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ABSTRACT

This thesis extends our fundamental knowledge in the area of high oxidation state
chemistry ofxenon trioxide, Xe®@ Oxygen coordination to the Xe(VI) atom of Xe®as
observed in its adducts with triphenylphosphine oxide, sHE2PORXeOs;,
dimethylsulfoxide, [(CH).SOR(XeQs)2, pyridineN-oxide, (GHsNO)3;(Xe0s)2, and
acetone, [(CH)2CO]3XeCs. The crystalline adducts were characterized bytemperature
singlecrystal Xray diffraction and Raman spectroscopy. Unlike solid Xe®hich
detonates when mechanically or thermally shocked, the soligH{fPOpXeOs,
[(CH3).SOR(Xe0xs)2, and (GHsNO)3(XeOs). adducts are insensitive to mechanical shock,
but undergo deflagration veh exposed to a flame. Both Hd5)sPOpXeOs and
(CsHsNO)3(Xe0s)2 are airstable at room temperature. The xenon coordination sphere in
[(CeHs)3POpXeOs is a distorted square pyramid and provides the first example of-a five
coordinate Xe center in a Xe@dduct. The xenon coordination sphere of the remaining
adducts are distorted octahedral comprised of three equivalerOX&econdary contacts
that are approximately trans to the primaryi ®ebonds of Xe@ Hirshfeld surfaces of
XeOs and (GHs)3PO in [(GHs)sPORXeOs show the adduct is weilolated in its crystal
structure and provide a visual representation of the secondaryOXkonding in this
adduct.

Crown ethers have been known for over 50 years, but no example of a complex
between a noblgas compond and a crown ether or another polydentate ligand had been

reported. Xenon trioxide is shown to react withctdwn-5 to form the kinetically stable



(CH2CH20)sXeOs adduct which, in marked contrast with solid e@oes not detonate
when mechanically shoekl. The crystal structure shows that the five oxygen atoms of the
crown ether are coordinated to the xenon atom of :Xd@e gagphase Wiberg bond
valences and indices and empirical bond valences indicate theOx&n bonds are
predominantly electrostatc sholefibonds. Mappings of the electrostatic potential (EP)
onto the Hirshfeld surfaces of Xe@nd 15crown5 in (CHCH20)sXeOs and a detailed
examination of the molecular electrostatic potential surface (MEPS) of: X0
(CH2CH20)s reveal regions ohegative EP on the oxygen atoms of ¢gCH-O)s and
regions of high positive EP on -lolebondingnon at
Reactions of crown ethers with HF acidified aqueous solutions ot de@om
temperature yielded adducts of -&@wn4, (CHCH>0)sXeOs, and 18crown6,
[(CH2CH20)sXeOsRH,0]AF, whereas slow cooling of a solution of Xe@ith 18
crown-6 in acetone yielded (GI8H,0)sXeOsRH,0. The adduct§CH,CH,0)sXeOs and
(CH2CH20)sXeOsRH,0 are shocknsensitive whereas the formadduct is aistable at
room temperaturélhe lowtemperature, singlerystal Xray structures show the Xe atom
of XeQO;s coordinated to the oxygen atoms of the crown ether tingharacteristic xenon
coordination numbers exceeding sirc{uding the thre primary bonds of Xef) were
observed for all crown ether addud®&man spectroscopy frequency shifts are consistent
with complex formation and provided evidence for the 2¢2yptand adduct of XeDGas
phase Wiberg bond valences and indices and esapsolidstate bond valences confirmed
the electrostatic nature of the X® bonding interactions. Comparisons between thesXeO

and Sbk 18-crown-6, 15crown5, and 12crown4 complexes are made.



Incorporation of xenon trioxide, XeQinto inorganic polgtomic salts under
ambient conditions has been observed in several mixed xenate E4#6§:X O3] (X = Cl,
Br), Ko[XeOsSeQ]AF, K[(XeOs)nZO3g] (Z = I, N), and M[(XeOs)nCOs]AH20 (M = Na,
K, Rb, Ba). Raman spectroscopy was used to identify the aforementioned compounds and
K[XeOsClOs], K[XeOsBrOs], Ko XeO:SeQ]MF, andRip[(Xe0s).COs] A D kvere also
characterized by loemperatre, singlecrystal Xray diffraction. The xenon atom of
XeQs is seven coordinate in[KeOsClOs] and six coordinate in all other compounds with
Xe---O distances that are significantly less than the sum of the Xe and O van der Waals
radii. These salts praye examples of Xe§€xoordinated to inorganic compounds and may

provide insights into thanclusion of xenon oxides in minerals.
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PREFACE

The following Chapter has been submit{€ept. 2018)in whole, tocChem. Eur. J(Wiley-
VCH).

Chapter 3: Xenon Trioxide Adducts of O-Donor Ligands; [(CHs)2CQO]3XeOs,
[(CH3)2S0]3(Xe03)2, (CsHsNO)3(XeOs)2, and [(CeHs)3sPO]2XeOs

Katherine M. Marczenk8 James T. Goettéd, Gary J. SchrobilgenChem. Eur. J.

Submitted Sepk018

[a] Experimentaivork was conducted equally by bdtte first autlor and Dr. J. Goettel.

The following Chapter is published, in whole, by WiNCH.

Chapter 4: A Stable Crown Ether Complex with a NobleGas Compound
Katherine M. Marczenkd;léleneP. A. Mercier, Gary J. SchrobilgeAngew. Chem. Int.
Ed. Eng, 2018 57, 12448 12452.

All experimental and computational work was conducted b¥itsieauthor. Mapping of
the molecular electrostatic potentials was carried out b¥ABIEneP. A. Mercier.

The following Chapters will be submittg®lov. 2018)to Inorg. Chem(ACSpublicationg.

Chapter 5: Crown Ether and Cryptand Complexes of Xenon Trioxide
Katherine M. Marczenko, James T. Goettel, Gary J. Schrobilgen

All experimental synthesis and computational wads conducted by tHest author. Dr.
James T. Goettel assisted with crystallization techniques amdetoperature crystal
mounting of (CHCH2O)sXeO:A 2:0..

Chapter 6: Oxo-Anion Adducts of Xenon Trioxide
Katherine M. Marczenko, James T. Goettel, SitPanesar, Gary J. Schrobilgen

The first author synthesized and characterizéee K[XeO:XOs] (X = CI, B,
K[(Xe0s3)nZO3] (Z = 1, N), and K[XeOsSeQ] complexes with some assistance from Ajit
S. Panesar (undergraduate student). Dr. James T. Gyetifedsized and characterizéue
M2[(XeOz)nCOs] AH20 (M = Na, K, Rb)salts
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CHAPTER1

Introduction

1.1 Noble-gas Reactivity and theBinary Xenon Fluorides

The primary focus of thi$hesis ison the chemistry of xend\l) trioxide, XeQ.
Noble-gases were thought to be chemicatigrt for many yeardecause of th&ll octet
of valence electron$everal excellent review articlesdhistorical accountdescribe e
discovery of nobleyas reactivityandexperiments preceding the discovety

Isolation of fluorine was instrumental in the discovery of ngale reactivity. In
1886, Henri Moissan isolated elemental fluoriog the electrolysis ofdry hydrogen
fluoride andpotassium Hluoride solutiond!® He later attempted to demonstrate nejms
reactivity with the reactions of argon and fluorine gases at room temperature and under the
action of an induction sparkut without success. Several notable attempts were made by
von Antropoffi'®l and Yost and Kayé'” It was not until 1962 that the first noblgas
compound was synthesized. Neil Bartlett reacted deeprmun Ptk vapor with xenon
gas at room temperatufd. The producthat immediatelyformed was a yellovorange
solid, initially formulated as [Xe][Ptf} and later corrected to [XeF][P§Fwhich gave
[XeF][PtFi1] upon wa60il%%withinoa dézade of the discovery of noble
gas reactivity, over oneundred noblgas compounds were know.

Over the pasteyeral years, noblgas compoundsn particularXek, have found
synthetic applications in areas of small molecule syntheses and materials Sirrete

first preparation of Xef?>%! several effective preparations have been rep&tted. €)p
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to 1 kg of XeR can be prepadby UV irradiation of a gaseous xerélnorine mixture in
a 1:2 molar ration with 1 mol% of HF in fluorine as a catdffsXenon difluoriderapidly
etches silicorand does not require external energy soutoesitiate and raintain the
etching proces¥d It has been usedor exampleas a dry isotropic etchant for silicon,
particularly in the fabrication of thermoelectric IR microsen§&t&Gaseous XeFis used
for surface fluorination of polyethylene and polystyr€feElemental fluorine and XeF
have also been used to fluorinate singhdl carbon nanotubes at 20G.2Y Oxidative,
aromatic, alkeneand radical fluorination are among several fluorination reactions that
XeF undertake&% 3 Xenon difluoride is a sbng fluorinating and oxidizing agemhich
forms the more powerful fluorinaig XeF" and XeFs" cationsin the presence aftrong
fluoride ion accepta!®

Xenon tetrafluoride, Xef was first synthesi zed mer
discovery of noblegas reactivityat Argonne National Laboratory, lby the reaction of
Xe and Ein a 1:5 molar ration at00°C (~2 to 3 atm}>® Xenon tetrafluoridds a weaker
fluoride ion donor than Xef" and requires stronger fluoriden acceptas to form the
corresponding Xef cation Xenon tetrafluoriddas beemused as alecompositioragent
of silicone rubber fothe determinationf trace metaimpurities in the rubbef®

Xenon hexafluoride, XeHs synthesized by the reaction of elemental xenon with
20 a greater equivalents of.Fat ca.300 °C and pressures above 50 atm (eq B%1).
Although XeFs does not have any known applications, it is the precursor fénaivn

Xe(VI) compounds (the hydrolysis of Xe&lso formsXeOs; see Sec. 1.2)#*9 All known
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xenon oxide fluoridegXeOF, 414 XeO,F,, 43 XeOsF, 4 XeOF4*) are synthesized

by reaction oiXeFs andan oxide sourcéeq 1.1 1.5).

Xe + 3k XeFs (1.2)
XeFs + H20 XeOR + 2HF (1.2)
XeFs + 2H0 XeOsF + 4HF (1.3)
XeFs + XeOq XeOsF2 + XeOF4 (2.4
XeFs + XeOsF2 — XeOxF4 + XeOR (15)

1.2 Noble-gas Oxides

Xenon is the only group 18 elemewhich formsstable binary oxides. Binary
krypton oxides are suspected to form under high pre&urmwever no experimental
evidence of a binary kryptoor any other nole-gasoxide has beeforthcoming

Only three binary xenon oxides, XeXXeQ;, and XeQ, have been synthesized in
macroscopic quantities. Xenon dioxide was the last of these three compobadstieen
synthesized, lending its designationastfemssi ng x&hon oxi deo.
1.2.1 Xenon Dioxide

An early study reported the hydrolysis of Xednhd the formation of a transient
yellow solid at 0°C. Thetransientyellow product was never isolated or characteri#&d.
Co-condensation of XeFand HO at °CiylBed a palgellow product that was
incorrectlyformulated as XeOfFandwas erroneously assumed tothe aforementioned
transient yellow specié®’ The cecondensed product wdater unambiguouslhassigned

to a mixture of XeOkFand XeORAHF.!5)
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In 2011, macroscopic quantities of the aforementioned transient yellowsskd
obtained andinambiguouslyshown to beXxeO, by Raman spectroscoff{fl The addition
of crystalline Xek to either water or 2.00 M #$Qsag)at 0°C with mixing forca. 20 s
producedbright yellow suspensions. The bright yellow solids were consistent with
polymericXeO, while the initial yelloworange produs were suspected to be a mixture of
molecular Xe@ and/or lower molecular weight polymorphdue to incomplete
polymerization (edL.6).[4
nXeFs + 2nH20 — [nXeO, and/or"/m(XeOz)m] + 4nHF — (XeOu)n + 4nHF (n > m)

(eql.6)

The yellow productlecomposes rapidly near ambient temperabutes kinetically
stabilized at lowtemperature As such, characterization was only possible by-low
temperature Raman spectroscopy. Monomeric 2e@redicted to hava squarelanar
AX3E> (X = bond pair, E = valence electron lone pair) VSEPRrrangement fobond
pairs and lone pairs (Figudel, Structure 1). The insolubility of Xe®in aqueous media,
as well as the Raman spectra of 5 and X&80,, support an extended (chain or network)
XeO, structure with a local squaganar geometry around xenon (&ig 1.1, Structure
II), which is consistent with thgeometry predicted by théSPER modebf molecular
geometry*’

Earthdés at mosphere contains | ess than
was hypothesized that xenon displaces silicon frorartquat high pressures and
temperature The vibrational spectra oKe'®0O, and X&®0), amend prior vibrational

assignments of xenatoped SiQ®3 andis in accordance with speculation that at high

10
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temperatures and high pressures covalently bound xenorsacaatural silicates deep in

the Earthoés crust, providing a plausible e

Xe

Figure 1.1. Monomeric (Gy) and polymeric structures of XeQO reproduced with
permisgon from ref 47.

1.2.2 Xenon Trioxide

Xenon trioxide is the first xenon oxide to have been synthesized and structurally
characterized.Pizter predicted that xenon oxides would be unstable and possibly
explosivel® Bartlett and Raoinadequatelysynthesized ¥Os; in 1963 through the
hydrolysis of Xek (eq 1.7). The white solid detonated upon warming under vacuum,
completely destroying the glass vessel. The event unfortunately tleeitgury of one of
Bart | et t dhospitaliyation of ebathl researcheBartlett and Rao® initially
formulated the solid as Xe(OHyr XeQ:&H;O. Later that year, two independent research
groups synthesized the compound and confirmed the solid was Bie@ibrational

spectroscopy? and singlecrystal X-ray diffraction!“?
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A second study reported the synthesis of xenon tridsydeydrolysis of Xek (eq
1.8).1589 This synthetic route to Xefs preferred over the hydrolysis of Xgfecausét is
more economic with respect to the Xgfeld, andthe latens aredox dispropdionation
reactionthatproceeds through the bright yellow Xei@termediate, yielding a large molar
excess (12mol) of HF with respect to X2®lydrogenfluoride can be removed through
co-evaporation with KO or neutralization with MgO followed by centrgation of
precipitated Mgk Because small amounts of residual magnesium salts contaminate the
solution, ceevaporation of HF and 4@ without neutralization is preferred.

6XeF + 12H0 —2XeOs + 30, + 4Xe +24HF (1.7)

XeRs + 3H0 — > XeOz + 6HF (1.8)

The colorless Xe® solid readily absorbs water from humid air to form a
concentratedaqueoussolution® The solidis not volatile at room temperaturand
extremely sensitive to both meatical and thermal shockhe solidreadily detonates with
mild friction, when heated, when exposed to cellulose, and even when left undisturbed.
Detonation of the solid results in liberation of Xe ang gases and 406 kJ mblof
energy>@ The highly explosive nature of this solid makes storing and handling of the
compound extremely difficult, and has hindered research oz Xe@he solid state;
however, its aqueous solution is stable indefinitely.

In 2016, Goettel and Schrobilgen reported the isaladind lowtemperature Xay
crystal structures of two new phases of Xeéhd a higher precision singbeystal Xray

structure of the original pha&&. The solidstate structures (Figufie2) of XeQs show the
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trigonal pyramidal geometry of XeC§,)® with Xe---O bonding interactions between

neighboring Xe@molecules.

“~ ’
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. & Xe(1B) h s
N s . m
Xe(1A) . Xe(1C)
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X 1A XE(1B ;
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Figure 1.2.  The three solid state structures of Xg@produced with permission from
ref. 59.

1.2.3 Xenon Tetroxide
Xenon is theonly maingroup element that exhibits the +8 oxidation state and

oxygen is the only element that is able to stabilize xenon in this oxidation state. Xenon
tetroxide, XeQ, was first synthesized by Huston in 1963 by reaction of sodium perxenate

(see Sec..12. 4)with concentrated sulfuric acid at room temperaturel(@xf®!
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NauXeGOs + 2HSOu

XeOy + 2Na[SO4] + 2H0 (1.9)
Xenon tetroxide is a pal e S$Ceoghemwell® ol i d v

liquid.'%Y The liquid state of Xe®is thermodynamically unstable and will detonate with

liberation of its elementandthe release of 642 kJ mbbf energy®>? Unlike XeGs, XeQy

does have an appreciable vapor pressure (ca. 25 mm 4Q) 26d can bdistilled under

dynamic or static vacuum. Until recently, the crystal structure ofsXe€3 unknown and

characteriation was limited to massspectrometryf¥ electron diffraction studi€§?

vibrational spectroscopy, an#®Xe and '*Xe solution NMR stulies!®® The crystal

structure of Xe®@ (Figure 1.3) is isoypic with those of Os@and RuQui Il and contains

four Xeil O b dpthbsaresdmewhat ghprenthan those of X@@559(11)

1.7801(11)R).164

Figure 1.3. The X-ray crystal structure of Xefshowing &) two contacts betweetwo
XeOs molecules and k) the single shortest contact between two XeO
molecules; reproduced with permission frosh 64.

1.2.4 Other Xenon Oxide Species

1.2.4.1 Perxenate Salts
Perxenat¢XeQOs*) salts arghe most stable xenon specie®mwn The XeQ® ion

was obé&ined as itsodium salt byhe hydrolysis of Xefin aqueous NaOH (e 10).[65:64
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A higher yeild synthesis employs the hydrolysis of Xé&towed by bascificationand
ozondion of the resulting aqueous Xe€vlution(eq 1.11)%7

2XeO; + 40H —— Xe + XeQ* + Op + 2H0 (1.10

HXeQs + Oz + 4Nd + 30H + (X7 2)H,O0 — NauXeOsAH0+ O, (1.11)

Salts of the perxenate anion are typically yelloncator, stable under ambient
conditions and can be heated to several hundred degrees B8lautarge number of
stable perxenate salts, including the lithilfhcesiumi®®79 barium 'Y lantharum[™ and
americum salt§? have been reported.The hydrates, NXeOsB8H,0/[3™
NasXeOsBH20, %78 K 4XeOCsMH20 " KoNapXeOsBH.0,["¥ and KiXeOsRXeOsl ' have
been unambigiuously characterized by singlestal Xray diffraction. The perxenate
anion ha®n symmetrywith Oi Xei O bond anglewhichvary between 8@nd93° and Xé
O bond lengths of 1.878.1"4 The first solid-state’*Xe NMR study wasobtained for
NauXeOsAH20 (x = 0, 2). It wasshownthat upon hydration the Xe® anion distorts
significantly from O, symmetryl®” Structural tudies of perxenatesalts by Ramari®d
infrared[®! photoelectror®” and Mossbauer spectrosc8pyhave also been reported.

It was found that some perxenate salts can incorporate two raqlavalents of
XeQs into their crystallattices!®! The proposed structures consists of perxenate anions
with two Xe---O bridges to two molecules of XeOr'he salts were sensitive to mechanical
and thermal shock but could decompose without detonatfaitd slowly?”
1.2.4.2 ( 4 02)(Xe'"" O3)

The UV photolysis of Xe®in noblegas matrices at lomemperature affordetthe

Xe(VIIl) peroxes p e ¢ i & Xe(" @s) and XeQ.[®d The xenon(ll) oxideXe"O, has
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been postulated as an intermediate in some ogitlatactions of Xe@’ Although it has

not been synthesized in macroscopic amounts, it was obtaigedargon matrix by Hg

arc photolysis of Ar/@Xe!®® UV spectroscopysuggested the ground state of X&O
essentially a van der Waals molecule withaad length considerably longer than that of
the excited state valué&asphase quantum chemical calculations subsequently showed

XeO to have an unboung ground staté®’8d

hv
365 nm

XeO (n*>=0,)Xe0,

4

Figure 1.4. Energy minimized structure ¢f4 O2)(Xe"" Os), which was formed in Ar and
Ne mat r i C&bythegphotolysks 6f3e@ reproduced with permission
from ref 85.

1.2.4.3 Xe(ll) Oxide Cations

The first example of an isolatexhd structurally weltharacterizede(ll) oxide
fluroide, [FXeOXeF--XeF]' (eq 1.12)led to the discovery of other xenon oxadgions'ed
The [XeOXdXe]?* cation wassubsequentlgynthesized as itsr] F(ReQFs)2]2 salt (eq
1.13) which provded the first example of a xenon(ll) oxidpeciesand a noblegas
oxocation, as well as a rare example of a ngake dication(Figure 1.5) The

[XeOXeOXef* cation interacts through fluorine bridges with two symmegjuivalent

10
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[M F(ReQFs3)2]2 anions.The catioranion Fbridge interaction was attributed to regions of
high positive electrostatic potential on the terminal Xe atohime Fbrdige contact is
approximately trans to the X® bondsandcorrespond t@ highly directional ggma hole
interaction’® The adductation interactions ifiCHsCN---XeOXe---NCCHs][AsF¢]2 (eq
1.14) arealso attribuablet o e | e c-hoteinteraciian®lc

3XeR; + [H30][AsFes] —— [Xe3OFRs][AsFe] + 3HF (1.11)
5XeF + 4ReQF(FH), — [XeOXeOXe[ni F(ReQFs) )2+ 2Xe+ O, + 8HF  (1.12)

2[FXeOXe--FXeF][AsFs] + 2CHCN

—— [CH3CN---XeOXe---NCCHg|[AsFe] + XeR + %20+ Xe  (1.13)

Figure 1.5. The singlecrystal Xray structure of[XeOXeOXe][m F(ReQFs3)2]2;
reproduced with permission from ré&p.
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1.3 Covalent and Noncovalent Interactions
1.3.1 Novel Xenon Element Bonds

Although the divesity of xenonrbonded compounds has significantly increased since
the discovery of noblgas reactivity, the majority of xenon compounds are still fluerine
and oxygerbondedtoxenoll he f i rst XelT N bonded compound
reaction of Xek with HN(SQ:F), to form FXeN(SQF), and Xe[N(SQF)]. (Figure
1.6).192%1 The first Xd@ C bonded compound, [XeEs][CsFsBFs], was synthesized by
fluorine-pentafluorophenyl substitution of Xgl®4 Ligand transfer between TMSE; and
XeF, afforded Xe(GFs)2, t he first homol eptP lcoweXes,@aC b on
XeV'T C bonded compound wast fully structurally characterized in the solid state until
2014 when Koppet al. determined the crystal structure okFeXeR][BF4]2HF (Figure
1.7).1°8 Recently Goettel and Schrobilgen synthesif N(CH2CHs)4]3 [Bra(XeOs)s]* and
[N(CHs)4]4[Bra(XeOs)4]4 (Figure 1.8)the first compoursit o cont ai n P4 XeTl Bi
Examples ofXel Au,[®® Xel Hg,[®¥ Xel Xel*® and X& CI*%1® ponded compounds are
also known. Examples of Xel SI*® Xel H,1® Xef Sit® and X& UM% ponded
compounds were observed the gasphase or lowtemperaturematrices but not in
macroscopic ammts. No evidence of a xengphosphorus bonded compouhds been

forthcoming

12
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Figure 1.6. The X-ray crystalstructure of FXeN(S&F2); reproduced with permission
from ref. 92.

Figure 1.7. The Xray crystal structure of [GFsXeR][BFs]2HF; repraluced with
permission from ref96.
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o)

O(3A)

Figure 1.8.  TheX-raycrystal structurgof the [Br(XeOz)s]® and [Bu(XeOs)q]* anions
in [N(CH2CHzg)4]3'[Bra(XeQs)s]® and  [N(CH)a]4'[Bra(XeOs)a]*;
reproduced wh permission from refLO1.

1.3.1 Noncovalent Interactions

The importance of noncovalent bonds is best demonstrated in dynamic biological
processes. Not only are several types of noncovalent bonds taticaintaining the three
dimensional structures of @ molecules such as proteins, they also enable large molecules
to bind specifically but transiently to one anotherl°® Although the formation of a
noncovalent bond releases only a small fraction of the energy released when a covalent
bond is formed, miltiple noncovalent bonds often result in highly stable interactiS®s.
Noncovalent interactions are often classified as electrosfagdfects, van der Waals
forces, or hydrophobic effectd” 109

An exampleof a noncovalentelectrostaticinteracton is a fill-hole bona, which is
synonomous witlhalogen bondingy Thepioneeringwork ond-holebonding interactions

was reported by Guth#é” andcontinied many years later by Has8ét who won the

14
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1969 Nobel Prize in Chemistry for his discovematt halogens can act as electrophilic
electron acceptof$'? Presentday encounters with the concepf @-hole bonding
interactions range from crystal engineering and supramolecular cheliftty, to
polymer scienc€!® liquid crystals!®? and conductive material&2*?? with
groundwork applications in medicinal chemi§ti{/**7 and biological systeni&3129

The tldolebomdi ngo i s u scewhlent, essedtially eectiostatic, n o n
interactions involving an electroposiivatom, X, and an electron donor species, D. In a
general definition'®d the Lews base (neutral or anionic) dorsectron density to the
Lewis acidic acceptor, which is covalently attached to atonHydrogen, pnictogen,
chalcogen and halogen bondiagr e al | -holg poading intdractidns that are
classified by the group of the element participating in bonding (with the exception of the
group 1 elementydrogen). In the case of hydrogen bondm@ydrogen atom acts as the
electron acceptandforms a norcovalent interaction by accepting electron density from
an electron rich sit&%d

El ectron density is transf er rirdegpenttratoom t he
of the van der Waals volumg$%'?" The X---D bonding interactions rather strong and
directional, occurring approximatelyrans to the polaic ov al en't Ri X bond
electropositive locatioon Xt e r me dh a Ihwatldar approximately linedaransR 1 X
--D anglel'?8

Most examples ofhalcogen borglare noncovalenthalcogerchalcogen interactions
where the donor is also a chalcogen atom, similar to a halwjegen interactioH??

Some have suggested the importancsughchalcogerchalcogen interactions in protein

15
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folding.[*3 132 Pnicogenrpnicogen interactios havebondstrengtls thatarecomparable to
those ofhydrogen bonding interactions and are important interactions wasstmnbly
processes in the field of supramolecular chemistty.

Most noblegasspecies exhibit soalledi hy per v al e(monding itvavnga n g
maingroup element with more than eight valence elecjrdifs Recent examples of a
group 18 elementhamelyxenon,which engages n-hole bonding interactionsave been

published!9899135134

1.4 Purpose and Scope of the Present Work

The overall goal of thigesearchis to extend and deepen our knowledge of the
fundamental chemistry of the noljas elementsind highoxidationstate compounds
namely Xe(VI) This includesextendingthe limits of our synthetic and characterization
technquesto isolate extremely sensitive and unstable compounds. More specifically, a
major focus of tis researchs to extend the chemistry of xenon trioxi(éeOz) through
exploration of itscoordination chemistrysing a variety ofligands and to structurdly
characterie the products.

Theinitial goal of this research was to expldihe donoracceptor properties of XeO
The strong oxidant proper®f xenonfluorides oxide fluorides, and oxidegndersthe
synthess ofisolable orgao-xenoncompoundghallenging Examination of the Lewis acid
strength ofXeOs towards avariety of weak, strong, hard and/or sofganicLewis bases
led to the first examples of oxygdraseadducts of Xe@ as well as the first examples of
a complex between a nobjmscompound and a crown ether other polydentate ligand.
The Lewis acidityof XeQOs towards soft sulfur and phosphorus donors was also examined

16
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and the products of é8e reactions were determindthe chemistry of Xe@with inorganic
compounds was expanded thgbuhe synthess andstructuralcharacterizationof several
polyatomic anoni XeOs complexes which also provide insigktinto the possible
incorporation oikenon oxidsinto minerals

The small number of compoundshich contain XeQ@ has prevented a fuller
understanding of xe-L (L = N, O, F)interactionsn the solid state. Computational studies
and modelling of Xe®@and itsadductsusing gasphase structure optimizations, empirical
and Wiberg bond valence%yiberg bond indices, NPA chargemnd Hirshfell surface
analysehaveassisted witlthe characterization afecondaryonding( {hole)interactions
in adducts with Xe@ which may be extended édherXeOs adducts and xenon compounds
in general.

Cumulatively, these research goals contribute our understanding of secondary
bonding interactiong Xe(VI) compoundsMore specificlly, this research demomnates
the importance of secondary bonding interactions and packingsniioti the kinetic
stabilization of the extremely shock sensitive solid, Xg@ the solid state The
stabilization of Xe@ in its adducts enables its safendbng and providegpotential

applications for clean oxidizers arganic transformations, such as epoxidations

17
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CHAPTERZ2

Experimental
2.1 Standard Techniques

2.1.1 Dry Box and Vacuum Line Techniques

The compounds prepared and used in this work were extremely moighae
temperaturesensitive. Volatile compounds were handled under rigorously anhydrous
conditions on glass and metal vacuum line systems:-Wdtatile materials were handled
in an inert atmosphere ¢Nas) dry box (Vacuum Atmospheres Model DLX, oxygen and
moisture (<0.1 ppm equipped with a glass cyrowell for lotemperature work. Low
temperature preparative work inside the drybox was accomplished using a metal Dewar
filled with 4.5 mm coppeplated spheres (air rifle BBs) that were previously cooled in ca.
1140°C in the ghass cyrowell of the dry box.

Preparative work involving volatile corrosive fluorides that attack geags HF,
was carried out on metal vacuum lines constructed primarily from 316 stainless steel and
nickel fitted with 316 stainless steel valves (Auéd& Engineers, Inc., Figure 2.1).
Pressures were measured at ambient temperatures using MKS Modé&BPpBssure
transducers having wetted surfaces constructed of Inconel. The pressure @ansduc
possessed a range 6f1A50 Torr, which was accurate to £Torr.

Preparative work involving volatile materials that do not attack glass was carried

out on Pyrex glass vacuum lines equipped with gréase6mm J. Young glass stopcocks

26



M.Sc.Thesisi Katherine M. MarczenkavicMaster University Chemistry

o1 Woi4 "plojluewdns () ‘Buigny (31U
apealyl ('p’1 "uI-8f) "p-o "ul-sfuifoljdws SUoIBUUOD] pue X]|891S ssajurels 9T (M) "(s19sulbug anejo0INYy)
2\ 199]S ssajurels aunssaybiH () ‘wod [assan uonoeas 921U (p°l “ul-8f) P o “uk4 (1) ‘19Ul uobue Awind
ybiyenin (H) (1ol @ eonpsuen ainssald gstad [PPON SN (D) (1ol oo Isieonpsuen ainssaud
94ad 18PON SY (4) "(oL oeT #bneb ainssaid uopinog (3) 18july (A) s18|uIN A1 (D) "wnnaea ybiy
3NZ3 spiemp3) dwnd wnnoea Arelol aALIpaalip abease Ag pamojjo) sden uaboaiu pinbij pue awi| epos
191In0 (g) "wnnaea Buiybnofging3 spremp3) dwnd wnnoea Areiol anlipaalip abeiemw e Aq pamojjo) sden
5 pue uabounu pinbi 01 18NO (V) "S[elIdIeW BAIS01I09 JO uonendiuew ayl 1o} PasN aul| WNNJBA [elaw ay | T2 8Inbi4

Wwd Q2

[ |

anf:
< a%
T (%

@)
R EE
<

n .—n—
I —

o

27



‘T "JaJ1wop uoissiwiad
IM pasnpolidagiund wnnoea 01 191n0 (9) ‘den p|ep RINbiT (1) “J81dwouew AindJsN (3) ‘[eq 341d yum
2dois BunoA ‘¢ ssajoseal adi-|1a11eq 341 d yum %002dois BunoA ‘r sse|b ssajasealb wwst (D) "18jul 2N
(g) ‘ployiuew wnnoeA ure () ‘Sfeuslew a|iie|oA 8AIS0LI02:0U JO uoe|ndiugy) 10} Pasn aul| WNNJBA SSe|9)

a N

wo Q| J 4

M.Sc.Thesisi Katherine M. MarczenkavicMaster University Chemistry

'2'¢ 2Inbi4

28



M.Sc.Thesisi Katherine M. MarczenkavicMaster University Chemistry

outfitted with PTFE barrels (Figure 2.2Pressures inside the glass manifold were
monitored using a mercury manometer.

Vacuum on the glass vacuum lines (ca'3100 4 torr) was accomplished using
Edwards twestage internal vane E2M8 diredtive vacuum pumps. Vacuum was
maintained on the metahk using two E2M8 vacuum pumps. The first vacuum pump
provided the high vacuum (ca.'t@orr) source for the manifold and was fitted with a glass
liquid nitrogen trap. The second, a roughing pumas usedor the removal of volatile
fluoride and oxideltioride compounds. The rough pump drew reactive, volatile fluorine
compounds through a fluoride/fluorine trap consisting of a stainless steel tube (ca. 60 cm,
15 cm dia.) packed with soda lime absorbent (Fisher Scientificp¥esh), followed by a
glass lguid nitrogen trap to remove G@nd water formed by the reaction of fluoride
materials with soda lime, and other volatile materials that were unreactive towards soda
lime.

2.1.2 Preparative Apparatus and Sample Vessels

All synthetic work was carried out in r&ars constructed from lengths of ih0.d.

FEP tubing which were heat sealed at one end aneflhezd (45 SAE) at the other. The
tubing was connected to KElvalves, encased in aluminum housings, using brass flare
fittings. All vessels were connectéal vacuum lines usm¥4 in. stainless steel Swagé&lo
Ultratorr unions. Before use, reaction vessels were rigorously dried by pumping for ca. 12
h under dynamic vacuum on a glass manifold, followed by passivation with ca. 1000 Torr
of R for ca. 12 h on thenetal vacuum line. Once passivated, vessels were evacuated under

dynamic vacuum to remove all volatile impurities and bitd with dry N2 (ca. 1000
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Torr) prior to use. Similarly, connections made to a medalium line were dried under
dynamic vacuumand passivated withoFgas overnight. Connections made to a glass
vacuum line were dried under dynamic vacuum overnight. All connections to vacuum lines
were made using thielalled ¥iin. FEP tubing in conjunction with either & ik PTFE
Swagelok connectmutfitted with PTFE compression fittings (front and back ferrels) or a
Yiin. stainless steel Swagelok UKfarr connectors outfitted with stainless steel

compression fittings and Viton rubberridgs.

2.2 Preparation and Purification of Starting Materials

2.2.1 Sources and Purification of Gass; N, Ar, F2, and Xe
Technical grade nitrogen gas (Prax8ig98x0), high purity argon gas (VitalAire),

also employed for the back pressuring of reaction vessels, technical grade fluorine gas (Air
Products) and ultrigh purity Xe (Air Products, 99.995%) were used without further
purification. House nitrogen bedff was used for the lokemperature Raman spectroscopy
device and lowemperature crystahounting apparatughe nitrogen boibff for the low
temperature cryat-mounting apparatus passthrough a column consisting of Drierite®
followed by 4 A molecular sieves.

2.2.2 Purification of Solvents; Anhydrous HF, SQCIF, CH3CN, and Acetone

HF. Anhydrous hydrogen fluoride, HF (Harshaw Chemical Co.), was purified by addition
of ca. 5 atm of fluorine gas to a commercial HF sample contained in a nickel can
approximately one month prior to use, converting residual water to HF agasOl'he HF

was then distilled into a Kdt storage vessel equipped with a {keVvalve for storag at

room temperature. Transfer of HF was accomplished by vacuum distillation from the Kel
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F storage container through connections constructed from FEP on a metal vacuum line
(Figure2.3).

SOCIF. Sulfuryl chloride fluoride (Allied Chemical Co., Baker aAdlams Division,
>90%, ca. 100 g crude material) was purified by fractional distillation through two FEP U
tube traps cooled t678 °C andi 90 °C respectively, effectively removing the impurity
SOF.. The remaining SETIF was then condensed into an FEfube containing ca. 80 g

of Sbks ati78 °C and slowly warmed up to room temperature with vigorous mixing to
remove the impurity S® The purified SQCIF was condensed into an FERtube
containing KF and cooled tb78 °C. Again, the mixture was slowly warché¢o room
temperature with vigorous mixing and allowed to stand for ca. 2 h at room temperature to
remove any residue HF. The sample was again cooletBt%C ad condensed into a 1125

in. FEP reaction vessel containing Xg®.7 g) for 24 h to ensure alinpurities with
reducing properties were removed. Finally, the liquid was distilled by dynamic pumping at
1 78°C into a Pyrex glass vessel, outfitted with-aé J. Young all glass stopcock, over a
bed of KF for storaget@aoomtemperature. Transfers wegyerformed using a glass vacuum

line by vacuum distillation of S€ZIF through a sumanifold comprised of a “$haped

glass connection to the reaction vessejre2.4).

31



M.Sc.Thesisi Katherine M. MarczenkavicMaster University Chemistry

Figure 2.3.

Hydrogen fluoride distillation apparatus. (A) KEI storage vessel
containing HF. (B) FEP reaction vessel fitted with a -Relalve.
(C) Kel-F valve connected to vacuum manifold. (D) Hel-connection
with ¥#in. PTFE Swagelok union®eproducedvith permisson from ref.
1.
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Figure 2.4.

<

Apparatus used for the vacuum transfer 0,G&6 solvent. (A) 25amL
glass vessel equipped with a gredese 6mm J. Young PTFE/glass
stopcock outfitted with PFE barrel. (B) Bed of dry, powdered KF. (C)
Glass Y.connector. (D) &nm J. Young PTFE/glass valve. (E) FEP reaction
vessel fitted with a KeF valve. (F) Stainless steel Swagelok Ultratorr
Union. Reproduced with permissioromref. 1.
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<

Figure 25. Apparatus used for the vacuum transfer ofsCN solvent. (A) 20emL
glass vessel equipped with a gredee 6mm J. Young PTFE/glass
stopcock outfitted with PTFE barrel. (B) @EN. (C) Glass Yconnector.

(D) 6mm J. Young PTFE/glass valve. (E) FEP reaction vessel fitted with a

Kel-F valve. (F) Stainless steel Swagelok Ultratorr Unieproduced with
permissiorfromref. 1.
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CH3sCN. Acetonitrile (Caledon, HPLC Grade) was purified according ® literature
methodf! and was stored over molecular sieves in a glass vessel outfitted with a grease
free 6mm J. Young glass/PTFE stopcock. Acetonitrile was transferred under vacuum using
a glass vacuum line and a glaspiéce into a smaller glass disysng vessel outfitted with
a greasdree 6mm J. Young glass/PTFE stopcock. For individual reaction vessels,
acetonitrile was then dispensed under vacuum using a glass vacuum line and a glass Y
piece. (Figure 2.5).
Acetone Acetone was purified by doublacuum distillation onto MgS@t 0°C and was
thoroughly degassed using a fregeanpthaw sequencePurified acetone was stored over
MgSQs in a glass vessel outfitted with a gredise 6mm J. Young glass/PTFE stopcock.
Acetone was transferred undercuum using a glass vacuum line and a glapgete.
2.2.3 Preparation and Purification of XeF2, XeFs and XeFs

Xenon difluoridé® and XeR!“ were prepared according to the literature methods
and stored in a Kef tube inside a dry box until needegknon hexfluoride was prepared
by the reaction of Xe and:Bimilar to the method described by Malm and Cherfick.
Small amounts of XefAmpurity, identified by two weak bands at 502 and 543'dmthe
Raman spectrum, did not interfere with the chemistry described herein.
2.2.4 Synthesis of XeQ@
Method 1. In a typical preparation, XeKli 2 g) was transferred under static vacuum into
a Yzin. o.d. FEP Wube fitted with Swagelok Stainless steel valvdsing a flow of dry
nitrogengas XeFs vaporwasswept into a 100 mL FEP bottle containing water (ca. 20 mL)

while stirringwith a Teflon coated stipar (Figure2.6). The resulting solutions of XeO
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and diluteHFq) (XeOsBHF) were transferred to tragenstructed from FEP using pipettes
drawn from FEP. Solid Xefwas obtained by allowing evaporation of the solvent in the
fume hood. Solid Xe&can only be reliably obtained if the relative humidity is below 30%

at 20 °C.Concentrations of Xefwere detanined by mass measurements.

Method 2. In a typical reactionXeFs (28.0mg, 0.115mmol) was transferred under static
vacuum ai 196 °Cinto a 1/4i in. FEP reactor. Freehl4 (ca. 0.5 ml) was vacuum distilled
onto Xek at1196 °C the reactor was warmed to room temperature, whereupos XeF
dissolved to form a bright yellow solution. Acetonitrile (ca. 0.5 mL) was vacuum distilled
into and frozen in the top portion of the reaction vessel @6 °C. The reactor was allowed

to warm to 140 AC and the cont emtogiffusedntoe car e
the upper CECN layer. Three equivalents ob8 (622 mg, 0.315 mmol) weae added to the
reaction vessel at 0 °C by use of a microsyringe. The reaction mixture was slowly warmed to

20 °C and thoroughly mixed. A fine white powders@(NCCH:)2) was obtained upon

removal of volatiles under dytnlea(oai 0c5 mL)avasu u m a't
vacuum distilled into t he(Cautop! Topavoidtdetomationo f t h e
never rapidly cool the reddteorr esaicd roirf iwaasn twlay

whereupon the solid dissolved to form a cleatpiess solution
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to fume hood

N,-flow

L

dispersing
tube

\o/— XeF,

Figure 2.6. Apparatus for the synthesis of aqueous Xe®lutions. An FEP trap
containing Xek and a Teflon capped FEP bottle containing water and a
Teflon coated stir baReproducedvith permission from ref21.
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2.2.5 Preparation of HF-Free XeQs under Atmospheric Conditions
An aqueous solution of XeQOwas synthesized by hydrolysis of XeBs previously

described® An aliquot (ca. 10 mg, 0.056 mmol Xe\of the resulting aqueouslstion,
XeQOs&BHF, was transferred into a 3 x 3 cm FEP (hexafluoropropylene, tetrafluoroethylene
copolymer) fluoroplastic tray by use of a pipette fabricated from FEP tubing. Water and
HF were removed from Xefby evaporation overnight in a fume hood teggsolid XeQ.

The sample was transferred to a plastic (HDPE) desiccator and dried over 4 A molecular

sieves for 213 h to ensure thatgszsall surfac

2.3 Raman Spectroscopy

All Raman spectra were recorded on a Bruker RFS 10@draransform Raman
spectrometer employing a quartz beam splitter and a hgjtridgen cooled Ge diode
detector. The 1064m line of a NdYAG laser was used for excitation with a laser spot of
<0.1 mm at the sample and configured such that only thelERkscattered radiation was
detected. The scanner velocity was 5kHz and the wavelength range was 5894 to 10394 cm
! relative to the laser line at 9394 ‘dnresulting in a spectral range of 3501 899 cm?.
Fourier transformations were processed usiBépakman Harris 4em apodization and a
zerofilling factor of 2. Typical acquisitions used 1.0 'émesolution, 100500 mW power,
and involved 512 scans for strongly scattering sample andil@@48 scans for weakly
scattering samples. Low temperatupedra were acquired using a Bruke 10121 low
temperature accessory which provided a temperatuig®fC for samples containing
XeOs and a temperature rangeidf50 toi 160°C for all other samples, with an estimated

error of +1°C.
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2.4 Quantum-Chemical Calalations

All calculations were performed using Gaussialfl@®@ftware packages. Geometries
were fully optimized using density functional theangthods and the DefPZVP and/or
Def2-TZVPD basis sets. Basis sets were obtained online from the EMSL Basis Set
Exchange (https://bse.pnl.gov/bse/portdl) Fundamental vibrational frequencies were
calculated along with Raman intensities, and Natural Bond Orbital (NBO) analyses were
obtained for the optimized local minima. The program Gauss¥%iewxs used to vislize
the vibrational displacements that form the basis of the vibrational mode descriptions
presented. Natural bond orbital analyses were carried out by use of the NBO program
(version 6.0}Y implemented in Gaussian 09. The MEPs diagrams were drawn with
Jmol!™ The CrystalExplorer 3/% program was used for Hirshfeld surface analyses and
the computational program Tortd, as implemented in CrystalExplorer, was used for
wavefunction calculations and for mapping of the electrostatic potential surface

(B88LYP/321G) onto the Hirshfeld surface.

2.5 X-ray Crystallography

2.5.1 Crystal Growth

Crystallization of samples at roetemperature was accomplished by slow
evaporation of the solvent in a furhneod. For all samples that were grown at low
temperatures, slowooling of acetone bathes was accomplished by addition of either dry

ice or liquid nitrogen in small quantities.
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2.5.2 Low-temperature Crystal Mounting

Samples which were thermally unstable and/or moisture sensitive were mounted at
low temperatures using tla@paratus depicted in Figure 2.9 and 2.10. The reaction vessels
containing the samples were first cut open below theFKedlve under the flow of cold
nitrogen gas of the trough, which maintaining the sampi@&tC. The sample was then
rapidly dumped ito the aluminum trough, precooletilQ0 +5°C) by the flow of dry
nitrogen gas through al5dewar filled with liquid N (Figure2.7).

A trough constructed of . FEP tubing was utilized for samples which contained
solvent or were prone to detonatioregRtion vessels containing the samples were placed
in the trough and cut open below the elalve under the flow of cold nitrogen. The
temperature inside the trough was measured using a eoppsiantan thermocouple
positioned in the sample region okttrough. Crystals were then selected using a stereo
zoom microscope and mounted on glass fibers (0.05 to 0.1mm o0.d.), nylon loops; or dual
thickness polymer loops (MicroMouftt MiTeGen, 2005 00 & m) using perf
polyether oil (Ausimont Inc., Fombblin Z15 or Z25) which served as an adhesive upon
freezing at low temperature. The glass fibres were previously mounted with epoxy cement
to a copper pin fitted to a magnetic bas®l affixed to the end of a magnetic wand
(Hampton Research). The magnetic wand could be fastened to an adjustable support stage
such that samples could be inspected under the stecegn microscope once affixed to the
glass fibre. The mounted crystal amégnetic pin were quickly (ca. 5 s) transferred from
the crystal mounting apparatus to the magnetic mount of the goniometer by means of

cryotongs (Hampton Research) which were precooled in liquptibrr to use. The crystals
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Figure 2.7. Low-temperature crystal mounting apparatus. (A) Nitrogen inlet. (B) Glass
sleeve for ambient nitrogen flow. (C) Liquid2MNewar. (D) Adjustable
support stage. (E) Silvered dewar (glass). (F) Alumittgugh. (G) Stereo
zoom microscopeReproduced with permissioroimref. 1.
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were maintained at low temperature on the goniometer head by a-agdd Now provided
by a Oxford Cryosystems low temperature cryostream accessory.
2.5.3 Data Collections

Thecrystallographic data acquired during the course of this Thesis were collected
on a Bruker SMART APEX Il diffractometer equipped with an APEX Il 4K CCD (charge
coupled device) area detector and a trgptes gonoiometer controlled by the APEX I

Graphical User Interface (GUI) softwat&! A Bruker Triumph curve crystal

monochromator was used wi-tapnsowce. Niwe crigssthd- ( o
detector distance was 4.954 cm. Data collections were carried out in 512 x 512 pixel mode
using 2 x 2 pixel binning. Diffraction data colleatiovas typically done &t173°C and
consi stamdlsawfan® at a °with % fdames. ProceSsihg of the raw
data was done by use of the APEX Ill GUI software which applied Lorentz and polarization
corrections to thredimensionally integated diffraction spot&®!
2.5.4 Solution and Refinement of Structures

The program SADABS$® was used for the scaling of diffraction data, the
application of a decay correction, and an empirical absorption correction based on the
intensity ratios of redundameflections. The XPREP! program was used to confirm the
unit cell dimensions and the crystal lattices. Cell RBwvas used periodically to find unit
cells for nommerohedrally twinned or multiple crystals. In these cases, the program
TWINABS*® wasused to scale and process the reflection data. The final refinements were
obtained by introducing anisotropic parameters for all the atoms except hydrogen, an

extinction parameter, and the recommended weight factor. The maximum electron densities
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in the inal difference Fourier maps were located around theyha@mms. All calculations
were performed using the SHELX package and/or Ole¥? software for the structure
determination, refinement, and molecular graphics. Structure solutions were olbtgined
intrinsic phasing and direct methods. The PLAT®Nprogram could not suggest

additional or alternative symmetries.
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CHAPTERS3

Xenon Trioxide Adducts oD-Donor Ligands; [(CH)2CO]:Xe0s;,
[(CH3)QSO]3(XGO3)2, (C5H5NO)3(XGQ?,)2, and [(QHs)gPO]zXGOg

K. M. Marczenkod? J. T. Goettel® G. J. SchrobilgenChem. Eur. JSubmited Sept. 2018.
[a] Both authors contributed equally to the work.

Abstract: Oxygencoordination to the Xe(VI) atom of Xe@as observed in its adducts
with triphenylphosphine oxide, [6615)3PO]2Xe, dimethylsulfoxide,
[(CH3)2.SOB(Xe(y)2, pyridineN-oxide, (GHsNO)R(XeQ)2, and acetone,
[(CH3).CO]3:XeQ. The crystalline adducts were characterized by-lemperature single
crystal Xray diffraction and Raman spectroscopy. Unlike solid Xe&hich detonates
when mechanically or thermally shocked, the solidCelfls)sPO]2XeQ,
[(CH3)2SOk(XeQ)2, and (GHsNO)(Xe). adducts are insensitive to mechanical shock,
but undergo deflagration when exposed to a flame. BothHEEPO]-XeQ and
(CsHsNO)3(XeQy). are air-stable at room temperature. The xenon coordinatfrese in
[(CeH5)3PO]2XeQs is a distorted square pyramid and provides the first example of a five
coordinate Xe center in a Xe@dduct. The xenon coordination sphere of the remaining
adducts are distorted octahedral comprised of three equivalerO<seondary contacts
that are approximately trans to the primaryiX®bonds of Xe® Hirshfeld surfaces of
XeQ and (GHs)sPO in [(CsHs)sPO]2XeQs show the adduct is webolated in its crystal
structure and provide a visual representation of the secondaryXXdéonding in this

adduct.
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3.1 Introduction

Xenon trioxide is a strong oxidant that rapidly oxidizes primary and secondary
alcohols to C@ and HO*?3 The solid readily detonates when subjected to mild
mechanical or thermal shock, decomposing tcaXé Q gases with the liberation of 402
+8 kJ mol? of energy?! In the solid stateXeO; moleculeshave three short XeO contacts
between the Lewis basic oxygen atoms of neighboring:Xa@lecules and the Lewis
acidic X¢' atom®

The xenoinligand bomls in XeQ adducts are best described as predominantly
electrostatic, (weakly covalent) interactions between the highly electrophilic regions of the
X e at chole, ana thé nucleophilic region of the electronegative ligand Btdre
electrostatic p@ntial of the xenon atom at and in the vicinity of @eaxis is positive and
only slightl vy | owe-holesthataaureppgsite tdthe petavalente t hr e
Xei O double bond®:"! Secondary bonding interactions occur approximately tiamise
three primary XeO bonds, as observed for tNecoordinated pyridine and pyridinium salt
adduct®! and nitrile adductd of XeQs. T hbending interactions between the
electrophilic xenon atom and the five nucleophilic oxygen atoms of the ciibenligand
of (CH.CH20)sXeOzs result in a xenon coordination number of 8, the highest coordination
numberthus farobserved for X¥ in Xe0s.®! Prior to this study, there were no examples
in which the number of secondary bonds with the xenon atom of Wa®less than three.

The 15crown5 adduct of Xe@ (CHCH,0)sXe0s, is thus far the only structurally
documented example of Xe@oordinated to an oxygen base. Early studies involving the

interaction of Xe@ with t-butyl alcohol suggested the formatioh a solvate and the
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reaction of Xe@with t-butoxide gave a shodksensitive precipitaté! It was speculated
that the product is an estidte XeOs-alcohol intermediate with %eO bonding
interactions, however no spectroscopic or structural chaizatiers of these compounds
have been forthcoming.

The choices of compatible oxygdrase ligands and solvents for adduct formation
with XeQO; are limited by the strong oxidant properties of XeCQAlthough
tertiaryarylphosphines, such as triphenylphosphiR€CeHs)3), are air and moisture
insensitive ligands which coordinate to metal ions and Lewis &€idsey readily undergo
oxidation to their phosphine oxides. Adducts betweene®{c and relatively strong
oxidizers such as SMave been reportétt! Similarly, dimethylsulfoxide (DMSGY and
aceton&® are oxidatively resistant solvents that coordinate to transition metal ions and
other Lewis acids.

The present study providdsirther insighss into the Lewis acid behavior of XeO
through the synthesiand structural characterization of Xagf@ordination complexes with
several EO bonded ligands (E = C, S, N, P). The complexes have been characterized in
the solidstate by lowtemperature, singlerystal Xray diffraction, Raman spectroscopy,
and quantm-chemical calculations which were used to aid in the assignment of vibrational

frequencies and assess the relative strengths of theOXadduct bonds

3.2 Results and Discussion

3.2.1 Syntheses
Solid XeOs detonates on contact with liquid DMSO and alzetgtone (acac) but

readily dissolves in acetone without detonatienon trioxide is very soluble and stable
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in acetone for several months at room temperature and has proven to be a useful solvent for
Xe0s.% When acetone solutions of Xe@re allowed ¢ evaporatet room temperature,

solid, unsolvated Xepwas obt ai ned. Sl ow cooling of th
resulted in the formation of clear, colorless, blstlaped crystals ¢fCH3).COJsXeOs (1)

(eql)whi ch were stored at 178 AC to pr.event |

178 °C

3(CHg)2CO + XeQ [(CH3)2CO]:Xe0s (1)

An aqueous solution containing a 1:6 molar ratio of Xel® was mixed with
DMSO at room temperature. Slow evaporation of the mixture yielded large shited
crystalsof [(CHz3).SOR(XeQOs)2 (2) (eq 2) The crystalline product was significantly less

shocksensitive than solid XefDbut slowly decomposed {€Hs).SO», Xe, and Qat room

temperature (eq 3) over a period of several days

3(CHg)2SO + 2Xe@ —~

[(CH3)2SOk(Xe0xs)2 (2)

[(CH3):SOE(XeOs)z —

3(CH)SQ: + 2Xe + 5 O; 3)

Slow addition of an acetone solution ofsliENO to solid XeQ resulted in
detonation. Stale solutions of gHsNO and XeQ@ in a 3:2 molar ratio were obtained by
dissolution of the ligand in an aqueous solution of X@&@e suprd. Evaporation of the
solution yielded a large, reshaped crystal ofCsHsNO)3(XeOs)2 (3) (eq 3).The crystal
was irsensitive to mechanical shock and was cut into smaller fragments without incident
for an X-ray crystal structure determination. The adduncterwent rapid deflagration when
brought into contact with a flame

3(CsHs)NO + 2XeQ

(CsHsNO)3(Xe0s)2 (4)
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Thereaction between Xefand (GHs)sP in CHCN afforded a fine precipitatef
[(CeHs)sPOLXeOsACH:CN)«. Attempts to grow crystalsf the solvatesuitable for an X
ray structure dtermination were unsuccessful, howewrering of a CHCN solution of
P(GsHs)s onto an aqueous solution of Xe@t room temperature resulted in the formation
of clear, olorless, blockshaped crystals of@sHs)sPORXeOs (4) that were stable at room
temperature (eq 5). The reaction between Xa@ RCsHs)s in acetone at 78 °C also
yielded @) as large bloclshaped crystals

2(CsHs)sP +2Xe0s

[(CeHs)sPORXeOs + Xey + ¥2 QY (5)

Reaction mixtures containing 1;Bis(diphenylphosphino)ethane and Xe@
CHsCN or acetone resulted in decomposition products which did not contaig XeO
contrast, when the reaction was carried out at 0 °C by layeringsg@NCBbluion of 1,2
bis(diphenylphosphino)ethane onto an aqueous solution of,Xe@ystalline precipitate
formed (eq 6) which was stable at room temperature and consisted of smaksdaped
crystals of (CeHs)2POCH]2XeOsAHsCN (Figure 3).

2[(C6H5)2PCH2]2 + 2XeOz + CHsCN 0°C

[(CeHs)2POCH] 2XeOzAH3CN
+ Xey + %2 QY (6)
Theextreme shock sensitivity of solid Xe@ largely attributable to the extended

---OsXe---Oxeo3) Networks thabccur inall three solil phases of Xed¥! and provide a

means to efficiently propagate the detonation shock wave throughout the crystal lattice.

Although the shoclsensitivity of () could not be explicitly tested due w@dduct
dissociation and loss of acetone upon warmingaoorr temperaturet no point during the

synthesis, Raman spectral acquisitionystal isolationand Xray structure determination
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did the crystalline adduct detonate. Crystalline sample®)ofJ), and 4) were shock

insensitive but underwent rapid tigration when exposed to a flame. As in the cases of

the stable Xe®N-base adducts, (E15N)sXe0s,®! [CsHsNH]4[HF2]2[F]2(Xe0s)2, andO-

base adduct, (C4€£H.0)sXe0s,0 the crystal structures oftl), (2), (3), and @) lack
extended--OzXe---Oxeoz)neworks {ide infra). The structural units of these adducts are

wel | Il sol ated which di minishes their shock
acids is observed when the Lewis acid center is phosphorus at room temperature, whereas
slower oxidationoccurs (ca. 12 h) at low temperaturesg°C) or when the Lewis acid

center is sulfur (over several days at room temperature)

3.2.2 X-ray Crystallography

A summary of crystal data and refinement results is provided in 3dbl€he single
crystal Xray strictures of [(CH).CORXeOs (1), [(CHs)2SOK(XeOs)2 (2),
(CsHsNO)2(XeOr)2 (3) and [(GHs)sPOpXeOs (4) are shown in Figures3.1i 3.4,
respectively. The preliminary crystal structure [§€esHs):POCH)]XeOsALHsCN is
provided in Figure8.16. Important bond lengths and angles are provided in TabJend
more extensive lists of geometric parameters are given in Table:8.

The primary X& O bond lengths (1.762(1).779(1) A) and ©Xei O bond angles
(100.2D(5)i 103.2(2)°) lie within the bond length and bond angle ranges of the three solid
phases of Xe€(1.7558(11)1 . 7801 ( 11) | and [BHThérarsO({ BT 105.
--O contact angles of the adducts described in this study lie within the range
15246(3 1172.80(4) A and ar-bolebondegp graumIdT agldudtso t h o s

( 15571 [{38nhe émpirical bond valence method of I. D. Bré\#hwas used to determine
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the contributions of individual %e-O contacts to the total bond valence of xenon in
compounds 1), (2), (3), and 8) (Table3.10). Inclusion of all Xe--O contactsrovides
bond valence values thateavery close to the ideshlue of 6 for X&'. The Xe--O bond
valences, which span 0.088205 v. u., are consistent with very weak covabriding

between O and Xe, in amddance with theiexperimental bond lengths (Talde).
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Table 3.2. Selected Bond Lengths (A) and Bond Angles (deg](foHs).COJ:XeOs (1),
[(CH3)2SOR(Xe0s)2 (2), (CsHsNO)3(Xe0s)2 (3), and[(CsHs)sPOpXeOs (4).

1) 2) (3) (4)
Xeil O 1.764(1) 1.762(1) 1.763(1) 1.765(1) 1.768(1) 1.763(4)
1.768(1) 1.765(1) 1.767(1) 1.771(1) 1.773(1) 1.7708)
1.768(1) 1.767(1) 1.771(1)  1.772(1) 1.779(1) 1.774(4)
Xe---O 2.738(2) 2.740(2) 2.693(1) 2.683(1) 2.586(2) 2.591(4)
2.745(2) 2.777(2) 2.726(1) 2.703(1) 2.604(1) 2.605(3)
2.768(2) 2.778(2) 2.871(1) 2.770(1) 2.896(1)
Oi Xei O 101.70(9) 101.49(9)  101.967) 101.27(7)  100.20(5) 100.8(2)

101.80(9) 101.86(9)  102.31(7) 101.92(7)  100.65(5) 102.2(2)
102.37(9) 102.11(9)  102.29(7) 102.25(6)  102.26(5) 103.2(2)

O---Xe---0 76.49(6) 79.90(6) 75.92(4) 74.55(4) 69.01(3) 81.21(9)
76.58(6) 81.03(6) 67.65(4) 69.43(4) 87.04(3)
85.23(6) 83.66(6) 71.71(4) 75.35(4) 87.32(3)
Xe---O---Xe 91.58(4) 93.34(4) 110.99(4)
96.08(4) 132.84(4)

transO---X e T O  161.16(8) 161.47(8)  152.46(5) 157.08(5)  153.49(4) 159.6(1)
163.94(8) 166.72(8)  161.32(5) 159.63(5)  167.96(4) 162.2(1)
164.84(8) 166.89(8)  161.80(5) 161.77(5)  172.80(4)

CisO--Xel O 83.31(7) 83.49(8)  87.96(5) 92.59(5) 82.71(4) 84.0(1)
80.48(7) 87.98(8)  96.31(5) 87.18(5) 86.56(4) 89.8(1)
92.70(7) 88.69(8)  88.97(5) 92.96(5) 101.16(4)

3.2.2.1 [(CH3)2CO]3Xe0s (1).

The structural unit of 1) consists of two nystallographically unique
[(CH3)2COJsXeOs units (Figure3.1) in which the Xe@molecules are each coordinated to
three acetone molecules through-X@ bonds 2.738(2) 2.778(2) A). The €O bond
lengths (1.210(3)1.223(4) A) show little variation and arkghtly elongated with respect
to those of solid acetone (1.208(3), 1.209(3)*A)The ability of acetone to form a 3:1
adduct contrasts with RCN (R = GHCH2CHs) which forms RCNXe®and (RCN)}XeGs

but not (RCN3XeQs.®! These observations are in acamde with the higher Lewis
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basicity of acetone (76.08 0.21 kJ mdl) relative to those of acetonitrile (60.390.46

kJ mol 1) and propionitrile (60.9% 0.21 kJ mdl*) as measured on the B&finity scale

in CH2Cl> solvent!1®!

Figure 3.1. The structural unit in the crystal structure of [(§)BO]sXeCs (1); thermal
ellipsoids are shown at the 50% probability level.
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3.2.2.2 [(CH3)2S0]3(Xe0s)2 (2).
The structural unit of 2) consists of three DMSO ligands that ogydridge two

XeOz molecules (Figur8.2). The oxygen atoms of the Xefolecules are nearly eclipsed.
The methyl groups of two DMSO ligands are orientated towargsO¢eand the methyl
groups of the third DMSO ligand are directed towardg)®e The stucture provides an
instance where two nelmonded Xe(V1) atoms are in close proximity. The®¥eAistance
(3.9974(3) A) is similar to the XeleAlistances in th€2/c andP2:/c phases of solid XeF
(C2/c, 3.974(1)P2i/c, 3.925(1) A" which are somehat less than the sum of the Xe van
der Waals radii (4.32 & or 4.12 A, In contrast, he XeAXeAlistances in all three
phases of solid Xegexceed 4.0 & The Xe--O bond lengthsX,6825(12)2.8709(124)
arevery similar to those of solid Xe€(2.678(2) 2.8387(12)2).5°! The structural units are
well separated and the sulfur atoms of the DMSO ligands have no significant contacts. The
SiO bonds (1.524(11.538(1) A) aresomewhatlonger than those of solid DMSO
(1.513(5) AP% but are significay shorter than those of protonated DMSO in
[(CH3)2SOHL[GesF1g] (1.587(3), 1.593(3) A¥Y and similar tothose of the hemi

protonated (CHs).SO}H]* cation (1.531(4), 1.536(4) A3Y
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C(2)

Figure 3.2. Thestructural unit in the crystal structure of [(@E50k(Xe0s)2 (2) as viewed
perpendicular (left) and along (right) the Ae/axis thermal ellipsoids are
shown at the 50% probability level.

3.2.2.3 (CsHsNO)3(XeO3)2 (3).
Thestructural unit of [GHsNO]3(XeOzs)2 consists of two Xe@molecules which are

O-bridged by a 6HsNO ligand and are eadb-coordinated to a terminalsBsNO ligand
(Figure3.3). The structural units are arranged in chains that are paralleld¢aiie of the
unit cell. The terminal €HsNO ligandsand XeQ molecules are related byCGa-axis which
passes throug®(4) and C(3) othe central bridging €4sNO ligand. Theaterlies on a
pseudemirror plane ands bonded througtwo relatively short Xe-O bonds (2 x 2.604(1)
A) to adjacent Xe@molecules. The Xe@moleculesare coordinated througine shorter
(2.586(1) A) and one longer (2.896(1) X¢---O bondwith theirterminal GHsNO ligands.
This arrangement may be described as-fambered oxygebridged units linked by
weak Xe--O bonding ingractions to form infinite chains parallel to taxis. The NO
bonds (1.38(1), 1.3%(2) A) are slightly longer than those of f0H4NO, 1.318(3);

CsH2DsNO, 1.319(6); GDsNO, 1.308(3) AJ?®! Elongation of the NO bond haseen
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previouslyobserved in €HsNO adducts with Lewis acid centers such as the barame

cations (GHsNOBC4H4NCzHg, 1.383(2) A)24l

Figure 3.3. Thecrystal structure of (HsNO)3(XeOs)2 (3); thermal ellipsoids are shown
at the 50% mbability level

3.2.2.4 [(CeHs5)3PO]2Xe0s

Theroomtemperature structure of [{8s)sPOEXeOs belongs to the orthorhombic
space groupdd2 (Z = 8) and consists of two symmeteguivalent (GHs)sPO molecules
which are coordinated to a disordered Xe@lecule. Upa coolingt o 1°Q, @ Bhase
transition occurs to give an ordered phase otHEzPORXeOs which belongs to the
orthorhombicCc space groupZ = 4). Other than two Xe-O ligand bonds, there are no
significant secondary contacts to the Xe atom of X@wure 3.4). Coordination of less
than three ligands to Xe®as not been previously encountered and is likely a consequence

of the steric bulk of(CsHs)sPO ligands which prevents additional XeO bonding
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interactions with neighboring Xe@nolecules. Theesulting Xecoordination sphere may
be described as a distorted square pyramidldver coordination number results Xe--
-O bonds (2.605(3) and 2.591(3) thtare significantly shorter than those of solid %eO
(2.678(2) 2.8387(12)A). One(CsHs)sPO ligand hascisi O---Xei O bond angles (89.8(1),
89.1(2)) thatarevery close to 99 whereas theemaining G--Xei O angles are smaller
(84.0(1)) and larger (95.0(1). The small @--Xe---O bridgebondangle 81.2(1}), which
results from contacts with ligals,may be theesult of the greater repulsidetween the
Xe---O and X&O doublebond domainsThe O(2), O(3), O(4) and O(5) atoms are coplanar
within £0.07 A and Xe lies 0.28 A out of this plaiitie shorteaverageXei O bondengths
of (4) result in ahigher Xe"' bond valence (5.601 v.u.) than theiXe bonds of
(CsHsNO)3(Xe0s)2 (5.536 v.u.). This permita X&' bond valence of 5.999 to be achieved
for (4) despite only two Xe-O bonding interactions

The Pi O bonds (1.504(3), 1.508(3) A) of the(E)sPO ligands are elongated
relative to that of solid (6s)sPO (1.484(1) A) whereas thé® bonds (1.804(6)L.809(6)
A) are not significantly different from those of solidst€)sPO (1.798(2)1.804(2) A)°!
The R O bond ofthe cationic azeborine adduct ofCeHs)3PO ((GHs):POBCGH4NCoHe,

1.5563(13) A¥4 is significantly longethan those of the Xeadduct
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Figure 3.4. The structural unit in the crystal structure of {&)s:POpXeOs; thermal
ellipsoids areshown at the 50% probability level.

Hirshfeld surfaces( see Chapter 4 1 Supporting |
Anaysis) mapped with thedhorm function provide an unbiased means to identify close
contacts in complex crystal structuf&Hirshfeld surfaces of Xe€and (GHs)sPO in @)
mapped with theal,orm functionsand are depicted in Figure35 and3.17, respectively.
Contacts shorter than the sums of the xenon and oxygen van der Waals radii appear as
circular red regions on the lighiiue surface. The two larg@tense red areas on the

Hirshfeld surfae of @) (Figure3.2) indicate that the adduct has only two-X@ secondary
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bonds. Additional smaller, light red areas on the surface arise frer@(@) hydrogen

bonding between neighboring [{d@s)sPOpXeOz molecules in the crystal lattice

Figure 3.5. The Hirshfeld surface of Xe®in [(CeHs)sPOpXeOs. Two views of the
surface are provided which highlight the figeordinate Xe atom of XeQ
and its secondary bonding interactions with theHgl:PO ligand.

3.2.3 Raman Spectroscopy
Completelists of vibrational frequencies and their assignments are provided for

[(CH3)2CO:Xe0s (1), [(CHs)2SOE(Xe0s)2 (2), (CsHsNO)s(XeOs)2 (3), (PrsPORXeOs (4)
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and [(GHs)2POCH)]XeOsAICCH; (5) in Tables3.10i 3.14, respectively, and their Raman
spectra are depicted in Figur8%i 3.10. Raman spectral assignments were aided by
comparison with the published assignments of Xa@ its adduct$;%®% and with the
calculated vibrationafrequencies and intensities of the enengyimized gagphase
geometries of X)i (4) (Figure 3.11; see QuanturChemical Calculations). Vibrational
assignments for the ligands were made by comparison with the published assignments of
(CH3)CO 2™ (CH3)2S0281 CsHsNO 2% (CsHs)sPORY The Raman spectra dd){ (5) were
recorded in air at 20C, which also confirmed the roetamperature stabilities of solid
compounds as well as their insensitivities to atmospheric moigtithmugh @) slowly
decomposes abom temperature by oxidation of the ligand to 30, (eq 3), it was
possible to record its Raman spectrum at room temperature without appreciable
decomposition.The Raman spectrum df)(was recorded at78°C in a sealed FE®ample
tube to prevent adrtt dissociation

As previously shown for other Xe@dductd>®®9coordination of Xe@to a Lewis
base results i n a s hgynAd,tomwer fteuencynid@&8)t769 nt ens
(2); 761 @); 776 @) 772 6) cmY) relative to that of Xe@.q The asymmetric Xe©
str et gB)i80vgs30, &351); 819, 826, and 832); 803 810, and 8193); 831 @)
788,826%) cmY) and ben di(Al) (348l 2438, 350 2); 342 @); 345 @)
303 6) cm'Y) ,{ENi(314 @1); 307, 311 2); 311 @); 253, 289, and 307 269 &) cm' %))
are shifted relative to XefQq)

Calculatiors predict significant coupling of the symmetric and asymmetric stretches

of both XeQ molecules in Z) and @). The bands assigned to the asymmetric stretches
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result from inphase and owdf-phase coupling. Although the calculations predict two
vibrational bands associated with the symmetric Xesretches, only one band was
assigned to this mode. Significant coupling does not occur in the adtuatsl(4).

The complexation shifts for tha(PO) stretching modes of {8s):PO Lewis acid
base adducts were previously shown to be approximately proportional to the strength of the
Lewis acid®¥ The bands assigned to th€PO) of [(GHs)sPORXeOs (1155 cm?) are
shifted 30 crit to lower frequencyelative to free (6Hs)sPO (1185 crit), but areshifted
less than that of ((¢Bs)sPORSbCE (50 cm )22 suggesting that Xefs a weaker Lewis
acid than SbGl The complexation shifts forthe PiO stretching modes of
((CeHs)sPOXBICls (25 cm?) and ((GHs)sPOXBiBr3 (39 cmi )2 (determined by Raman
spectroscopy suggest the Lewis acid strength of Xa®similar to that of BiGd but less

than that of BiBs.
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3.2.4 Quantum-Chemical Calculations

The enegy-minimized geometrieswith all frequencies real, were calculated fo

[(CH3)2COXe0s (1) (B3LYP, Ci symmetry Figure 3.113, [(CHz)SOR(XeGs)2 (2)
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(B3LYP, Ci symmetry APFD, C; symmetry Figure 3.11H, (GCsHsNO)3(XeQs)2 (3)
(B3LYP, C1 symmetry APFD, C> symmetry Figure 3.119 and (PBPORXeOs (4)
(B3LYP, C1 symmetry Figure3.119 using the DefZI ZVP basis setSelected calculated

bond lengths and bond angles faji(4) are provided in Table8.5 3.8 Overall, the
calculated geometric parameters are in good agreement with those obtained from the crystal
structures

As previously shown for (CLCH0)sXeQs,®! the calcualted XigD and Xe--O
distances more closely resemble the experimental values when calculated at the
APFD/Def2TZVP level of theory because the B3LYP level overestimates bond lengths.
The geometries oflj ard (4) were optimized using the B3LYP/DefiZVP level due to
convergence failures at the APFD levehelXei O and Xe--O bond distances ol and
(4) are slightly elongated relativeo their experimental distancgXei O: (1) exptl,
1.762(1) 1.767(1), calcd1.784 1.786A; (4) exptl, 1.7681.772, calcd, 1.783.785A,

Xe---O: (1) exptl. 2.738(1)2.780(1), calcd, 2.862.866A; (4) exptl, 2.591(1)2.605(1),
calcd, 2.7282.731A).

The gasphase optimized(APFD) structure of 2) reproduces the eclipsed
conformation of the Xe®@ molecules in the crystal structure. The calculated\ XeA
distance(3.968 A) is slightly shorter than th experimental distanc&.097(1)A). The
calculated XeO (1.7621.780 A) and Xe--O (2.6752.825 A) bond lengthsare in
excellent agreement with the®spectiveexperimental values (X©, 1.763 1.772; Xe---

0, 2.682(1) 2.871(1).
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(09X 0dE(EHD)] (P)pue ‘Z(E0aX)E(ONSHSED)
(9) 2(209X)H0S(EHD)] (a) ‘C0aXE0(EHD)] fe)samawoab paziwndo sseydses TT'€ ainbiy
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Theisolated repeat urgtn (3) was optimized at the BSLYP and APFD leval)\;
with only two Xe--O contacts. The crystal structure geometry significantly distorted at the
B3LYP level of theory(C: symmetry) but was maintained at the APFD levglCo-
symmetry) The absence of the third XD contactbetween neighboring chains resulted
in shorer Xei O bonds(exptl, 1.770 1.781; calcd, 1.763.772A), but hadho significant
effect on the Xe-O bond lengths (exptl, 2.59 2.606(1); calcd, 2.61®.680A).

The Natural Population Analysis (NPA) atomic charges, Wiberg bond indices, and

Wiberg valences were calculated for compourigs(4) (Table3.3; Tables3.14i 3.18).
The results are consistent with enhancement of the polalent X&O bonds in all
compounds. The NPA charges of the Xe atom argsCatoms are significantly more
positive and more negative, respectively, than those okX&art from @), the Wiberg
valences of Xe also decrease upon coordination. The Wilnerg indices of the primary
Xei O bonds decrease upon coordination of XeCa Lewis baséelhe small Wiberg bond
indicesQ . 0231 0. 0 7-60 addodt bomndh a&e cansistent with very weak covalent
bonding. The changes in atomic charges and bond indices that accompany coordination are
consistent with enhanced polesvalent character of the primary»@ bonds of Xe®and
predominantly electrostatic XeO bondsin))i(4) , as obs eholebmaded-or t he

base addudfs” andO-base addult of XeQs.
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Table 3.3. NaturalPopulationAnalysis (NPA)Charges and Wibergalences for the Xe
atom and Qeo, atoms, andhe Wiberg X& O BondIndices forXeOs andCompounds 1)i

(4).

B3LYP APFD

XeOs (1) ) 4) XeOs (2) ©)
Atomic  Xe 2688 2.854 2854 2861 2.866 2.640 2924 2933 2.844
Charges g 10.896 10.962 10.978 10.964 70.964  10.880 10.955 10.966 70.989

10.896 10.968 10.971 70.957 710.968 10.880 11.012 711.034 710.955
10.896 10.973 710.961 70.974 710.959 10.880 10.997 10.991 710.979

Wiberg  Xe [3.390] [3.351] [3.356] [3.356] [3.354]  [3.386] [3.348] [3.346] [3.402]

Valences [1.550] [1.470] [1.458] [1.476] [1.466]  [1.551] [1.500] [1.489] [1.439]
[1.550] [1.464] [1.467] [1.485] [1.475]  [1.551] [1.432] [1.403] [1.507]
[1.550] [1.458] [1.480] [1.463] [1.486]  [1.551] [1.449] [1.459] [1.473]

Bond Xei O 1.130 1.091 1.088 1.079 1.077 1.129 1.117 1.107 1.050
Indices 1.130 1.083 1.095 1.072 1.090 1.129 1.048 1.021 1.109
1.130 1.076 1.075 1.092 1.101 1.129 1.064 1.076 1.078

Xe---O 0.027 0.023 0.028 0.033 0.029 0.041 0.076
0.027 0.024 0.030 0.033 0.032 0.042 0.049
0.027 0.027 0.025 0.029 0.026

The predicted average binding energies of [(280]:Xe0s, [(CHs)2SOB(XeOs)z,
(CsHsNO)3(XeOs)2 and [(GHs)sPORXeOs are provided in Tabl8.4. The binding energies
of [(CH3):CO:XeO: and [(GHs)sPOpXeO: are similar, despite the fact that
[(CeHs5)sPOLXeOs has only two Xe-O bonding interactions and [(GHCO]:XeOs has
three, but agrees with the two shorter and stroXget-O bonds in [(GHs)sPORXeOs
versus the three weaker bonds in the acetone adduct. BREN@Q)3:(XeOs). and
[(CH3)2SOR(XeOs). adducts have binding energies that are approximately lifes as
large as the other two adducts, since it has four andesixO bonding interactions in the
gas phase, respectively. The formation2)fgnd @) is spontaneous and exothermic and

room temperature. The thermodynamic parameterd.faré¢ consistent with experimental
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observation and indicate that the system nsequilibrium with adduct dissociation

occurring at higher temperatures

Table 3.4. Calculated binding energi@gor [(CH3)2CO]sXe0s (1), [(CHs)2SOE(XeOs)2
(2), (CsHsNO)3(XeOs)2 (3) and [(GHs)sPOLXeOs (4).

(D) (1) ) (3)0! (@)

Binding energy (kJ mot) 192.2 1178.2 11419 1938
gHxn 182.1 1885 1220.0 171186.5
q:ern 32.8 114.0 138.5 117.9

[a] B3LYP/Def2TZVP. [b] 298 K. [c] 195 K.

3.3 Conclusion

Examples of XeQO; oxygenbase adducts were synthesized and structurally
characterized. The [@Els)sPOLXeOs adduct contains welbkolated, distorted square
pyramidal XeQ@ units and provides the only example presently known for azXeduct
which has only two secondary bonding interactions. THEH3).CO]:XeOs,
[(CH3).SOR(Xe0s)2, and (GHsNO)3(XeOs)2 adductseach display different jg&ing
motifs which are welisolated structural units, dimers, and chains, respectively. The
triphenylphosphine oxide and pyridiNeoxide adducts are agtable at room temperature
and are insensitive to mechanical shodke mean shifts of the(PO) vilrational modes
for [(CeHs)sPORXeOs indicate that Xe®@ is a weaker Lewis acid than ShQiut is
comparable to the Lewis acid strength of Bi@id BiBs. Calculations show enhancement

of the X& O primary bonds upon coordination and predominantly electrosta---O
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bonding interactions between the nucleophilic O atoms of the oxygen bases and the

el e ct r-hgbeb of the xenoniatoms.

Acknowledgements

We thank the Natural Sciences and Engineering Research Council of Canada
(NSERC) for support in the forwf a Discovery Grant (G.J.S.) and an Alexander Graham
Bell CGSaward (J.T.G). WehankDr. HéleneP. A. Mercier forher valued comments
relating to the manuscript and for her assistance with the vibrational assignwierdase
also grateful for the compational resources provided by SHARCNet (Shared Hierarchical

Academic Research Computihgtwork, www.sharcnet.ceandcompute Canada.

Experimental Section

Caution! Solid XeQ detonates when subjected to mild thermalmechanical shock.
Great care must be taken during the syntheses and handling efaXd@s adducts. For
these reasons, the quantity of XeMed in each synthesis was limiteditd®mg. Reaction
vessels used in this study were fabricated from FERxaftuoropropylene,
tetrafluoroethylene copolymer) fluoroplastic, which is inast attack by HF, strong
oxidantsand fluorinating agentsand generally does not shatter to produce sharp shards
when a detonation occurs at the reagent scales describedisirstiidy. Appropriate

protective equipment (face shield, leather gloves, ear protection) must be used.

Apparatus and Materials

All volatile, air-sensitive, corrosive fluorides were handled on metal vacuum lines
constructed of nickel, 316 stainless staell FEP fluoroplastinhydrous HF (Harshaw

Chemicals Co.) was purified as previously descriBd.
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Xenon hexafluoride was prepared by the reaction of Xe (99.995%, Air Products and
Chemicals, Inc.) and2K98+%, Air Products and Chemicals, Inc.) simila the method
described by Malm and Cherni€kl Small amounts of XeFimpurity, identified by two
strong peaks at 502 and 543'chin the Raman spectrum, also formed Xe@hen

hydrolyzed®™! and therefore did not interfere with the synthesis of XeO

Aqueous solution of Xewas synthesized by hydrolysis of XeRs previously
described® An aliquot (ca. 10 mg, 0.056 mmol Xef the resulting aqueous solution,
XeOsBHF,q, was transferred into a 8 3 cm FEP (hexafluoropropylene, tetrafluoro
ethylene copolymer) fluoroplastic tray by use of a pipette fabricated from FEP tubing.
Water and HF were removed from Xeky evaporation overnight in a fume hood to give
solid XeQ. The sample was transferred to a plastic (HDPE) desiccator and dried over 4 A

mol ecul ar sieves for 2713 h to ensures that &

[(CH3)2CO]3XeOz(1). In a typical reaction, acetone (ca. 0.2 mL) was pipetted onto drg XeO

(ca. 6 mg, 0.03 mmol) in an FEP tray. Acetone was carefully pipettedsolidoXeC which

rapidly dissolved to give a clearolorless solution whit was then pipetted into a-ivk FEP

reactor. Clear, colorless,bloskhaped crystals grew upon sl ow c
solvent was removed unodeiré 0dyMC naincd vtahceu urne aactt
ati78°CwithN2zas soon as the solvent removal was <co

°C to prevent adduct dissociation and loss of acetone.

[(CH3)2SOJ3(Xe03)2 (2). A stoichiometric excess ¢fCH3)>SO (ca. 02 mL, 2.8 mmol) was
mixed with an aliquot (ca. 0.2 mL, 0.056 mmol of X¢Of aqueous Xee®HF obtained by

hydrolysis of Xek at room temperature. Slow evaporation of the mixture at room temperature
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inside a fume hood yielded large, colorless, pttapedrystals of (CH3).SO|3(Xe0s)2. The
crystalline material had a wdke appearance and was shock insensitive, but slowly

decomposed t(CH3).SOe, Xe, and Qat room temperature ovamperiod of several days.

(CsHsNO)3(Xe0z3)2 (3). An aqueous solution ofEIsNO (ca. 7 mg, 0.07 mmol) was mixed
with an agueous solution of Xe@a. 12 mg, 0.067 mmol) in an FEP tray. Evaporation of the
solution yielded a single, large, rstiaped crystal of @EIsNO)3(XeOs)2. The crystal was
insensitive to mechanical shock ands easily cut into smaller piecés crystal mounting
Crystalline(CsHsNO)3(XeOs)2 underwent rapid deflagration when brought into contact with a

flame.

[(CsH5)3PO]2Xe0s (4). A CH3CN solution of triphenylphosphine (12 mg, 0.067 mmol) was
layered oto anaqueous solution of Xed®10 mg, 0.056 mmol) at 0 °C in ahFEP reaction
vessel. The reaction mixture was left to stand undisturbed overnight. Clear, colorless, block
shaped crystals of [@E5)sPORXeOs grew which were separated from the mother ligoypr

use of an FEP pipette. The crystals were stable at room temperature.

[(C6H5)3PO]nXeO3ACH3CN. Triphenylphosphine (8.5 mg, 0.032 mmol) was dissolved in a
CH3CN solutionof Xe@( 5 mg, O0.03 mmol ) at T10 AC. Slow
of [(CeHs)sPORXeOsACHsCN. Attempts to grow crystals suitable fan X-ray structure

determinatiorwere unsuccessful.

[(CeH5)2POCH;]2XeOsANCCHs. A concentrated solution of DPPE (4,2
bis(diphenylphosphinegthane) in CEICN (6 mg, 0.02 mmol) was layered onto agqueous
solution of Xe@(3 mg, 0.02 mmol) at 0 °C in a-in. FEP reaction vessel. The reaction mixture

was left undisturbed for 4 h. A crystalline precipitate formed which consisted of smalt block
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shaped crystals ¢{CsHs).POCH].XeOsAH3CN which werestable at room temperature for

several days.

X-ray Crystallography. (a) Crystal Mounting.Singlecrystals of[(CH3)2SOB(XeQs)2,
(CsHsNO]3(Xe0s)2 and [(GHs)sPORXeOs were submerged in perfluoropolyether oil

(Fomblin Z25) in the open atmosphere and weedected at room temperature and
mounted at the tip of a dutllickness polymer loop (MiTeGen, Ithaca, NY; MicroMofint;

100500 & m) us i n g5S Hraakeo(datocatbanrProduéts Corporation, River

Edge, NJ)Singlecrystalsof [(CH3).COJ]sXeOs were mounted on an-Ky diffractometer

at lonstemperatures usinggreviously described procedi#8 Samples which contained

isolated dry crystals were mounted by carefully pouring the crystals intmaB&P cold
trough held at 180 N5 AC. While still insi
nylon cryoloop (MiTeGen MicroMount?”) that had been dipped in an inert psofinated

polyether.

(b) Collection and Reduction ofpdy Data. Crystals were centered on a Bruker SMART

APEX Il diffractometer equipped with an APEX 1l 4K CCD (chaxgripled device) area

detector and a triplaxis goniometer that was controlled by teEX Il Graphical User

Interface (GUI) softwar€” A Bruker Triumph curved crystal monochromator was used
with a Mo KU (& = 0.71073 i) radiation sc
collection at T-lafd8-sc@n€coleden ati® sitereats. The trystal

to-detector distance was960 cm (compoundsl) and @)) or 4.954 cm (compound&)(

and @)) and data collection was carried out in a 512 x 512 pixel mode using 2 x 2 pixel
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binning The raw data was processed by use of the APEX Il GUI soft#/afhe

SADABS®® program was usefr scaling the diffraction data.

(c) Solution and Refinement of the StructuFae XPREP prograli?! was used to confirm

unit cell dimensions and the crystal lattice. All calculations were carried out using the
SHELXTL-plud®® and the Olex®? package for structure determination, solution
refinement, and molecular graphics. Space group choices were confirmed usind‘Platon.
The final refinements were obtained by introducing anisotropic thermal parameters and the
recommended weightings for all of théoms except the hydrogen atoms. The H atoms
were placed at locations derived from a difference map. The H atoms were included as
riding contributions with isotropic displacement parameters that were 1.2 times those of
the attached carbon atoms. The maximelectron density in the final difference Fourier

map was located near the xenon atom.

Raman Spectroscopy The Raman spectra were recorded on a Bruker RFS H&aR&an
spectrometer using 106¥m excitation, 300 mW laser power, and +0.3 érasolution a

previously describelfd

Computational Details. Densityfunctional theory (DFT) was employed to syuthe
electronic structures 0feQs, [(CH3)2COXe0s, [(CHs)2SOB(XeOs)2, (CsHsNO]3(XeOs)2
and [(GHs)sPORpXeOs, and the ligandsAll basis sets wereabained online from the EMSL
Basis Set Exchange (https://bse.pnl.gov/bse/pdttalQuantumchemical calculations
were carried out using the program Gaussiat?@8r geometry optimizations and to create

wavefunction files. The GaussVié# program wa used to visualize the vibrational
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displacements that form the basis for the vibrational mode descriptions given in Table S1.
The CrystalExplorer 3% program was used for Hirshfeld surface analyses. Natural bond
orbital analyses were performed usin@FD densities with the NBO program (version

6.0)148
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3.4 Supporting Information

Figure 3.12. The packing diagram for [(CHCO]sXeOs; thermal ellipsoids are shown at
the 50% probability level and hydrogenmat®have been omitted for clarity.
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Figure 3.13. The packing diagram for [(CH5Ok(XeOs)2; thermal ellipsoids are shown
at the 50% probability level and hydrogen atoms have been omitted for
clarity.
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Figure 3.14. The packing diagram for gElsNO)3(XeOs)2; thermal ellipsoids are shown
at the 50% probability level and hydrogen atoms have been omitted for
clarity.
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Figure 3.15. The packing diagram for [@Els)sPOLXeGs; thermal ellipsoids are shown
at the 50% probability level and hydrogen atoms have been omitted for
clarity.
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Figure 3.16. The preliminary Xray crystal structure d{CesHs),POCH].XeOsAH:CN (5);
the hydrogen atoms have been omitted for clarity and thermal ellipsoids are
shown at the 50% probability levels.

84



M.Sc.Thesisi Katherine M. MarczenkaVicMaster University Chemistry

Table 3.5. Experimental and calculatéd(C: symmetry) geometrical parameters for
[(CH3).COJsXe0C:s.

Bond Lengths(A)

exptl calcd
XeliOl 1.768(2) Xe2 04 1.765(2) 1.786
XeliO2 1.768(2) Xe2i O5 1.767(2) 1.784
XeliO3 1.764(2) Xe2i0O6 1.762(2) 1.785
XeliO7 2.768Q) XeZ01l0 2.778(2) 2.866
XeliO8 2.745(2) XeZiOll 2.740(2) 2.864
XeliO9 2.738(2) Xe2iOl2 2.777(2) 2.865
o7 C2 1.211(4) O1G'Cl1 1.217(4) 1.216
Clic2 1.506(4) C1G0iC11 1.488(4) 1.507
C2iC3 1.488(4) C11iC12 1.499(4) 1.509
C4iC5  1.484(5) Cl3Cl4 1.493(5) 1.507
C5/C6  1.487(5) C14C15 1.491(5) 1.509
08iC5  1.223(4) O11liCl4 1.210(3) 1.216
C7iC8  1.492(5) Cl6Cl7 1.485(5) 1.509
C8CO  1.493(4) Cl7iC18 1.484(5) 1.507
0gi C8 1.223(3) 0O1zCl7 1.221(3) 1.216

Bond Angles f)

exptl calcd
021 XeliO1 101.70(9) O4i Xe2i O5 101.86(9) 103.11
Ol XeliO3 101.80(9) Od4iXe2i O6 101.59(9) 102.89
02 XeliO3 102.37(9) O5i Xe2i O6 102.11(9) 103.29
Oli XeliO8 85.95(8) 0O4iXez2i01l2 88.85(8) 85.94
02 XeliO8 161.16(8) O6i Xe2i01l2 166.72(8) 166.70
03 XeliO8 92.70(7) O6iXe2Zi010 88.69(8) 83.79
Oli XeliO7 164.84(8) OS5 Xe2i0O1ll 161.47(8) 166.71
03 XeliO7 90.91(7) O6iXeZi01l1l 91.05(8) 85.94
02 XeliO9 86.22(7) O4iXe2ZiO1ll 87.98(8) 83.99
Oli XeliO9 89.48(7) O5iXe2Zi0l2 83.49(8) 85.61
O3/ XeliO9 163.94(8) O4i Xe2Zi0O1l0 166.89(8) 166.99
08 Xeli09 76.3(6) 010 XezZiO11l 83.66(6) 87.06
XeliO9iC8 135.7(2) XeZiOlliCl4 142.5(2) 128.92
O7/C2i C3 122.5(3) O1l0ClLiC10 121.8(3) 122.02
O7iCZCl 120.7(3) Ol0ClucCl2 121.6(3) 120.60
08 C5i C4 120.8(3) O11iC14C13 122.0(3) 120.60
08i C5i C6 121.1(3) O11LiCl4Ci15 1213(3) 122.01
09 C8i C7 120.7(3) 012 C17C18 121.3(3) 120.60
09 C8i C9 122.03) 012 Cl17Ci16 121.3(3) 122.03
Cliczic3 116.7(3) Cl10'ClLiCl2 116.6(3) 117.36
C4i C5i C6 118.1(3) C13Cl4iCl5 116.8(3) 117.38
C7i C8i C9 117.4(3) Cil16Cl7C18 117.6(3) 117.36

[a] B3LYP/Def2-TZVP.
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Table 3.6. Experimental and calculatBt (C1 symmetry) geometrical parameters for
[(CH3)2SORB(Xe0s)2.

Bond Lengths (A) Bond Angles )
exptl calcd? exptl calcd?
XeliO1 1.763(1) 1.770 O1l1 Xe 1T '101.96(7) 102.96
Xeli 02 1.767(1) 1.760 O1l1 Xe 1T '102.31(7) 103.56
Xeli O3 1.771(1) 1.774 0271 XelT1 '102.29(7) 103.63
XeZi O4 1.765(1) 1.768 0471 Xe 21 '102.25(6) 103.62
XeZi O5 1.771(1) 1.762 041 Xe 21 '101.92(7) 103.04
XeZi O6 1.772(1) 1.780 O51 Xee 101.27(7) 101.93
Xeli O7 2.871(2) 2.805 041 Xe 21 1 94.20(5) 91.20
XeliO8 2.726(1) 2.752 O51 Xe 271 '87.18(5) 102.86
Xeli O9 2.693(12) 2.721 O1l1 XelT1 ' 96.31(5 89.17
Xezi O7 2.703(2) 2.825 0371 XelT1 '152.46(5) 149.47
XeZi 08 2.770(2) 2.694 O1l1 XelT1 '161.326) 157.70
XezZi O9 2.683(1) 2.675 0271 XelT1 ' 88.96(5) 91.41
S1 07 1.529(1) 1.511 037 Xe 17 ' 89.89(5) 89.21
SiiCl 1.782(2) 1.789 O11 Xel1T1 ' 90.26(5) 84.21
S1iC2 1.788(2) 1.791 0271 XelT '161.80(5) 166.04
S2108 1.524(1) 1.511 0371 XelT '87.96(5 85.99
S2C3 1.786(2) 1.788 081 XelT '7592(4) 78.46
S2C4 1.779(2) 1.789 041 Xe 2T 192.96(5 91.20
S3 09 1.538(1) 1.512 O51 Xe 271 '87.18(5) 87.45
S3C5 1.785(2) 1.787 061 Xe 21 '159.63(5) 147.48
S3C6 1.782(2) 1.790 041 Xe 2T ' 161.77(5) 160.41
067 Xe2T ' 92.59(5) 90.04
O571 Xe 21 ' 157.08(5) 168.24
O71 Xe 21 ' 74.56(4) 71.87
067 Xe2T ' 92.09(5) 87.45
Xell O81  130.34(7) 128.55
Xe21 O71  117.52(6) 122.53
Xell O91 . 96.08(4) 94.66
Xell O971  124.15(6) 125.89
Xe21 0971  135.49(7) 128.83
o711 105.05(8) 106.38
0771 S17 C. 105.35(8) 105.32
08171 S21 C 104.82(8) 105.52
0871 S21 C. 105.19(9) 105.42
097 S37 C 105.24(8) 106.16
09171 S31 C' 104.39(8) 105.41
C1iS1T1 C 987(1) 98.39
C31 S21 C.99.2(1) 98.47
C571 S31 C199.36(9) 98.44

[a] APFD/Def2TZVP.
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Table 3.7. Experimental and calculatéd(C. symmetry) geometrical parameters for
[(CsHsNO]3(Xe0:s)a.

Bond Lengths(A) Bond Angles )

exptl calcd? exptl calcd?
XeliO1 1.768(1) 1.772 O1li Xeli 02 100.65(5) 102.54
Xeli 02 1.779(1) 1.763 O1li Xeli O3 102.26(5) 103.10
Xeli O3 1.773(1) 1.770 02Zi Xeli 03 100.20(5) 104.24
XeliO4 2.586(1) 2.616 Ol XeliO4 86.08(4) 80.88
Xeli O5 2.604(2) 2.680 02 XeliO4 87.22(4) 85.25
XeliO4 6 2.896(1) O1i Xeli O5 82.71(4) 80.87
O4i N1 1.335(2) 1.292 0O2Zi Xeli O5 172.80(4) 159.50
N1iC1l 1.353(2) 1.350 0O3i Xeli O4 167.96(4) 168.40
N1i C5 1.354(2) 1.350 0O3i Xeli O5 85.19(4) 85.25
Cluic2 1.380(2) 1.377 O1iXeliO4 6 153.49(4)
C2iC3 1.392(2) 1.387  OZiXeliO4 6 101.164)
C3iC4 1.385(3) 1.387  0O3iXeliO4 6 87.22(4)
C4i C5 1.377(2) 1.376 XeliO4iN1  107.00(8) 104.15
C6i C7 1.382(2) 1.377 O4iN1LiCl  119.7(1) 119.76
CIliH1 0.94(2) 1.079 O4iN1i C5 118.9(1) 119.90
C2iH2 0.95(2) 1.082 N1iCliC2 119.9(1) 120.67
C3iH3 0.98(3) 1.083 N1i C5 C4 120.1(1) 120.71
C4i H4 1.00(2) 1.082 CIiN1i C5 121.4(1) 120.29
C5'H5 0.89(2) 1.078 ClicziC3 119.6(2) 119.96
C6i H6 0.85(2) 1.078 C2IC3iC4 119.2(2) 118.41
CrniH7 0.94(2) 1.082 C3iC4iC5 119.7(2) 119.94

[a] APFD/Def2TZVP.
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Table 3.8. Experimental and calculatéd(C: symmetry) geometrical parameters for
[(CeHs)3sPOpXeOs ati173°C.

Bond Lengths(A) Bond Angles )

exptl calcd? exptl calcd?
XeliO1 1.763(4) 1.786 O1i Xeli 02 102.2(2) 103.96
Xeli O3 1.770(3) 1.785 O1li Xeli O3 103.2(2) 104.10
Xeli 02 1.774(4) 1.785 02Zi Xeli 03 100.8(2) 101.94
Xeli O4 2.605(3) 2.731 Ol XeliO4 95.0(2) 89.44
Xeli O5 2.591(4) 2.723 02 XeliO4 84.0(2) 84.32
P1i O4 1.507(3) 1.498 O3 Xeli O4 159.6(2 162.99
PIiC1 1.805(4) 1.821 O1i Xeli O5 89.1(2) 84.32
P1i C7 1.811(4) 1.821 0O2Zi Xeli O5 162.2(1) 162.31
P1i C13 1.812(4) 1.821 0O3i Xeli O5 89.8(1) 84.32
P2 O5 1.505(3) 1.497 O4i Xeli O5 81.2(1) 84.27
P2 C19 1.804(4) 1.821 Xeli O4i P1 134.9(2) 142.57
P2 C25 1.812(3) 1.814 XeliO5 P2  157.9(2) 148.07
P2 C31 1.808(4) 1.821 O4PLiCl  109.1(2) 110.24
C5i C4 1.389(7) 1.398 O4PLC7  113.2(2) 112.88
C5i C6 1.383(7) 1.389 O4iPI C13 112.2(2) 112.44
C5/ H5 0.97(8) 1.083 OS5 P2 C19 109.9(2) 112.82
CAai H9 0.99(7) 1.083 O5i P2 C25 111.3(2) 110.44
C25C30 1.406(6) 1.398 OS5 P2 C31 112.7(2) 112.82
C29 C30 1.399(5) 1.389 C7iP1LiC13 106.8(2) 106.27

[a] B3LYP/Def2TZVP.
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Table 39. Bond valencéd for [(CH3):COXeQOs, [(CHs)2SOE(XeOs)2,
(CsHsNO)z(XeOs)2, and[(CeHs)sPORXeOs.

[(CHz),COJ:XeOs [(CH)2SOls(Xe0s)2  (CsHsNO)(XeOs),  [(CeHs)sPORXeOs

Xei O 1.892 1.903 1.897 1.887 1.872 1.898
1.872 1.887 1.877 1.857 1.847 1.862
1.872 1.877 1.857 1.852 1.817 1.842

Xe---O 0.136 0.135 0.154 0.158 0.205 0.202
0.133 0.122 0.128 0.150 0.195 0.195
0.125 0.122 0.095 0.125 0.089

Total 6.032 6.047 6.008 6.028 6.026 5.999

[a] Values are in valence units.(v) as defined in reference 14

Figure 3.17. TheHirshfeld surfacef the triphenylphosphine ligand j(CeHs)sPOpXeOs
mapped with théhom function.
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Table 3.14. Natural population analysis (NPA) charges, Wiberg valencies, and Wiberg
bond indices for Xeg) (CHz)2CO, and [(CH).CO)] XeOs.

XeD;H
Bond Indices NPA Charges [Valencies]
Nel-01 1130 e 2688 [3300]
Hel-02 1130 o1 089 [1.330]
Nel-03 1130 (o] =089 [1.330]
03 —0.89  [1.550]
Fxe0, 0.000
(CH:):CO™
Bond Indices NPA Charges [Valences]
01-C2 1846 01 0523 [1.846]
ci1Cc2 1004 C1 0700 [1.004]
c2C3  1.004 C3 0700 [1.004]
[(CH:):COJ:XeOs™ [(CH3):C0)3]Xe0:H
Bond Indices NEPA Charges [Valencies] Bond Indices NPA Charges [Valencies]
Nel-0O1 1091 Xe 23854 [3.351] o7-c2 1.782 o7 —0.578 [2.028]
Nel-02 1.083 01 —0.962 [1.470] 08-C5 1782 08 579 [2.028]
Nel-03 1.076 021 —0.968 [1.454] 08-C3 1.783 (o] 0378 [2.028]
03 -0.873 [1.458] Cc1-C2 1.013 Cl —0.697 [3.859]
Xel-04 0.027 ey —0.049 C2-C3 1.020 C2 a4 [3.834]
Wel-05 0.027 C3-Ca 1.014 C3 —0.714 [3.837]
Xel-06 0.027 C4-C5 1.020 C4 —0.697 [3.858]
Txeo, 3,329 c8-C7 1.014 C3 0A04  [3.834]

C3-Co 1.020 cs 0714 [3.857]
c7 0697 [3.868]
Cs 0604 [3854]
ce 0714 [3.857]

[a] The calculated geometric parametkns XeOs: Xel O, 1.170n19X eji;O, . 106 .
[b] The B3LYP/Def2 TZVP levelof theorywas used.
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Table 3.15. Natural population analysis (NPA) charges, Wiberg valencies, and Wiberg
bond indices for Xe@ (CHs).SO, and [(CH)2SO)x]3(XeOs)2.

XeOslatl
Bond Indices NPA Charges [Valencies]
Xel-01 1.130 Xe 2688 [3.390]
Xel-02 1.130 o1 -0.896 [1.530]
Xel-03 1130 o2 -0896 [1.5330]
03 -0896 [1.5330]
xe0y 0.000
(CHs):50M
Bond Indices NPA Charges [Valences]
01-82 1.282 o1 0953 [1.534]
C1-C2 0908 81 242 [3.148]
C2-C3 0908 C1 -0.813  [3.836]
C3 -0.803 [3.836]
[(CH3):50)3](Xe03)2I] [(CH3):80)] (Xe01)2M
Bond Indices NPA Charges [Valencies] Bond Indices NPA Charges [Valencies]
Xel-01 1.08% Xe 2854 [3.3346] 07-51 1.137 a7 -1.050 [1.419]
Xel-02 1.093 o1 —0.978  [1.438] 08-52 1.138 (o} —1.049 [1.419]
Xel-03 1073 o2 -0.971  [1.487] 09-583 1.139 09 —-1.049 [1.419]
Q3 -0.961  [1.480] §1-C1 0.945 51 1.253 [3.008]
Xel—0O7 0.023 Yxe0;  —0.056 51-C2 0.945 52 1.251 [3.093]
Xel-08 0.024 852-C3 0.945 83 1252 [3.098]
Xel—-00 0.027 852-C4 0.945 c1 -0.807 [3.826]
- §3-C5 0.945 Cc2 —0.813 3.822
20y 3.332 83-Céo 0.945 C3 —-0.808 ES.SE&%
Xel-04 1.079 Xe 2861  [3.338] g‘; :gg[l]; gg%g%
Xel-03 1072 04 -0.964  [1.478] CE _0.814 [3.822]
Xel-06 1.092 03 —0.937  [1.483]
06 —0.974  [1.463]
Xel—O7 0.023 Y0y —0.034

Xel-08 0.030
Xel-09 0.025
¥ xe0, 3333

[a] The calculated geometric parameters for Xeel O, 1.170n19X eji;O, . 106 .
[b] The B3LYP/Def2 TZVP levelof theorywas used.



M.Sc.Thesisi Katherine M. MarczenkavicMaster University Chemistry

Table 3.16. Natural populatioranalysis (NPA) charges, Wiberg valencies, and Wiberg
bond indices for Xeg) (CHz).SO, and [(CH)2SO}]3(XeOs)2.

[a] The calculated geometric parameters for Xeel O, 1.17C64Xeji;O, . 107.

[b] The APFD/Def2TZVP levelof theorywas used.
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