its bond
path.62 The charge distributions (Figure 3) of the aforemen-
tioned species exhibit such bond paths between the Xe and O
nuclei and between the Xe and F nuclei. Several AIM properties
(Tables S and S9) evaluated at the bond critical points
(denoted by subscripted b in the ensuing discussion and by
blue dots in Figure 3) can be used to assess the nature of a
bond.”” For example, significantly negative values for the
Laplacian of the electron density (V?p,) and a density of all
electrons (p,) > 0.2 au are associated with covalent bonding.
Significantly negative values for the total energy density of
Cremer and Kraka (H,,) are also consistent with strong covalent
bonds. The energy, Hy, is defined as the sum of G, and V4,
where G, is the Lagrangian kinetic energy and Vj, is the
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Table 5. QTAIM Density of all Electrons (p,), Laplacian of Electron Density (V?p,), Energy Density (H,), QTAIM
Delocalization Indices (6), QTAIM Atomic Populations (N), and ELF Basin Populations (N) in [XeOXeOXe]*,
FXeOXeOXeF, and [XeOXeOXe]? in [XeOXeOXe][u-F(ReO,F,),],""*

bond Py V2p, H, 5 N N[A]
[XeOXeOXe]*" in [XeOXeOXe][u-F(ReO,F;),], (C)
Xey=Oq) 0.091 0.170 —0.023 0.81 N(Xe(y) 52.96 N[C(Xe()]* 46.34
Xey—O(y 0.123 0.161 —0.048 1.12 N(Xe() 52.92 N[V(Xe)] 7.15
Xep)+F 0.058 0.168 —0.008 0.43 N(Ow) 8.75 NI[C(Xe()]* 46.34
N(Eq)) 9.68 N[V(Xe()] 7.02
N{C(Og)] 2.12
N[V(0y)] 6.78
N[C(F@))] 2.18
N[V(F)] 7.57
[XeOXeOXe]* (Cy,)
Xe(;)—O(y 0.084 0.162 —-0.018 0.78 N(Xe(,y) 52.94 N[C(Xeq))] 46.42
Xe—Oq) 0.125 0.142 —0.049 1.26 N(Xe()) 52.93 NIV(Xe)] 7.16
N(owy) 8.59 N[C(Xe)]? 46.42
N[V(Xe)] 7.05
N{C(Og))] 2.12
N[V(0@y)] 6. 62
FXeOXeOXeF (C))
Xey—O) 0.096 0.171 —0.027 0.86 N(Xe)) 53.09 N[C(Xe())]° 45.79
Xepy—O(y 0.108 0.173 —0.036 0.97 N(Xe)) 5297 N[V(Xe)] 7.24
Xey—Fq 0.098 0233 —0.028 0.77 N(Ouy) 8.86 N[C(Xe@))] 45.79
N(Fq)) 9.63 N[V(Xe))] 7.10
N[C(Ow)] 2.13
N[V(Ow))] 6.85
N[C(Fq)] 216
N[V(E)] 7.46

“B3LYP/aug-cc-pVDZ(-PP). “The atomic unit (au) for Vp, is e/a,’ (1 au = 24.098 e A=5). The au for py, is e/a,’ (1 au = 6.748 e A~%). The au for H
is e*/ay* (1 au = By /a,’ = 6.748 B, /A?). ay = Bohr radius = 0.52918 A. ¢ = charge on an electron. Ey, = hartree = ¢*/a,. “For atom labeling see Figures
1 and 3. IN[C(Xe(1))] = N[C(Xe(yn))] = '/5{178 = (N[C(O(;))] + N[C(Oy4))] + NIV(Oyy))] + NIV(O(1))] + NIV(Xe(1))] + N[V(Xe(y)] +
N[Y(Xe(ZA))])}~ iN[C(Xe(l))] :_N[C(Xe(z,zA))]_: l/3{196 - (I\_][C(O(l))] + N[C(O(IA))] + N[C(F,)] + N[C(F,,)] + N[V(O(l))] + N[V(O(IA))]
+ N[V(F(,))] + N[V(F(14))] + N[V(Xe(;y)] + N[V(Xe))] + N[V(Xea)) )}

potential energy density. In covalent bonds, G, is dominated by
V}, giving a negative value for H,. When dealing with semi-ionic
bonds such as encountered in the present study, the sign or the
small absolute values of the above properties can be ambiguous,
and it is necessary to look at the combined properties to
characterize the nature of the bond. In the present case, the
delocalization indices (5) were also considered, where the
delocalization index provides a quantitative measure of the
number of electron pairs delocalized between two atomic
spaces.

The Xe—O bond properties of [XeOXeOXe]*",
[XeOXeOXe][u-F(ReO,F;),],, and FXeOXeOXeF are con-
sistent with resonance structures (1) and (2) and with the
NBO analyses (see above). The small p;, values (Xe(;)—O(; 1a),
0.084—0.096 au; Xe(,4)—O(q,1a), 0.108—0.125 au) and positive
V?p,, values (Xe(;)—O(; 14y 0.162—0.171 aw; Xe(y24=O(1,1a)
0.142—0.173 au) are consistent with semi-ionic Xe—O bonds.
This description is supported by small Oy, o delocalization
indices (Xe(l)—O(LlA), 0.78—0.86; Xe(Z,ZA)_O(I,lA)I 0.97—1.26).
The delocalization indices of the terminal Xe(;,4)—O(y,14)
bonds are greater than those of the central Xe(;)—O(4)
bonds and are consistent with the shorter, more covalent,
Xe(324)—01,1a) bonds observed for [XeOXeOXe]** in the
crystal structure of [XeOXeOXe][u-F(ReO,F;),], and those
calculated for [XeOXeOXe]?*, the [XeOXeOXe][u-F-
(ReO,F;),], ion pair, and FXeOXeOXeF. In the case of
FXeOXeOXeF, the gap between Jx(1)-o(1,1a) and
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Oxe(224)-0(1,1a) i smaller, in accordance with terminal and
central semi-ionic Xe—O bonds that possess similar covalent
characters. The very small negative values of the total energy
densities, H,, (Xe(;)—=O(y,1a) —0.018 to —0.027 au; Xe(;,0)—
O(1,1ay —0.036 to —0.049 au), are also in agreement with a
semi-ionic description for the Xe—O bonds, where the more
negative H, values correspond to the shorter, more covalent
terminal Xe(,,4)—0O(;,14) bonds of all three species.

The Xe(;,0)--F(1,1a) bond properties of [XeOXeOXe]
[1-F(ReO,F;),], and FXeOXeOXeF (p,, 0.058 and 0.098 au;
V?#, 0.168 and 0.233 au; Oxe(2,24)F(1,1a) 0-43 and 0.77 au; H,,
—0.008 and —0.028 au, respectively) show that the Xe(2a)
F(;,14) bridge bonds of [XeOXeOXe][u-F(ReO,F;),], are
considerably more ionic than the terminal Xe(,,)—F(y1a)
bonds of FXeOXeOXeF. This is consistent with the ionic
formulations that have been adopted for the gas-phase and
solid-state ion pairs.

The Xe and O valence electron lone pair (VELP) charge
densities are readily discernible on the contour maps of V%
(Figure 3). The charge densities of the three Xe VELPS
combine to form tori around each Xe atom (see ELF Analyses).
The tori lie in planes that are perpendicular to the molecular
planes of [XeOXeOXe]**, FXeOXeOXeF, and the
XeOXeOXe-plane of [XeOXeOXe][u-F(ReO,F;),], so that
the plane of the charge density contour map depicted in Figure
3 passes through each torus to give two VELP charge
concentrations on either side of each Xe core.
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Although the F(; ;) VELP charge densities exhibit essentially
spherical distributions in FXeOXeOXeF and [XeOXeOXe]
[4-F(ReO,F;),],, the Laplacian contour plot of the electron
density around F(; ;) and Xe(y,y) in FXeOXeOXeF differs
slightly from that of the ion pair. The Laplacian distribution of
the charge density in FXeOXeOXeF (Figure 3b) exhibits a
contour line enclosing F; ;4 and Xe, ,,, whereas the contours of
Fy ;s and Xe,,, are not joined in the plot of the Laplacian
distribution in the ion pair (Figure 3c). This is in agreement
with the more ionic characters of the Xe(;,2)-—F(114) bridge
bonds relative to those of the terminal Xe(;,5)—F(;,1a) bonds in
FXeOXeOXeF.

Maxima in the relief maps (—V?p) of [XeOXeOXe]*,
FXeOXeOXeF, and [XeOXeOXe][u-F(ReO,F,;),], (Figure
S4) denote maxima in charge concentrations. When the inner
spike at its nucleus is counted, the Xe atom exhibits five
alternating regions of charge concentration and depletions
corresponding to five quantum shells. The VSCCs are not
strongly linked for the Xe—O, Xe—F, and Xe—F bonds. Rather,
their charges are predominantly concentrated in their atomic
basins with small, shared charge concentrations. The Xe and O
VELP densities are considerably more diffuse and less apparent
in the VSCC relief maps (Figure S4) than in their Vp contour
maps. Nevertheless, cusps are discernible on the Xe atoms that
correspond to the combined charge concentrations of the Xe
VELPS, whereas the O VELPS are not discernible. Small charge
concentration cusps are visible between the Xe and O atoms. In
the case of FXeOXeOXeF and [XeOXeOXe][u-F(ReO,F;), ],
cusps between F and Xe are not clearly distinguishable.

Electron Localization Function (ELF) Analyses. ELF
analyses were carried out for [XeOXeOXe]** (C,,),
FXeOXeOXeF (C;), and [XeOXeOXe][u-F(ReO,F;),], (C)
primarily to visualize the behaviors of the Xe VELPs of these
species. In the ensuing discussion, the following abbreviations
denote an atomic basin population, N[A]; the electron
localization function, 7(r); a core basin, C(A); a monosynaptic
valence basin, V(A); and a closed isosurface value, #(r) = f, at
which a specific isosurface can be visualized. ELF parameters
are provided in Tables 5 and S9, and ELF isosurface plots at the
isosurface contour value #(r) = 0.60 are shown for the
localization domains of [XeOXeOXe]**, [XeOXeOXe]
[#-F(ReO,F;),],, and FXeOXeOXeF in Figures 4 and SS.

The ELF population analyses (Tables S and S9) are in
agreement with the QTAIM results (see above). The ELF basin
populations of the Xe(;) and Xe(,,4) cores are comparable for
[XeOXeOXe]**, FXeOXeOXeF, and the ion pair. In all cases,
the Xe(;y and Xe(,,,) core populations are close to the ideal
core population of the Xe atom, [Kr] 4d'° = 46 e. The ELF
valence population analyses suggest an interpretation of the
bonding in terms of a significant delocalization of electron
density between the valence shells of Xe and those of its
neighboring atoms. Overall, the electron density transfer from
the xenon atoms to O in free [XeOXeOXe]*" and to F and O
in FXeOXeOXeF and the ion pair leads to O and F valence
population increases of 0.5 to 0.9 e, consistent with semi-ionic
bonding. A similar interpretation applies to the bonding in
XeF, and KrF,.®

The localization domain reduction tree diagrams®’ provide
the hierarchies of the ELF basins and the corresponding basin
separation values (f,,,) for [XeOXeOXe]*, FXeOXeOXeF,
and [XeOXeOXe][u-F(ReO,F;),], (Figure S). The ELF
reduction of localization diagram of [XeOXeOXe][u-F-
(ReO,F;),], shows that the ion pair initially separates (f., =

Figure 4. ELF isosurface plots at 7(r) = 0.60 (B3LYP/aug-cc-pVDZ(-
PP)) for (a) [XeOXeOXe]" and (b) [FXeOXeOXeF]. Color code: red
= core; blue = monosynaptic basin. See Figure SS for other
orientations and for the ELF isosurface plot of [XeOXeOXe][u-
F(ReO,F;), ],

0.10) into [XeOXeOXe][Re(;14)O,F,], and two Re(;,4)0,F;
flocalization domains. The former separates (fsep = 0.15) into
V(F(324)) and the [XeOXeOXe][u-F(114)(Re(1,14)0:F,) ],
flocalization domain. The latter subsequently separates (fi,
= 0.20) into V(F(l,lA))r and the Re(;14)0,F, and XeOXeOXe
flocalization domains. The XeOXeOXe domain separates (fi,
= 0.39) into V(Xe()) and the Xe(;,,)O(;1a) flocalization
domains, which finally separate (f,, = 0.46) into V(Xe(;,4))
and V(O 4)). For comparison, the XeOXeOXe domain
separates at similar values for [XeOXeOXe]* (fsep = 0.39)
and FXeOXeOXeF (fsep = 0.41), whereas V(Xe(zrm)) and
V(O(y1a)) separate at f,,, = 0.51 for [XeOXeOXe]* and at f,,
= 042 for FXeOXeOXeF. The earlier separations of the
V(Xe(;)) basins from their XeOXeOXe domains relative to
those of V(Xe(,,)) is consistent with central Xe(;)—O(y ;)
bonds that are more ionic than the terminal Xe(;,4)—O(y14)
bonds and with resonance structures (1) and (2), their NBO
analyses (Tables 4 and S8), and the QTAIM findings (Table S).
The ELF isosurface values at which the V(F(,,)) valence
basins separate ([XeOXeOXe][u-F(ReO,F;),], fip = 0.20;
FXeOXeOXeF, f,, = 0.31) are consistent with the lower
covalent characters of the Xe(;,4)---F(y,14) bridge bonds in the
ion pair relative to those of the Xe(;,1—F(;14) bonds in
FXeOXeOXeF and their respective bond orders obtained from
the NBO analyses, i.e., [XeOXeOXe][u-F(ReO,F;),], (0.141)
and FXeOXeOXeF (0.259).

The Xe valence basins consist of the toroidal-shaped valence
electron densities resulting from the combination of the three
nonbonding VELP domains of Xe with exposed atomic core
densities at their centers. Such torus-shaped basins have been
calculated for XeF,, "> [XeF,]™,%* [XeOTeF,]*-SO,CIF,* and
for the NogF2 (Ng = Kr or Xe) ligands in [BrOF,][AsF.]-
2NgF2.65’6 Variations in VELP behavior have been noted for
the NgF, adducts of the [BrOF,]" cation in [BrOF,][AsF]-
2NgF,, where NgF, and [AsF4]~ are fluorine bridged to Br(V).
In this case, the Br(V) valence basin is an electron lone pair
that accommodates its shape and volume to the environment
available to it in its complex. This contrasts with the Br(V)
VELP of the free cation, [BrOF,]*, which is dramatically
expanded in its less constrained environment.

In the present series, the volumes of the toroidal V(Xe(l))
and V(Xe(y,s)) valence basins (17(r) = 0.60) increase with
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Figure 5. Reduction of the localization diagrams for (a) [XeOXeOXe]*, (b) [XeOXeOXe][y-F(ReO,F;),],, and (c) FXeOXeOXeF showing the
ordering of localization nodes and the boundary isosurface values, 7(r) (also referred to as Seep values), at which the reducible domains split.

decreasing NBO charge of the XeOXeOXe moiety, ie.,
[XeOXeOXe]* (1.88 A (Xe(y), 1.93 A’ (Xe(y,4)); +2.00),
[XeOXeOXe][u-F(ReO,F;),], (241 A’ (Xe(y)), 2.86 A’
(Xe(n)); +1.67), FXeOXeOXeF (3.01 A® (Xe(;)), 337 A’
(Xe(z24)); +1.23). Plots of the xenon valence basin volumes
versus charge are near-linear for both the terminal and central
xenon valence basin volumes. In all three cases, the volume of
V(Xe(yy4)) is larger than that of V(Xe(;)). In general, the
valence basin of the central Xe(;) atom is symmetrically bonded
to oxygen and is more confined than the corresponding Xe, ,4)
valence basins. In FXeOXeOXeF, where the Xe(;,5)—F(i14)
bonds are stronger and more confining than the Xe(; ;4)-—-F(y14)
bridge bonds of [XeOXeOXe][u-F(ReO,F;),],, the terminal
and central Xe valence basins are the most symmetric and their
toroidal holes most open, exposing the Xe(,,4) core charges for
interaction with the F(; ;) ligands of the anions. The similar
shapes of the Xe(;) and Xe(;,) tori of FXeOXeOXeF are
consistent with their similar bonding environments and abilities
to confine their Xe VELP volumes and shapes. The Xe, ,4) tori
of the ion pair are considerably more expanded, and their
valence holes more contracted, in accordance with the
asymmetries that result from their weaker Xe(;;x)-—-F(11a)
interactions. The Xe(,,,) tori of the free [XeOXeOXe]*
cation, where the isosurface is the least confined, are the
most asymmetric among the series, standing in marked contrast
to those of FXeOXeOXeF and the ion pair. The Xe(,,4) tori of
[XeOXeOXe]*" are significantly contracted at the extremities of
the cation, giving somewhat conical-shaped tori and signifi-
cantly narrowed toroidal holes that correspond to o-holes (see
MEPS discussion).

Similar bonding modalities arise for the [FNgNCH]* cations
(Ng = Kr or Xe), as described in 1989 by MacDougall, Bader,
and Schrobilgen,69 where the Lewis acid behaviors of the
[NgF]* cations toward HCN were also shown to be due to the
presence of holes in the valence shells of charge concentrations
for Kr(II) and Xe(II) which expose their Ng cores to the
nitrogen VELP of HCN.

Molecular Electrostatic Potential Surface (MEPS) Analyses.
The MEPSs of the [XeOXeOXe]*" cation, FXeOXeOXeF, and
the [XeOXeOXe][u-F(ReO,F;),], ion pair have been calcu-
lated at the 0.001 electron bohr™ contour level. The color scale
used in Figure 6a differs from that used in Figure 6b,c, whereas
the energy scales are directly comparable. The [XeOXeOXe]*"
cation displays high positive electrostatic potentials on the
terminal Xe(,,4) atoms (895 kJ mol™') and between the Xe(;
and Xe(;,4) atoms (901 kJ mol™") (Figure 6a). The most
positive electrostatic potentials occur between Xe(;) and Xe(; 54)
and are opposed to the lowest electrostatic potential values
which are located on the O atoms (635 kJ mol™"). The highest
electrostatic potentials on the Xe(,,4) atoms are opposite to the
Xe(;,4)—O bonds and correspond to highly directional o-
holes.””~”* In the ELF analysis described above, the o-holes
correspond to the exposed Xe(,,) cores situated at the centers
of the toroidal Xe(,,,) valence basins.

The formation of the hypothetical FXeOXeOXeF molecule
by donation of a F~ VELP into the o-hole of each Xe(,,,) atom
results in electrostatic potentials that are lower than those of
[XeOXeOXe]*". The highest electrostatic surface potential still
occurs between Xe(;) and Xe(;,4) (151 kJ mol™), whereas the
lowest electrostatic surface potentials now occurs on the
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—20 kJ mol™
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Figure 6. Calculated molecular electrostatic potentials at the 0.001 electron bohr™ surfaces of (a) the [XeOXeOXe]*" cation, (b) FXeOXeOXeF,
and (c) the [XeOXeOXe][u-F(ReO,F;),], ion pair. The color scales range from red (—905 kJ mol™") to blue (635 kJ mol™") for [XeOXeOXe]**
and from red (=135 kJ mol™) to blue (190 k] mol™") for FXeOXeOXeF and [XeOXeOXe][u-F(ReO,F;),],. Maximum and minimum electrostatic
potentials are indicated by arrows. The optimized geometries and molecular surface electrostatic potentials were calculated at the B3LYP/aug-cc-

pVDZ(-PP) level of theory.

terminal fluorine atoms (—129 kJ mol™). The electrostatic
surface potentials of the fluorine-bridged [XeOXeOXe]**
cation of [XeOXeOXe][u-F(ReO,F;),], are somewhat higher
than those of FXeOXeOXeF, but are significantly lower than
those of the naked [XeOXeOXe]*" cation. This is corroborated
by the NBO analyses (see NBO Analyses), which show that the
total charge of the XeOXeOXe-moiety in the ion pair is
significantly greater than that of the FXeOXeOXeF molecule.
The most negative electrostatic potential values on the
isosurfaces of the bridging fluorines of the ion pair (—20 kJ
mol™") are significantly more positive than those of the
terminal F atoms of FXeOXeOXeF (—129 kJ mol™') and the
[4-F(ReO,F;),]” anions (—61 to —32 kJ mol™). This
observation is consistent with the ionic formulation of
[XeOXeOXe][y-F(ReO,F,),], in its crystal structure.

B CONCLUSION

The low-temperature synthesis of a kinetically stable salt of the
novel [XeOXeOXe]*" cation has been accomplished by
reaction of ReOsF with XeF, in aHF. The synthetic approach
is reliant upon ReO;F as the oxygen source and as the
progenitor of the counterion, [u-F(ReO,F;),]™. The reaction
pathway likely involves HOXeF as an intermediate in a series of
oxygen/fluorine metathesis steps that lead to [XeOXeOXe]*"
and the [u-F(ReO,F;),]” anion. The [XeOXeOXe][u-F-
(ReO,F;),], salt is the first instance where the
[#-F(ReO,F;),]” anion has been used to stabilize a strong
oxidant cation. The [XeF;]" and [Xe,F;;]" cations are the only

other noble-gas cations to have been stabilized by metal oxide
fluoride anions, namely, [XeF;][u-F(OsO,F,),] and [M]|fac-
0s0;F;] ([M]* = [XeE,]*, [Xe,Fy,]%).%

The [XeOXeOXe]*" cation is unique in several respects. Its
discovery provides the first examples of a xenon(Il) oxide, a
noble-gas oxide cation, and a rare example of a noble-gas
dication.”® It is also the first noble-gas dication for which a
crystal structure is available. Not only has [XeOXeOXe]
[4-F(ReO,F;),], been unambiguously characterized by low-
temperature single-crystal X-ray diffraction, but its Raman
spectrum and vibrational assignments have been confirmed by
quantum-chemical calculations and '*O-enrichment studies.

The Xe—O and Xe—F bonding in free [XeOXeOXe]*", the
hypothetical neutral oxide fluoride, FXeOXeOZXeF, and the ion
pair, [XeOXeOXe][u-F(ReO,F;),],, were studied with the aid
of NBO, QTAIM, ELF, and MEPS analyses. The Xe—O bonds
of [XeOXeOXe]** are semi-ionic, with the terminal Xe—O
bonds exhibiting more covalent character. The terminal Xe
atoms of [XeOXeOXe]*" show regions of high positive
electrostatic potential, opposite to their Xe—O bonds, which
correspond to o-holes. The cation—anion F bridge interaction
can be accounted for in terms of a o-hole bond, where F atoms
of the anions donate electron density to the electrophilic
regions (o-holes) of the terminal Xe atoms. As shown by the
NBO, QTAIM, and ELF analyses, the Xe---F bridge bonds are
weakly covalent and consistent with a true ion-pair and o-hole

bonds.

DOI: 10.1021/jacs.5b08765
J. Am. Chem. Soc. 2015, 137, 1339813413


http://dx.doi.org/10.1021/jacs.5b08765

Journal of the American Chemical Society

B EXPERIMENTAL SECTION

Apparatus and Materials. Manipulations involving air-sensitive
materials were carried out under anhydrous conditions on glass and
metal high-vacuum lines and inside an inert atmosphere drybox as
previously described.”® All synthetic work was carried out in vessels
constructed from '/ in. o.d. lengths of FEP fluoroplastic tubing. The
tubing was heat-sealed at one end, heat flared, and connected through
a 45° SAE flare nut to the conical end of a Kel-F valve to form a
compression seal. Reaction vessels were initially dried on a Pyrex glass
vacuum line and then transferred to a metal vacuum line where they
were passivated with ca. 1000 Torr of F, for several hours, refilled with
dry N,, and stored in a drybox until used. All vacuum line connections
were made by use of 1/4-in. 316 stainless steel Swagelok Ultratorr
unions fitted with Viton O-rings.

Anhydrous HF (Matheson) was purified as previously described.””
Xenon difluoride, XeF,,”® and ReO;F*’ were synthesized as previously
described. The synthesis of '®O-enriched Re,O, was achieved by
combustion of Re powder (Cleveland Refractory Metals, 325 mesh) in
180, (Isotec, Inc; 95—99% '#0) and was similar to that previously
described for the synthesis of natural abundance Re,0,.*° The
synthesis of Re,'®0, was carried out at approximately one-eighth scale.

Synthesis of [XeOXeOXel[u-F(ReO,F;),],. The salt, [XeOXeOXe]-
[4-F(ReO,F;),],, was synthesized by reaction of XeF, with ReO,F
(egs 1—5). A range of reactant ratios was explored to determine if
other xenon(Il) oxide cations could be formed; however, only
[XeOXeOXe][u-F(ReO,F;),], was isolated. The following molar
ratios of reactants were investigated: XeF,: ReO;F = 2.11:1.00, [0.1208
g, 0.7136 mmol: 0.0857 g, 0.3385 mmol]; 1.19:1.00, [0.0570 g, 0.3366
mmol: 0.0694 g, 0.2827 mmol]; 1.18:1.00, [0.0893 g, 0.5275 mmol:
0.1132 g, 04471 mmol], 1.14:1.00 [0.0638 g, 0.3769 mmol: 0.0839 g,
0.3315 mmol], 1.02:1.00 [0.0546 g, 0.3222 mmol: 0.0805 g, 0.3179
mmol], and 0.56:1.00 [0.0361 g, 0.2131 mmol: 0.0964 g, 0.3806
mmol]; XeF,: Re'®O,F = 1.00:0.66, [0.1706 g, 1.007 mmol: 0.1701 g,
0.6717 mmol].

The general synthetic procedure follows: Anhydrous HF (ca. 0.3
mL) was condensed into a '/ 4in. o.d. FEP reactor at —196 °C. Inside
a drybox, aHF was frozen in a metal Dewar filled with 4.5 mm copper
plated steel spheres (air rifle shot) that had been cooled to ca. —140
°C in the glass cryowell of the drybox with liquid N,. Rhenium trioxide
fluoride, ReO;F, was weighed into the reactor, and its frozen contents
were briefly warmed to room temperature whereupon ReO;F
dissolved to form a pale yellow solution. The solution was immediately
refrozen at —140 °C, and XeF, was weighed into the reactor. The
reactor and its frozen contents were rapidly removed from the drybox
and warmed to —30 °C at which temperature the reactants dissolved
over a period of ca. 5—10 min forming a pale-yellow solution. As the
reaction proceeded to completion (2—4 h), the solution color changed
to bright yellow-orange. Upon completion of the reaction, a red-
orange, microcrystalline powder irreversibly precipitated, and the
supernatant decolorized when the yellow-orange solution was cooled
to —78 °C. Low-temperature Raman spectra were obtained for the dry
red-orange solids that formed when XeF, and ReO;F (2.11:1.00,
1.18:1.00) had fully reacted. The solids were isolated by removal of HF
under dynamic vacuum at —78 °C and were assigned to
[XeOXeOXe][u-F(ReO,F;),],.

Low-temperature Raman spectra were also recorded for the red-
orange solids that formed when XeF, and ReO;F (1.19:1.00,
1.14:1.00) were only partially reacted at —30 °C. The red-orange
precipitates were obtained when the reaction mixtures were cooled to
—78 °C (see above) and frozen under their yellow-orange super-
natants at —140 °C. The frozen supernatants contained unreacted
XeF, and ReO;F(FH),, which were not observed when the laser was
focused on the red-orange precipitates. The Raman spectra of the dry
products and those recorded under the frozen HF solutions were
identical and were assigned to [XeOXeOXe][u-F(ReO,F;),],. The
solution samples were subsequently slowly warmed to room
temperature for ca. S min, whereupon they decomposed. Their solute
mixtures were isolated by removal of HF and residual XeF, under
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dynamic vacuum at room temperature. The Raman spectra of the
resulting mixtures corresponded to ReO,F; and unreacted ReO;F.

The decomposition of solid [XeOXeOXe][u-F(ReO,F;),], was
also investigated. The product was obtained from the reaction of a
1:1.33 molar ratio of XeF,:ReO;F [0.0689 g, 0.4068 mmol: 0.1373 g,
0.5423 mmol] in aHF and was isolated by removal of HF under
dynamic vacuum at —78 °C. Warming the solid to room temperature
for 1 h resulted in a solid, white mixture. The Raman spectrum of the
mixture corresponded to ReO,F; and XeF,.

X-ray Crystallography. Crystal Growth and Crystal Mounting.
Crystals of [XeOXeOXe][u-F(ReO,F;),], were grown in '/,-in. o.d.
FEP reaction vessels equipped with side arms to give T-shaped
reaction vessels that were fitted with Kel-F valves.”" Crystals grew as
red-orange plates upon cooling bright yellow-orange HF solutions of
XeF,:ReO;F (0.56:1.00 and 1.02:1.00) from —30 to —35 °C in a low-
temperature bath over a S h period under ca. 1 atm of dry nitrogen.
Upon completion of crystal growth, the supernatants were decanted
into the side arms of the reactors, which had been cooled to —196 °C.
The crystalline products were dried under dynamic vacuum at —50 °C
before the side arms containing the frozen supernatants were heat-
sealed off under dynamic vacuum. The crystalline products were stored
at —78 °C under 1 atm of dry nitrogen until suitable crystals could be
mounted on the X-ray diffractometer. Crystals were selected at —105
+3 °C for low-temperature X-ray structure determinations and were
mounted in a cold stream (—173 °C) on a goniometer head as
previously described.”” Red-orange colored plates having the
dimensions 0.045 X 0.058 X 0.097 mm® (XeF,:ReO5F = 0.56:1.00)
and 0.052 X 0.176 X 0.320 mm® (XeF,:ReO;F = 1.02:1.00) were
selected for structure determinations. The structure obtained from the
former crystal is reported in this work.

Collection and Reduction of X-ray Data. Crystals were centered
on a Bruker SMART APEX II diffractometer, equipped with an APEX
II 4K CCD (charge-coupled device) area detector and a triple-axis
goniometer, and controlled by the APEX II Graphical User Interface
(GUI) software.*® A Bruker Triumph curved crystal monochromator
was used with a Mo Ka (4 = 0.71073 A) radiation source. Diffraction
data collection at —173 °C consisted of @-scans (4040 images)
collected at 0.5° intervals at fixed y = 54.74°. The crystal-to-detector
distances were 4.954 cm for both crystals, and the data collections
were carried out in a 512 X 512 pixel mode using 2 X 2 pixel binning.
Processing of the raw data sets was completed by using the APEX II
GUI software,* which applied Lorentz and polarization corrections to
the three-dimensionally integrated diffraction spots. The program,
SADABS,*! was used for scaling the diffraction data, the application of
decay corrections, and empirical absorption corrections based on the
intensity ratios of redundant reflections.

Solution and Refinement of the Structure. The XPREP®* program
was used to confirm the crystal lattice as well as the space group. The
structure was solved in the centrosymmetric space group, P1, by
use of direct methods which located the positions of the Re and Xe
atoms in the crystal structures. The positions of all fluorine and oxygen
atoms were revealed in successive difference Fourier syntheses.

Refinement of the crystal structure of [XeOXeOXe][u-F-
(ReO,F;),], was straightforward. The final refinement was obtained
by introducing anisotropic thermal parameters and the recommended
weightings for all of the atoms. The maximum electron densities in the
final difference Fourier maps were located near the heavy atoms. All
calculations were performed using the SHELXTL-plus package®” for
the structure determinations, solution refinements, and molecular
graphics. The space group choice was confirmed using Platon from the
WinGX software package.*®

Raman Spectroscopy. Low-temperature (—140 °C) Raman
spectra were recorded on a Bruker RFS 100 FT Raman spectrometer
using 1064-nm excitation and a resolution of 1 ecm™ as previously
described.”” The spectra were recorded using a laser power of 500
mW, and a total of 1200 scans were collected for the spectra of natural
abundance and '80-enriched [XeOXeOXe][u-F(ReO,F;),],.

Computational Details. All calculations were performed using the
Gaussian 09** (geometry optimization and vibrational frequencies and
intensities) software packages. Geometries were fully optimized using
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density functional theory (B3LYP and PBEIPBE) and the aug-cc-
pVDZ (O and F) and aug-cc-pVDZ-PP (Re and Xe) basis sets. The
combined use of aug-cc-pVDZ and aug-cc-pVDZ-PP basis sets is
indicated as aug-cc-pVDZ(-PP). All basis sets were obtained online
from the EMSL Basis Set Exchange (https://bse.pnl.gov/bse/
portal).*® Fundamental vibrations were calculated for the optimized
structures. NBO analyses were performed with the NBO program
(version 6.0).%° The MEPS were calculated using the cubegen utility as
implemented in GO9 and formatted Gaussian 09 checkpoint files as
input. The G09 checkpoint files were created upon optimization of the
geometries at the B3LYP (PBE1PBE)/aug-cc-pVDZ(-PP) levels. AIM
and ELF analyses were performed as implemented in the Multiwfn
package,®” using formatted Gaussian 09 wave function files as input.
The GO09 wave function files were created by performing single-point
calculations at the B3LYP (PBE1PBE)/aug-cc-pVDZ(-PP) levels of
theory on optimized geometries. The GaussView®® program was used
to visualize the vibrational displacements that form the basis for the
vibrational mode descriptions given in Tables 3 and S3—S6. The
MEPS and NBO diagrams were drawn with Jmol*” and Chimera,”
respectively.
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