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ABSTRACT

The chemistry of xenon(Il) has been significantly extended by the syntheses and
characterizations of new examples of xenon bound to nitrogen having formal sp, sp, and
sp° hybridization, namely the F;S=NXeF*, F48=NXe*, and FsSN(H)Xe" cations. The
F,S=NXe---N=SF;" adduct-cation is the first example of an N-Xe—N linkage to be
structurally characterized by X-ray crystallography. Until recently, all of the known
compounds containing xenon bound to formally sp-hybridized nitrogen have been
prepared using organic nitrogen bases. The inorganic nitrogen Lewis base thiazyl
trifluoride, N=SF3, was reacted with the AsF¢~ salt of the Lewis-acidic XeF" cation at
—20 °C to synthesize the donor-acceptor adduct [F3S=NXeF][AsFs]. Displacement of
XeF, from [FXeOXeFXeF][AsFs] by N=SF; at —60 °C led to the formation of the
FXeOXe---N=SF;" adduct-catjon, providing a rare example of a xenon(II) oxide fluoride,
which was characterized by Raman spectroscopy of natural abundance and '*O-enriched
salts. The solid-state rearrangement of [F3S=NXeF][AsFs] at 22 °C vyielded
[F4S=NXe][AsFs], which was characterized by Raman spectroscopy. This is the first
example of xenon bonded to an imido-nitrogen and the first example of the F4S=N- group
bonded to a noble gas. The HF solvolysis of [F38=NXeF][AsFs] at —20 °C in aHF or BrFs
solvents generated [FsSN(H)Xe][AsFs], which, in addition to FsTeN(H)Xe", provides the
only other example of xenon bonded to an sp’-hybridized nitrogen centre.

Through further study of the HF solvolysis of [F3S=NXeF][AsF¢] in aHF or BrFs

solutions, it was shown that the F4S=NXe" cation was also formed, and may be
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understood in terms of an HF-catalyzed mechanism. The F;S=NXe" cation subsequently
underwent HF solvolysis, forming F4S=NH,", XeF,, and FsSN(H)Xe". Both cations
underwent further HF solvolyses to form the FsSNH;" cation. The F4S=NXe' and
F4S=NH," cations were characterized by NMR spectroscopy and single-crystal X-ray
diffraction, and exhibit high barriers to rotation about their S=N double bonds. They are
the first cations known to contain the FsS=N- group, significantly extending the
chemistry of this ligand. The rearrangement of [F3S=NXeF][AsFs] in N=SF; solution at 0
°C yielded [F4S=NXe---N=SF;][AsFg], which was characterized by Raman spectroscopy
and X-ray crystallography.

Solvolysis of N=SF; in aHF is known to give the primary amine, FsSNH,,
whereas solvolysis in the superacid medium AsFs/aHF results in amine protonation to
give [FsSNH;][AsF¢]. Until recently, definitive structural characterizations were not
known for either of these fundamental species. Isolation of FsSNH;»HF from the
reaction of N=SF; with HF has provided a structural characterization of FsSNH, by
Raman spectroscopy. Crystal growth by sublimation of FsSNH,-nHF at =30 to —40 °C
provided single crystals of FsSNH,2[FsSNH;3][HF,]-4HF, and recrystallization of
[FsSNH3][AsFs] from N=SF; solution at =70 °C afforded crystalline
[FsSNH3][AsF¢]-2N=SF3 and resulted in the structural characterization of these salts by
X-ray crystallography. The redox decomposition of [F4S=NXe---N=SF3][AsF¢] in N=SF;
at 0 °C generated Xe, cis-N,F,, and [F3S(N=SF;),][AsF¢] which was characterized by
Raman spectroscopy and single-crystal X-ray diffraction. These X-ray crystal structure

determinations, in themselves, represent a significant extension of sulfur-nitrogen-
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fluorine chemistry, providing the first definitive characterizations of FsSNH, and
FsSNH;'", only the second known example of unadducted N=SF;, and rare examples of
main-group coordination compounds of N=SF;.

The FsSNH;" cation protonated CH3CN to CH;CNH® which is proposed to
initiate the cyclotrimerization of CH3CN, generating FsSNH; and [s-C3(CH3)3;N3H][AsFs],
as characterized by NMR spectroscopy at ~10 °C in CH3CN solvent. Crystal growth from
CH;CN at —10 to —35 °C enabled the determination of the X-ray crystal structure of
[s-C3(CH3)3N3H---NCCH3][AsFg]'CH3CN. This represents the first known crystal
structure of a sym-2,4,6-trialkyl-1,3,5-triazinium cation.

The final objective of this research was to extend the chemistry of krypton-
nitrogen bonded species. The nitrile cations RC=NKrF" (R = H, CF;, CyFs, n-C5F7) are
currently the only known examples containing Kr—N bonds. The syntheses of the
F3S=NKrF" and FsSN(H)Kr" cations as their AsFs~ salts were attempted by the reaction
of KrF, with F3S=NAsFs and [FsSNH3][AsFg], respectively, for characterization by NMR
spectroscopy in BrFs solvent at —70 to —60 °C. No conclusive evidence for Kr—N bond
formation was found, however, in each case, the fluorination and oxidation products SFg,

NF;, NF," and AsF¢~ were observed instead.
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CHAPTER 1

INTRODUCTION

1.1.  Noble-Gas Chemistry

The chemistry of Group 18, the noble or rare gases, has been a subject of research
interest since the discovery of noble-gas reactivity in 1962 by Neil Bartlett.' When
Bartlett discovered that platinum hexafluoride, PtF¢, was able to oxidize molecular
oxygen, O, to O,",' it became evident that PtFs should also be capable of oxidizing
xenon gas, because xenon and molecular oxygen have very similar first ionization
potentials (12.13 and 12.2 eV, respectively). Bartlett confirmed his speculation by

demonstrating that xenon gas was readily oxidized by PtFs at room temperature (eq 1.1)
Xe) + Pt — [Xe][PtFe] (5 (1.1)

to form a yellow-orange solid which was then formulated as [Xe][PtFs]. Approximately
forty years later, Bartlett reported that the reaction between xenon and PtF¢ yielded a
mixture of [XeF][PtFs] and [XeF][Pt:F1,],? however, he continued to maintain that a pale
yellow solid resulting from the reaction of a stoichiometric mixture of Xe and PtFs was
indeed [Xe][PtF¢], which is more properly formulated as [XeF][PtFs]. Bartlett
conjectured that the latter product was likely to be a nXeF" salt of the polymeric anion
(PtFs"),.” The synthesis of a stable xenon compound soon led to other examples of binary
xenon fluorides, namely, Xer,3 XeF4,4 and XeFg,” as well as XeO;,6 XeOF,,” and Ker,8
all within three years of Bartlett’s initial discovery of noble-gas reactivity.

1
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Although HATF has been stabilized in a solid argon matrix at extremely low
temperature (7.5 K) and studied by infrared spectroscopyg’10 and ArF" has been observed
in the gas phase in a vacuum ultraviolet study in which argon/fluorine mixtures were
irradiated at 79.1 nm,"' no long-lived argon species have been synthesized in
macroscopic amounts to date. Synthesis of radon compounds is rendered difficult because
no stable isotopes of this element exist. When a mixture of trace amounts of radon-222
and fluorine gas are heated to approximately 400 °C, a non-volatile fluoride is formed."
Radon was also oxidized by halogen fluorides or NiF¢> to give stable solutions of radon
fluoride, which were not analyzed because they were prepared at the radiotracer level
owing to the radioactivity of *’Rn (t,; = 3.82 d). Comparison of the reactions of radon
with those of krypton and xenon suggest that RnF, is formed,'? and electromigration and
ion-exchange studies show that the ionic radon species present in solutions of halogen
fluorides in SbFs are likely RnF* and Rn*"."* Thus, the only Group 18 elements which
exhibit extensive chemistries are xenon and krypton.

Xenon has the most extensive chemistry among the noble gases, exhibiting
oxidation states of +1%, +2, +4, +6, and +8, of which all but +'% are stabilized by bonds to
electronegative atoms such as fluorine, oxygen, and chlorine, as well as by
electronegative ligands bonded through oxygen, carbon, and nitrogen. Krypton has a less
extensive chemistry, exhibiting only the +2 oxidation state, which is stabilized by
bonding to fluorine or to ligands bonded through oxygen or nitrogen. A number of

comprehensive reviews covering the chemistry of the noble gases are available,”?' as
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well as a historical account of the events leading up to the discovery of noble-gas

reactivity and its impact on modern chemistry.?

1.2. Xenon(II) Chemistry

The compounds of xenon in the +2 oxidation state are the most widely studied of
the noble gases, and are ultimately derived from XeF,. Several synthetic routes to XeF,
are known, with the most convenient, high-yield synthesis being the direct combination
of the elements at high temperatures (ca. 300 °C) in the presence of an excess of Xe (eq

1.2).2* The compound is a white, crystalline solid that is stable at room
Xe + F», ——» XeF, (1 .2)

temperature (AHY = —162.8 £0.9 kJ mol™;* m.p., 129.03 £0.05 °C;*® vapour pressure at
298.15 K, 4.55 Torr*®), and exhibits strong oxidant behaviour.

The bonding in XeF; can be described in terms of valence bond structures or by
molecular orbital (MO) theory. The valence bond description maintains an octet of
electrons around each atom, and retains the canonical 2-centre-2-electron model of a
chemical bond, through the superposition of two resonance structures (Structures I and

III) to describe an average Lewis structure denoted by Structure II. In an MO description,
F-Xe'FF < F-Xe-F ¢ F "XeF

| I 11
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the octet of electrons is again retained. Of the 22 electrons in XeF», all but four are placed
in non-bonding atomic orbitals (AOs) to give an ns® np,* npy2 npzo electron configuration
around each atom. The two unoccupied p, orbitals of the fluorine atoms are mixed with

the unoccupied p, orbital of the noble-gas atom to generate three MOs; bonding(¥)),

non-bonding(¥;), and anti-bonding(¥s), respectively (Figure 1.1). The four

Ce4dCe —v
Ce® - & f
L _ @@ | G

F Xey, Foo

p(z)
Figure 1.1.  Partial MO description representing the -bonding in XeF».

non-AQ electrons populate the bonding and non-bonding MOs, giving a bond order of
0.5 for the two Xe-F interactions. The molecule is said to possess a 3-centre-2-electron
model of bonding (or alternatively, a 3-centre-4-electron model if one includes the
electrons in the non-bonding MO). Since the non-bonding MO is localized mainly over
the two fluorine atoms, the Xe-F bond is significantly polarized, which is in agreement
with the valence bond description. As a consequence, XeF, tends to be a fluoride ion
donor (Lewis base), and can either coordinate to a Lewis acid centre of appropriate
strength through a fluorine atom, or transfer a fluoride ion to form XeF' and the

corresponding fluoro-anion derived from the Lewis acid.

4
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The reactivity of XeF; has been extensively explored, resulting in Xe-O, Xe-C,
Xe—N, and Xe—Cl bonded species. Derivatives of xenon(II) are typically prepared (1) by
fluoride ion abstraction from XeF,, (2) by metathesis (ligand exchange) reactions
involving XeF, and a suitable ligand transfer reagent, (3) by HF displacement in the
reaction of XeF, with a strong protic acid, or (4) by reaction of the Lewis acid, XeF",
with an oxidatively resistant base. This reactivity will be further explored in the ensuing
discussion in this chapter.

There are two general classes of ligands which are suitable for stabilizing xenon
in its positive oxidation states; protonic acids which also exist as stable anions, and
neutral Lewis bases. In each case, the ligand must be resistant to redox degradation and
withstand the high electron affinity associated with the positive formal oxidation state of
the noble gas to which it is bonded. The anion of the ligand must (1) have a high effective
group electronegativity and first adiabatic ionization potential, (2) exist as a moderate to
strong monoprotic acid, (3) exist as a stable anion in alkali metal salts, and (4) form a
positive chlorine derivative. Neutral Lewis base ligands must (1) posess a first adiabatic
ionization potential greater than the electron affinity of the strongly oxidizing noble-gas
cation, and (2) be basic enough to donate an electron lone pair to the noble-gas cation

Lewis acid.

1.2.1. Fluoride Ion Donor Properties of XeF,
Xenon difluoride reacts with strong fluoride ion acceptors such as AsFs and SbFs

to form adducts having the formulations XeF,-MFs, XeF,-2MFs, and 2XeF,-MFs, which
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are best described as salts of the XeF" and Xe,F3" cations (eqs 1.3-1.5).”%° The XeF"

cation interacts strongly with the MF¢™ anion by means of a fluorine bridge

XeF, + MFs — [XeF][MFs] (M = As, Sb) (1.3)
XeF, + 2MFs —» [XeF][MaFi;] (M = As, Sb) (1.4)
XeF, + [XeF][MFs] ——» [Xe;Fs][MFs] (M = As, Sb) (1.5)

between xenon and a fluorine atom of the anion,29 while the Xe,F;' cation does not
fluorine bridge to the anion.”® The Xe,F5" cation can be regarded as a fluoride ion bridged
to two XeF " cations, forming a symmetric, planar, V-shaped cation having C,, symmetry,

which also exhibits slightly bent F-Xe---F bond angles (Structure Iv).2%

AFu 1

v

The propensity of the XeF" cation to form fluorine bridges attests to its strong Lewis acid
character.'®

The ionic character of the Xe---F interaction in the [XeF][MFg] salts is dependent
on the fluorobasicity of the anion, i.e., the ability of the MF¢™ anion to partially donate a
fluoride ion to the XeF" cation. Decreasing the fluoride ion basicity of the anion (or
increasing the Lewis acidity of the Lewis acid fluoride) leads to a more ionic Xe---F

bridge interaction. For example, the weaker fluoride ion donor properties of SbyF;;~

6



Ph.D. Thesis — Gregory L. Smith

relative to AsFs leads to a more ionic interaction between the bridging Xe---F in
[XeF][SboF,;] (Xe--F distance, 2.343(4) A)° than in [XeF][AsFs] (Xe--F distance,
2.208(3) A).*° Because these bonds are not purely ionic, they are significantly shorter
than the sum of the xenon and fluorine van der Walls radii (3.63 A).*' The difference in
fluoride ion donor properties for these anions does not, however, significantly affect the
terminal Xe—F bond lengths of [XeF][SboF11] (1.888(4) A)*° and [XeF][AsFs] (1.888(3)
A).30

A simple valence bond description for XeF, and [XeF][MF¢] accounts for the
behaviour of the F—Xe bond of XeF" salts with the fluorobasicity of the anion. The
interactions can be represented in terms of three competing resonance structures which

serve to describe the 3-centre-2-electron bonding in their structures (Structures V—VII).

F-Xe' F-MFs~ < F-Xe'F MFs < F "Xe-F MFs

\% VI VII

When a fluoride ion acceptor is introduced to XeF,, it is able to effectively stabilize the
ionic resonance structures (Structures I and IV, vide supra). As the interaction between
xenon and the bridging fluorine becomes more ionic in character (Structure VI), the
bridging fluorine donates less electron density to F—Xe', increasing the bond order
between xenon and the terminal fluorine. Conversely, a more covalent interaction
between xenon and the bridge fluorine (Structure VII) donates more electron density to

F-Xe", decreasing the bond order between xenon and the terminal fluorine.
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1.2.2. The Lewis Acid Properties of the XeF" Cation

The Lewis acidity of the XeF" cation, as seen from the propensity of XeF" to form
fluorine bridges with the anions of its salts'® and by its ability to form the Xe,F3" cation (eq
1.5),”® has been exploited to form Xe(II)-N bonded cations by the reaction of oxidatively
resistant electron pair donors with XeF**? The electron affinity of XeF" has been estimated
to be 10.9 ¢V, allowing one to predict which ligands, based on their first adiabatic
ionization potentials, are likely to be stable to redox degradation by this noble-gas cation.
Reactions of XeF" with neutral organic nitrogen bases in HF, or reactions of XeF, with
protonated nitrogen base salts in BrFs accompanied by HF elimination, have led to cations
in which XeF" is adducted to formally sp- and sp*-hybridized nitrogen centers. These
include hydrogen cyanide,** alkyhitriles,”* pentafluorobenzene-nitrile,**
perfluoroalkylnitriles,***® perfluoropyridines,”’ and s-trifluorotriazine.”® With the exception

of the s-trifluorotriazine adduct-cation, s-C3F3N,NXeF", all of the adduct-cations

decompose below room temperature.

1.3. Compounds Containing Xenon-Nitrogen Bonds

Known species containing xenon-nitrogen bonds can be divided into three classes;
those in which xenon is bound to nitrogen having formal sp-, sp-, or sp3 -hybridization.
Prior to this work, examples exhibiting sp-hybridization were limited to the XeF" adducts
of organic nitriles, and exhibition of formal sp’-hybridization at nitrogen was solely
represented by FsTeN(H)Xe". Species containing xenon bound to formally sp>-hybridized

nitrogen include the XeF" adducts of s-trifluorotriazine and several perfluoropyridines, as
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well as species derived from the —N(SO,F); and —N(SO,CF3), groups. The ensuing

discussion will more fully describe these three classes of Xe—N bonded species.

1.3.1. Xenon Bound to Formally sp-Hybridized Nitrogen

The majority of xenon-nitrogen bonded species that contain formally sp-hybridized
nitrogen have been synthesized by addition of stoichiometric amounts of the XeF" or
Xe,F;3', cations as their AsF¢ salts, to neutral organic nitriles, RC=N, in anhydrous HF

(aHF) and/or BrFs (eqs 1.6 and 1.7). The cations generated have been characterized by

[XeF][AsFs] + RC=N [RC=NXeF][AsF] (1.6)

[XeFs][AsFs] + RC=N —» [RC=NXeF][AsFs] + XeF, (1.7)

multi-NMR and Raman spectroscopy as their AsFg salts, and include RC=NXeF' (R =
H %38 CH, %% CHF* CHoCL® CF3® CoHs2* CHoFCH,® CoFs % n-CsH,
CH,FCH,CH,,” CH;CHFCH,,” CHF,CH,CH,,* CH;CF,CH,,” n-C3F7,>** n-C4Ho,”
CH;CHFCH,CH,,”* (CH3),CH,* (CH;):C,*** CH,FC(CH;)H,”® CH,CIC(CH:;)H,* or
CeFs>*). In addition, single-crystal X-ray structures have been determined for
[HC=NXeF][AsFs], [CH;C=NXeF][AsF¢]-HF and [(CH3);CC=NXeF][AsFs] (Figure 1.2),*®
providing Xe—N bond lengths of 2.235(3), 2.179(7), and 2.212(4) A, respectively. The
NMR chemical shifts, Raman frequencies, and X-ray diffraction-determined geometries
support a bonding description in which the Xe~N bonds in the RC=NXeF" cations are
regarded as Lewis acid-base donor-acceptor bonds. This interpretation is also supported

by Atoms in Molecules (AIM) analysis.>® This donor-acceptor bond can be viewed as

9
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Figure 1.2. X-ray Crystal Structure of the (CH3);CCNXeF' cation in
[(CH3);CCNXeF][AsFg]; thermal ellipsoids are shown at the 50%
probability level.”®

the inter-penetration of the outer diffuse closed shell (nonbonded) densities of the Xe and
N atoms. The xenon atom electron lone pairs form a torus of electron density which
exposes the positively charged xenon atom core opposite the F ligand in XeF*,* resulting
in considerable electro-static character for the Xe—N bond.

A second group of cations containing xenon bound to formally sp-hybridized
nitrogen atoms are the salts of the C¢FsXe™ cation in which C¢FsXe' is coordinated to
CH3;CN. Crystallization of these salts as adducts of CH3CN is a consequence of their high
solubilities in CH3;CN, but lower solubilities in weakly-coordinating solvents such as
CH,Cl,. When XeF, was allowed to react with B(C¢Fs); in CH,Cl, solution at —40 °C,
sparingly soluble [C¢FsXe][(CsFs).BF,] precipitated (eq 1.8),*! which readily dissolved in
CH;CN to give a solution from which the CH3;CN adduct, [C¢FsXe---
NCCH;][(CeFs)2BE,], was crystallized (eq 1.9).*' This difference in solubilities was also
employed in metathesis reactions in CH3CN between soluble [CcFsXe][BF4] and [M][BY4]

(Y = CF3, CN, or CgFs; M =K or Cs) salts which precipitated sparingly soluble

10
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XeF; + B(CgFs)3; —— [CoFsXe][(CoFs).BF;] (1.8)

[CeFsXe][(CéFs):BF2] + CH;CN ——» [CeFsXe---NCCH:][(CéFs):BF2] (1.9)

[M][BF,], thereby generating C¢FsXe™ salts of the BY,~ anions.*? Of these salts,
crystallization yielded two more structures in which CgF sXe" was adducted to CH;CN,
namely the C¢FsXe---NCCHj5" salts of B(CF3)s and B(C6F5)4_.42 Compared to the nitrile
adducts of XeF" (vide supra), these salts contain considerably longer Xe---N contacts
(2.681(8), 2.640(6), and 2.610(11) A, respectively). Interestingly, the [CsFsXe][B(CN)4]
salt can be considered as an ion-pair formulated as C¢FsXe---NCB(CN)s, because of the
short Xe---N contact (2.716(3) A) to a cyanide ligand of the anion, that is also

considerably less than the sum of the xenon and nitrogen van der Waals radii (3.71 A

1.3.2. Xenon Bound to Formally sp>-Hybridized Nitrogen

Three distinct synthetic approaches have been used to synthesize species contain-
ing xenon bound to formally sp*-hybridized nitrogen atoms; (1) the use of XeF" as a
Lewis acid to adduct to a neutral nitrogen base, (2) the reaction of XeF, with a protonic
acid which also exists as a stable anion, liberating HF, and (3) fluorine-ligand exchange
with XeF, by use of an appropriate ligand transfer reagent.

The former approach was used in the neat, room-temperature reaction of XeF"
with s-trifluorotriazine to form the s-C3F3N,NXeF™ cation (eq 1.10). The

[s-C3F3N;NXeF][AsFg] salt has been characterized by multi-NMR spectroscopy (in HF

[XeF][AsFe] + s-C3F3N3; —» [s-C3F3N,NXeF][AsF] (1.10)

11
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and BrFs solutions) and Raman spectroscopy.”® The single-crystal X-ray structure of
[s-C3FsN,;NXeF][AsFs]-2.5BrFs has also been determined.”® Reaction of the nitrogen
bases RCsFsN [R = F, n-CF; (n = 2, 3, 4)] with XeF" in aHF at —30 to —20 °C proceeds
through a base protonation reaction (eq 1.11) and two equilibria involving XeF, (eqs 1.12

and 1.13) to generate RCsF;NXeF'. Reaction 1.13 also proceeds in BrFs solution with the

RCsEN + (n+2)HF — [RCsE,NH][HF,-#HF] (1.11)
[RCsF,NH][HF,#HF] + [XeF][AsFs] ——
[RCsF,NH][AsFe] + XeF, + (n+ 1)HF (1.12)

[RCsF,NH][AsFs] + XeF, == [RCsF.NXeF][AsF¢] + HF (1.13)

Xe—N bonded cation being more strongly favoured in this aprotic medium. The
[CsFsNXeF][AsFg] salt has been characterized by multi-NMR (in HF and BrFs solutions)
and Raman spectroscopy’’ and by the single-crystal X-ray structure of
[CsF 5NXeF][AsF6]-2.5BrF5.38 The n-CF3CsFsNXeF" (n= 2,39 3,3 o 437) cations have been
characterized by multi-NMR (in HF and BrFs solutions) and by Raman spectroscopy of
their AsF¢ salts.

The studies in which salts of C¢FsXe" have been prepared in CH3CN solvent led
to adducts bonded through the sp-hybridized nitrogen of this base (vide supra). Adducts
of C¢FsXe' to nitrogen atoms having formal spz-hybridization, in the form of a series of
pyridines, have been studied by multi-NMR spectroscopy.*® The crystal structure of one

such adduct, [2,6-CsH3FoN---XeCgFs][AsF¢], has been determined and exhibits a long

12
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Xe---N contact, 2.694(5) A,** which is still considerably less than the sum of the xenon
and nitrogen van der Waals radii (3.71 A).*

A further example of xenon bonded to sp>-hybridized nitrogen is the first xenon-
nitrogen bonded compound, FXeN(SO,F),. This compound was synthesized by reaction
of the acid, HN(SO,F),, with XeF, in CF,Cl, solvent at 0 °C for 4 d (eq 1.14),** and was

44-46

characterized by multi-NMR and Raman spectroscopy, as well as by single-crystal X-

ray diffraction (Figure 1.3).*® A two-fold increase in the stoichiometric amount of the

HN(SOzF)z + Xel,

FXeN(SO,F), + HF (1.14)

Figure 1.3.  X-ray Crystal Structure of FXeN(SO,F),; thermal ellipsoids are
shown at the 50% probability level.*

acid resulted in the bis-derivative, Xe[N(SOzF)2]> (eq 1.15)* and, in the case of the

trifluoromethyl analogue, Xe[N(SO,CF3),];, improved yields were obtained when the

13
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trimethylsilyl derivative was allowed to react with XeF, in CF,Cl, solvent at 0 °C (eq

1.16).*® The related cationic species, F[XeN(SO.F),],", was generated by fluoride ion

2HN(SOsF), + XeF, Xe[N(SO,F),), + 2HF (1.15)

2(CH3)3SiN(SO,CF3), + XeF,
Xe[N(SO,CF3):]> + 2(CHj3)3SiF (1.16)

abstraction from FXeN(SO,F), using half an equivalent of neat AsFs at —78 to —5 °C over
36 h to generate the AsFs salt. (eq 1.17)**”* Fluoride abstraction with one equivalent
of AsFs (neat liquid, —78 °C) gave [XeN(SO.F),][AsFs] (eq 1.18).* In addition,
[XeN(SOzF),][AsFs] was also generated by pumping on the latter salt under dynamic
vacuum at 23 °C, liberating AsFs (eq 1.19). The XeN(SOzF)g+ cation was obtained as its
SbsF 6 salt by careful reaction of F[XeN(SOzF)2]2+AsF6' with excess liquid SbFs, which
evolved AsFs (eq 1.20). The crystal structure of the product, [XeN(SO;F),][SbsF 6], was

determined (Figure 1.4).%

2FX€N(SOQF)2 + AsFs —— F[XCN(SOzF)2]2+ASF5_ (117)
FXeN(SO,F), + AsFs —» [XeN(SO,F),][AsFg] (1.18)
2[XeN(SOF),][AsFs] —= F[XeN(SO.F),],"AsFs~ + AsFs (1.19)

F[XeN(SO,F).],"AsFg~ + 3SbFs —» 2[XeN(SO:F)][SbsFi¢] + AsFs (1.20)

14
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Figure 1.4. X-ray Crystal Structure of [XeN(SOF),][SbsFi6]; thermal
ellipsoids are shown at the 50% probability level.*’

Xenon Bound to Formally sp3-Hybridized Nitrogen

Prior to this work, only one example of xenon bound to formally sp>-hybridized

nitrogen was known, namely, FsTeN(H)Xe", which was synthesized as its AsFs_ salt by

reaction of FsTeNH, with [XeF][AsFs] in aHF at —45 to =35 °C (eqs 1.21-1.24), and in

the equilibrium reaction of FsTeNH;" with XeF, in HF (—45 to =35 °C) or BrFs (62 to

—45 °C) solvents (eq 1.24). The cation has been characterized by multi-NMR and Raman

[XeF][AsFs] + HF = XeF, + [HyF][AsF¢] (1.21)
FsTeNH, + [H,F][AsFs] —> [FsTeNH;][AsFs] + HF (1.22)
FsTeNH, + (n + 2)HF — > [FsTeNH;][HF,nHF] (1.23)
[FsTeNH;][AsFe] + XeF, =—= [FsTeN(H)Xe][AsFs] + 2HF (1.24)
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spectroscopy, and by single-crystal X-ray diffraction (Figure 1.5).>° The '®Xe chemical
shift of FsTeN(H)Xe" indicates the xenon atom is highly shielded (—2902 ppm, BrFs5
solvent, —48 °C) and the Xe—N bond is among the shortest known (2.044(4) A), making

this one of the most covalent Xe—N bonds formed by xenon.

Figure 1.5.  X-ray Crystal Structure of [FsTeN(H)Xe][AsF¢]; thermal ellipsoids
are shown at the 50% probability level >

1.4. Krypton(Il) Chemistry

The chemistry of krypton has been reviewed,”' and in many ways is analogous to
that of xenon, however, far fewer krypton compounds are known because of their lower
thermodynamic stabilities and stronger oxidant properties. The only known neutral
krypton fluoride, KrF,, has an endothermic heat of formation, but can be produced in
macroscopic quantities at low temperature. The endothermic nature of this compound
makes it a better low-temperature source of F- atoms than F,. This is exemplified by the
mean thermochemical bond energies for F,, XeF», and KrF,, which are 154.6(6),51 81.4° 2
and -30.1(1.7) kJ mol™,>>** respectively. Methods used to generate the fluorine atoms

that are required for reaction with krypton include high-voltage glow discharlcg,e,g’ss’56
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3963 and thermal dissociation

small particle (e7, p") bombardment,”™® UV irradiation,
using a hot-wire reactor.®>® The highly reactive fluorine radicals (eq 1.25) react with
krypton to form the metastable KrF" radical (eq 1.26), which forms KrF, by combination

with a fluorine radical, or by combination with KrF", liberating Kr (eqs 1.27, 1.28).

F, — 2F (1.25)
F' + Kr —» KtF (1.26)
KiF* + FF — > KiF; (1.27)
KiF* + KrF* —— KrF, + Kr (1.28)

1.4.1. Fluoride Ion Donor Properties of KrF;
Krypton difluoride exhibits fluoride ion donor behaviour that is similar to that
established for XeF,. Reactions of KrF;, with strong fluoride acceptors such as AsFs and

SbFs to form KrF" and Kr,F5" salts (egs 1.29-1.31) in the absence of a solvent and in

KrF; + MFs — = [KrF][MFs] (M = As, Sb) (1.29)
KrF, + 2MFs —» [KrF][M:F1;] (M = As, Sb) (1.30)
KrF, + [KrF][MFs] —» [Kr:F3][MFs] (M = As, Sb) (1.31)

aHF or BrFs solvents have been well studied.?! Unlike their xenon analogues, the KrF™
and Kr,F;" cations are extremely potent oxidizers and are thermodynamically unstable
with respect to redox decomposition. As in the case of the XeF" cation, the KrF" cation
interacts strongly with the anion by means of a fluorine bridge between krypton and a

fluorine atom of the anion,”' whereas the Kr,Fs* cation does not strongly interact with the
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anion. The Kr,F5" cation has a V-shaped geomet analogous to that of the Xe,F;" cation
ped g ry

(Structure I).

1.4.2. Lewis Acid Properties of the KrF* Cation

As is the case for XeF", the Lewis acidity of the KrF" cation is manifested by its
tendency to form fluorine bridges with the anions of its salts,”' and by its ability to form the
dinuclear Kr,F;" cation in preference to bridging to MFs.>! The Lewis acidity of KrF" has
been exploited to form the first Kr—N bonded species by the reaction of protonated or AsFs-
adducted oxidatively resistant electron pair donors with KrF'3%% Despite the strong
oxidizing properties of the KrF~ cation, a limited number of nitriles having first adiabatic
ionization potentials that are comparable with or exceed the estimated electron affinity of the
KrF" cation (13.2 eV),” are resistant to oxidation by the KrF" cation at low temperatures.
These adducts are thermally and kinetically unstable above ca. —60 °C and are currently the

only known examples of krypton bonded to nitrogen.

1.5. Krypton-Nitrogen Bonds

The known chemistry of compounds containing krypton-nitrogen bonds is
restricted to the series of four cations generated by the low-temperature reaction of KrF,
with the protonated hydrogen cyanide cation, HC=NH" (eq 1.32), and the Lewis acid-

base adducts, ReC=NAsFs (Rp = CF3, C;Fs, n-C3F7) (eq 1.33)* in BrFs or aHF

[HC=NH][AsFg] + KrF; — > [HC=NKrF][AsFs] + HF (1.32)
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RrC=NAsFs + KrF, [RrC=NKrF][AsFe] (1.33)

solvent at ca. —60 °C to give the corresponding KrF* adducts. This synthetic strategy
differs from that used to generate the analogous xenon cations; by direct reaction of XeF"
with the nitrile (eq. 1.6). The KrF" cation is a much more potent oxidizer than XeF",
which results in oxidative attack and fluorination of the base with the rapid evolution of
Kr, NF;, and CF4 gases at higher temperature. Such reactions are likely to be
accompanied by detonations. Although these cations were found to be far less stable than
their xenon analogues, they have been unambiguously characterized by low-temperature
multi-NMR spectroscopy despite their short (1-2 h) lifetimes at ca. —60 °C,*%¢ which

precluded their study by other means.

1.6.  Sulfur-Nitrogen-Fluorine Chemistry

The first reported compounds containing only the elements sulfur, nitrogen, and
fluorine were S4N4F;, SN,F,, and N=SF, which were synthesized by reaction of SNy
with AgF,.%” Shortly thereafter, N=SF was oxidized with two equivalents of AgF, to give

N=SF; (eq 1.34).%® In addition to N=SF and N=SF3, several other neutral NSFx

N=SF + 2AgF, — > N=SF; + 2AgF (1.34)

(x=1, 3,5, 7) compounds are known, including FNS,69’7O FN=SF2,71’72 FN=SF4,73 74 and

F,NSFs.”>77
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The field of sulfur-nitrogen-fluorine chemistry has, over the past fifty years,
grown significantly, and several reviews are now available on this diverse topic.”®®' Only
the chemistry of N=SF3, which has a direct bearing on the experimental work described

in this thesis, is summarized in the ensuing discussion.

1.6.1. The Structure and Chemistry of Thiazyl Trifuoride, N=SF;
The geometry of thiazyl trifluoride has been determined by NMR,* infrared,®**

8 and microwave spectroscopy,85 and most recently by single-crystal X-ray

Raman,
diffraction.¥ Like isoelectronic SO,F;, N=SF; has a distorted tetrahedral geometry

(Figure 1.6), with a formal N=S triple bond and an electron lone pair on nitrogen.

Figure 1.6.  X-ray crystal structure of N=SF3; thermal ellipsoids are shown at
the 50% probability level.*®

The chemistry of N=SF3 has been reviewed,78 and embraces three major areas of
study; (1) reactions with Lewis acids, which occur by donation of the electron lone pair

on nitrogen to a Lewis-acid centre to form a donor-acceptor adduct, (2) addition reactions
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involving the m-system of the formal N=S triple bond, and (3) reactions with nucleophiles
that result from the partial positive charge at the coordinatively unsaturated sulfur atom.
The stability of N=SF; towards the strong fluoride ion acceptors BF3;, AsFs, and
SbFs results in Lewis acid-base adduct formation to give F3SENBF3,82’87 F3S=NAsF 5,78’88
and F3S=NSbFs.*® Thiazyl trifluoride is also sufficiently stable to act as a main-group
element ligand, as in [(CFs3),SF3_,N=SF3][AsFs],¥ and as a transition-metal ligand,78’90'95
e.g., [M(N=SF3)4][AsFs]2 (M = Mn, Fe, Co, Ni, Cu).”* Protonation of N=SF; occurs in
the superacidic medium HSOsF/SbFs (eq 1.35), but above —80 °C, the equilibrium

favours adduct formation (eq 1.36).”® Although cations of the type XN=SF;" are expected

N=SF + HSO;F/SbFs —» [F3S=NH][SbFs0SO,F] (1.35)
[F3S=NH][SbFsOSO,F] + N=SF; =——

F3S=NSbFs + HSO;F-N=SF3 (1.36)

as intermediates in reactions that involve XF (X = H, Cl) addition to the N=S triple bond
of N=SF3, none have been isolated.*®*’ If, however, alkyl groups (R = CH3, C;Hs) are

used to lower the electrophilicities of the cationic addition products, salts can be isolated

(eq 1.37).%1%

N=SF; + [ROSO][SbFs] ——= [F3S=NR][SbFs] + SO, (1.37)

All known reactions of XF (X = H, Cl) with N=SF; result in addition of two

equivalents of XF across the N=S triple bond, yielding FsSNX, (eq 1.38),96 but no
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intermediates have been isolated. In the superacidic medium aHF/AsFs, addition of HF to

the AsFs adduct of N=SF; gives the ammonium cation, FsSNH3" (eq 1.39).19

N=SF; + 2XF —» FsSNX, (1.38)

FiS=NAsFs + 3HF —» [FsSNH;][AsFe] (1.39)

Thiazyl trifluoride also undergoes reactions with nucleophiles. Reaction with
elemental fluorine in the presence of CsF (eq 1.40), and with HgF, and elemental

chlorine (eq 1.41), gives products that are highly suggestive of the as yet unconfirmed

N=SF; + CsF —» {[Cs][N=SF4]} + F, —» FsSNF, + CsF  (1.40)

N=SF; + HgF; —— {Hg(NESF4)2} + Cl; —— FsSNCI, + HgF, (1.41)

anion intermediate, N=SF,~,”® which is isoelectronic with the well-known O=SF,
molecule. Products which retain the formal N=S triple bond are generated when N=SF; is
allowed to react with secondary amines (HN(C,Hs),, HNCsH, eq 1.42)102’103 or C¢HsOH
(eq 1.43),' and undergo substitution at sulfur. Reactions with cesium perfluoroalkyl
reagents [Cs][RgF] (e.g., Rr = C;Fs, eq 1.44)!%1% or organolithium reagents (e.g.,

LiCe¢Hs, eq 1.45)106 lead to sulfur-carbon bond formation.

N=SF; + 2R,NH —» N=SF,NR, + R,NH-HF (1.42)
N=SF; + C¢HsOH + (CH;)sN — = N=SF,0C¢Hs + (CH:);N-HF  (1.43)
N=SF; + [Cs][RefF] —— N=SF,Ry + CsF (1.44)

NESF3 + LiC6H5 e NESF2C6H5 + LIF (145)
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Nucleophilic attack at the sulfur atom in N=SF; by hydroxide ion is also likely, as
evidenced by the generation of the intermediate, HN=SOF,, in hot aqueous alkali (eq

1.46). The presence of HN=SOF, was inferred by precipitation of the

N=SF; + KOH —— HN=SOF, + KF (146)

[P(CsHs)4][N=SOF,] salt."”” Substitution reactions such as these have formed the basis

for a large body of continuing work in the field of sulfur-nitrogen-fluorine chemistry.**'%

1.7.  Purpose and Scope of the Present Work

The present work will expand upon the known chemistry of the noble gases, and
in particular, it will explore avenues that may lead to new examples of xenon-nitrogen
and krypton-nitrogen bonds in which the noble gas atom is bonded to an inorganic main-
group ligand. Currently only Xe(II) and Kr(II) form bonds to nitrogen, and the majority
of the known species involve organic nitrogen Lewis base ligands adducted to XeF" or
KrF', or xenon bound to the bisfluorosulfurylamine ligand, —N(SO,F),. The use of
N=SF; as an inorganic nitrogen Lewis base has potential to significantly expand this
chemistry because of the demonstrated reactivity of the S=N bond. Structural
characterization by multi-NMR and Raman spectroscopy and by single-crystal X-ray
structure determinations of new Xe(Il) and Kr(I) compounds are goals of the present
work. The geometries and bonding of these new noble-gas species will also be studied by

use of quantum-chemical calculations.
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Another facet of the present research concerns the absence from the literature of
full characterizations for the HF addition products of N=SF;, namely, FsSNH, and
FsSNH;®, which renders further work on these fundamental sulfur-nitrogen-fluorine
species important. The mechanism of HF solvolysis is unknown, and no intermediates
arising from addition of only one molecule of HF have been isolated or characterized.
The pentafluorosulfanyl species FsSNH; and FsSNH;" may also provide avenues to new
noble-gas species in reactions similar to those of their known tellurium analogues, and
would significantly expand the chemistry of noble gases bonded to formally sp -
hybridized nitrogen, of which there was only one example known prior to this work,
namely, FsTeN(H)Xe’. Studies of the solvolytic behaviours of noble-gas compounds
derived from N=SF; could lead to new noble-gas species, as well as to a better
understanding of the mechanism of the HF solvolysis of the S—N triple bond of N=SF;.

The aforementioned synthetic goals will broaden and deepen our understanding of
the chemistry of the noble gases, the synthetic scope of N=SF3 and its derivatives, and
enhance our understanding of sulphur-nitrogen-fluorine chemistry. The fundamental
nature of the molecules under investigation will make it possible to validate geometries
predicted by bonding models such as the VSEPR rules and by quantum-chemical

calculations.
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CHAPTER 2

EXPERIMENTAL SECTION

2.1. Standard Techniques
2.1.1. Dry Box and Vacuum Line Techniques

The compounds used and prepared during the course of this work were moisture-
and temperature-sensitive, and were handled under rigorously anhydrous conditions on
glass and metal vacuum line systems or in an inert atmosphere (N, gas) dry box (Vacuum
Atmospheres Model DLX, oxygen and moisture <0.1 ppm) equipped with a glass
cryowell. Preparative work inside the dry box requiring low temperatures was
accomplished using a metal Dewar filled with 4.5 mm copper-plated spheres that had
previously been cooled to ca. —140 °C in the glass cryowell (=196 °C) of the dry box.

Preparative work involving volatile fluorides that attack glass (e.g., HF) were
carried out on metal vacuum lines constructed primarily from 316 stainless steel and
nickel and fitted with 316 stainless steel valves (Autoclave Engineers, Inc., Figure 2.1).
Pressures were measured at ambient temperatures using MKS Model PDR-5B pressure
transducers having wetted surfaces constructed of Inconel. The pressure transducer
possessed a range of 0—1150 Torr, which was accurate to 0.5 Torr.

Reactions that did not involve transfer of materials that attack glass were carried
out on Pyrex glass vacuum lines equipped with grease-free 6-mm J. Young PTFE/glass
stopcocks outfitted with PTFE barrels (Figure 2.2). Pressures inside the glass manifold

were monitored using a mercury manometer.
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Schematic Diagram of Metal Vacuum Line System: (A) outlet to liquid nitrogen and charcoal (Norit) traps
followed by a two-stage direct-drive rotary vacuum pump (Edwards, E2M8) — hard vacuum, (B) outlet to soda
lime and liquid nitrogen traps followed by a two-stage direct-drive rotary vacuum pump (Edwards, E2M8) —
rough vacuum, (C) dry nitrogen inlet, (D) fluorine inlet, (E) MKS Model PDR-5B pressure transducer
(0 —1000 Torr), (F) MKS Model PDR-5B pressure transducer (0 — 10 Torr), (G) Bourdon pressure gauge
(0 — 1500 Torr), (H) */g-in. 316 stainless steel high pressure valve (Autoclave Engineers, 30BM6071), (I) 316
stainless steel cross, (J) 316 stainless steel T-piece, (K) 316 stainless steel L-piece, (L) nickel connectors, (M)
Yoin. 0.d., /g-in. i.d. nickel tube.

g T £103910 — s1soy L, " Ud



LT

g ii B
G C A

1D

|

-

E 10 cm

3 D

Figure 2.2. Glass vacuum line used for the manipulation of non-corrosive volatile materials. (A) Main vacuum manifold.
(B) Dry N inlet. (C) 15-mm greaseless J. Young valve with PTFE barrel. (D) 6-mm greaseless J. Young valve

with PTFE barrel. (E) Mercury manometer. (F) Liquid N; cold trap. (G) Outlet to vacuum pump.
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Glass vacuum lines were equipped with Edwards two-stage internal vane E2M8
direct-drive vacuum pumps which produced manifold pressure of ca. 10°~10"* Torr.
Vacuum was maintained on the metal vacuum line by use of two E2M8 vacuum pumps;
the first, a roughing pump, was used primarily for the removal of volatile reactive
fluoride and oxide fluoride compounds. The rough pump was used to pump 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 Scientific, 4-8
mesh), followed by a final trapping procedure, utilizing a glass liquid nitrogen trap to
remove CO; and water formed by reaction of fluoride materials with soda lime and other
volatile materials that were unreactive towards soda lime. The second vacuum pump
provided the high vacuum (ca. 107 Torr) source for the manifold and was fitted with a
glass liquid nitrogen trap. The Edwards rough and high vacuum pumps also had activated
charcoal (Norit) beds installed on their intakes to remove any trace of F; that may still be
present after cold or chemical trapping.

Materials of low volatility were transferred under a dry nitrogen atmosphere (<0.1
ppm H,O) of a Vacuum Atmospheres dry box. Temperature sensitive materials were
transported into the dry box through a glass cryowell immersed in liquid nitrogen. These
materials could be safely handled at temperatures as low as ca —140 °C for extended
periods (ca 1 h) in a stainless steel Dewar filled with pre-cooled metal spheres

(Copperhead, Airgun Shot, Steel BB Cal. 4.5-mm, Model #0757).
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2.1.2. Sample Vessels

All synthetic work was carried out in reactors constructed from lengths of “4-in.
o.d. FEP tubing which were heat-sealed at one end and heat-flared (45° SAE) at the other.
The tubing was connected to Kel-F valves, encased in aluminum housings, using brass
flare fittings. All vessels were then connected to a glass vacuum line using Ys-in. i.d.
stainless steel Swagelok Ultra-Torr unions fitted with Viton O-rings and were rigorously
dried by pumping (a minimum of 6 h) under dynamic vacuum. Vessels were then
connected to the metal vacuum line using a PTFE Swagelok union and passivated with
ca. 1000 Torr of F, for ca. 12 h. Once passivated, vessels were evacuated under dynamic
vacuum to remove all volatile impurities and back-filled with dry N, (ca. 1000 Torr) prior
to use. Similarly, connections made to the metal vacuum line manifold were dried under
dynamic vacuum and passivated with F» gas overnight. Connections made to a glass
vacuum line were dried under dynamic vacuum overnight. Glass vessels used to handle
less corrosive materials were dried under dynamic vacuum for a minimum of 8 hr and
were periodically flamed out with a Bunsen burner.

Nuclear magnetic resonance spectra were acquired using sample tubes prepared
from Y-in. o.d. FEP tubing. One end of each tube was heat-sealed using the end of a
heated thin-walled 10-mm o.d. glass NMR tube, while the other end was fused to ca. 5
cm of Y4-in. o.d. thick-walled tubing. The end was subsequently heat-flared (45° SAE) for
connection to a Kel-F valve. Prior to acquisition of the NMR data, the sample tubes were
heat-sealed under dynamic vacuum using a nichrome wire resistance furnace of

appropriate diameter. Otherwise, NMR samples were prepared in 5-mm o.d. thin wall
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precision glass NMR tubes (Wilmad) fused to Y-in. o.d. lengths of glass tubing which
were, in turn, attached to 4-mm J. Young PTFE/glass stopcocks by use of Y-in. i.d.
stainless steel Swagelok Ultra-Torr unions fitted with Viton O-rings. The NMR tubes
were then vacuum dried for 812 h prior to use, and once sample and solvent were added,
the tubes were frozen at —196 °C, evacuated, and heat-sealed under dynamic vacuum.

Low-temperature Raman spectra of solids (ca. —160 °C) were recorded on samples
prepared in thin-walled Y-in. FEP tubing as well as 5-mm o.d. glass tubes fused to Ya-in.
o.d. lengths of glass tubing which were in turn attached to 4-mm J. Young PTFE/glass
stopcocks by use of %-in. i.d. stainless steel Swagelok Ultra-Torr unions fitted with Viton
O-rings. The Raman sample tubes were then vacuum-dried for 8-12 h before use, and
once the sample was added, the tube was cooled to —196 °C and heat-sealed under
dynamic vacuum.

All connections to vacuum lines were made using thick-walled Y4-in. FEP tubing
in conjunction with either a %-in. PTFE Swagelok unions outfitted with PTFE
compression fittings (front and back ferrules) or Y4-in. i.d. stainless steel Swagelok Ultra-
Torr connectors outfitted with stainless steel compression fittings and Viton rubber

O-rings.

2.2.  Preparation and Purification of Starting Materials
2.2.1. Sources and Purification of Gases; N,, Ar, F», Xe, and Kr
House nitrogen gas was generated by boiling off liquid nitrogen (Air Liquide)

which was further dried by passage through a freshly regenerated bed of type 4A
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molecular sieves. High purity argon gas (Air Liquide, 99.998% (excluding nitrogen)),
also employed for the back pressuring of reaction vessels, was used without further
purification. Technical grade fluorine gas (Air Products) and ultra-high purity Xe (Air
Products, 99.995%) and Kr (Air Products, 99.995%) were used without further

purification.

2.2.2. Purification of Solvents; Anhydrous HF, BrFs, SO,CIF, CH3CN, and SO,

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
for a period of ca. 48 h prior to use, converting residual water to HF and O,. The HF was
then distilled into a Kel-F storage vessel equipped with a Kel-F valve and stored at room
temperature for future use. Transfer of HF was accomplished by vacuum distillation from
the Kel-F storage vessel, on a metal vacuum line, through connections constructed from
FEP, as shown in Figure 2.3.

Bromine pentafluoride (Ozark-Mahoning Co.) was purified (ca. 150 mL) in a
1.25-in. o.d. FEP vessel equipped with a Kel-F valve and loaded with 20 g of KF (to
sequester HF as [K][HF,'nHF]). Bromine and BrF; impurities were eliminated by the
direct fluorination of these species to BrFs at ambient temperature as previously

described.!®®

The product was stored in the purification vessel under 1000 Torr of a 2:1
mixture of N, and F, at —78 °C and transferred under static vacuum when required.
Sulfuryl chloride fluoride (Allied Chemical Co., Baker and Adams Division,

>90%, ca. 100 g crude material) was purified by fractional distillation through two FEP
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Figure 2.3. Hydrogen fluoride distillation apparatus. (A) Kel-F storage vessel
containing HF. (B) FEP reaction vessel fitted with a Kel-F valve.
(C) Kel-F valve connected to vacuum manifold.
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U-tube traps cooled to —78 and —90 °C, respectively, effectively removing the inert
impurity SO,F,. The remaining SO,CIF was then condensed into an FEP U-tube
containing ca. 80 g of SbFs at —78 °C and slowly warmed to room temperature with
vigorous mixing to remove SO, by formation of the SO, (SbFs), complex. Sulfur dioxide
rapidly reduces xenon(II) species. The purified SO,CIF was then transferred to an FEP U-
tube cooled to —78 °C and containing dried KF. Again, the mixture was slowly warmed to
room temperature with vigorous mixing and allowed to stand with periodic mixing at
room temperature for ca. 2 h to remove any residual SbFs. The sample was again cooled
to —78 °C and condensed into a 1.25-in. o.d. FEP reaction vessel containing XeF; (1.7 g)
for 24 h to ensure all impurities with reducing properties (i.e., SO;) had been removed.
Finally, the liquid was distilled under static vacuum at —78 °C into a glass vessel,
outfitted with a 6-mm J. Young all-glass stopcock, and containing ca. 10 g of dry KF.
The purity of the sample was assessed by recording the 'H, 170, and '°F NMR spectra of
a neat sample at —80 °C. Only trace amounts of inert SOF, (2.2 mol%) were found.
Sulfuryl chloride fluoride was transferred under static vacuum by use of a glass vacuum
line and was distilled through a sub-manifold comprised of a Y-shaped glass connection
to the reaction vessel (Figure 2.4). The sample was stored at room temperature until used.
Acetonitrile (Caledon, HPLC Grade) was purified according to the literature
method,''? stored over previously vacuum dried 3A molecular sieves in a glass vessel,
outfitted with a grease-free 6-mm J. Young PTFE/glass stopcock, and was transferred
under static vacuum using a glass vacuum line and a glass Y-piece configuration similar

to that in Figure 2.4.
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Apparatus used for the vacuum transfer of SO,CIF solvent; (A) 250-mL
glass vessel equipped with a grease-free 6-mm J. Young PTFE/glass
stopcock, (B) bed of dry, powdered KF, (C) glass Y-connector, (D) 6-mm
J. Young PTFE/glass valve, (E) FEP reaction vessel fitted with a Kel-F
valve, (F) stainless steel Swagelok Ultra-Torr union.
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Sulfur dioxide (Aldrich) was stored over P4Oy¢ in a thick-walled glass vessel,
outfitted with a grease-free 6-mm J. Young PTFE/glass stopcock. Transfers were carried
out under static vacuum using a glass vacuum line and a glass Y-piece configuration

similar to that in Figure 2.4.

2.2.3. KF
Finely ground potassium fluoride (J. T. Baker Chemical Co., 99%) was dried
under dynamic vacuum at ca. 250 °C in a glass vessel for a minimum of 3 days. The solid

was stored in the glass drying vessel in a dry box until used.

2.2.4. Preparation of Reagents; AsFs, XeF,, and [XeF][AsFg]

Arsenic pentafluoride was prepared as previously described’ 21 by direct
fluorination of purified AsF3; with purified F; in a nickel can. The AsFs was used from the
reaction can without further purification.

Xenon difluoride was prepared according to the literature method*? and stored in a
Kel-F tube inside a dry box until needed.

The salt, [XeF][AsFs], was prepared by the reaction of XeF, with AsFs, as
previously described.!'? In a typical preparation, anhydrous HF was condensed into an
FEP vessel containing a pre-weighed amount of XeF; (2.7798 g, 16.42 mmol). A
stoichiometric excess of AsFs (18.95 mmol, ca. 15% excess) was condensed into the
vessel and the contents were warmed to ambient temperature with agitation. On cooling

the sample to —78 °C a large amount of pale yellow solid precipitated from the HF
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solution. The solvent, and residual AsFs, were then removed by pumping the sample at
—78 °C for ca. 8 h through an FEP U-tube cooled to —196 °C. The sample, free of HF,
was then back pressured to ca. 1 atm with dry nitrogen and stored inside a drybox.
Samples of [XeF][AsFs] must be pumped at —78 °C to remove HF in order to prevent the
liberation of AsFs and formation of [Xe,F3][AsF¢]. The purity of the sample was verified
by Raman spectroscopy to verify the absence of [Xe,F3][AsF¢]. All subsequent transfers

of [XeF][AsFg] were carried out in the drybox.

2.2.5. Preparation of KrF,

Krypton difluoride was prepared by use of a 316 stainless steel hot-wire reactor
(Figure 2.5) equipped with a nickel filament, similar to that originally described® and
subsequently modified.* The filament was fabricated from a '/j¢-in nickel rod tightly
wound about a second length of '/16-in rod that was, in turn, coiled and stretched into a
helix. In a typical preparation, the hot-wire reactor was pressurized with 1000 Torr (50
mmol) of krypton and then cooled to —196 °C in a 20-L Dewar. After reaching thermal
equilibrium, the reactor was pressurized with 25 Torr of F, and the DC power supply for
the nickel filament was adjusted to ca. 6 V and 30 A (the filament was dull red in colour
under these conditions). The F, pressure increased to ca. 45 Torr after the power supply
was turned on and was regulated between 25 and 45 Torr by the periodic addition of F»
during the synthesis. The decline in F, pressure was used to monitor the production of
KrF,, and additional Kr (1.0 to 2.0 mmol) was condensed into the reactor when the rate

of KrF, production slowed or ceased. Upon completion of the reaction (ca. 12 h), excess
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F, was removed under dynamic vacuum at —196 °C. The excess Kr and crude KrF, were
recovered as a pink solid (the colouration arises from chromium oxide fluoride
contamination; likely mostly CrO,F,) by allowing the reactor to slowly warm to room
temperature while dynamically pumping the volatile contents through a '2-in o.d. FEP U-
trap (=196 °C). The Kr/KrF; mixture was then warmed to —78 °C under dynamic vacuum
to remove the unreacted Kr. The crude KrF, was purified by briefly warming the sample
to 0 °C and flash distilling off the more volatile chromium oxide fluorides. The
remaining colourless KrF, was finally warmed to room temperature and rapidly sublimed
into a */g-in 0.d. FEP tube equipped with a Kel-F valve, where it was stored under 1000
Torr of N, or Ar at —78 °C until used. This synthesis is very reliable with typical yields of

2.5 to 3.0 g of purified KrF; over a 12 h period.

2.2.6. Synthesis and Preparation of N=SF; Starting Materials
2.2.6.1. KOCN

Finely ground potassium cyanate (Aldrich, >97%) was dried under dynamic
vacuum at ca. 250 °C in a glass vessel for a minimum of 3 days. The solid was stored in

the glass drying vessel in a dry box until used.

2.2.6.2. SiCly
Silicon tetrachloride (Aldrich, 99%) was purified by distillation and stored in a

glass vessel outfitted with a grease-free 6-mm J. Young PTFE/glass stopcock. Transfers
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were carried out under static vacuum using a glass vacuum line and a glass Y-piece

configuration similar to that in Figure 2 4.

2.2.6.3. SF,
Sulfur tetrachloride (Air Products, Technical Grade) was used without further

purification.

2.2.6.4. AgF,

Silver difluoride was prepared in a 500-mL Monel vessel equipped with a
removable lid and knife-edge flanges. The flanges were sealed by means of a copper
gasket, and the lid was fitted with a high-pressure “s-in. i.d. 316 stainless steel valve
(Autoclave Engineers, 30BM6071). Approximately 85 g of a mixture of recovered AgF
and AgF, was added to the vessel in the dry box. The vessel was connected directly to the
metal vacuum manifold through the valve. A ca. 5 mol% excess of fluorine (assuming the
entire sample is AgF) was condensed into the vessel at —196 °C and the vessel was
warmed to ca. 250 °C for a period of 24 h. The fluorination was repeated until the drop in
fluorine pressure after heating was less than 100 Torr, and the sample was stored in this

reactor under ca. 900 Torr of F;, at room temperature until used in the N=SF; synthesis.

2.2.6.5. Si(NCO),
Tetraisocyanatosilane was prepared by a procedure using a modification of the

literature method.'" The synthetic apparatus (Figure 2.6) consisted of two 250 mL round-
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Figure 2.6. Reactor used for the synthesis of Si(NCO)4; (A) flask A (250 mL round bottom flask); (B) flask B (250 mL
round bottom flask); (C) 6-mm greaseless glass J. Young valve with PTFE barrel. (D) 25-mm diameter coarse
glass frit (porosity 3).
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bottom flasks, each outfitted with a grease-free 6-mm J. Young PTFE/glass stopcock,
joined by means of a 7.5-cm length of 3.5-in o.d. Pyrex glass tubing fused to a 25-mm
diameter course glass frit (porosity 3). In a typical reaction, the apparatus was dried under
dynamic vacuum for ca. 24 h and was periodically flamed out with a Bunsen burner.
Dried KOCN (81.0402 g, 0.9991 mol) and a Teflon-coated magnetic stirring bar were
added to flask A of the apparatus described above in an inert atmosphere glovebox. The
apparatus was then connected to a glass Y-piece with a grease-free 6-mm J. Young
PTFE/glass stopcock along with a glass vessel containing purified SiCls. The latter were
connected to a glass vacuum manifold and flask A was dried overnight under dynamic
vacuum. Approximately 100 mL SO, solvent was condensed onto the KOCN in flask A
at —78 °C, forming a pale yellow solution. At —196 °C, ca. 2 mL of SiCly was distilled
onto the frozen KOCN solution, which was then warmed to —50 °C, at which point an off-
white solid was formed. Additions of small amounts of SiCls by distillation at —196 °C
were repeated, with intermittent warming to —30 °C to effect reaction, until all SiCly
(23.722 g, 0.1396 mol) was added to the reactor. At several points during the addition,
the apparatus was disconnected from the glass Y-piece (while flowing dry N, gas to
maintain dryness) and the reactor was agitated to ensure mixing. The reactor was then
stored at —78 °C overnight, followed by warming to —15 °C for 6 h with occasional
mixing, which resulted in a significant amount of a fine white powder and a yellow
viscous liquid. The reactor was again stored at —78 °C overnight. To facilitate separation
of the two solid products, Si(NCO),4 and KCl, flask A was warmed to 25 °C and flask B

was maintained at —78 °C while the reactor was positioned so that the reaction mixture
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could gravity filter through the glass frit. The SO, was then distilled out of flask B and
condensed into flask A —78 °C for a second wash with shaking at 0 °C followed by a
repetition of the filtration process. The SO, was finally distilled from bulb B as described
above and flask A was then warmed to 0 °C and pumped overnight to remove any
remaining solvent. This purified Si(NCO)4 was a colourless glass at 25 °C and was stored
at that temperature in flask B under 1 atm of dry N, gas. The yield was 13.97 g (0.0712

mol), or 51.0 %.

2.2.6.6. FC(O)N=SF,

The procedure for the synthesis of FC(O)N=SF; is a modified version of the
procedure described in the literature.'* In a typical synthesis, SiINCO)4 (13.97 g, 0.0712
mol) was melted inside the dry box by gentle warming of flask A (see above and Figure
2.6) to ca. 26 °C and poured, by means of a glass funnel, into a 155-mL stainless steel
Hoke cylinder fitted with a Whitey valve. The cylinder was attached to a metal vacuum
line through a metal sub-manifold and was degassed at 0 °C using several freeze-pump-
thaw cycles. Sulfur tetrafluoride (0.2920 mol; a 4.10:1 molar ratio) was condensed into
the cylinder at —196 °C in several aliquots from a 0.848 L nickel measuring vessel of
known pressure. The reactor was then placed in a 0 °C ice-water bath and was allowed to
warm to 22 °C. After 24 h, the reactor was removed from the submanifold and was
connected to a series of three dried and passivated %2-in 0.d. FEP U-traps fitted with Kel-
F valves and connected by lengths of Y-in o0.d., %-in. i.d. FEP tubing. The U-traps were

cooled to —25, —78, and —196 °C, respectively. With the reactor cooled to —85 °C in an
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ethyl acetate/dry ice bath spiked with liquid nitrogen, the volatile SiF4 byproduct and
unreacted SF4 were removed by distillation into the —196 °C trap, which was then
pumped and trapped onto the soda lime trap of the metal vacuum line. The reactor was
then slowly warmed to 25 °C under dynamic vacuum, with the product, FC(O)N=SF,,
condensing in the —78 °C trap. Several freeze-pump-thaw cycles, and switching of the
—25 and 78 °C traps removed trace SiF4 and SF4 impurities. The purified FC(O)N=SF,
was a colourless liquid at 25 °C and was stored at —78 °C in a %-in o.d. FEP storage

vessel backfilled with N, gas. The yield was 36.44 g (0.2780 mol), or 98.16 %.

2.2.6.7. Synthesis of N=SF;

The final step in the procedure for the synthesis of N=SFj; is a modified version of
that found in the literature.'”® In a typical synthesis, FC(O)N=SF, (36.1979 g, 0.2762
mol) was distilled, at =196 °C, onto AgF, (87.51 g, 0.5999 mol) which had been prepared
in situ in a 500-mL Monel vessel equipped with a removable lid and knife-edge flanges.
The flanges were sealed by means of a copper gasket, and the lid was fitted with a high-
pressure “-in. i.d. 316 stainless steel valve (Autoclave Engineers, 30BM6071). The
reactor was then placed in a —78 °C bath for ca. 1 h, and was allowed to warm to 0 °C
over ca. 12 h and held at that temperature overnight. The cylinder was then warmed to
22 °C over ca. 12 h, and after an additional 12 h, the reactor was connected to a series of
three dried and passivated %2-in o.d. FEP U-traps fitted with Kel-F valves and connected
by Y-in o.d., %-in. id. FEP tubing. The U-traps were cooled to -78, -131

(n-pentane/liquid N3), and —196 °C, respectively. With the reactor at —78 °C, the volatile
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contents were slowly metered out into the series of traps, which were then pumped on by
dynamic vacuum with the valve of the reactor closed at first, until the volatiles were
removed. This process was continued with warming of the reactor to —30 °C until the
most volatile reaction products, COF, and SOF,, had distilled into the —196 °C trap.
These products were then pumped onto the soda lime trap of the metal vacuum line. The

trap-to-trap distillation process was continued while the reactor was slowly warmed to
—10 °C, with N=SF; and unreacted FC(O)N=SF, co-condensing in the =78 and —131 °C
traps. The FC(O)N=SF, was separated and recovered from the N=SF; by distillation at
—85 °C. The crude N=SF3 product was a colourless solid at —78 °C and was stored at that

temperature in a %-in o.d. FEP U-tube backfilled with N, gas until further purified.

2.2.6.8. Purification of N=SF;

The crude N=SF; generated above contained ca. 4 mol% SF4 as assayed by ¥
NMR and low-temperature Raman spectroscopy. Purification of N=SF; followed a
procedure based on that in the literature.''® Purified N=SF; was distilled into a 30 mL 316

stainless steel Hoke vessel with a 316 stainless steel Whitey (SS-ORM2) valve for

storage.

2.2.7. F;S=NAsF;s
In a typical synthesis, a Y-in. o.d. FEP tube, fitted with a Kel-F valve, was
connected to an FEP submanifold that was, in turn, connected to a stainless steel cylinder

containing N=SFs. The cylinder was fitted with two 316 stainless steel Whitey (SS-
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ORM?2) valves separated by a ca. 5-cm length of Y-in o.d. stainless steel tubing to
produce a volume (ca. 1.4 mL) which could be filled with an autogenous pressure of
N=SF;. Condensation of successive 1.4 mL aliquots of gaseous N=SF3 allowed for a total
of ca. 0.18 g, 1.7 mmol of N=SF; to be metered into the reaction vessel. The reactor was
then moved to a metal vacuum line that was, in turn, connected to a nickel vessel
containing AsFs. Excess AsFs (2.0 mmol) was condensed into the reaction vessel from
the calibrated volume of the vacuum manifold at —196 °C, and the reaction mixture was
warmed to —78 °C. The reaction was allowed to proceed, with occasional mixing, for ca.
1 h at 78 °C, forming F3S=NASsF; as a friable white solid. After removal of excess AsFs

by pumping at —78 °C for ca. 1 h, the sample was stored at that temperature until

characterized by Raman spectroscopy.

2.3.  Synthesis and Characterization of [F3S=NXeF][AsFg)
2.3.1. Synthesis of [F3S=NXeF][AsFg]

In a typical synthesis, [XeF][AsF¢] (0.1004 g, 0.2959 mmol) was loaded into a 4-
in. o.d. FEP tube, fitted with a Kel-F valve, and connected to an FEP submanifold that
was, in turn, connected to a stainless steel cylinder containing N=SF;. The cylinder was
fitted with two 316 stainless steel Whitey (SS-ORM2) valves separated by a ca. 5-cm
length of %-in o.d. stainless-steel tubing to produce a volume (ca. 1.4 mL) which was
pressurized with N=SF;. Condensation of successive aliquots of gaseous N=SF; allowed
controlled metering of N=SF; into the reaction vessel. Frozen N=SF3, which accumulated

at the top of the reaction vessel at —196 °C, was warmed to —78 °C whereupon it melted
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and reacted, on contact, with [XeF][AsFs] upon warming (-25 to —15 °C). During the first
hour, the solid changed from very pale yellow to white under a layer of liquid N=SF;.
The reaction was allowed to proceed, with occasional mixing for ca. 6 h. The product and
excess N=SF3; were then characterized by Raman spectroscopy to ensure that no
unreacted [XeF][AsF¢] remained. Excess N=SF; was then removed under dynamic
vacuum at —50 °C, yielding a white powder, which was characterized by Raman
spectroscopy and stored at —78 °C until it could be characterized by NMR spectroscopy

or used for crystal growth.

2.3.2. [F3;S=NXeF][AsFg] Crystal Growth

Anhydrous HF (ca. 1 mL) was condensed onto [F3S=NXeF][AsFs] (0.1309 g,
0.2959 mmol) at —196 °C that had been synthesized in situ in one arm of a Y4-in o.d. FEP T-
shaped reactor fitted with a Kel-F valve. The reactor was warmed to —40 °C, to effect
dissolution, and initially gave a colorless solution. The general crystal growth procedure was
followed (see Section 2.10.1). The temperature was lowered over a period of 3 h to —45 °C,
whereupon colorless crystals of [F3S=NXeF][AsFs] began to grow on the walls of the FEP
vessel as the supernatant changed to a very pale yellow color. The solution was then cooled,
over a period of 30 min, to =55 °C where it was held for 30 min, and then cooled over a
period of 15 min to —60 °C where it was again held for a further 30 min to allow for more
complete crystallization. Colorless, blade-shaped crystals were then isolated. A crystal

having the dimensions 0.32 x 0.18 x 0.10 mm’ was selected at —105 +3 °C for low-
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temperature X-ray structure determination on the Siemens P4 diffractometer (see Section

2.10.3.1).

2.4. HF Solvolysis of [F3S=NXeF][AsF]
2.4.1. Synthesis of [FsSN(H)Xe][AsFg]

In a typical synthesis, ca. 1 mL aHF was condensed onto [F3S=NXeF][AsFs]
(0.1309 g, 0.2959 mmol) in a Y-in. o.d. FEP reaction tube, fitted with a Kel-F valve, at
—196 °C. The reaction vessel was initially warmed to —78 °C, then to —20 °C and was
allowed to stand, with occasional mixing, for ca. 6 h. Over this time period, the white
solid slowly dissolved to form a yellow solution, from which a deep yellow
microcrystalline solid deposited. After removal of the solvent under dynamic vacuum at
~78 °C, the sample was stored at that temperature until characterized by Raman

spectroscopy.

2.4.2. Synthesis of [FsSNH3][AsFg]

In a typical synthesis, anhydrous HF (ca 1 mL) was condensed at —196 °C onto
F3S=NAsF;5 (0.0881 g, 0.3226 mmol) which had been synthesized in situ in a %-in. o.d. FEP
reaction tube fitted with a Kel-F valve. The reaction vessel was warmed to —78 °C
whereupon the HF liquified. The vessel was warmed to 0 °C the affect reaction, and the
reaction mixture was allowed to stand, with occasional mixing, for ca. 6 h, over which

time the white solid dissolved and colorless feather-like crystals of [FsSNH;3][AsFg]
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deposited. After removal of aHF under dynamic vacuum at —78 °C, the sample was stored

at that temperature until characterized by Raman spectroscopy.

2.4.3. Synthesis of [FsSN(H)Xe][AsFg] from [FsSNH;3][AsF¢] for NMR spectroscopy

The FsSN(H)Xe" cation was also synthesized in a 4-mm o.d. FEP tube, fused to a
Ya-in. FEP tube to connect with a Kel-F valve, that contained [FsSNH;3][AsFs] (0.0502 g,
0.1501 mmol) and a 2-fold molar excess of XeF, (0.0508 g, 0.3003 mmol). Anhydrous
HF or BrFs (ca. 0.5 mL) was statically distilled onto the sample at —196 °C, and the
reaction vessel was initially warmed to —78 °C and then to —20 °C just prior to

characterization by low-temperature multi-NMR spectroscopy.

2.4.4. [FsSN(H)Xe][AsF] Crystal Growth

Anhydrous HF (ca. 1 mL) was condensed onto [F3S=NXeF][AsFs] (0.1186 g,
0.2681 mmol) at —196 °C that had been synthesized in situ in one arm of a Y4-in o.d. FEP T-
shaped reactor fitted with a Kel-F valve. The general crystal growth and isolation procedures
outlined in Section 2.10.1 were followed. The reactor was warmed to —20 °C and the
reaction was allowed to proceed for ca. 4 h, over which time the white solid slowly
dissolved and the solution became deep yellow in color. Transparent yellow plates
subsequently grew as the supernatant became colourless again. The temperature was
lowered over a period of 1 h to —50 °C, where it was held for a further 30 min to allow for
more complete crystallization. Transparent yellow plate-shaped crystals were then isolated.

A crystal having the dimensions 0.28 x 0.24 x 0.10 mm’® was selected at —105 +3 °C for
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low-temperature X-ray structure determination on the Siemens P4 diffractometer (see

Section 2.10.3.1.).

2.4.5. [FsSNHs][AsFs] Crystal Growth

Anhydrous HF (ca. 1 mL) was condensed onto [FsSNH3][AsFs] (0.245 g, 1.70
mmol) at =196 °C that had been synthesized in situ in one arm of a Y-in 0.d. FEP T-shaped
reactor fitted with a Kel-F valve. The reactor was warmed to 0 °C to effect dissolution and
initially gave a colorless solution. The general crystal growth and isolation procedures were
followed as outlined in Section 2.10.1. This temperature was maintained, and over a period
of 10 h, colorless plates slowly deposited that were isolated and transferred to a
goniometer head for low-temperature X-ray structure determination on the Siemens P4
diffractometer (see Section 2.10.3.1.).

Crystals of [FsSNH;3][AsFs] were shown by inspection under a stereomicroscope
to have striations in one plane that are associated with multiple crystal growth. This was
confirmed by a low-angle data set collection as described below. Although unit cell
parameters were reproducibly determined from six multiple crystals: a = 5.752(1) A, b =
5.761(1) A, ¢ = 11.733(2) A, a = 89.81(1)°, B = 89.93(1)°, v = 89.74(1)°, only a
preliminary solution could be obtained in which bond length uncertainties exceeded 0.02
A. This preliminary solution confirmed the expected gross structural features of the
FsSNH;" cation and AsF¢™ anion and clearly indicated that one bond of the cation (S—N)
was longer than the remaining five bonds. A further crystallization attempt from SO,

solvent also yielded multiple crystals that gave the same unit cell parameters. Attempts to
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characterize [FsSNHs][AsF¢] by single-crystal X-ray diffraction have also proven

unsuccessful in the hands of other workers.''®

2.5. HF Solvolysis Pathway Intermediates of [F3S=NXeF|[AsFg]

2.5.1. Formation of [F;S=NXe][AsFs] and [F,S=NH;][AsF¢] in aHF and BrFs
Solvents

Samples containing [FsS=NXe][AsF¢s] and [FsS=NH;][AsFs] were typically
prepared in 4-mm o.d. FEP tubes fused to lengths of Y-in. FEP tubing fitted with Kel-F
valves, which contained [F3;S=NXeF][AsFg] (ca. 0.048 g) prepared in situ (see Section
2.3.1.). The samples were connected to an FEP submanifold that was, in turn, connected
through a Kel-F valve to a Kel-F vessel containing aHF or to an FEP vessel containing
BrFs stored over anhydrous KF. The FEP submanifold was connected to a metal vacuum
line, and ca. 0.5 mL of aHF or BrFs was statically distilled onto [F3S=NXeF][AsF¢] at —196
°C. For samples containing catalytic aHF in BrFs solvent, after BrFs had been condensed
onto the solute, ca. 0.05 mL of aHF was condensed onto the mixture at —196 °C. The sample
was then warmed to —20 °C and over ca. 30 min, the colourless [F3S=NXeF][AsFg]
solution converted to a uniformly bright yellow solution containing [F4sS=NXe][AsFs] and

[F4S=NH,][AsFs] which was monitored by '°F NMR spectroscopy at this temperature.

2.5.2. [F4S=NH;][AsF¢] Crystal Growth
Anhydrous HF (ca. 1 mL) was condensed at —196 °C onto [F3S=NXeF][AsFs]

(0.1186 g, 0.2681 mmol) that had been synthesized in situ in one arm of a Y4-in o.d. FEP T-
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shaped reactor fitted with a Kel-F valve. The reactor was warmed to —20 °C to effect
dissolution and reaction, giving a colorless solution. The reaction was allowed to proceed
for ca. 30 min at —20 °C, over which time the white solid dissolved, yielding a yellow
solution. The crystal growth and isolation procedures described in Section 2.10.1 were used.
The temperature was lowered over a period of 5 min to —60 °C, whereupon crystals of
several solvolysis products grew. The sample was maintained at —60 °C for a further 10 min
to allow for more complete crystallization. Transparent colorless and yellow crystals having
four discernable morphologies were isolated. Colorless needles, transparent yellow plates,
and colorless plates were present which were identified, by determination of their known
unit cells, as [F3S=NXeF][AsFs], [FsSN(H)Xe][AsFs], and [FsSNH3][AsF¢], respectively.
In addition, colourless blades of [FsS=NH;][AsF¢] were present, and one such crystal,
having the dimensions 0.24 x 0.10 x 0.06 mm’, was selected at —104 +2 °C for a low-
temperature X-ray structure determination on the Siemens P4 diffractometer (see Section

2.10.3.1.).

2.5.3. Solid-state Synthesis of [F4sS=NXe]|AsFg]

Samples of [F4S=NXe][AsF¢] were synthesized by solid-state rearrangement of
[F3S=NXeF][AsF¢] (eq 2). In a typical synthesis, [F3S=NXeF][AsFg¢] (0.1309 g, 0.2959
mmol) was prepared in a Y-in. o.d. FEP tube, fitted with a Kel-F valve. The sample was
then warmed to 22 °C for a total of ca. 70 min for periods not exceeding 45 min, with
periodic cooling to -78 °C for ca. 5 min, to minimize decomposition of

[F4S=NXe][AsFs]. Over this time period, conversion of solid white [F3S=NXeF][AsFs] to
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a uniformly bright yellow solid occurred which was monitored by low-temperature (—160
°C) Raman spectroscopy. The conversion of [F3S=NXeF][AsF¢] into [F4S=NXe][AsFg]
reached a maximum after a total of ca. 70 min of warming, after which time no further
rearrangement was detected by Raman spectroscopy. The sample was stored at —78 °C for

several weeks with no sign of further reaction or decomposition.

2.5.4. [F4S=NXe][AsF¢] Crystal Growth

Anhydrous HF (ca. 1 mL) was condensed at —196 °C onto [F4sS=NXe][AsFg]
(0.0889 g, 0.2010 mmol), synthesized in situ by solid state rearrangement of
[F3S=NXeF][AsFg] (see Section 2.3.1.), in one arm of a %-in o.d. FEP T-shaped reaction
vessel fitted with a Kel-F valve. The reactor was warmed to —40 °C, to effect dissolution,
giving a yellow solution, and the general crystal growth and isolation procedures were
followed as outlined in Section 2.10.1. The temperature was lowered over a 15 min period
to —50 °C and yellow needle-shaped crystals began to grow, but with accompanying xenon
gas evolution indicative of decomposition). Over the subsequent 15 min period, the
temperature was lowered to —67 °C whereupon xenon evolution ceased. More complete
crystallization occurred over a further 30 min, after which time the crystals were isolated. A
transparent yellow needle, having the dimensions 0.18 x 0.06 x 0.02 mm’, was selected at
~104 +2 °C for low-temperature X-ray structure determination on the Bruker ApexIl

diffractometer (see Section 2.10.3.2.).
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2.6. Reactivity of [F3S=NXeF][AsF¢] with N=SF3
2.6.1. Synthesis of [F4S=NXe---N=SF;][AsFg]

In a typical [F4S=NXe---N=SF3][AsFs] synthesis, [F3;S=NXeF][AsF¢] (0.1309 g,
0.2959 mmol) was prepared in a Y-in. o.d. FEP reaction tube fitted with a Kel-F valve.
The reactor was connected to an FEP submanifold that was, in turn, connected to a
stainless steel cylinder containing N=SF;. The cylinder was fitted with two 316 stainless
steel Whitey (SS-ORM?2) valves separated by a ca. 5-cm length of Y-in o.d. stainless
steel tubing that afforded a volume (ca. 1.4 mL) which was pressurized to the autogenous
pressure of N=SF; at room temperature. Successive 1.4 mL aliquots of gaseous N=SF;
were metered into the reaction vessel by condensation at —196 °C to give a total of ca.
0.18 g (1.7 mmol) of N=SF;. The reaction vessel was initially warmed to —78 °C,
followed by warming to —20 °C for ca. 6 h with occasional mixing. The white solid
corresponding to [F3S=NXeF][AsFs] slowly dissolved in excess liquid N=SF;to form a
yellow solution from which a deep yellow microcrystalline solid deposited. With gradual
warming to 0 °C over an additional 15 h period, the solid redissolved and two liquid
phases separated, a colorless upper layer and a deep yellow lower layer. Excess N=SF;
was removed under dynamic vacuum at —50 °C over a period of ca. 30 min, yielding a
bright yellow powder, [F4S=N-Xe---N=SF;][AsFs], which was stored at —78 °C until

characterized by Raman spectroscopy.

53



Ph.D. Thesis — Gregory L. Smith

2.6.2. Synthesis of [F3S(N=SF3);][AsFg]

The synthesis of [F3S(N=SF3);][AsF¢] follows the procedure described for
[F4S=N—Xe---N=SF3][AsF¢] above up to the point of solvent removal. At that point, the
solution was maintained in liquid N=SF;at 0 °C for an additional 6 h, over which time the
solution slowly changed from yellow to colorless. Excess N=SF3; was then removed under
dynamic vacuum at —50 °C over a period of ca. 5 min, yielding a friable white solid that
was a mixture of [F3S(N=SF;),][AsF¢] and cis-NyF,, which was stored at —78 °C until
characterized by Raman spectroscopy. Further pumping at —45 °C for ca. 15 min,
removed the cis-N,F, and remaining N=SF;, yielding [SF3][AsFs], a known salt, which

was confirmed by Raman spectroscopy.

2.6.3. [F4S=N—Xe---N=SF3|[AsF¢] and [F3S(N=SF3),][AsF¢] Crystal Growth

Thiazyl trifluoride (N=SF3;, ca. 1 mL) was condensed onto [F3S=NXeF][AsF]
(0.1186 g, 0.2681 mmol) at —196 °C that had been synthesized in situ in one arm of a Y4-in
o.d. FEP T-shaped reactor fitted with a Kel-F valve. The reactor was warmed to —78 °C and
pressurized to 1 atm with dry nitrogen before warming to —20 °C, and then to 0 °C, as
described under the syntheses of these compounds. The general crystal growth procedure
was then followed (see Section 2.10.1). The temperature was lowered over a period of 1 h
from 0 to —10 °C, where it was held for a further 30 min to allow for more complete
crystallization. The resulting crystalline material was isolated. A pale yellow, block-shaped

crystal of [F4S=N—Xe---N=SF3][AsFs], having the dimensions 0.22 x 0.20 x 0.16 mm’, and
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a colorless, blade-shaped crystal of [F3S(N=SF3),][AsFs], having the dimensions 0.28 x
0.12 x 0.06 mm’, were selected at —104 +2 °C for a low-temperature X-ray structure

determination on the Bruker ApexIl diffractometer (see Section 2.10.3.2.).

2.7. |[FXeOXe---N=SF3][AsFs]

In a typical synthesis, [Xe3OF3][AsFs] (0.3389 g, 0.5168 mmol) was prepared in a
Ve-in. 0.d. FEP reaction tube, fitted with a Kel-F valve, as previously described.'’” The
reactor was then connected to an FEP submanifold that was, in turn, connected to a
stainless steel cylinder containing N=SF3. The cylinder was fitted with two 316 stainless
steel Whitey (SS-ORM?2) valves separated by a ca. 5-cm length of Y-in o.d. stainless
steel tubing to produce a volume (ca. 1.4 mL) which could be filled with an autogenous
pressure of N=SF;. Condensation of successive 1.4 mL aliquots of N=SF3 allowed for a
total of ca. 0.18 g, 1.7 mmol of N=SF; to be metered into the reaction vessel by
distillation at —196 °C. The reaction vessel was initially warmed to —78 °C, then was
warmed to and allowed to stand at —60 °C with occasional mixing for ca. 6 h, over which
time the deep red-brown solid slowly changed to a deep orange-yellow solid, under
completely colorless N=SF;. After removal of excess N=SF; under dynamic vacuum at
—60 °C for ca. 1 h, an orange-yellow powder remained, and the sample was stored at —78

°C until characterized by Raman spectroscopy.
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2.8.  Characterization and Reactivity of FsSNH;"
2.8.1. [FsSNH;3][AsFg]-2N=SF; Crystal Growth

Thiazyl trifluoride (ca. 0.5 mL) was condensed onto [FsSNH;][AsF¢] (0.245g,
1.70 mmol) at —196 °C that had been synthesized''® in situ in one arm of a %-in. o.d. FEP
T-shaped reactor fitted with a Kel-F valve. The reactor was warmed to —60 °C to effect
dissolution and initially gave a pale yellow solution. The general crystal growth procedure
was then followed (see Section 2.10.1). As the temperature was lowered to —70 °C over a
period of 3 h and then held at that temperature for an additional 4 h, pale yellow blade-
shaped crystals slowly grew from the transparent yellow solution. The crystals were
isolated and stored at -78 °C. A pale yellow blade-shaped crystal of
[FsSNH;][AsFs]-2N=SF3, having the dimensions 0.22 x 0.14 x 0.04 mm’, was selected at
~104 +2 °C for a low-temperature X-ray structure determination on the Bruker ApexIl

diffractometer (see Section 2.10.3.2.).

2.8.2. Synthesis of FsSNH,-nHF

In a typical synthesis, a Y%-in. o.d. FEP tube, fitted with a Kel-F valve, was
connected to an FEP submanifold that was, in turn, connected to a stainless steel cylinder
containing N=SF;. The cylinder was fitted with two Whitey valves separated by a ca. 5-
cm length of Y-in o.d. stainless steel tubing to produce a volume (ca. 1.4 mL) which
could be filled with an autogenous pressure of N=SF;. Condensation of successive 1.4
mL aliquots of N=SFj; allowed for a total of ca. 0.18 g, 1.7 mmol of N=SF; to be metered
into the reaction vessel. The reactor was then connected to an FEP submanifold that was,
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in turn, connected to a Kel-F vessel containing aHF. Anhydrous HF was condensed onto
N=SF; at —196 °C and the reaction vessel was warmed to 0 °C whereupon it liquified. The
reaction mixture was allowed to stand, with occasional mixing, for ca. 8 h, over which
time the solution remained colorless. After careful removal of excess aHF solvent under
dynamic vacuum at —65 °C, a friable white powder remained. The sample was stored at

—78 °C until characterized by Raman spectroscopy.

2.8.3. FsSNH;-2[FsSNH;][AsFg]-4HF Crystal Growth

Crystals of FsSNH,-2[FsSNH;3][AsF¢]'4HF were obtained by sublimation of
FsSNH,-nHF within a %-in. o.d. FEP reactor fitted with a Kel-F valve containing ca. 1 atm
of dry N, over a period of 8 h at -30 to —40 °C. The colorless crystals were then stored at
~78 °C. A Colourless needle-shaped crystal of [FsSNH;3][AsFs]-0.5FsSNH,-2HF, having
the dimensions 0.22 x 0.06 x 0.02 mm’, was selected at —104 +2 °C for a low-temperature

X-ray structure determination on the Bruker D8 diffractometer (see Section 2.10.3.3.).

2.8.4. Synthesis of [s-C3(CH3);:N3H][AsFg]

In a typical synthesis, 0.325 g (2.26 mmol) of [FsSNH3][AsF¢] was added, inside a
drybox, to a Y4-in. o.d. FEP reaction tube, fitted with a Kel-F valve. The reaction vessel
was then connected to a glass submanifold that was, in turn, connected to a glass bulb
containing dry CH3CN. Approximately 1 mL of CH3CN was statically condensed into the
reaction vessel at —196 °C. The vessel was warmed to —10 °C and the reaction was

allowed to proceed, with occasional mixing, for ca. 30 min, forming a precipitate of
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yellow microcrystals after the solution turned from colorless to transparent yellow. The

sample was stored at —78 °C until used for crystal growth.

2.8.5. [s-C3(CH3)3N3H---NCCHi][AsFg]*CH3CN Crystal Growth

Samples of [FsSNH;3][AsFs] in CH3CN were prepared as described above, but in
Va-in. T-shaped FEP tubes. With the reactor at —10 °C, the general crystal growth and
isolation procedure was followed as outlined in Section 2.10.1. As the temperature was
lowered to —35 °C over a period of 8 h, yellow blade-shaped crystals slowly grew from the
transparent yellow solution. When crystal growth was deemed complete, the temperature
was maintained at —35 °C while the reactor was quickly cut cleanly through ca. 15 cm
from the bottom end and capped with a Kel-F plug and '/j¢-in. Teflon tube with a slow
flow of argon. A second Teflon capillary tube was inserted through the outlet hole of the
Kel-F cap while maintaining the argon flow. Lowering the outlet tube into the solution
expelled the yellow supernatant through the capillary tube into a second %-in. o.d. FEP
tube cooled to —78 °C. When the transfer was complete, the Kel-F valve assembly was
replaced, and the vessel was connected, by means of a 4-in. i.d. stainless steel Swagelok
Ultra-Torr union fitted with Viton O-rings, to a glass vacuum manifold, and the crystals
were dried under dynamic vacuum at —45 °C, and then stored at —78 °C until a suitable
crystal could be selected and mounted on the diffractometer. A yellow blade-shaped
crystal of [s-C3(CH3)3sN3sH---NCCH3][AsFs]:CH3CN, having the dimensions 0.26 x 0.16 x
0.06 mm’, was selected at —104 +2 °C for a low-temperature X-ray structure determination

on the Bruker D8 diffractometer (see Section 2.10.3.3.).
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2.9. Attempted syntheses of New Kr-N bonded species
2.9.1. [FsSSN(H)Kr][AsFg]

In a typical reaction, [FsSNH3][AsF¢] (0.0502 g, 0.1501 mmol) was prepared in a
4-mm o.d. FEP NMR tube fused to a length of %-in. FEP tubing which was, in turn, fitted
with a Kel-F valve. Using an FEP submanifold, ca. 0.5 mL of BrFs was statically distilled
onto the sample at —196 °C. The reactor was warmed to —60 °C to melt the BrFs and to
allow mixing and dissolution of [FsSNH;3][AsFs]. When the undissolved solid had settled
to the bottom of the sample tube, the reactor was cooled to —78 °C to freeze the BrFs. A
stoichiometric excess of KrF, (ca. 50 mol%) was then distilled on top of the BrFs at —196
°C, and the reactor was maintained at —78 °C or lower to maintain a barrier of frozen BrFs
between the two reactants. The tube was heat-sealed off under dynamic vacuum at —196
°C, and was then warmed to —70 to —65 °C to allow for dissolution of KrF, and mixing of
the reactants in super-cooled BrFs at its low-temperature limit just prior to

characterization at the same temperature by multi-NMR spectroscopy.

2.9.2. [F3S=NKrF][AsFg]
In a typical reaction, F3S=NAsFs (0.0511 g, 0.1872 mmol) was prepared in a 4-
mm o.d. FEP NMR tube fused to a length of Y-in. FEP tubing which was, in turn, fitted

with a Kel-F valve. Using an FEP submanifold, ca. 0.5 mL of BrFs was statically distilled

onto the sample at —196 °C. The reactor was warmed to —60 °C to melt the BrFs and to
allow mixing and dissolution of F3S=NAsFs. From this point on, low-temperature sample

handling and KrF, addition procedures were followed as described above. The tube was
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heat-sealed off under dynamic vacuum at —196 °C, and was then warmed to —70 to —65
°C to allow for dissolution of KrF, and mixing of the reactants in super-cooled BrFs at its
low-temperature limit just prior to characterization at the same temperature by multi-

NMR spectroscopy.

2.10. X-ray Crystallography
2.10.1. Crystal Growth and Isolation

The majority of the crystals grown for structure determination by X-ray
crystallography were grown in the low-temperature crystal growing apparatus depicted in
Figure 2.7. The following procedure summarizes the general approach used to grow
crystals from solutions using the temperature gradient method.

Solvent (ca. 1 mL) was condensed onto the compound (ca. 0.3 mmol) at —196 °C
that had been synthesized in situ in one arm of a %-in o0.d. FEP T-shaped reactor fitted with
a Kel-F valve. The reactor was warmed so as to just effect dissolution, and while maintained
at that temperature, the reactor was attached to a vacuum line and pressurized to ca. 1 atm
with dry nitrogen. The arm containing the solution was inclined at ca. 5° from horizontal
inside the glass dewar of a crystal growing apparatus® that had been previously adjusted to
the same temperature. The temperature was then lowered over a period of time, usually
several hours, whereupon crystals began to grow on the walls of the FEP vessel. The reactor
was then held for a further period of time to allow for more complete crystallization.
Crystals were isolated by decanting the solvent under dry nitrogen into the side arm of the

FEP vessel which was immersed in liquid nitrogen, followed by evacuation and vacuum
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Figure 2.7.

Low-temperature crystal growing apparatus; (A) glass-jacketed dewar, (B) nitrogen cold flow, (C)
thermocouple lead, (D) T-shaped FEP reaction vessel with side arm, (E) sample region, (F) Kel-F valve, (G)
FEP U-trap, (H) glass vacuum manifold, (I) greaseless J. Young valve with PTFE barrel, amd (J) PTFE
Swagelok or stainless steel Swagelok Ultra-Torr union.

prwg T 103010 — S1SAYL " 'Yd



Ph.D. Thesis — Gregory L. Smith

drying of the crystalline product under dynamic vacuum at —80 °C before the side-arm
containing the supernatant was heat-sealed off. A crystal having dimensions less than 0.35
x 0.35 x 0.35 mm’ was selected at —104 +2 °C for low-temperature X-ray structure
determination and was mounted in a cold stream (=173 °C) on a goniometer head as

described in the next section.'®

2.10.2. Low-Temperature Crystal Mounting

Because most of the samples investigated in this work were thermally unstable
and/or moisture sensitive, all of the samples investigated were mounted at low
temperature using the apparatus depicted in Figures 2.8 and 2.9. The reaction vessels
containing the samples were first cut open below the Kel-F valve under a flow of dry
argon gas, using an inverted glass funnel, while maintaining the sample at —78 °C. The
sample was then quickly dumped into the aluminum trough of the crystal mounting
apparatus under a stream of dry argon, precooled (-104 £2 °C) by the regulated passage
of dry nitrogen gas flow through a 5-L dewar filled with liquid N, (Figure 2.8). The
temperature inside the trough was measured using a copper-constantan thermocouple
positioned in the sample region of the trough. Using an additional glass sleeve, which
was fitted into a concentric position around the silvered cold-flow dewar, an ambient
nitrogen gas flow was slowly passed through the sleeve in order to maintain a laminar
flow, thereby reducing atmospheric moisture build up in the trough. Crystals were then
selected using a stereo-zoom microscope and mounted on a glass fibre (0.05 to 0.1-mm

0.d.) using perfluorinated polyether oil (Ausimont Inc., Fomblin Z15 or Z25) which
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Figure 2.8. Low-temperature crystal mounting apparatus; (A) nitrogen inlet, (B) glass
sleeve for ambient nitrogen flow (optional), (C) liquid N, dewar, (D)

adjustable support stage, (E) silvered dewar (glass), (F) aluminum trough,
(G) stereo-zoom microscope.
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Figure 2.9. (a) Enlarged view of the crystal mounting apparatus; (A) ambient nitrogen gas flow inlet, (B) glass sleeve for
ambient nitrogen gas flow, (C) adjustable support stage, (D) aluminum trough, (E) silvered glass jacketed
dewar, (F) magnetic-tipped wand affixed to (G) the magnetic-based copper pin-fibre assembly, (H) glass fibre.
(I) stereo-zoom microscope, (b) cryotongs employed in the transfer of the copper pin-fibre assembly with
adhered crystal from the support stage to the goniometer head.
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served as an adhesive upon freezing at low temperature. The glass fibre was previously
mounted with epoxy cement to a copper pin fitted to a magnetic base and 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 stereo-zoom
microscope once affixed to the glass fibre. The mounted crystal and magnetic 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
liquid N prior to use. The crystals were maintained at low temperature on the goniometer
head by a cold N, gas flow provided by a Molecular Structure Corporation cryostat

system.

2.10.3. Data Collections

The crystallographic data acquired during the course of this Thesis were collected
using three different diffractometers, which are each described in detail in the subsequent
sections. All three instruments were equipped with Oxford Cryosystems low-temperature
cryostream accessories that provided a stream of cold, gaseous N, for low-temperature
data collection. Both molybdenum instruments were controlled by a Cryostream
Controller 700 (Oxford Cryosystems), whereas the copper instrument was controlled by a

Cyrojet 98 system (Oxford Instruments).

2.10.3.1. Siemens P4 Diffractometer

The Siemens diffractometer was equipped with a Siemens 1K CCD area detector
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controlled by SMART'® and a rotating anode (molybdenum) emitting Ka radiation
monochromated (A = 0.71073 A) by a graphite crystal. Diffraction data collection (—173
°C) consisted of a full g-rotation at x = 0° using 0.3° (1040 + 30) frames, followed by a
series of short (80 frames) ® scans at various @ and y settings to fill the gaps. The crystal-
to-detector distance was 4.970-5.020 cm, and the data collection was carried out in a 512
x 512 pixel mode using 2 x 2 pixel binning. Processing of the raw data was completed
using SAINT+'?! which applied Lorentz and polarization corrections to three-

dimensionally integrated diffraction spots.

2.10.3.2. Bruker SMART APEX II Diffractometer
The Bruker SMART APEX II diffractometer was equipped with an APEX II 4K

CCD area detector and a 3-axis goniometer, controlled by the APEX2 Graphical User
Interface (GUI) software,'? and a sealed tube X-ray source (Mo target) emitting Ko
radiation monochromated (A = 0.71073 A) by a graphite crystal. Diffraction data
collection was typically at —173 °C consisted of a full g-rotation at a fixed y = 54.74° with
0.36° (1010) frames, followed by a series of short (250 frames) ®» scans at various ¢
settings to fill the gaps. The crystal-to-detector distance was 4.969—4.999 cm, and the
data collection was carried out in a 512 x 512 pixel mode using 2 x 2 pixel binning.
Processing of the raw data was completed using the APEX2 GUI software,'* which
applied Lorentz and polarization corrections to three-dimensionally integrated diffraction

spots.
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2.10.3.3. Bruker D8 Diffractometer

The Bruker D8 diffractometer was equipped with a Siemens SMART 6K charge-
coupled device (CCD) area detector that used the program SMART,'® and a Rigaku
rotating anode using parallel-focused cross-coupled Cu-Ko radiation (A = 1.54178 A). The
diffraction data collection consisted of a series of @ scans using 360 (0.5°) frames at various
¢ settings to achieve good coverage. The crystal-to-detector distance was 4.190 cm, and the
data collection was carried out in a 1024 x 1024 pixel mode using 4 x 4 pixel binning.

121

Processing was carried out by using the program SAINT+, “° which applied Lorentz and

polarization corrections to three-dimensionally integrated diffraction spots.

2.10.4. 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 redundant reflections. The XPREP program was used to confirm the
unit cell dimensions and the crystal lattices. The final refinements were obtained by
introducing anisotropic parameters for all the atoms, an extinction parameter, and the
recommended weight factor. The maximum electron densities in the final difference
Fourier maps were located around the heavy atoms. All calculations were performed
using the SHELXTL package for the structure determination, refinement, and molecular
graphics.123 Structure solutions were obtained by direct methods which located the Xe
and/or As atoms. Successive difference Fourier syntheses revealed the positions of the

fluorine, nitrogen, and sulfur atoms.
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The position of the hydrogen atoms in the crystal structures of [F4S=NH;][AsFg],
FsSNH,-2[FsSNH3][AsFe]-4HF, [FsSNH;3][AsF)-2N=SF;, and [FsSN(H)Xe][AsFs], were
located on the difference map, and then were calculated (d(IN-H) = 0.82 to 1.01 A; U(H)
fixed to —1.2 to —1.5 U(N) as appropriate) and were refined using DFIX restraints. For the
[s] structure, the methyl-group hydrogen atoms were calculated (d(C-H) = 0.980 A; £(C-
C-H) = Z(H-C-H) = 109.5; UH) fixed to —1.2U(N)) and were refined using AFIX

restraints.

2.11. Raman Spectroscopy

All Raman spectra were recorded on a Bruker RFS 100 Fourier transform Raman
spectrometer employing a quartz beam splitter and a liquid-nitrogen cooled Ge diode
detector. The 1064-nm line of a Nd-YAG laser was used for excitation with a laser spot
of <0.1 mm at the sample and configured such that only the 180°-backscattered radiation
was detected. The scanner velocity was 5 kHz and the wavelength range was 5894 to
10394 cm™ relative to the laser line at 9394 cm™, resulting in a spectral range of 3501 to
999 cm™'. Fourier transformations were processed using a Blackman Harris 4-term
apodization and a zero-filling factor of 2. Typical acquisitions used 1.0 cm™ resolution,
300-350 mW power, and involved 600 scans for strongly scattering samples and 1200~
1600 scans for weakly scattering samples. The very weakly scattering
[FsSN(H)Xe][AsFs] and FsSNH»-2[FsSNH3][HF,]-4HF samples required 10,000 scans.
Low-temperature spectra were acquired using a Bruker 10121 low-temperature accessory
which provided temperatures ranging of —30 to —50 °C for the long run times needed for
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very weakly scattering samples, to —~160 °C for routine samples, with an estimated error

of £1 °C.

2.12. Nuclear Magnetic Resonance Spectroscopy

High-field nuclear magnetic resonance spectra were recorded unlocked (field drift
< 0.1 Hz h™") on a Bruker DRX-500 (11.744 T) spectrometer using XWINNMR. The
spectrometer was equipped with a Bruker 5-mm combination 'H/ IF probe, or a Bruker 5-
mm broad band inverse probe. Low-temperature spectra were acquired using a cold
nitrogen gas flow and a variable temperature controller (BV-T 3000). The 'H, °C, "N,
F, and '*Xe were referenced externally at 30 °C using neat samples of TMS ('H and
), CH3NO,, CFCl3, and XeOF,, respectively. The chemical shift convention used is
that a positive (negative) sign indicates a chemical shift to high (low) frequency of the
reference compound. A summary of typical spectroscopic parameters used for the spectra
acquired for this Thesis are provided in Table 2.1.

Spectral simulations were performed on a PC using the program
ISOTOPOMER.'** The program provides a full heteronuclear simulation that takes into
account natural abundances and second-order effects. Spectra in the present study were
not iterated. In addition, Gaussian multiplication was often used to enhance spectral

resolution.
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Table 2.1. Summary of Typical Spectroscopic Parameters Used for NMR

Spectroscopy
Acquisition 'H Bc N 3 %Xe
Parameter®
B,=11.744T
SF (MHz) 500.130 125.758 36.141 470.592 138.857
TD (K) 32 32 16 64 32
SW (kHz) 7 29 29 25 to 100 100
Hz/pt 0.207 0.885 1.765 0.380 3.051
PW (ps) 2.5 6.0 6.0 8.5 10.0
RD (s) 2.5 2t05 0.05 0.1 0.1
NS 100 10000 16,000 500 to 32,000

5000

? The abbreviations denote: B,, external magnetic field; SF, spectral frequency; TD, time
domain; SW, sweep width; PW, pulse width; RD, relaxation delay; NS, number of scans
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2.13. Quantum-Chemical Calculations

3125 9126

All calculations were performed using the Gaussian 0 or Gaussian 0
software packages. Geometries were fully optimized using density functional theory
(B3LYP, SVWN, and/or PBE1PBE) and Mgller-Plesset (MP2) methods using (SDB-)cc-
pVTZ and/or aug-cc-pVTZ(-PP) basis sets. The standard all-electron cc-pVTZ or aug-cc-
pVTZ basis sets, as implemented in the Gaussian program, were utilized for all elements
except Xe and As, for which the semirelativistic large core (RLC) pseudopotential basis
set SDB-cc-pVTZ (with cc-pVTZ) or aug-cc-pVTZ-PP (with aug-cc-pVTZ) were
used.'”” The combined uses described are indicated by (SDB-)cc-pVTZ and aug-cc-
pVTZ(-PP), respectively. Basis sets were obtained online from the EMSL Basis Set
Exchange (https://bse.pnl.gov/bse/portal).'**!* Fundamental vibrational frequencies were
calculated along with Raman intensities, and Natural Bond Orbital (NBO) analyses were
obtained for the optimized local minima. The program GaussView'*® was used to

visualize the vibrational displacements that form the basis of the vibrational mode

descriptions presented.
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CHAPTER 3

SYNTHESIS OF [F3S=NXeF][AsFs] AND STRUCTURAL STUDY BY
MULTI-NMR AND RAMAN SPECTROSCOPY, ELECTRONIC
STRUCTURE CALCULATIONS, AND X-RAY
CRYSTALLOGRAPHY

3.1. Introduction
The first example of xenon bonded to nitrogen, FXeN(SO,F),, was synthesized**

4 and EPR spectroscopy,” by a single-

and characterized in the solid state by Raman
crystal X-ray structure determination,*® and by solution 19F,45‘46 15N,46 and '¥Xe** NMR
spectroscopy. Other imidodisulfurylfluoride species containing Xe(II)-N bonds have since
been characterized by multi-NMR and Raman spectroscopy, and include
Xe[N(SO:F),15, "4 F[XeN(SO:F).l,", 2" XeN(SO.F),",* and Xe[N(SO,CF3).*
Additionally, [XeN(SO.F),][SbsFis] was also characterized by a single-crystal X-ray
structure determination.”’ In these species, xenon is bonded to spz-hybridized nitrogen atoms

44,45 47-49,131 g
ASATAO13T and oxidative

which derive their stabilities from the high electronegativity
resistance of the imidodisulfurylfluoride ligand. Most recently, the synthesis and detailed
structural characterization of [FsTeN(H)Xe][AsF¢], the first example of a noble gas bonded
to a formally sp’-hybridized nitrogen center, has been reported from this laboratory.*’

The Lewis acidity of the XeF " cation, as seen from the propensity of XeF" to form

fluorine bridges with the counteranions of its salts," has been exploited in this laboratory to

form Xe(II)-N bonded cations by the reaction of oxidatively resistant electron pair donors
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with XeF"*? Reactions of XeF" with neutral organic nitrogen bases in HF, or XeF; with
protonated nitrogen base salts in BrFs, accompanied by HF elimination, have led to cations

in which XeF" is adducted to formally sp-and spz-hybridized nitrogen centers. These include

34,35 34,36

hydrogen cyanide, alkylnitriles,” pentafluorobenzenenitrile,” perfluoroalkylnitriles,
perfluoropyridines,’” and s-trifluorotriazine.®® With the exception of the s-trifluorotriazine
adduct cation, s-C3F;NoNXeF', all of the adduct cations decompose below room
temperature. The krypton(Il) cations, HC=NKrF" ® and RpC=NKrF" (R = CF3, CyFs,
n-C3F7),36 characterized in this laboratory as their AsFs salts, are unstable above ca. —50 °C.

The basicity of N=SF; was previously demonstrated by reaction of N=SF3 with
BF;, AsFs, and SbFs in SO, to give the Lewis acid-base adducts, F3$ENBF3,82’87
F3S=NAsFs, % F;S=NSbFs,*® and by the formation of [(CF3),SF3_,N=SF3][AsFs]* and
transition metal complc=,xes,78’90'95 e.g., [M(N=SF3)4][AsF¢]o (M = Mn, Fe, Co Ni, Cu).*
In view of the established Lewis basicity and anticipated resistance to oxidation (first
adiabatic ionization potential, 12.50 eV)'*? of N=SFs, its reaction with the Lewis acid
cation XeF' was investigated, providing the first synthesis and detailed structural
characterization of a noble-gas compound in which the noble-gas atom is bonded to an

inorganic sp-hybridized nitrogen center.

3.2. Results and Discussion
3.2.1. Synthesis of [F3S=NXeF][AsFg]
The salt, [F3S=NXeF][AsF¢], was synthesized by reaction of [XeF][AsFs] and

liquid N=SF; at —25 to —15 °C for ca. 6 h according to eq 3.1, forming a colorless, micro-
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crystalline solid which was identified by Raman spectroscopy at —160 °C.

N=SF;

N=SF; + [XeFI[AsFs] —r—c

[F3S=NXeF][AsF] 3.1)

3.2.2. X-ray Crystal Structure of [F3S=NXeF]|[AsFg]

A summary of the refinement results and other crystallographic information is
provided in Table 3.1. Important bond lengths and angles for [F3S=NXeF][AsFg] are listed
in Table 3.2 along with calculated values for the F3S=NXeF " cation.

The structure of [F3S=NXeF][AsF¢] (Figure 3.1a) consists of well-separated
F3S=NXeF" cations and AsFs anions. The anion shows no significant distortion from
octahedral geometry, with As—F bonds ranging from 1.711(3) to 1.718(3) A, in good
agreement with previously reported values.***° The Xe-N and Xe-F bond lengths,
(2.236(4) and (1.938(3) A), are equal, within experimental error, to those in
[HC=NXeF][AsF¢] (2.235(3) and (1.936(2) A)f 8 and are comparable to those observed in
[CH3C=NXeF][AsF¢]-HF (2.179(7) and (1.947(5) A)*® and [(CH3);CC=NXeF][AsF¢]
(2.212(4) and 1.952(3) A).”® The Xe-N bond in F3S=NXeF" is significantly shorter than
the Xe-N bonds in CH;C=N--XeCeFs™ (2.681(8) A)*' and [2,6-CsH3FoN---
XeCeFs][AsFs] (2.694(5) A).* The Xe-F bond length of F3S=NXeF" is significantly
longer than the terminal Xe—F bond length in [XeF][AsFs] (1.888(3)," 1.873(6)'*° A)
and other XeF" salts,”*"** but shorter than those in XeF (2.010(6),"° 1.999(4)*° A). The

relationship between the relative strength of the donor-acceptor interactions in XeF" salts,

i.e., FXe---F-MFs and FXe ---F-MF,, and Xe—-F bond length is well established and
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Table 3.1. Summary of Crystal Data and Refinement Results for [F3S=NXeF][AsF¢]

empirical formula F10SNXeAs
space group (No.) Pbca (61)
a(A) 8.7844(3)
b(A) 12.3857(4)
c(A) 16.2550(5)
V(A7) 1768.56(5)
molecules/unit cell 8

mol. wt. (g mol™) 442.29
calcd. density (g cm™) 3.322
I'(c) -173

p (mm™) 7.97

R\ 0.0438
wR,” 0.0679

“R) is defined as =l | Fo - | FJ [ /=l F| for I > 20(1).
® WR, is defined as [S[w(F.> — F)*J/Zw(F,2)*]" for I > 26(1).
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Table 3.2. Experimental Geometries for [F3S=NXeF][AsFs] and Calculated
Geometries for F38=NXeF', N=SF3, and XeF"

Bond Lengths (&)
caled”
FyS=NXeF (Cy) N=SF; (Cs,) XeF (Con)
exptl MP2 SVWN MP2 SVWN MP2 SVWN
Xe(1)-N(1) 2236(4) 2295 2242
Xe(1)-F(1) 1.938(3) 1.916 1.933 1.874 1.878
S(1)-N(1) 1.397(5)  1.418 1.416 1.437 1.449
S(1)-F(2) 1.503(3)  1.528 1.532 1.574 1.616
S(1)-F(3) 1.503(3)  1.528 1.532 1.574 1616
S(1)-F(4) 1.496(3)  1.528 1.532 1.574 1.616
As(1)-F(5) 1.713(3)
As(1)-F(6) 1.715(3)
As(1)-F(7) 1.711(3)
As(1)-F(8) 1.716(3)
As(1)-F(9) 1.717(3)
As(1)-F(10) 1.718(3)
N(1)-F(1A) 3.097(6)
N(1)--F(10A) 3.076(5)
N(1)--F(6B) 3.133(5)
N(1)--F(5A) 3.201(6)
Bond Angles (°)
caled”
F,S=NXeF' (Cp) N=SF; (Cs,)
exptl MP2 SVWN MP2 SVWN
F(1)-Xe(1)-N(3) 179.6(2)  180.0 180.0
Xe(1)-N(1)-S(3) 1426(3) 1800 180.0
N(1)-S(1)-F(2) 1152(2) 1203 120.0 1238 123.0
N(1)-S(1)-F(3) 1207(2) 1203 120.0 123.8 123.0
N(1)-S(1)-F(4) 123.4(2) 1203 120.0 123.8 123.0
F(2)-S(1)}-F(3) 97.1(2)
F(2)-S(1)-F(4) 97.7(2)
F(3)-S(1)-F(4) 97.3(2)
F(5)-As(1)-F(6) 179.1(2)
F(5)-As(1)-F(7) 90.3(2)
F(5)-As(1)-F(8) 89.7(2)
F(5)-As(1)-F(9) 90.0(2)
F(5)-As(1)-F(10) 90.2(2)
F(6)-As(1)-F(7) 89.9(2)
F(6)-As(1)-F(8) 89.4(2)
F(6)-As(1)-F(9) 90.8(2)
F(6)-As(1)-F(10) 89.6(2)
F(7)-As(1)-F(8) 90.0(2)
F(7)-As(1)-F(9) 90.8(2)
F(7)-As(1)-F(10) 179.4(2)
F(8)-As(1)-F(9) 179.2(2)
F(8)-As(1)-F(10) 89.6(2)
F(9)-As(1)-F(10) 89.6(2)

“ (SDB-)cc-pVTZ basis set.
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Figure 3.1.

(a) X-ray crystal structure of [F3S=NXeF][AsFs]; thermal ellipsoids are
shown at the 50% probability level. (b) Calculated geometry of the
F3S=NXeF" cation. The atom numbering scheme corresponds to that given
in Table 3.2 where the values of experimental and calculated geometric
parameters are provided.
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leads to Xe—F bond strengthening with decreasing fluoro-basicity and a corresponding
increase in v(XeF)."'*'*® Of the crystallographically characterized N-Xe-F bonded
cations having formal sp-hybridization at N, the Xe-N and Xe-F bond lengths in the

+ 38

F3S=NXeF" cation are most similar to those of HC=NXeF and to the terminal Xe-F

bond length in [Xe,F3][AsFs] (1.90(3),"*7 1.915(8)*® A), thus placing the XeF" adducts of
N=SF; and HC=N toward the most ionic end of the scale.

The N=S and S-F bonds of [F3S=NXeF][AsFs] (1.397(5) A and 1.503(3) A) are
shorter than those in N=SF; (1.415(3) and 1.547(1) A, respectively).*® Similar bond length
contractions occur in other N=SF3 complexes, i.e., F3S=NAsFs (1.383 A and 1.439 A),”®
[Mn(N=SF5)4][AsFs]> (1.365(11) A and 1.506(5) A),” [Zn(N=SF5)s][AsFe], (1.365(7) A
and 1.496(6) A),”” [Re(CO)sN=SF;][AsFs] (1.384(14) A and 1.499(10) A),” and
[CpFe(CO),N=SF;][AsF4] (1.376(3) A and 1.515(3) A).”!

Although quantum-chemical calculations predict a linear structure (Figure 3.1b, also
see Section 3.3.1.), the Xe-N-S angle (142.6(3)°) is significantly more distorted from
linearity than the Xe-N—C angles in the crystal structures of [HC=NXeF][AsF¢]
(177.7(3)°),® [CH3C=NXeF][AsFs]-HF (175.0(8)°), and [(CHs);CC=NXeF][AsFq]
(166.9(4)°),>® however, no explanations were given. Other bent E-N—C (E = In, T, Sn,
Pb) arrangements have been encountered in the solid state."**'*' In the present instance,
the bent Xe-N-S angle appears to result from several close N---F contacts within the
crystal lattice, three from anions (3.076(5), 3.133(5), 3.201(6) A) and one from the fluorine

ligand bonded to xenon (3.097(6) A) in a neighboring F3S=NXeF" cation. These contacts
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are at the limit of the sum of nitrogen and fluorine van der Waals radii (3.02 A),”' and form
a distorted square planar arrangement about nitrogen (Figure 3.2) with the cation bent
towards the longest, most open edge.

The N-S-F and F-S-F angles in [F3;S=NXeF][AsF¢] average 119.8(2)° and
97.4(2)°, respectively, comprising a distorted tetrahedral arrangement about sulfur that is
similar to those of N=SF; (122.2(1)° and 94.2(1)°)¥, F3S=NAsF;s (122.2° and 94.3°),”® and

[CpFe(CO),N=SF][AsFs] (120.9(2)° and 96.0(2)°).”"

3.2.3. NMR Spectroscopy

The "N, "F, and '"”Xe NMR parameters for [F3S=NXeF][AsFs] recorded in
anhydrous HF solvent at —20 °C and BrFs solvent at —-60 °C (NMR parameters obtained
from BrFs solutions are given in parentheses) are listed in Table 3.3.

The "F spectrum consists of two resonances at 51.2 (53.3) and —185.5 (-180.5)
ppm, corresponding to the fluorine-on-sulfur (Figure 3.3a) and fluorine-on-xenon (Figure
3.3b) environments, respectively. The latter singlet is accompanied by natural abundance
129X e (26.44%) satellites resulting from 'J('**Xe~"F) = 6265 (6248) Hz. The “J("*Fx—
"Fg) coupling cannot be observed in HF solvent, which may be a consequence of line
broadening (F-on-S, Avy, = 47 Hz and F-on-Xe, Avy,, = 150 Hz) arising from slow

chemical exchange between HF and F3S=NXeF™ (eq 3.2). A diminished fluorine

FiS=NXeF™ + 2HF == XeF, + N=SF; + H,F" (3.2)

exchange rate in BrFs and a greatly enhanced rate of quadrupolar relaxation of residual
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Figure 3.2.  View of the F3S=NXeF" cation showing the closest N---F contacts with
three neighboring AsFs anions and the fluorine on xenon of a neighboring
F3S=NXeF" cation.
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Table 3.3. NMR Chemical Shifts and Spin-Spin Coupling Constants for [F3S=NXeF][AsF¢]*

species chemical shifts, ppm coupling constants, Hz
5(PXe) 5(F) 5("N) L(™®Xe-"F) (X e_1'N) "7(°F_F)
F3S=NXeF'® -1652(-1661) —185.5 (—180.5), Fx, -278.0 6265 (6248) 350 (15.1),n=4
31.2 (533.3), Fs
AsFg ¢ —69 (-62)
HF -197
BrFs ¢ (136.4), Feq (770, n=2
(274.4), Fax

“ The values in parentheses have been measured in BrFs solvent at —60 °C; all other values have been measured in HF solvent
at —20 °C. The secondary isotope effect of 2348 on °F, 'A"F(*?S) = —0.066 ppm, was observed in both HF and BrFs
solvents. ” The fluorines bonded to Xe and S are denoted by Fxe and Fs, respectively. © The F resonance of AsFs was a
broad, saddle-shaped feature, Avy, = 2860 (2500) Hz, as a result of partial quadrupole-collapse of the 'J(” As—""F) coupling.
4 The axial (quintet) and equatorial (doublet) PF environments, denoted by Fy and F.q respectively, exhibited bromine
secondary isotope shifts: lAwFax(W *1Br) = —0.012 ppm and 1A19Feq(79/ 1Br) =—0.029 ppm.
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Figure 3.3. '"°F NMR spectrum (470.592 MHz) of [F3S=NXeF][AsFs] in BrFs solvent
at —60 °C showing the cation resonances; (a) the F-on-S environment;

daggers (1) denote the 'A"Fs(****S) secondary isotope shift, and (b) the F-
on-Xe environment; asterisks (*) denote '*’Xe satellites.
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2J(Fs=""N) and “J("Fx~"*N) couplings that result from the higher viscosity of BrFs at
—60 °C are apparently responsible for the line narrowing142 that permits observation of the
4J(l(’)FxC—]()F s) coupling (doublet, 15.1 Hz, Avy, = 26 Hz) on the F-on-S environment (vide
infra). The anticipated 1:3:3:1 quartet corresponding to the F-on-Xe environment could
only be partially resolved in BrFs solvent (Avy, = 45 Hz).

The '*Xe spectrum (Figure 3.4) consists of a doublet arising from 'J(**Xe-""F) =
6265 (6248) Hz, which, in turn, is split into a 1:1:1 triplet ('J(***Xe—"*N) = 350 Hz) in
anhydrous HF solvent. The outer transitions of the triplets are broader than the central
transition owing to partial quadrupolar relaxation of '*N (/ = 1) in the presence of the
small electric field gradient at "N in this axially symmetric cation. Similar 'J(***Xe-"*N)
couplings have been observed for the HC=N and alkyl nitrile adducts of XeF" when
recorded in HF solvent (cf. HC=NXeF", 'J('"*Xe-""F) = 6161 Hz and 'J(**’Xe-"*N) =
332 Hz at —10 °C).*® The '*Xe NMR chemical shift, §('*Xe) = —1652 (~1661) ppm, is
consistent with that expected for an Xe—F moiety bound to an sp-hybridized nitrogen (cf.
HC=NXeF", §('**Xe) = —1552 (~1570) ppm in HF (BrFs) solvent at —10 (-50) °C).*®
When the '**Xe NMR spectrum was recorded in BrFs solvent, the J("PXe-""N) coupling
was quadrupole collapsed to a doublet corresponding to 'J(***Xe—""F). Complete collapse
of the 'J(IZQXe—MN) coupling in BrFs solvent is attributed to fast quadrupolar relaxation
of "N that is mainly a consequence of the high viscosity'** of BrFs at —60 °C. The "*N
spectrum of F3S=NXeF " recorded in HF at —20 °C consisted of a quadrupole broadened

resonance (Avy, = 750 Hz) at —278.0 ppm, which obscured the expected '*Xe satellites.
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Figure 3.4.  '®Xe NMR spectrum (138.086 MHz) of [F3S=NXeF][AsF¢] in anhydrous HF solvent at —20 °C.
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Other than an early '°F NMR study of N=SF3, which only reported the “J("’F-"*N)
coupling constant (27 Hz),'** the NMR spectroscopic characterization of N=SF; appears
to be surprisingly incomplete. In the present study, the following NMR parameters for
N=SF; have been determined in SO,CIF solvent at 30 °C: 8('°F) = 68.3 ppm, 8('*N) =
—245.8 ppm, 'J(F-""N) = 26.6 Hz, 'A"F**3?)S = 0.058 ppm. The '°F and '*N chemical
shifts of N=SF; and F3S=NXeF  have been measured in different solvents at different
temperatures because N=SF; undergoes HF solvolysis to yield FsSNH,”® and because

[F3S=NXeF][AsFg] is insoluble in SO,CIF. The complexation shifts 6(19FS)F3SENXCF+
— 8("Fs)nesr, = —17.1 [-15.0] ppm and 8("*N)r snxer* — 8('*N)nasr, = -32.2 ppm indicate

that both the '9Fs and "N environments are more shielded in the cation. The individual
shielding tensors that contribute to the isotropic shielding would need to be determined
for a fuller understanding of the complexation shifts. It is noteworthy, however, that the
increased shielding of '*N in F3S=NXeF" parallels its increased charge and valency,
whereas the charges of the more highly shielded fluorine ligands bonded to sulfur have
diminished, but their valencies have also increased relative to those of N=SF; (see

Section 3.3.2.).

3.2.4. Raman Spectroscopy
The Raman spectrum of [F3S=NXeF][AsF¢] was assigned by comparison with that

of solid N=SF3, recorded during the course of this study, and previously published
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7 g . 83,84,14 -
vibrational assignments for N=SF;#%3#1% and AsFg >

and by electronic structure
calculations (see Section 3.3.).

The F3S=NXeF" cation (C; symmetry) possesses 15 Raman- and infrared-active
fundamental vibrational modes belonging to the A irreducible representations. The 15
vibrational modes of AsF¢ belong to the irreducible representations A, + Eg + Ty + 2Ty, +
Ty, under O), symmetry, where the Ajg, E,, and T, modes are Raman active and the T,
modes are infrared active. The eight cations and anions occupy C; sites in its
crystallographic unit cell. Factor-group analyses for the cation and anion are provided in
Table 3.4 and predict that each gas phase Raman- and infrared-active vibrational mode of
F3S=NXeF" and AsFs is split, as a result of site symmetry lowering, into a maximum of
four Raman-active (Ag, Big, Bag, B3g) and infrared-active (A, Biy, Bay, B3,) components.
Anion bands, under O, symmetry, corresponding to the vi(Ajg), v2(Eg), and v3(T,) modes
were split into two components and v4(T),) was split into three components (Figure 3.5).
The cation splittings were only resolved for the vibrational modes associated with adducted
N=SF;3, i.e., the 6((SF3) mode (four components), the V(SN), v,(SF3), and v4(SF3) modes
(three components each), and the 8(NSF;) and 6,(NSF3) modes (two components each).

Vibrational frequencies calculated at the MP2 and SVWN levels of theory
reproduced all the experimental frequency trends, although v(SN) and v(XeF) are both
predicted to be ca. 60 cm™ higher than the experimental frequencies (Table 3.5). The XeF
stretching mode of F3S=NXeF™ (550 cm™) is characteristically intense, having a

frequency that is intermediate with respect to those of FXeN(SO,F), (506 cm™)* and

[XeF][AsFe] (608, 610 cm™),'** and very similar to that of HC=NXeF" (561, 569 cm™).*
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Table 3.4. Correlation Diagrams and Selection Rules for the Vibrational Modes of

[F3S=NXeF][AsFq]

F;S=NXeF*
free cation site crystal
symmetry ¢ symmetry symmetry b
C G Dy,
Ag Vi—Vis 1
Big V1= Vis, 4T, 3R (-R)

8(vi — vis), 24R, 24T A

i

/)

Ay
Blu

Blu

v = V15, 4T, 3R (-R)
vi=Vis, 4T, 3R (-R) _J
Vi = Vis A
vy = vys, 3T, 4R (-T)

Vi = Vis, 3T, 4R (—T)

> Raman active

> Infrared active

Bau V1= Vi 3T, 4R (-T) J
ASFs_

free anion site crystal

symmetry ¢ symmetry symmetry

Oh C] Dlh
8v; Ay

Ay Ay V1, 2vy, 3(V3, V4, Vs, Vs)
8v, Eg Blg V1, 2Vy, 3(V3, Vs, Vs, Vs), 4T, 3R (-R)

Raman
24R Ty Bag V1, 2V, 3(Vs, V4, Vs, V), 4T, 3R (-R) active
8vs Tz \ 4 Bsg Vi, 2v2, 3(v3, Va, Vs, Ve), 4T, 3R (-R)

A
Aw 7/ § Au Vi, 2V, 3(vs, Vs, Vs, )
Ay By Vi, 2va, 3(Va, Vs, Vs, V6), 3T, 4R (=T)
Infrared
E. Bau V1, 2vy, 3(Vs, V4, Vs, Ve), 3T, 4R (=T) active
8vs, 8vy  Th By V1, 2y, 3(V3, V4, Vs, V6), 3T, 4R (=T)
8vg, 24T Ty,

“The irreducible representations are I' = 15A (C,) for the bent F;S=NXeF" cation and I = A+
Eg + Tap + 2T, + T2y (Oy) for the AsF¢ anion in the gas phase. ® The crystallographic space
group is Pbca with Z = 8 molecules.
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Figure 3.5.
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Raman spectrum of [F3S=NXeF][AsFg] recorded at —150 °C using 1064-nm excitation; the symbols denote
FEP sample tube lines (*), vs(SF3) of unreacted N=SF; (1), v(XeF) of unreacted [XeF][AsFs] (F), and an

instrumental artifact (§).
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Table 3.5. Raman Vibrational Frequencies and Intensities for N=SF; and [F3;S=NXeF][AsFs], and Calculated
Vibrational Frequencies, Intensities, and Assignments for N=SF3, F3S=NXeF * and XeF"?
freq, cm™ ? assignts
N=SF; F3S=NXeF" F3S=NXeF" AsFs
exptl caled® exptld caled® (1) O
MP2 SVWN MP2 SVWN
1524 (7) 1548 (1) -
1519 (39) }1503 [68] (16) 1466 [73](9)  1542sh :I» 1619 [475] (84) 1607 [459] (86)  v(SN) FU“
1503 (3) 1527 (10) -
g’ 952 (4) ?
gf} Eg) 809 [211]1(3)  751[194](5) 942 (4) }941 [193] 3) 924 [179] (4) vas(SF3) -
809 (5) 934 (1) cl)
876 (1) o
779 (100) 759 [149] (23) 714[122] (24)  875(1) 873 [89] (36) 846 [98] (56) ve(SF3) 5
869 (28) i
724 sh :
717211 } v3(Th) %’
701 (2 =
689 23)1) Vi(Alg) 5
594 (8
580 25; va(Ee)
570 (22)
530 (10) 565 (21)
526 (2) 511 [27]1 (2) 443 [14] (2) 558 sh 547 [10] (1) 518 [11] (1) O«(SF3)
556 sh
550 (100) 610 [98] (63) 604 [114] (44) v(XeF)
445 (21 471 (8
135 El 4; 419 [7] (4) 376 [6] (4) et E 6; }440 [20] (4) 407 [16] (3) S(NSF,)



06

Table 3.5. (continued...)

406 (3)
402 (2) } va(Thu)
395 (2)

373 (6) V5(T2g)
33712] (4) 295 [1]1 (3) ;2?/ Eg; }345 [51(3) 318 [5] (2) 0,(NSF3)

246 (1) ve(Tau)

218 (3)

211 sh

206 (7)

194 (3) 161 [47] (1) 177 [31] (2) v(XeN)

177 (4) 175 [5] (1) 171 [3] (1) S(NXeF)

118 (1) br

95 (3)

n.o. 32 [<1] (1) 15 [<1] (1) torsion about Xe

355 (21)
349 (30)

“The calculated stretching frequency of gas-phase XeF" occurs at 665 (MP2) and 667 (SVWN) cm™'. The experimental
frequency of XeF" in its salts occurs at 608, 610 (AsFg, this work), 615 (SbFs, ref. 112), 602, 608 (BiFs , ref. 136), 619
(SbyFy,, ref. 112), and 605, 609 (BizFy;") ref. 136) cm ™. * Values in parentheses denote experimental Raman intensities.
° Infrared intensities (in km mol™) are given in brackets, calculated Raman intensities (in A* amu™) are given in
parentheses. 4 Abbreviations denote shoulder (sh), broad (br), and not observed (n.o.).
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The XeF stretching frequency trend correlates with the Xe—F bond lengths of these
species and with donor atom base strength, decreasing with increasing base strength,*>'!?
affirming the highly ionic characters of the Xe—N bonds in F3S=NXeF" and HC=NXeF".
The experimental shift of v(XeF) in F3S=NXeF", 59 cm™' to lower frequency relative to
that of [XeF][AsFs], is in accord with the calculated gas-phase complexation shifts of
55/63 (MP2/SVWN) cm™' for XeF" and F3S=NXeF".

Correspondingly, the v(XeN) stretch occurs at low frequency and is assigned to
the band at 194 cm™, which is slightly higher than that observed in (CH3);CC=NXeF"
(188 cm™),*® but significantly lower than those observed in CH;C=NXeF" (280 cm™),*
HC=NXeF" (331 cm™),*® and FXeN(SO,F); (422 cm™).* The NXeF bend is assigned to
the band at 177 cm™', which is comparable to those of CH;C=NXeF" (160, 170 cm™')*®
and HC=NXeF' (181 cm™).*®

All N=SF; modes of F3S=NXeF " exhibit complexation shifts to higher frequency
relative to those of solid N=SF;. The highest-frequency mode, assigned to v(SN), occurs
20 cm™ to higher frequency with respect to that of N=SFs, but is much less than the
calculated shifts of 116/141 cm™'. The average v.(SF3) and vy(SF3) frequencies increase
111 (132/173) em™ and 94 (114/132) cm™', respectively, upon complexation, and the
bending modes, d4(SF3), 6(NSF>), and 8,s(NSF3), shift to higher frequency by 34, 26, and
11 (36/75, 21/31, 8/23) cm ™, respectively. The high-frequency shifts are in accord with the
N-S and S—F bond length contractions that result upon adduct formation with XeF". Bands

below 220 cm™', that are not otherwise explicitly assigned, are attributed to lattice modes.
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The lowest frequency mode, torsion about Xe, was calculated at 32/15 cm_l, but could

not be observed.

3.3. Computational Results

Quantum-chemical calculations were carried out at the MP2 and DFT (SVWN)
levels using cc-pVTZ or (SDB-)cc-pVTZ basis sets for F3S=NXeF' and XeF " to support
the vibrational assignments (see Raman Spectroscopy) and to gain insight into the

structure and bonding of F3S=NXeF" (Table 3.2). The energy-minimized geometries and

vibrational frequencies of N=SF; and XeF" were also calculated and served as
benchmarks. The MP2 calculations provided vibrational frequencies that were in better
agreement with the experimental frequencies and better reproduced their trends, while the
SVWN calculations (values given in parentheses) provided geometrical parameters that

were in better agreement with the experimental values.

3.3.1. Calculated Geometries

Although close to Cs, symmetry, both the MP2 and SVWN energy-minimized
structures of F3S=NXeF' had C; symmetry. Both levels of theory reproduced the
experimentally observed decreases in the S-N and S-F bond lengths upon complex
formation with XeF", and the Xe—F bond elongation [0.04 (0.06) A] with respect to that
calculated for gas-phase XeF'. The Xe-N-S angle, found to be bent by low-temperature X-
ray diffraction (vide supra), was linear in the calculated geometry. The calculated MP2

energy difference (7.9 kJ mol™') between the experimental bent and calculated linear
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geometries indicates that the Xe—N—S angle is very deformable, and is most likely the result
of crystal lattice packing.

Because the valence electron lone pair on the nitrogen atom of N=SF; is formally
sp-hybridized, Xe—N donor-acceptor bond formation directly influences the S-N ¢ bond by
strengthening and shortening this bond through removal of charge density from S.
Enhancement of the sulfur positive charge, in turn, leads to shorter, more covalent S—F
bonds. This agrees with the trend in the calculated bond lengths for N=SF3; and F;S=NXeF +
where the N-S bond shortens by 0.019 (0.033) A and the S—F bond shortens by 0.046

(0.084) A upon cation formation.

3.3.2. Charges, Valencies and Bond Orders

The natural bond orbital (NBO) charges, valencies, and bond orders calculated at the
MP2 and SVWN levels of theory (SVWN values are given in parentheses) for N=SF3 and

F3S=NXeF " are listed in Table 3.6. The experimental and calculated contraction of the S—
F and S—N bond lengths, elongation of the Xe—F bond, and formation of the Xe—N bond
upon complexation are corroborated by the NBO analyses. The positive charges in

F3S=NXeF" occur on Xe and S with the charge on Xe decreasing only slightly from 1.32

(1.33) in gas-phase XeF" to 1.29 (1.25) in F3S=NXeF . The small xenon valency increase
from 0.47 (0.45) in XeF" to 0.62 (0.66) in the adduct cation is matched by the increase in
the nitrogen valency from 1.57 (1.46) to 1.74 (1.69), and is indicative of a weak bonding
interaction with nitrogen, which is corroborated by the low Xe-N bond order [0.24

(0.27)]. The negative charge on the fluorine atom of XeF" [-0.32 (=0.33)] increases upon
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Table 3.6. Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for F3S=NXeF ", N=SF3, and XeF "
F3S=NXeF" N=SF; XeF"
atom charges valencies charges valencies charges valencies
MP2 SVWN MP2 SVWN MP2 SVWN MP2 SVWN MP2 SVWN MP2 SVWN
Fxe -0.46 —0.46 0.38 0.39 -0.32 -0.33 0.47 0.45
Xe 1.29 1.25 0.62 0.66 1.32 1.33 0.47 0.45
N -1.09 -1.04 1.74 1.69 -0.82 -0.75 1.57 1.46
S 2.45 2.35 3.84 3.62 2.19 2.06 3.68 3.34
Fs -0.40 -0.37 0.64 0.59 -0.46 -0.44 0.56 0.50
bond orders
bond F3$=NXeF" N=SF; XeF"
MP2 SVWN MP2 SVWN MP2 SVWN
F-Xe 0.38 0.39 0.47 0.45
Xe-N 0.24 0.27
N-S 1.62 1.54 1.69 1.57
S-F 0.74 0.69 0.66 0.59

“ (SDB-)cc-pVTZ basis set.
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adduct formation [-0.46 (—0.46)], consistent with a longer more polar Xe—F bond (Table
3.2.) and a correspondingly lower F valency and Xe—F bond order. Contraction of the S—
F bonds in F3S=NXeF" is in accord with the increased S—F bond order and valency, and
the greater difference between the S and F charges. Interestingly, the N atom has a greater
negative charge in the cation [-1.09 (-1.04)] when compared with that in N=SF; [-0.82
(—0.75)], with the negative charge increase on N being matched by the positive charge
increase on S [N=SF3, 2.19 (2.06); F3S=NXeF", 2.45 (2.35)].

Among the plausible contributions to a valence bond description of F3S=NXeF"
(VIII-XVII), the calculated increase in electron density on N of the cation, relative to that of

the free base, suggests that valence structures XII and XV are significant contributors.

+ + + + - + 2+ 2=
F-Xe :N=SF, F-Xe-N=SF,  F-Xe :N=SF,F F-Xe :N=SF(F),
Vil IX X X1
+ oo+ o - o+ .+
F-Xe :N=SF, F-Xe—-N=SF, F Xe-N=SF,
X1l X111 X1V

+ = 2+ - L2+ - -+ 2+ -
F-Xe :N=SF,F F-Xe—-N=SF,F F Xe-N=SF,F
XV XVI XVII
The negative charge on nitrogen in these structures is presumably stabilized, through
polarization, by the positive charge on Xe. Structures XII and XV also account for the

high positive charges on Xe and S and appear to best represent the calculated charge

distributions. A prior computational study of N=SF; concluded that any withdrawal of
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electron density from nitrogen results in a marked stabilization of the S-N and S—F bonds

and in their contraction.”®'*

3.3.3. Nature of the Xenon-Nitrogen Bond.

The gas-phase reaction energies corresponding to xenon-ligand dissociation were
calculated at the MP2 level of theory for F3S=NAsFs, HC=NAsFs, F3;S=NXeF',
HC=NXeF", (FO,S),NXeF, and XeF, and are listed in Scheme 3.1. The donor-acceptor
adduct dissociation energies of F3S=NXeF" and HC=NXeF " are remarkably similar. These
donor-acceptor interactions are decidedly weaker than those of XeF' with the F~ or
N(SOyF), ions, but notably stronger than the As—N dissociation energies of HC=NAsFs
and F3S=NAsFs. Under gas-phase conditions, it is clear that XeF" is a significantly
stronger Lewis acid towards both bases. These findings are consistent with a valence
bond description of F3S=NXeF" that is dominated by the non-bonded structures XII and
XV (vide supra) and with the spectroscopic and structural findings, i.e., correlations of
Xe-F bond length and vibrational frequency with base strength,”''? placing the Xe-N
interactions of F3S=NXeF ™ and HC=NXeF" toward the most ionic end of the scale. The
similar changes in XeF stretching frequencies and bond length for HC=N and N=SF;
upon complexation with XeF", as well as similar charge distribution changes for HC=N
and HCENXeF+,33 yields a picture of adduct formation between XeF" and N=SF; that is
similar to that of XeF" and HC=N. In this depiction, mutual penetration of outer diffuse

non-bonded densities of the Xe and N atoms which, unlike a covalent interaction,
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produces no substantial shared density as reflected in the low Xe—N bond order and small
changes in Xe and N valencies (Table 3.6.). Instead, the final density and bond strength
of the interaction are primarily determined by the extent of interpenetration of their
closed shell densities, which leads to little modification of the Xe charge but polarization

of, and increased negative charge on, the N donor atom (vide supra).

Scheme 3.1. Donor-Acceptor Adduct Dissociation Energies (kJ mol™') for Selected
Species Calculated at the MP2/(SDB-)cc-pVTZ Level of Theory.

Fi;S=NAsFs — F3S=N: + AsF;s 27.8
HC=NAsFs — HC=N: + AsF;s 38.6
HC=NXeF" — HC=N: + XeF’ 157.1
F3S=NXeF" — F3S=N: + XeF" 157.2
(FO,S),NXeF — (FO,S),N: ™ + XeF" 628.5
XeF, —» F + XeF' 1000.8

3.4. Conclusions

The synthesis and structural characterization of the F5S=NXeF " cation provides, in
addition to the HC=NXeF" cation, a further example of xenon bound to a formally sp-
hybridized nitrogen atom of an inorganic nitrogen base, and affirms that N=SFj is stable to
oxidative attack by the highly electrophilic XeF" cation. Raman and NMR spectroscopic
studies and an X-ray crystallographic study of [F3S=NXeF][AsFs] demonstrate that the

F3S=NXeF" cation possesses among the longest Xe-N bonds known. This is corroborated
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by the deformation of the Xe—N-S angle from its linear gas-phase geometry to the severely
bent arrangement that results from crystal packing in the solid state structure of
[F3S=NXeF][AsFs]. These experimental findings, complimented by quantum-chemical
calculations, reveal that F3S=NXeF" is among the weakest donor-acceptor adducts of XeF"
and has an Xe-N donor-acceptor bond strength that is very similar to that of HC=NXeF",
but significantly greater than those of the AsFs adducts of HC=N and N=SF;. Despite the
low dissociation energy of the donor-acceptor bond in F3S=NXeF", solution '29Xe, 19F, and
N NMR studies reveal that the F5S=NXeF" cation is nonlabile at low temperatures in HF

and BrF;s solvents.
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CHAPTER 4

FsSN(H)Xe"; A RARE EXAMPLE OF XENON BONDED TO
sp’-HYBRIDIZED NITROGEN; SYNTHESIS AND STRUCTURAL
CHARACTERIZATION OF [FsSN(H)Xe][AsF]

4.1. Introduction

Until recently, the only known Xe-N bonded compounds were those containing sp’-
or sp-hybridized nitrogen centers, namely, FXeN(SO:F),,** Xe[N(SO,F)]5,**
F[XeN(SOzF),],", > ** XeN(SO.F),",* Xe[N(SO,CF3).]»,* and the XeF™ adducts of
hydrogen cyanide,**** alkylnitriles,” pentafluorobenzenenitrile,** perfluoroalkylnitriles,***®
perﬂuoropyridines,3 7 and s-trifluorotriazine.”® Until the present work, the only example of
a noble gas bonded to a formally sp3-hybridized nitrogen atom was [FsTeN(H)Xe][AsFs]
which was recently reported from this laboratory.’® The FsTeN(H)Xe" cation represents the
most covalent Xe—N bonded species reported to date and was synthesized by reaction of
the XeF" cation with FsTeNH, in anhydrous HF (aHF), and by reaction of FsTeNH;" and
XeF; in aHF and BrFs solvents. Most recently, the synthesis and structural characterization
of the F3S=NXeF" cation, a rare example of a noble-gas compound in which the noble-
gas atom is bonded to an inorganic sp-hybridized nitrogen center, was reported by the

author (see Chapter 3).'* In the latter study, the previously demonstrated Lewis basicity

of thiazyl trifluoride, N=SF3,”® was exploited by reaction of the Lewis acidic XeF"

cation,” as its AsFs salt, with N=SFj; to form [F3S=NXeF][AsFq].*®
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In view of the solvolytic behavior of N=SF; in aHF, which gives rise to F5SNH296
and to [FsSNH;][AsFs],'®" in the superacidic medium AsFs/aHF, and the basicity of
FsSNH, which forms the room-temperature stable Lewis acid-base adducts, FsSNH,-BF;
and F5SNH2-PF5,97 two synthetic approaches to the formation of the FsSN(H)XeJr cation
were developed that are described in this chapter: (1) the reaction of [FsSNH3][AsFs]
with XeF; in aHF and BrFs solvents, and (2) the HF solvolysis of [F3S=NXeF][AsFg¢],
providing avenues to the second example of xenon bound to a formally sp3-hybridized

nitrogen center.

4.2. Results and Discussion
4.2.1. Syntheses of [FsSNH3][AsFs] and [FsSN(H)Xe][AsF¢]

The solvolytic reactions leading to the FsSNH;" and FsSN(H)Xe' cations and
their further solvolyses were monitored by 'H, '°F, and '*’Xe NMR spectroscopy in both
aHF and BrFs solvents. The NMR parameters reported in this section (parameters obtained
in BrFs are given in parentheses) are for previously known species and are not further

discussed. Those of the title species are discussed in section 4.2.2.

4.2.1.1. [FsSNH3][AsFg|

The donor-acceptor adduct, F3S=NAsFs, was prepared as previously described,™
by reaction of N=SF; with AsFs at —78 °C for ca. 1 h, forming a friable white solid. The
ammonium salt, [FsSNH3][AsFg], was synthesized as previously described'! by reaction

of F3S=NAsFs with aHF at 0 °C for ca. 6 h (eq 4.1), forming colourless, feather-like
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crystals. In both instances, the products were characterized by Raman spectroscopy at

-160 °C.

0°C
FiS=NAsFs +3HF ————> [FsSNH3][AsF(] (4.1)

4.2.1.2. [FsSN(H)Xe][AsFs]

The solvolysis of [F 3S=NXeF][AsF]'* in aHF over a period of ca. 4 h at 20 °C
led to [FsSN(H)Xe][AsFs] formation according to eq 4.2. The salt was obtained as
transparent yellow plates and was characterized by Raman spectroscopy at —45 °C. The
FsSN(H)Xe" cation was also formed by reaction of [FsSNH;3][AsFs] with XeF, in aHF

and BrFs solvents (eq 4.3) at =30 °C for ca. 30 min and was characterized by '°F NMR

-20°C
[F3S=NXeF][AsF¢] + HF T [FsSN(H)Xe][AsF¢] 4.2)
HF or
[FsSNH;3][AsFs] + XeF» ? [FsSN(H)Xe][AsF¢] + 2HF (4.3)
5

spectroscopy (at —20 °C and supercooled to —70 °C, respectively). In both synthetic
approaches, FsSNH; " and FSSN(H)Xe+ were observed in equilibrium with XeF, and HF,
so that eq 4.3 is best described as a solvent- and temperature-dependent equilibrium. In
BrFs and aHF solutions below —20 °C, this equilibrium lies to the right, while in aHF

above —20 °C, no FsSN(H)Xe" is observed.

4.2.1.3. Decomposition of [FsSNH3][AsFg] and [FsSN(H)Xe][AsFg] in aHF

The decompositions of [FsSNH;3][AsFs] and [FsSN(H)Xe][AsFs] in aHF at 0 °C
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were monitored by F NMR spectroscopy. The FsSN(H)Xe" cation underwent solvolysis
in aHF to form FsSNH;" and XeF, [8('°F) = —194.5 (-185.0) ppm, 'J("’F-'*’Xe) = 5652
(5611) Hz] according to the reverse of eq 4.3. The FsSNH;" cation underwent further

solvolysis (eq 4.4) to form SFs [8('°F) = 54.1 (56.0) ppm, 'J(’F-**S) = 251.9 Hz], and

-20to 0°C
[FsSNH;][AsFs] + HF + SFs + [NH4][AsFe] (4.4)

the NH4" cation [8('H) = 5.54 ppm, 'J("H-"*N) = 51 Hz]. Small amounts of FsSNF, also
formed in the course of FsSN(H)Xe" decomposition. The [FsSNH;']/[FsSN(H)Xe']/
[FsSNF,]/[SF¢] molar ratios at —20 °C in BrFs and aHF were 1.00:0.17:0.02:0.47 and
1.00:0.01:0.01:0.44, respectively.

The formation of FsSNF, likely results from a series of reactions (eqs 4.5 — 4.10)
analogous to those leading to FsTeNF,, a minor product in the decomposition of the
F5TeN(H)Xe+ cation.” The decomposition of F5$N(H)Xe+ to form FsSNF, is consistent
with nucleophilic fluorination of FsSN(H)Xe" accompanied by liberation of xenon gas and
formation of the nitrenium ion, FsSNF", as in intermediate (eq 4.5). Nucleophilic attack by
the F~ ion leads to the known fluoramine, FsSNHF, according to eq 4.6."* The enhanced
fluoroacidity that results from fluorination of the nitrenium cation (eq 4.6), also results in the
formation of the strong oxidant cations, XeF" and Xe;F;" (egs 4.7 and 4.8), which may be
expected to fluorinate FsSNHF to F sSNHF," (eq 4.9). The FsSNHF," cation is expected to
readily deprotonate (eq 4.10) by analogy with NF;, which is too weakly basic to be
protonated in the AsFs/HF solution."” The NMR parameters determined for FsSNF, in HF

at =20 °C in this work [8("’Feq) = 31.5 ppm (doublet of triplets), 8('’Fx) = 66.3 ppm
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(quintet), 2J(lgFa,(—mFeq) = 157.1 Hz and 3J(]9FN—19Feq) = 13.8 Hz] are in good agreement
with the previously reported parameters [8('°Fa) = 48.5 ppm (quintet),”’ 8(]9ch) =36.5 ppm
(doublet of triplets),” 8('’Fn) = 66.3 ppm (quintet),”’ 2J('(”Fax—erq) = 153.2 Hz,”® and
3J(wa\]—lgFeq) =19 Hz""]. In the present study, the axial fluorine resonance was obscured by
overlap with the axial fluorine resonance of FsSNH;" (49.9 ppm, aHF, -20 °C). The 3J('gFN—
"F.) coupling was not resolved in the present and prior studies, in accordance with the
general inability to resolve three-bond couplings to the axial fluorine of FsTe moiety.so The

3J(”’)FN—]("'FM) coupling also was not resolved in F5TeNF2.50

FsSN(H)Xe" ——> [FsSNH'] + Xe (4.5)
[FsSSNH'] + 2HF/AsFs ——> FsSNHF + H,F'/AsFs (4.6)
AsFs + XeF;, =—— [XeF][AsF¢] 4.7)
[XeF][AsFs] + XeF; =—— [Xe,F;][AsFs] (4.8)
FsSNHF + XeF' (XeF;s) ——> FsSNHF," + Xe (Xe + XeF,) (4.9)
FsSNHF,"+ HF —> FsSNF, + H,F" (4.10)

4.2.2. NMR Spectroscopy

The 'H, "F, and '®Xe NMR parameters for [FsSNH;3][AsFs] and [FsSN(H)Xe]
[AsF¢], recorded in aHF solvent at —20 °C or BrFs supercooled to —70 °C, are listed in
Table 4.1 (NMR parameters obtained in BrFs are given in parentheses). The chemical shifts
and coupling constants are in accord with those of other FsS-den"vatives,'01’148 F_c,TeNHf,50

and FsTeN(H)Xe".>
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Table 4.1. NMR Chemical Shifts and Spin-Spin Coupling Constants for
[FsSNH3][AsFs] and [FsSN(H)Xe][AsFe]*
species chemical shifts, ppm coupling constants, Hz
3("**Xe) 8("°F) 3('H) By Peg)
FsSNH;"? 50.1 (50.0), Fax ~ 8.92 (7.74) 152.6 (154.7)
71.7 (73.8), Feq
FsSN(H)Xe" 2897 (-2956) 59.0(59.6), Fax  (9.57) 152.9 (154.7)
71.3 (73.0), Feq
AsFg ¢ 69 (-64)
SF¢? 54.1 (56.0)
NH4"* 5.54
XeFs ~194.5 (~185.0)
HF ~197 (-192) 8.26 (7.39)
BrFs (134.5), Feq (76.3)
(272.0), Fax

“ The values in parentheses were measured in supercooled BrFs solvent at —70 °C; all
other values were measured in aHF solvent at —20 °C. The axial and equatorial fluorines
are denoted by F,, and F,, respectively. The secondary isotope shifts arising from 334G
were measured in the ’F NMR spectra of FsSNH;" and FsSN(H)Xe" in aHF solvent:
'AYF(**?*S) = —0.058 and —0.060 ppm and 'AF,(****S) = —0.056 and —0.056 ppm,
respectively. ° Also measured in SO, solvent at 30 °C: 8('*Fa) = 52.4 ppm, 6(]9Feq) =
76.4 ppm, < J(lgFax—lgFeq) = 156.5 Hz, 8('H) = 8.8 ppm. ¢ The 'F resonance of the AsFg~
anion was broad and saddle-shaped in aHF (Avy, = 2860 [700] Hz) as a result of the
partial quadrupole collapse of the 1:1:1:1 quartet arising from 'J(As—"F). ? The secondary
isotope effect of ***S on '°F, 'A""F4(****S) = —0.052 ppm, and 'J(*’F-S) = 251.9 Hz
were observed in aHF solvent at —20 °C. ¢ 'J('"H-"*N) = 51 Hz. 7 'J("F-'*Xe) = 5652
[5611] Hz.

104



Ph.D. Thesis — Gregory L. Smith

4.2.2.1. [FsSNH3][AsFg|

The "°F NMR spectrum of the FsSNH; " cation (Figure 4.1) is an AX4 spin coupling
pattern, occurring at 71.7 (73.8) [doublet, F.] and 50.1 (50.0) [quintet, F.] ppm with
2J(]gFax—lgFeq) = 152.6 (154.7) Hz., that arises from the pseudo-octahedral FsSN group.
These parameters are in good agreement with those previously reported in SO»; 76.37 and
52.43 ppm and 156.5 Hz (—40 °C), respectively.'"!

The '"H NMR spectrum of [FsSNH3][AsFs] consists of a broad singlet at 8.92 (7.74)
ppm (Avy, = 23.0 (54.2) Hz). This chemical shift is in agreement with that reported in SO»;
8.8 ppm (—40 °C)."! The line broadening and absence of resolved couplings results from

quadrupolar relaxation by the directly bonded '*N atom (/= 1).

4.2.2.2. [FsSN(H)Xe]|AsFs]

The NMR spectra are consistent with eqs 4.2 and 4.3 in which resonances arising
from the FsSNH;" cation, SFs, and NH," (vide supra) (eqs 4.3 and 4.4) were also observed.

The ""F NMR spectrum of the FsSN(H)Xe" cation (Figure 4.2) consists of an AB4
spin-coupling pattern at 71.3 (73.0) [doublet, F.q] and 59.0 (59.6) [quintet, F.] ppm, with
2J(]9Fax—19Feq) =152.9 (154.7) Hz that arises from the pseudo-octahedral FsSN group. These
parameters are very similar to those of the FsSNH;' cation (vide supra), except for the
equatorial fluorine chemical shift, which is significantly more deshielded in the xenon
cation, a trend that was also observed for the F 5TeN(H)Xe+ and FsTeNH;" analogues.50 The
additional fine structure observed on the quintet results from second-order transitions, which

were confirmed by spectral simulation.
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Figure 4.1.
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The '**Xe NMR spectrum of FsSN(H)Xe" is a singlet [Av,, = 128 (150) Hz] at
—2897 (-2956) ppm. The high '*Xe shielding places the Xe-N bond among the most
covalent Xe—N bonds,19 but is considerably less shielded than 12Xe in C¢FsXe" (3831
ppm, HF solvent, —40 °C)."* The '**Xe shielding is very similar to that in FsTeN(H)Xe"
(2841 ppm, HF solvent, —45 °C, —2902 ppm, BrFs solvent, —48 °C),”° and both
FsTeN(H)Xe" and FsSN(H)Xe" are considerably more shielded than the '**Xe resonances of
(SO.F),NXe" (~1943 ppm, SbFs solvent, 25 °C),* F3S=NXeF" (~1652 ppm, HF solvent,
—20 °C; —-1661 ppm, BrFs solvent, 60 OC),]46 isovalent FsTeOXe' (1472 ppm, SbFs
solvent, 5 °C),”*® and XeF" (=574 ppm, SbFs solvent, 25 °C)."”' As in the case of
FsTeN(H)Xe", the 12X e shielding may be used as a gauge of L-group electronegativity
and Xe-E bond covalency (L is an electronegative ligand and E is a second row ligand
atom), and the shielding increases (group electronegativity decreases) with Xe—E bond
covalency for the series of LXe" cations, that is, Xe—C > Xe—N > Xe—O > Xe—F. The .
"N coupling is not observed in FsSN(H)Xe" because of quadrupolar relaxation of "N
resulting from the low symmetry (high electric field gradient) at the nitrogen nucleus. The
broad '*’Xe line widths of FsSN(H)Xe" recorded at 11.7440 T precluded observation of the
long-range couplings to xenon, namely, “J('*Xe-"H), 3J("PXe-""F,), and 3J(129Xe—19Feq),
which are presumably, in large measure, attributable to relaxation of 1¥Xe by shielding
anisotropy (SA), and also were not observed for FsTeN(H)Xe".

The 'H NMR spectrum of FsSN(H)Xe" consisted of a singlet at 9.57 ppm in BrFs
supercooled to —70 °C but the coupling to "N was not observed, as a result of quadrupolar

relaxation. Failure to observe the 2J('*Xe—'H) coupling is also attributed to broadening of
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the '’Xe satellites as a result of a significant SA contribution to 7} at the high external field

strength used to obtain the 'H NMR spectra.

4.2.3. X-ray Crystal Structure of [FsSN(H)Xe][AsFg]

A summary of the refinement results and other crystallographic information is
provided in Table 4.2. Important bond lengths and angles for [FsSN(H)Xe][AsF¢] are listed
in Table 4.3 along with calculated values for the FsSN(H)Xe" and FsSNH;" cations. The

[FsSN(H)Xe][AsFg] unit cell is isomorphous with that of [F5TeN(H)Xe][AsF6]50 and

belongs to the Pl space group. The sulfur analogue has a unit cell volume that is 27.6(6)
A? smaller than that of the tellurium analogue.

The FsSN(H)Xe" cation and the AsFs~ anion form an ion pair by interaction through
a Xe---F—As fluorine bridge (Figure 4.3a) in which the AsF¢ anion is distorted from O to
approximate Cy, local symmetry. The symmetry lowering experienced by the anion is
shown in the crystal structure to be very close to an axial distortion in which the four
equatorial As—F bonds are equal to within +3c and the As—F bond trans to the elongated
bridging As---F bond is equal to the equatorial As—F bonds within £30, thus preserving the
4-fold principal axis. In [FsSN(H)Xe][AsFg], the Xe-N (2.069(4) A) and Xe---F(6)
(2.634(4) A) bond lengths are somewhat longer than their counterparts in
[FsTeN(H)Xe][AsFs] (2.044(4) and 2.580(3), respectively), while the Xe-N-H, N—Xe---
F(6), and S/Te-N—Xe angles are all equal within experimental error, and the As—F(6) bond
lengths (1.759(4) A and 1.740(4) A, respectively) are similar. The longer Xe-N and Xe---

F(6) bond lengths in the sulfur analogue are offset by the expected shorter S—-N
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Table 4.2. Summary of Crystal Data and Refinement Results for [FsSN(H)Xe][AsFg]

[FsSN(H)Xe][AsFs]
empirical formula HASsF;;NSXe
space group (No.) P1 2)

a(A) 5.3248(9)
b (A) 7.100(1)
c(A) 11.877(2)
o (deg) 87.551(5)
B (deg) 83.398(5)
y (deg) 86.278(6)
V(A% 444.8(1)
molecules/unit cell 2

mol. wt. (g mol ™) 462.275
caled. density (g cm™) 3.452
T(C) -173

i (mm™) 7.95

R 0.0218
WRy’ 0.0481

9R, is defined as | | F| - | FJ| /2| F| for I> 20(])

" WR, is defined as [S[W(Fy* — F2) V/Ew(F,2)*]"? for I> 20()).
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Table 4.3. Experimental Geometry for [FsSN(H)Xe][AsF¢] and Calculated
Geometries for FsSN(H)Xe" and FsSNH;" ¢

Bond Lengths (A)
FsSN(H)Xe" (C) FsSNH;" (C)
caled’ calcd®
exptl MP2 SVWN MP2 SVWN
Xe(1)-N(1) 2.069(4) 2.065 2.095
N(1)-S(1) 1.761(4) 1.822 1.805 1.853 1.853
N(1)-H(1) 0.801¢ 1.028 1.042 1.023 1.045
N(1)-H(2) 1.023 1.044
N(1)-H(3) 1.022 1.044
S(1)-F(1) 1.559(3) 1.544 1.548 1.531 1.561
S(1)-F(2) 1.565(3) 1.578 1.589 1.567 1.595
S(1)-F@3) 1.578(3) 1.578 1.583 1.567 1.594
S(1)-F(4) 1.578(3) 1.591 1.596 1.567 1.594
S(1)-F(5) 1.571(3) 1.561 1.569 1.567 1.594
Xe(1)---F(6) 2.634(3) 2.251
Bond Angles (°)
}:‘5SI\I(I'I)>(C+ (C]) F5SI\H‘13Jr (C])
caled” calcd®
exptl MP2 SVWN MP2 SVWN
Xe(1)-N(1)-S(1) 115.3(2) 115.0 113.5
Xe(1)-N(1)-H(1) 107.2¢ 101.2 101.1
S(1)-N(1)-H(1) 106.9¢ 104.9 104.5 110.0 109.0
S(1)-N(1)-H(2) 109.2 108.8
S(1)-N(1)-H(3) 109.4 108.7
N(1)-S(1)-F(1) 176.7(2) 177.4 176.6 179.2 179.2
N(1)-S(1)-F(2) 87.4 (2) 86.1 85.7 87.9 88.0
N(1)-S(1)-F(3) 94.0 (2) 89.8 90.3 86.2 86.5
N(1)-S(1)-F(4) 88.5(2) 91.6 92.2 87.2 87.0
N(1)-S(1)-F(5) 90.7 (2) 86.4 85.9 87.0 87.4
F(1)-S(1)-F(2) 89.6 (2) 92.1 92.0 92.9 92.8
F(1)-S(1)-F(3) 89.0 (2) 91.9 92.1 92.9 92.8
F(1)-S(1)-F(4) 90.2 (2) 90.3 90.4 92.9 92.8
F(1)-S(1)-F(5) 90.5 (2) 91.6 91.6 92.9 92.8
F(2)-S(1)-F(3) 178.4 (2) 175.9 175.9 174.1 174.4
F(2)-S(1)-F(4) 89.2 (2) 89.8 89.9 89.7 89.8
F(2)-S(1)-F(5) 90.5 (2) 90.1 89.9 89.7 89.7
F(3)-S(1)-F(4) 90.0 (2) 89.6 89.8 90.0 90.0
F(3)-S(1)-F(5) 90.2 (2) 90.2 90.3 90.0 89.9
F(4)-S(1)-F(5) 179.2 (2) 178.0 178.1 174.1 174.4

“ The labels correspond to those used in Figures 4.3a and 4.3b. * (SDB-)cc-pVTZ basis
set. ¢ cc-pVTZ basis set. ¢ The hydrogen position was calculated and a riding model
was used; therefore no error is given.
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Figure 4.3.  (a) X-ray crystal structure of [FsSN(H)Xe][AsFs]; thermal ellipsoids are
shown at the 50% probability level. (b) Calculated geometry of
[FsSN(H)Xe][AsFg]. (c) Calculated geometry of the FsSNH;" cation.
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(1.761(4) A), S-Fx (1.559(3) A), and average S-Feq (1.573(4) A) bond lengths when
compared with the Te-N (1.982(5) A), Te—Fa (1.791(4) A), and average Te—Feq (1.811(5)
A) bond lengths of [FsTeN(H)Xe][AsFs] and account for the smaller unit cell volume of the
sulfur analogue.

The contributions to the total bond valency of xenon in [FsSN(H)Xe][AsFs] and
[FsTeN(H)Xe][AsFs] have been determined for the Xe—N bond, the Xe---F contact to the
AsFg anion of the ion pair, and all long Xe---F contacts that fall within the sum of the xenon
and fluorine van der Waals radii (3.63 A’ according to the method described by
Brown'**!** (Table 4.4). The xenon atom in [FsSN(H)Xe][AsFq] has six long Xe---F
contacts [Xe---F(6A) (3.342 A), Xe---F(6B) (3.387 A), Xe---F(5A) (3.271 A), Xe---F(2A)
(3.267 A), Xe---F(1A) (3.376 A), and Xe---F(1B) (3.225 A), (Figure 4.4)], compared to four
Xe---F contacts in the tellurium salt, which in the latter case, are somewhat shorter in order
to achieve a similar total bond valency at Xe. The longer Xe—N and Xe---F bridge bonds of
the sulfur analogue have a bond valency sum at Xe (1.675 v.u.) that is 0.140 bond valence
units less than that of the tellurium analogue (1.815 v.u.). The six long Xe---F contacts in the
sulfur salt, however, have a bond valency sum that is 0.038 bond valency units greater than
the sum for the four long Xe---F contacts of the tellurium analogue (0.148 v.u.). The two
additional long contacts in [FsSN(H)Xe][AsFs] partly compensate for the loss of bond
valency that results from the longer Xe---F bridge and Xe—N bonds. Thus, the total bond
valency of Xe in FsSN(H)Xe" (1.861 v.u.) is only 0.102 bond valence units less than that of
the tellurium salt (1.963 v.u.). These additional long contacts also correlate with closer

packing in the FsSN(H)Xe" salt, which is manifested by the smaller crystallographic unit
.
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Table 4.4. Calculated Bond Valencies” at Xenon in [FsSN(H)Xe][AsFs] and

[FsTeN(H)Xe][AsF¢]
[FsSN(H)Xe][AsFq] [FsTeN(H)Xe][AsFq]
bond bond length (A)  bond valence bond length (A)  bond valence
Xe—N 2.069 1.485 2.044 1.595
Xe---Fy, 2.634 0.190 2.580 0.220
Xe---Fj¢ 3.225 0.039 3.169 0.045
3.267 0.034 3.260 0.035
3.271 0.034 3.265 0.035
3.342 0.028 3.281 0.033
3.376 0.026
3.387 0.025

Total Bond Valence 1.861 1.963

“ Values calculated as described in Appendix 1 of ref 152 using the Bond Valence
Calculator program (Hormillosa, C.; Healy, S.; Stephen, T., Bond Valence Calculator,
version 2.00; McMaster University; Hamilton, ON, 1993.) with empirical parameters Ry =
2.02 and 2.2075, and B = 0.37 and 0.35, for Xe---F and Xe-N, respectively. Empirical
parameters for Xe—N were calculated as described in ref 153, using Ry = 2.05 for Xe-O.
Fluorine atom contacts considered in the bond valence calculations for xenon are F;, of the
Xe---F—As fluorine bridge and those making long contacts with xenon, denoted by Fjc.
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Figure 4.4.

View of [FsSNH3][AsFs] showing the closest Xe---F contacts with neighbouring AsFs~ anions, which were
considered in the bond valence calculations.
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cell volume observed for this salt. The fluorine contacts to xenon in FsSN(H)Xe" avoid the
torus of electron density around xenon(I).*’ These contacts may also contribute to distortion
of the N-Xe---F angle from the expected linear AX;E; VSEPR arrangement; however, a
similar deviation from linearity was obtained in the energy-minimized gas-phase geometries
(Table 4.5, see section 4.2.5.), and for F-Ng---F (Ng = Xe, Kr) in KroF3",*> Xe,F5",%® and
[KrF][MFg] (M = As, Sb, or Bi)* and therefore may not be wholly attributable to crystal
packing. The Xe-—-F(6)-As bridge bond angle (127.2(1)°) is comparable to that in
[FsTeN(H)Xe][AsFs] (128.1(2)°),” and is consistent with the bent geometry predicted by
the VSEPR model and with the observed range of Ng---F-As (Ng = Xe, Kr) angles in
[XeF][AsFs] (134.8(2)°)," HF-[HO-TeF;-OXe][AsFs] (133.0(4)°),"** [KrF][AsFe]
(133.7(1)°),%° [KrFs][AsFg]-[KrF][AsFs] (127.5(3)°),%° and [CsFsXe][AsFe] (128.7(3)° and

126.4(3)°)."

4.2.4. Raman Spectroscopy

The Raman spectra of [FsSNH;][AsF¢] (Figure 4.5) and [FsSN(H)Xe][AsFs]
(Figure 4.6) were assigned by comparison with those of FsTeNH;",® FsTeN(H)Xe",”
FsTeOXe",'3%1%¢ SF¢ 13158 and FsSCI'™ (Tables 4.6 and 4.7), and by comparison with the
calculated frequencies derived for the gas-phase energy-minimized geometries of FsSNH3",
FsSN(H)Xe", and the [FsSN(H)Xe][AsFs] ion pair (see section 4.2.5.). The vibrational
modes of the uncoordinated AsFs anion were assigned by comparison with those of
[02][AsFe],'® [HC=NXeF][AsFq],”> [F3S=NXeF][AsFg],'*® and [FsTeNH;s][AsFs]*® and

the modes of the distorted fluorine-bridged AsFs anion were assigned by comparison with
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Table 4.5. Experimental and Calculated (C;) Geometries for the [FsSN(H)Xe][AsFs]

Ion Pair”
Bond Lengths (&)

exptl caled”
Xe(1)--F(6) 2.634(3) 2.251
Xe(1)-N(1) 2.06%(4) 2.111
N(1)-8(1) 1.761(4) 1.723
N(D-H(1)* 0.801 1.032
S(1)-F(1) 1.55%(3) 1.578
S(1)-F(2) 1.565(3) 1.601
S(1)-F(3) 1.578(3) 1.592
S(1)-F(4) 1.578(3) 1.611
S(1)-F(5) 1.571(3) 1.583
As(1)-F(6) 1.759(3) 1.919
As(1)-F(7) 1.716(3) 1.689
As(1)-F(8) 1.733(3) 1.734
As(1)-F(9) 1.722(3) 1.736
As(1)-F(10) 1.715(3) 1.699
As(1)-F(11) 1.713(3) 1.699

Bond Angles (°)

exptl caled® exptl caled”®
Xe(D)-N(1)-S(1) 115.3(2) 1155 F(6)—Xe(1) N(1) 171.6(1) 1753
Xe(1)-N(1)-H(1)* 107.2 103.8 Xe(1)--F(6)-As(1) 1272 (1) 1127
S(1)-N(1)-H(1¥" 106.9 105.7 F(6)-As(1)-F(7) 178.7 (1) 177.1
N(1)-S(1)-F(1) 176.7(2) 178.2 F(6)-As(1)-F(8) 88.0 (1) 83.7
N(1)-S(1)-F(2) 87.4 (2) 89.4 F(6)-As(1)-F(9) 89.3 (1) 83.6
N(1)-S(1)-F(3) 94.0(2) 90.9 F(6)-As(1)-F(10) 89.3 (1) 86.0
N(1)-S(1)-F(4 88.5(2) 93.9 F(6)-As(1)-F(11) 88.6 (1) 86.0
N(1)-S(1)-F(5) 90.7 (2) 89.5 F(7)-As(1)-F(8) 90.8 (1) 94.2
F(1)-S(1)-F(2) 89.6 (2) 89.8 F(7)-As(1)-F(9) 913 (1) 94.2
F(1)-S(1)-F(3) 89.0 (2) 89.9 F(7)-As(1)-F(10) 91.9(1) 96.0
F(1)-S(1)-F(4) 902 (2) 87.8 F(7)-As(1)-F(11) 90.8 (1) 96.1
F(1)-S(1)-F(5) 90.5 (2) 88.8 F(8)-As(1)-F(9) 89.2 (1) 87.2
F(2)-S(1)-F(3) 178.4(2) 179.7 F(8)-As(1)-F(10) 1772 (1) 169.5
F(2)-S(1)-F(4) 89.2 (2) 89.8 F(8)-As(1)-F(11) 89.7 (1) 89.8
F(2)-S(1)-F(5) 90.5 (2) 89.9 F(9)-As(1)-F(10) 913 (1) 89.8
F(3)-S(1)-F(4) 90.0 (2) 90.0 F(9)-As(1)-F(11) 177.6 (1) 169.5
F(3)-S(1)-F(5) 90.2 (2) 903 F(10)-As(1)-F(11) 909 (1) 91.4
F(H-S(1)-F(5) 179.2 (2) 176.6

“ The labels correspond to those used in Figure 4.3. ® SVWN/(SDB-)cc-pVTZ level of
theory. © The bond length and angles do not have an error because the hydrogen position
was calculated and a riding model was used.
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Figure 4.5.  Raman spectrum of [FsSNH;][AsFs] recorded at —160 °C using 1064-nm excitation; symbols denote FEP

sample tube lines (*).
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Figure 4.6. Raman spectrum of [FsSN(H)Xe][AsFs] recorded at —45 °C using 1064-nm excitation; symbols denote FEP
sample tube lines (*) and an instrumental artifact (§).
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Table 4.6. Raman Vibrational Frequencies, Intensities, and Assignments for [FsSNH3][AsFg], and Calculated Vibrational

Frequencies and Intensities for FsSNH;"

1

freq, cm”
[FsSNH;][AsFe] FsSNH;"
caled” assgnts*

exptl® MP2 SVWN FsSNH;' (C1) AsFs (Op)
3138 (2) br 3524 (20)[163] 3310 (26) [178] v(NH2 — NH3)
3072 (2) br 3521 (20)[163] 3307 (27) [178] v(NH2 + NH3) — v(NH1)
2939 (2) br 3402 (60) [103] 3191 (64)[110] v(NHI + NH2 + NH3)
1560 (2) br } 1641 (3)[40] 1569 (4) [43] pi(H2NH3) + §(NH1) wag — 0.0.p.
1535 (3) br 1633 (3)[42] 1552 (4) [43] 8(H2NH3) + 8(NH1) wag — i.p.
n.o. 1449 (<1) [163] 1360 (<1) [169] 8(NH;) inv
n.o. 1066 (<1)[261] 1023 (<1) [256] v(SF4 — SF5) — NH; rock
n.o. 1064 (<1)[261] 1022 (<1) [256] v(SF2 — SF3) — NH; rock
920 (2) 970 (<1)[345] 924 (1) [295] v(SF1)
914 (2) } 914 (1) [115] 870 (1) [91] v(SF4 — SF5) + NHj rock
898 (3) 914 (1)[114] 868 (1) [90] v(SF2 — SF3) + NH; rock
747 (100)
745 sh } 757 (14)[5] 697 (19)[1] v(SF2 + SF3) + v(SF4 + SF5) + v(SN)
739 (42)
720 (7)
704 (10) vi(Atg)
693 (57)
Zii E;f) 669 (3)[<1] 642 (4)[<1] v(SF2 + SF3) — v(SF4 + SF5)
s 613 (1) [94] 563 (4) [50] 8(SF4eq) 0.0.p.
599 (12)
587 (13) } va(Ey)
580 (11)
576 sh } 574 (<1)[19] 508 (4)[23] v(SN) + 8(F2SF3) + 8(F4SF5)
572 (16) 574 (<1)[19] 505 (<1)[14] S(F1SN) + 8(F2SF3)
521 (11) 527 (2)[<1] 504 (2) [18] S(F1SN) + §(F4SF5)
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Table 4.6. (continued...)

518 sh 518
487 sh
482 (10) } 322
476 (3)
387 (5)
378 sh
374 (17)

330
368 sh 320
362 (5) 316
n.o. 4

® [1]

(D [<1]
(D [<1]

(<D [<1]
(<D 7]
(<1) [10]
(<) [1]

464

404
402

293
286
282

18

@ [<1]

(1]
M 1]

(<D [<1]
(<1)[10]
(1) [10]
(<D [1]

S(F3SF4) + §(F2SF5)

O(F1SF5) + 6(F4SN)
S8(F1SF2) + 8(F5SN)
V4 (Tw)
Vs (Tlg)
O(F2SF3) — 8(F4SF5)
O(F1SN) o.0.p.
S(F1SN) i.p.

NH; torsion

—. “ Values in parentheses denote experimental relative Raman intensities, abbreviations denote broad (br), shoulder (sh) and not
= observed (n.0.). ° cc-pVTZ basis set. Calculated infrared intensities (in km mol ™) are given in brackets, calculated Raman
intensities (in A* amu™) are given in parentheses. ¢ The atom numbering corresponds to that used in Figure 2c, abbreviations
denote out of plane (0.0.p.) and in plane (i.p.), where the plane is defined by the S, N, H1 atoms; inversion (inv); twist (py); and

four equatorial fluorines (Facq).
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Table 4.7. Raman Vibrational Frequencies, Intensities and Assignments for [FsSN(H)Xe][AsF¢], and Calculated
Vibrational Frequencies and Intensities for FsSN(H)Xe"
freq, cm
[FsSN(H)Xe][AsFg] F<SN(H)Xe'
caled® assgnts®

exptl” MP2 SVWN FsSN(H)Xe" (C1) AsFs (Cay)
3186 (7) 3421 (38)[92] 3287 (40)[103] v(NH)
n.o. 1328 (<1) [25] 1230 (1) [28] O(NH) wag — i.p.
954 (2) br 980 (1) [277] 946 (5)[227] S(SNH)
904 (14) 952 (2)[253] 921 (3)[261] v(SF4 — SF5) + v(SF1)
879 (4) 936 (2)[395] 902 (11) [303] v(SF2 — SF3) + v(SF1)
844 (6) br 888 (2)[145] 856 (5)[135] O(NH) wag — 0.0.p.
732 (58) 737 (7)[8] 701 (8)[5] v(SF2 + SF3) + v(SF4 + SF5) + v(SN)
714 (10)
693 (69) } vs (E)
681 (22) vi (Ay)
671 (86) 661 (16)[10] 627 (4)[2] v(SF2 + SF3) — v(SF4 + SF5)
651 (83) 650 (4)[3] 586 (37)[>1] v(XeN) — v(SN)
631 (32) 606 (1)[130] 577 (4)[134] (SFieq) 0.0.p.
609 (26) } va (A))
598 (59) vs (B1)
549 (61) 595 (2)[12] 566 (1)[13] S(F2SF3) + S(NSF4) — §(F1SF5)
543 (29) 574 (<1)[18] 538 (1)[14] 8(F1SF4) — 8(F3SF5)
520 (4) br 535 (5)[13] 512 (3)[10] v(XeN) + v(SN) + 8(F1SF4) + 6(F3SF4) — 8(F2SF5)
508 (17) S11 (1) [<1] 479 (2)[<1] S(F3SF5) + 8(F2SF4)
461 (4) br 420 (17) [109])¢ v(Xe--F6)?
383 83; } 446 (1)[06] 415 (<1)[6] pt(F1SN) + pw(F2SF4) — pw(F3SF5) :: Ei:;
376 (37) } v7 (By)
369 (49) vo (E)
366 (24) 407 (2)[3] 382 (2)[4] S(F1SN) + pw(F2SF5) — pw(F3SF4)
345 (4) br 338 (<D [1] 316 (<D [1] p(F2SF5) — p(F3SF4)
252 (13) 285 (1) [4] 254 (1) [4] S(F1SN) 0.0.p.
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Table 4.7.

224 (100)
169 (14)
151 (37)
119 (14)
108 (14)
n.o.

(continued...)

222 (3)[<1]

136 (1)[1]

36 (1) [1]

207
156
125
105
76
45

) [<1]
(1) [8]°
@ [1]
M [y
(D [1]
@) [1]

v(XeN) + p(SFs)
coupled deformation mode of [FsSN(H)Xe] [ASF6]d
3(XeNS)

} coupled deformation modes of [FsSN(H)Xe] [AsF6]d

torsion about Xe

“ Values in parentheses denote experimental relative Raman intensities, abbreviations denote broad (br) and not observed (n.o.).
g (SDB-)cc-pVTZ basis set. Calculated infrared intensities (in km mol ™) are given in brackets, calculated Raman intensities (in
A* amu™) are given in parentheses. © Atom numbering corresponds to that used in Figure 2b, abbreviations denote in plane
(i.p.) and out of plane (0.0.p.), where the plane is defined by Xe, N, S atoms; twist (py); wag (pw); rock (pr); and four equatorial
fluorines (Fieq). 4 Values and mode descriptions are from the calculated ion pair; see Table S3 for a full frequency listing and

o assignments.
W
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those of [FsTeN(H)Xe][AsFe)],”’ [FsTeOXe][AsFe],'*® [XeF][AsFe],'"? and KrF][AsFg].'"”
Calculated frequencies appearing in parentheses were obtained at the MP2/SVWN levels,
respectively, except for the ion pair, which could only be optimized at the SVWN level
(Table 4.8). The vibrational frequencies of SF¢ and FsSCI were chosen as benchmarks for

the FsS-group frequencies of FsSNH;" and FsSN(H)Xe" (Table 4.9, see section 4.2.5.).

4.2.4.1. |FsSNH;]|AsFs].

In the absence of a refined crystal structure, it was not possible to carry out a factor-
group analysis which might account for the splittings observed on the majority of the cation
and anion Raman bands. The 24 vibrational modes of FsSNH;  were assigned under C,
point symmetry and belong to A irreducible representations, all of which are Raman- and
infrared-active. The 15 vibrational modes of AsF¢ were assigned under O;, symmetry and
belong to the irreducible representations A, + Eg + Tog + 2Ty + Tay, where the Ajg, E,, and
T, modes are Raman active and the T;, modes are infrared active. The formally Raman
inactive T;, mode was, however, observed in the Raman spectrum as a weak band at 387
cm .

The asymmetric NHj3 stretches at 3138 (3524/3310) and 3072 (3521/3307) cm ',
the symmetric NHj stretch at 2939 (3402/3191) cm', and the NH; bends at 1560
(1641/1569) and 1535 (1633/1552) cm™ were overestimated by the calculations, which
was also observed for F5TeNH3+.50 The S—N stretch couples with the equatorial SFy4 in-

phase breathing mode at 739, 745, 747 cm™' (757/697 cm™') and with the equatorial SF4

out-of-phase, out-of-plane bend at 576 cm™' (574/508 cm™"), contrasting with the Te-N
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Table 4.8. Experimental (Raman) and Calculated Vibrational Frequencies, Intensities, and Assignments for the

[FsSN(H)Xe][AsFs] lon Pair

freq, cm™ assgnts
exptl” caled” FsSNH)Xe"AsFs (CyY
3186 (7) 3384 (56) [79] v(NH)
n.o. 1247 (2) [38] NH wag i.p.
954 (2) br 912 (19) [368] 8(SNH) .
904 (14) 889 (3) [246] v(SF4 — SF5) + v(SF3 — SF2) o
879 (4) 871 (10) [376] v(SF1) + v(SF2 - SF3) -
844 (6) br 794 (8) [124] NH wag 0.0.p. 2.
732 (58) 713 (14) [26] v(SF2 + SF3) + v(SF4 + SF5) + v(SN) + v(SF1) small 7
752 (7) [137] v(ASF9 — ASF11) + v(ASF8 — ASF10) + v(ASF7) &
gg‘ %g; 749 (3) [131] V(ASF9 — ASF11) + v(ASF10 — AsFS) [vs (T1)] Ué
745 (7) [190] v(AsF7) =
681 (22) 655 (14) [40] V(A1) [vi (Asp)] g
671 (86) 606 (3) [6] v(SF2 + SF3) — v(SF4 + SF5) =
651 (83) 629 (75) [15] v(XeN) - v(SN)
631 (32) 580 (1) [78] 8(SF4c) 0.0.p.
609 (26) 590 (2) [11] v(ASF9 + AsF11) — v(AsF8 + AsF10)
598 (59) 410 () [7] v(As--F6) } v )
549 (61) 574 (8) [12] S(NSF4) + 8(F2SF3) — 8(F1SF5)
543 (29) 539 (1) [12] 8(F1SF2) - 8(F2SF3)
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Table 4.8.

520 (4) br
508 (17)
461 (4) br
409 (33)

402 (20)

376 37)
369 (49)

366 (24)
345 (4) br
252 (13)
Nn.o.

224 (100)
Nn.o.

169 (14)
151 37)

(continued...)

AN 4

522(1) 1]
463 (1) [<1]
420 (17) [109]
432 (1) [22]
374 (1) [41]
371 (6) [29]
363 (1) [25]
341 (1) [257]
321 (1) [<1]
268 (2) [48]
377 (12) [30]
327 (1) [3]
284 (1) [4]
227 (<1) [<1]
217 (13) [20]
196 (<1) [<1]
156 (1) [8]
124 (5) [3]

—

J\

v(XeN) + v(SN) + 8(F1SF4) + 8(F3SF4) — 8(F2SF5)
S(F3SFS) + 8(F2SF4)

v(Xe--F6)

piF1SN) + poF2SF4) — po(F3SFS)

AsF4~ deformation modes [v4 (T1)]

AsF¢ deformation modes [vs(Ty)]

8(F1SFN) + pu{F2SF5) — pu(F3SF4)
puF2SF5) — p(F3SF4)
S(F1SN) 0.0p. + p(F2SF5) — p(F3SF4)

v(XeN) + p{SFs) + AsF¢~ deformation modes [vs(Tw)]

coupled deformation modes of FsSN(H)Xe" and AsFg~
3(XeNS)

g T A103210 — SISO L "A'Ud



Table 4.8. (continued...)

119 (14) 105 (1) [1] kK

108 (14) 76 (1) [1]

n.o. 60 (1) [2] | + _
0.0. 35 (<1) [1] > coupled deformation modes of FsSN(H)Xe" and AsFs
n.o. 29 (<1) [1]

1o, 8 (<1) [1] J

“ Values in parentheses denote experimental Raman intensities, abbreviations denote broad (br) and not observed (n.o.).

> SVWN/(SDB-)cc-pVTZ level of theory. Calculated infrared intensities (in km mol ™) are given in brackets, calculated Raman

intensities (in A* amu™) are given in parentheses. © Abbreviations denote in plane (i.p.), out of plane (0.0.p.) where the plane
= is defined by Xe, N, S atoms, twist (p;), wag (pw) and rock (p;), and four equatorial fluorines (Fseq); atom numbering corresponds
~ to Figure 4.3; anion mode assignments in brackets indicate those corresponding to an octahedral geometry.

yruwg T A103210) — sIsay [ "q'Ud



8CI

Table 4.9. Experimental and Calculated Geometrical Parameters, Vibrational Frequencies and NBO Parameters for SF¢ (Oy,)
and SFsCl (Cy,)
SFg exptl MP2’ SVWN*
Bond Lengths (A)’
S-F 1.5622(7) 1.572 1.578

Frequencies (cm™ ')’

940 (n.o0.) [n.o.]
773.5 (vs) [n.0.]
641.7 (s) [n.o.]
615 (n.0.) [n.o.]
525 (s) [n.0.]
347 (n.0.) [n.o.]

Charges

S

F

Valencies

S

F

Bond Orders

S—F

971 (0) [430]
778 (15) [0]
655 (3) [0]
613 (0) [29]
519 (2) [0]
346 (0) [0]

2.69
-0.45

3.63
0.48

0.61

941 (0) [405]
746 (16) [0]
632 (3) [0]
577 (0) [25]
488 (2) [0]
326 (0) [0]

2.58
—0.43

3.88
0.54

0.65

assonts”
Vas(SF — SF) (T
V(SFs) (Ag)
Vas(SF;) — v(SE,) (Eg)
v(SF,) 0.0.p. (T10)
8(SF,) + &(SF) (Tag)
Pw(SF2) — pw(SE2) (T2u)

wg 1 108910 — SISy "('Yd
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Table 4.9. (continued...)

SFsC1 MP2° SVWN*

Bond Lengths (A)

S-F, 1.576 1.581

S-F, 1.582 1.588

5-¢1 2.059 2.064

Frequencies (cm ')’ assgnts
909.0 935 (<1) [356] 907 (<1) [337] vas(SFy) E
854.6 871 (1) [455] 842 (1) [421] V(SF,) A, =
707.1 716 (14) [19] 688 (15) [11] Ve(SFeq) Ay <
625 639 (3) [<<1] 617 3) [<<1] V(SF4eq) B, o;
601.9 603 (1) [86] 572 (1) [84] 8(SF4eq) o.0p. A &,
579.0 577 (<1)[16 544 (<1) [14] Pw(SFicq) E |
505 501 (2) [0] 471 (2) [0] 8(SFueq) ip. B, %
441.0 440 (2) 1] 413 (2)[1] P(SFicq) ip. E s
401.7 411 9) [5] 387 (9) [5] v(SCl) A, i
n.0. 338 (<<1)[0] 316 (<<1) [0] P(SF4cq) aop. B, -
271 269 (1) [<<1] 250 (1) [<<1] Pw(SC) E 2,

=4



Table 4.9. (continued...)

Charges
S 243 2.33
F, —0.45 -0.44
F. —0.45 -0.43
Cl -0.17 -0.15
Valencies
S 3.56 3.79
F, 0.47 0.52
F. 0.46 0.52
Cl 0.50 0.52
Bond Orders
S-F, 0.60 0.64
g S-F. 0.59 0.63
S—-C1 0.62 0.64

“ (SDB-)cc-pVTZ basis set. Experimental value for the bond length is from J. Chem. Phys. 1981, 75, 5326-5328.
° Experimental values for the Raman data are from ref 157, and for infrared data, from ref 158. ¢ Abbreviations denote very

strong (vs), strong (s), not observed (n.o.) and wag (py). © Experimental values for the bond lengths and for Raman data are
from ref 159.
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stretch of FsTeNH3", which is not significantly coupled. The out-of-phase trans equatorial
SF, stretching modes are coupled to NH3 rocking modes, whereas the axial S—F stretch is
not coupled. All of the bands involving S—F stretches fall into the range 645-920 cm’
(669-970/642-924 cm™") and those involving SFs bending modes fall into the range 362—
632 cm™ (316-613/282-563 cm™') which have frequencies similar to those of SFg (615—
940 and 347-525 cm™') and FsSCI (602-909 and 271-579 c¢m™)." The NHj; torsion,

predicted at (4/18 cm™), could not be observed.

4.2.4.2. |FsSN(H)Xe|[AsFg]

The FsSN(H)Xe' cation (calculated gas-phase and crystallographic symmetries
optimized to C; symmetry) possesses 21 fundamental vibrational modes belonging to A
irreducible representations which are both Raman- and infrared-active. The fluorine bridge
interaction lowered the O, symmetry of the anion (see section 4.2.3.) so that additional lines
in the vibrational spectra were observed. Such symmetry lowering in hexafluoro anions of
group 15 is oftentimes approximated as Cy, symmetry,''? and the vibrational spectra are
assigned under this or a lower symmetry (Cs, C;, or C;). The distorted anion in the
structural unit possesses 15 fundamental vibrational modes under approximate Cj,
symmetry belonging to the irreducible representations, 4A; + 2B; + B, + 4E, all of which
are Raman-active and the A; and E modes are infrared-active. In practice, 9 of the 11
vibrational bands expected were observed (correlations to O, symmetry are given in square
brackets), namely, 681 (A) and 693, 714 (E) [T\.], 598 (B1) and 609 (A) [E], 402 (A) and

409 (A1) [T1u], and 369 (E) and 376 (By) [T2g] cm . Factor-group analyses correlating the
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cation (C;) and anion (Cs,) symmetries to their crystal site symmetries (C;) and to the unit
cell symmetry (Cj) are provided in Table 4.10. The A irreducible representations of the
cation are maintained under C; site symmetry, while the doubly degenerate E modes of the
anion are split as a result of site symmetry lowering. Both the cation and anion modes are
split into Raman-active A, and infrared-active A, components under C; crystal symmetry,
giving the potential to observe 21 bands for the cation and 15 bands for the anion. As
predicted, no additional splittings of the 19 observed cation bands and 11 observed anion
bands occurred in the Raman spectrum under the crystal symmetry.

The calculated vibrational frequencies for the [FsSN(H)Xe][AsFs] ion pair and for
the isolated FsSN(H)Xe" and AsFs ions are generally in good agreement with the
experimental frequencies. The ion pair calculation shows that the cation and anion modes
are not coupled except for the low-frequency deformation modes. The modes associated
with the Xe---F—-As bridge are, however, deemed to be less reliable because the
geometrical parameters of the Xe---F—As bridge are not well reproduced for the
calculated ion pair (see section 4.2.5.).

Coupled V(SN + XeN) and v(SN — XeN) stretches were observed at 520 and 651
(535/512 and 650/586) cm ', respectively, compared with the coupled v(TeN + XeN) and
v(TeN — XeN) stretches observed for FsTeN(H)Xe" at 444 and 654 cm™.*° The most
intense band in the Raman spectrum of [FsSN(H)Xe][AsFs] occurs at 224 (222/207) cm™
and is assigned to the Xe-N stretch weakly coupled to a FsS-group rock, whereas the
corresponding low-frequency coupled mode was not observed for the tellurium analogue.
Weak coupling between the Xe-N and a FsS-group rock of FsSN(H)Xe" may be the result
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Table 4.10.  Correlation Diagrams and Selection Rules for the Vibrational Modes of

[FsSN(H)Xe][AsFg]
FsSNH)Xe"
cation site crystal
symmelrya symmetry symmetryb
C, () G
_ Ay vi— vy Raman active
2(vs — V1), 6R, 6T A m——————= A \
Ay Vi — vy Infrared active
AsFq
anion site crystal
symmetry” symmetry symmetry’
C4v Cl Ci
2(v; —vy), 2T Ay
2(vs, Vo) B,
p——— Ay Vi = V5, 2(Vg— viy) Raman active
A —
Ay V1 — V7, 2(Vg— Vi1) Infrared active
2v; BZ

2(vs— Vi), 4R, 4T E

“The cation (C;) and anion (Cj,) symmetries are local symmetries taken from the crystallographic
structural unit. The modes associated with the Xe---F—As bridge interaction are not accounted for
in this treatment. The irreducible representations are I' = 21A for the FsSN(H)Xe' cation and I =
4A, + 2B, + B, + 4E for the AsF¢ anion. ® The crystallographic space group is P1 with Z=2.
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of the larger mass difference between xenon and sulfur than between xenon and
tellurium. The equatorial SF4 symmetric breathing mode is weakly coupled with the S—N
stretch and occurs at 731 cm™ (737/701 cm_]), as observed in FsSNH;" (739, 745, 747
cm ). The broad band at 461 cm ™' could not be assigned by comparison with the modes
calculated for the gas-phase FsSN(H)Xe" cation, and consequently was assigned to v(Xe---
F) by comparison with the frequency calculated for the ion pair (420 cm '), with the
difference attributed to the underestimated Xe---F distance. This frequency is higher than
that assigned to v(Xe---F) in [XeN(SOyF),][AsFs] (317 cm_l),49 [XeOTeFs][AsFs] (365
em'),"%1%¢ and [XeF][AsFe] (417 cm™).""? The Xe—N-S bend is assigned to the strong
band at 151 (136/125) cm™', which is higher than that of the Xe—N-Te bend in
FsTeN(H)Xe" (113 cem ). % The highest frequency band, 3186 cm ', is assigned to V(NH)
(3421/3287 cm™") and is in good agreement with the N—H stretches in FsTeN(H)Xe" (3146
cm"),5 OF sTeNH; (symmetric, 3297 cm_l; asymmetric, 3385 cm_]),50 FsTeNH;" (symmetric,
3018 cm™'; asymmetric, 3110 em™),”® and FsSNH;" (symmetric, 2939 cm™; asymmetric,
3072, 3145 cm™)."* The 8(SNH) bend, observed at 954 cm ™', and 8(NH) wag, which was
not observed, were calculated at 980/946 and 1328/1230 cm™', respectively, and are
predicted to be weak. The experimental SFs-group stretches (671-904 cm™') and bends
(305-631 cm—l) fall into ranges that are similar to those of F sSNH;" and the benchmarks,
SF¢ and SFsCl (vide supra). The medium intensity modes at 108, 119, and 169 (76, 105,
and 156) cm™ are assigned to strongly coupled deformation modes associated with the

ion pair, but the torsion about Xe, calculated at 56/45 cmﬁl, could not be observed.
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4.3. Computational Results

Electronic structure calculations were carried out for FsSNH;", F5SN(H)Xe+, and
[FsSN(H)Xe][AsF¢] to aid in the vibrational assignments (see section 4.2.4.) and to gain
insight into the structure and bonding of FsSNH;" and FsSN(H)Xe". Comparisons of the
calculated and experimental frequencies with those of the benchmarks, SF¢ and SFsCl,
showed that the SVWN calculations provided vibrational frequencies that were in better
agreement than the MP2 calculations for the highest-frequency modes, the asymmetric
SFes and equatorial SF4 stretches of SF¢ and FsSCI, respectively, whereas the MP2
calculations better reproduced the symmetric stretches and all of the F-S—F bending

frequencies (see Table 4.9).

4.3.1. Calculated Geometries

Although close to (s symmetry, both the MP2 and SVWN energy-minimized
structures of the FsSNH;" and FsSN(H)Xe" cations optimized to C; symmetry, as did the
SVWN energy-minimized structure of the [FsSN(H)Xe][AsF¢] ion pair. These
calculations reproduced the experimental geometric parameters of the FsSN(H)Xe" cation
in the ion pair. The largest discrepancies occurred for the Xe---F—As fluorine bridge of
the ion pair. The Xe---F(6) (2.251 A) and As-F(6) (1.919 A) fluorine-bridge bond lengths
are under- and overestimated, respectively, when compared with the experimental values,
2.634(3) and 1.759(3) A. The Xe---F-As angle, which was found to be bent in the low-
temperature X-ray crystal structure (127.2(1)°) and is known to be influenced by crystal

packing (see section 4.2.3.), was significantly more bent (112.7°) for the calculated
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geometry. Similar differences were found for the [FsTeN(H)Xe][AsFs] ion pair.”® It is
noteworthy that the calculated local symmetry of AsF¢ in the [FsSN(H)Xe][AsF¢] ion pair
is better approximated by C», symmetry than by the local Cs, symmetry used to assign the
vibrational frequencies of AsFs  in the ion pair (see section 4.2.4.).

The calculated S—N bond length of FsSN(H)Xe" is significantly shorter than that of
FsSNH;" at both levels of theory. This trend was also observed for the experimental and
calculated Te-N bond lengths in FsTeN(H)Xe" and FsTeNH;",”* whereas the S—F bond
lengths of FsSN(H)Xe" are slightly longer (MP2) or slightly shorter (SVWN) than in
FsSNH;". It is not possible to discern significant differences in either the experimental or

calculated Te—F bond lengths for the tellurium analogues.*

4.3.2. Charges, Valencies, and Bond Orders

The Natural Bond Orbital (NBO) charges, valencies, and bond orders calculated
using the MP2 and SVWN methods (SVWN values are given in parentheses) for FsSNH;"
and FsSN(H)Xe" are listed in Table 4.11. The formal positive charge of both cations
chiefly resides on S, H, and Xe, with positive charges on S and H in FsSN(H)Xe" that are
slightly lower than the corresponding charges in FsSNH;". The Xe-N bond order [0.58
(0.60)] in FsSN(H)Xe" and the decrease in N valency from FsSNH3" [2.39 (2.52)] to
FsSN(H)Xe" [1.82 (1.90)] also indicate significant covalent bonding between xenon and
nitrogen. Slight decreases in the absolute charges on sulfur [2.58 (2.48)] and nitrogen
[-0.82 (—0.82)] correspond to the greater S-N bond order [0.64 (0.68)] for FsSN(H)Xe"

when compared with that of FsSNH3" [0.55 (0.56)] [S charge: 2.61, (2.51); N charge:
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Table 4.11.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for
FsSNH;" “ and FsSN(H)Xe"?

FsSNH;" FsSN(H)Xe"
atom charges valencies charges valencies

MP2 SVWN MP2 SVWN MP2 SVWN MP2 SVWN
Xe 1.01 0.98 0.57 0.61
H 0.45 0.47 0.63 0.68 0.40 0.43 0.71 0.72
N -0.85 -0.90 239 2.52 -0.82 -0.82 1.82 1.90
S 2.61 251  3.67 3.93 2.58 248  3.67 391
Il -0.39 -0.37  0.55 0.61 -0.41 —-0.38 0.53 0.59
F2 -0.43 -0.42 049 0.55 —0.43 -0.41 0.49 0.54
F3 -0.43 -0.41 049 0.54 -0.45 -0.44 047 0.54
F4 —-0.43 -0.42 049 0.55 —0.46 —0.45 0.45 0.51
F5 -0.43 -0.41 049 0.54 -0.42 -0.38  0.50 0.54

bond orders
bond FsSNH;" FsSN(H)Xe"
MP2 SVWN MP2 SVWN

Xe-N 0.58 0.60
N-H 0.65 0.69 0.71 0.72
S-N 0.55 0.56 0.64 0.68
S-F1 0.67 0.72 0.65 0.70
S-F2 0.61 0.66 0.60 0.63
S-F3 0.61 0.66 0.59 0.64
S-F4 0.61 0.66 0.58 0.62
S-F5 0.61 0.66 0.62 0.65

“ cc-pVTZ basis set, atom numbering corresponds to that used in Figure 4.3c. ® (SDB-)cc-

pVTZ basis set, atom numbering corresponds to that used in Figure 4.3b.
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~0.85 (—0.90)]. The lower N-H bond order of FsSNH;" [0.65 (0.69)] compared with that
of FsSN(H)Xe" [0.71 (0.72)] and parallel decreases in absolute charges on H and N
correspond to increased N-H bond covalency in FsSN(H)Xe". There is little difference in
the S—F bond orders, or in the charges and valencies at sulfur and fluorine in FsSNH3"
and FsSN(H)Xe". The S—F,q bond orders and Feq valencies of both cations differ little
from those of the benchmarks, SF¢ and FsSCI, whereas the S—F,, bond orders and the F,

valencies are slightly higher in both cations.

4.4. Conclusions

The F 5SN(H)Xe+ cation has been synthesized by reaction of XeF, with FsSNH;  in
BrFs and aHF solvents, and by HF solvolysis of the recently reported F3S=NXeF" cation.
The FsSN(H)Xe" cation provides, in addition to FsTeN(H)Xe", an example of xenon bonded
to an sp’-hybridized nitrogen, and the second example of a synthetic route that makes use of
an ammonium (FsChNH;3', Ch = S or Te) cation as the synthetic precursor to a Xe—N
bonded compound. The Xe—N bond length, calculated Xe—N bond order derived from the
NBO analyses, high shielding of the '*’Xe NMR resonance, and empirical Xe-N bond
valency derived from the crystal structure of [FsSN(H)Xe][AsFs] are consistent and place

FsSNXe(H)" among the most covalent Xe-N bonds presently known.
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CHAPTER 5

SOLID-STATE AND SOLUTION REARRANGEMENTS
OF F;S=NXeF* LEADING TO THE F,S=NXe* CATION;
SYNTHESES, HF SOLVOLYSES, AND STRUCTURAL
CHARACTERIZATIONS OF [F,S=NXe][AsF¢] AND [F,S=NH,]|[AsF]

5.1. Introduction

Several xenon(Il) species are known in which xenon is bound to nitrogen having
formal sp-, sp>-, and sp3 -hybridization. Most belong to a weakly bonded class of XeF"
adducts with mainly organic nitrogen bases. Those exhibiting formal nitrogen sp-
hybridization are represented by the XeF™ adducts of thiazyl trifluoride,'*® hydrogen
cyanide,***  alkylnitriles,** pentaﬂuorobenzenenitrile,34 and perfluoroalkylnitriles.>*>°
Examples of XeF' adducts with sp>-hybridized organic nitrogen bases are also known,
namely, those with s-trifluorotriazine®® and several perfluoropyridines.”” The only examples

118 and

in which xenon is bonded to sp’-hybridized nitrogen are FsSN(H)Xe"
FsTeN(H)Xe".™ Until the present study, the only species bonded to sp>-hybridized nitrogen
atoms of inorganic ligands were those derived from the imidobis(sulfurylfluoride) group and
included  FXeN(SO.F),, "™ Xe[N(SO:F),o,**  F[XeN(SOF).l,",***  and
XeN(SO:F),",* as well as the related imidobis(sulfuryltrifluoromethyl) group, which is
solely represented by Xe[N(S02CF3)2]2.48

Species containing the F4S=N-group are presently limited to the neutral molecules

F4S=NL (L - F,73’74’161’162 CH3’98-101 CHzCH3,99 CF3,]63-]65 CF2CF3’166 SF5,167-I69 SozF,l7O,l71
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C(O)N(CH,CHs),'™) and F4S=N-'"” The majority have been characterized by

M 4 7,170,172 73,98-100,164-167,170,172
vibrational+?#9%163.166167.170.072 5y 4 NMR ™ spectroscopy, and a number

74,100 74,100

have been characterized by electron diffraction and microwave spectroscopy.

Solvolysis of N=SF; in anhydrous HF (aHF) occurs by the addition of two
molecules of HF across the sulfur-nitrogen triple bond to give the primary amine,
F5SNH2,96 whereas solvolysis of N=SF; in the superacid medium, AsFs/aHF, results in
amine protonation to give [FsSNH;3][AsFg].'"' Controlled solvolysis of [F3S=NXeF][AsFs]
in aHF at —20 °C for 4 h has recently been shown to yield the FsSN(H)Xe" and FsSNH;"
cations,''® but no intermediates were isolated.

In the current work, the intermediacy of F48=NXe" in the reaction pathways that
lead to the FsSN(H)Xe" and F4S=NH," cations is documented, as well as the HF solvolyses
of the F4S=NXe', F4S=NH,", F58N(H)Xe+, and FsSNH;" cations. The solid-state
rearrangement of [F3;S=NXeF][AsF¢] to form [F4sS=NXe][AsFs] is also reported. The
syntheses and detailed structural characterizations of the F4S=NXe" and F4S=NH," cations

in the solid state and in solution significantly extend the chemistry of the F4S=N-group,

providing the only cationic derivatives of this ligand group that are presently known.

5.2.  Results and Discussion
5.2.1. Syntheses of [FsS=NXe][AsFg| and [F4S=NH;][AsFg]
5.2.1.1. Rearrangement of [F3S=NXeF][AsFs] in aHF
The F4S=NXe" cation was synthesized by reaction of the previously reported

[F3S=NXeF][AsFs] salt'*® with HF for ca. 1 h at —20 °C in aHF or HF/BrFs solution (eq
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5.1). The reaction likely proceeds via the HF-catalyzed rearrangement shown in Scheme

-20°C +
F3S=NXeF® ——————> F,S=NXe (5.1)
HF or HF/BrFs5

5.1a. The F4S=NXe" cation was shown by "°F and '*’Xe NMR spectroscopy in both
solvent media to be a major component and an intermediate leading to FsSN(H)Xe" (see

section 5.2.2.).

5.2.1.2. Solid State Rearrangement of [F3S=NXeF][AsFg]
The [F4S=NXe][AsF¢] salt was also obtained by solid-state rearrangement of
[F3S=NXeF][AsFs]. Rearrangement occurred upon warming [F3S=NXeF][AsF¢] to 22 °C

(eq 5.2) and was monitored by periodically quenching the sample at —160 °C and
[F3S=NXeF][AsFs] —559c~ [F4S=NXe][AsFq] (5.2)

recording the Raman spectrum at this temperature. Monitoring of the most intense peaks
in the Raman spectra [F3S=NXeF’, v(XeF) 550 cm™'; F4S=NXe", §(XeNS) 178 cm ']
showed that F4S=NXe" formed as the only product as F;S=NXeF" was consumed, and
that no further reaction occurred after ca. 70 min at 22 °C (see section 5.2.4.). The
resulting bright yellow solid was also characterized by '’F NMR spectroscopy at —20 °C
in N=SF; solvent.

The rationale for the rearrangement and for incomplete conversion of F3S=NXeF"
to F4S=NXe" is based upon the crystal packing of [F3S=NXeF][AsF¢],'*® which shows

that the shortest cation-anion contact (2.871(5) A) occurs between a fluorine atom of
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Scheme 5.1.  Proposed (a) Solution and (b) Solid-State Rearrangements of F3S=NXeF " Leading to F4S=NXe"
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AsFs and the sulfur atom of an adjacent F3S=NXeF " cation. This contact is significantly
shorter than the sum of the fluorine and sulfur van der Waals radii (3.27 A).’! In the
proposed solid-state reaction mechanism (Scheme 5.1b), a fluorine ligand of the AsFs
anion coordinates to the sulfur atom of an adjacent F3S=NXeF" cation, which leads to
fluoride ion transfer and formation of the [F4sS=NXe][AsF¢] ion pair. As the reaction
proceeds, solid-state dilution of F3S=NXeF" and breakdown of the crystal lattice disrupt
fluoride ion transfer and rearrangement, preventing the rearrangement from going to
completion. Determination of a yield for this reaction was not possible because
F3S=NXeF" '*® and F4;S=NXe" (see section 5.2.4.) share no directly comparable intense
Raman bands. After rearrangement had ceased, the sample was stored at —78 °C for
several weeks with no sign of further reaction. The proposed rearrangement pathway is
also consistent with the optimized, zero-point-corrected energies of the F3S=NXeF" and
F4S=NXe" cations which show that F;S=NXe" is 7.9 kJ mol™ lower in energy than the

F3S=NXeF" cation at the MP2/aug-cc-pVTZ(-PP) level of theory.

5.2.1.3. Synthesis of [F4S=NH;][AsFs]

The F4sS=NH," cation was formed concurrently with F,S=NXe" during the
solvolysis of F38=NXeF" in aHF at —20 °C. Reaction of F;S=NXe" with 2 equiv of HF
resulted in F4S=NH," and XeF, formation according to eq 5.3, which were identified by

=20 °C

[F4sS=NXe][AsF¢] + 2HF ————————> [F4S=NH;][AsF¢] + XeF; (5.3)
HF or BrF;
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F NMR spectroscopy (vide infra). Characterization by Raman spectroscopy was not
attempted because it was not possible to isolate [F4S=NH,][AsFs] as a pure product from
the complex admixture of solvolysis products comprised of [FsS=NXe][AsF¢],

[FsSN(H)Xe][AsFs], [FsSNH3][AsFs], [NH4][AsF], SFs, and XeF,.

5.2.1.4. Solvolytic Pathways and Thermodynamic Considerations

It has recently been shown that HF solvolysis of F3S=NXeF" led to the formation
of the FsSN(H)Xe" and FsSNH;" cations.'”® The identification and characterization of
F4,S=NXe" and F4S=NH," as intermediates provide a fuller understanding of the reaction
pathways that lead to the aforementioned cations. Proposed reaction pathways that
account for the products, along with their relative energies, are provided in Scheme 5.2.

The solvolysis of the F;S=NXeF' cation is likely initiated by HF-catalyzed
rearrangement to F4,S=NXe" (Scheme 5.1a), which occurred at a much lower temperature
(20 °C) in HF or HF/BrFs solution than the fluoride ion-catalyzed solid-state
rearrangement (22 °C, Scheme 5.1b). Moreover, F3S=NXeF" did not undergo
rearrangement in BrFs solvent at —20 °C in the absence of HF.

Two pathways for the solvolysis of F4;S=NXe" are possible: (1) reaction with 2
equiv of HF to form F4S=NH," and XeF, (eq 5.3), and (2) addition of HF across the S=N

ouble bond of F4>=NXe to give s e (eq >.4). Both cations may undergo
double bond of F4S=NXe" to give FsSN(H)Xe" (eq 5.4). Both cati d

-20°C
= % .
[F4S=NXe][AsFs] + HF HF or BrF- [FsSN(H)Xe][AsFs] (5.4)
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Scheme 5.2. Calculated Relative Gas-Phase Energies of Products Resulting from HF-Catalyzed Rearrangement of
F3S=NXeF" and HF Solvolysis of F4S=NXe" [kJ mol™'; MP2/aug-cc-pVTZ(-PP)]
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further HF attack by (1) reaction of FsSN(H)Xe" with 2 equiv of HF to form the very
stable FsSNH;" cation and XeF, according to equilibrium 5.5,118 and/or (2) addition of

HF across the S=N double bond of F4S=NH," to form FsSNH3" (eq 5.6). Fluorine-19

[FsSN(H)Xe][AsFe] + 2HF —— [FsSNH;][AsFq] + XcFa (5.5)
[FiS=NH,][AsFs] + HF —— > C -~ [FsSNH;][AsFq] (5.6)
HF or BrF;

NMR spectroscopy showed that the FsSN(H)Xe" cation was initially formed, along with
F4S=NXe" and F4S=NH,", at —20 °C. Initial formation of FsSN(H)Xe" may arise from HF
addition across the F3S=NXeF" triple bond to form F4;S=N(H)XeF" as an intermediate
which subsequently undergoes rearrangement to form the known FsSN(H)Xe" cation'®
(Scheme 5.2). Although the F;S=N(H)XeF" cation was calculated to be
thermodynamically favourable, it was not observed experimentally. When the reaction
mixture was warmed to 0 °C, FsSNH;" formation was favoured while F4S=NXe" was
consumed and F4S=NH," remained. Above 0 °C, the FsSNH;" cation dominated (egs 5.5
and 5.6), along with increasing amounts of its solvolysis products, SFs and NH,", and a
trace amount of FsSNF,, which was presumably generated by a series of reactions that
are analogous to those described for FsSN(H)Xe" ''® and FsTeN(H)Xe".® With careful
temperature control, it was possible to record the F NMR spectrum of the entire

F3S=NXeF" solvolysis product mixture with the exception of FsSNF, (Figure 5.1).
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Figure 5.1.  Fluorine-19 NMR spectrum (470.592 MHz) of a product mixture resulting from the solvolysis of
[F3S=NXeF][AsF] for 30 min in aHF solvent at —20 °C; symbols denote F-on-S of residual F3S=NXeF" (1),
the 1:1:1:1 quartet arising from 'J(PF=**S) of SFe (*), and a very weak unassigned resonance (3). The XeF,
resonance, not shown in the spectral trace, occurred at 8('°F) = —194.5 ppm with 'J('’F-'*Xe) = 5652 Hz.
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5.2.2. NMR Spectroscopy

The "F and '®Xe NMR parameters for the AsF¢ salt of the F4sS=NXe" cation
(structure XVIII), recorded in aHF, BrFs containing a catalytic amount of HF (hereafter
designated HF/BrFs), and N=SF; solvents, and the F NMR parameters for the AsF¢ salt

of the F4S=NH," cation (structure XIX), recorded in aHF and HF/BrFs solvents, are listed

FA" ", F +/
-S=N " _~S=N
T N\ T Sy
F Xe H

X s
XVIII XIX

in Table 5.1. Only the '°F and '®Xe NMR spectra recorded in aHF at —20 °C (Figures
5.2-5.4) and their parameters are discussed in detail in this section. The '°F chemical shift
and coupling constants are similar to those of F4S=NF,73’74 F4S=NCH3,99’]°° and
F,S=NCF."" Spectral assignments were confirmed by use of the program
ISOTOPOMER,'** which provided simulated spectra for the F;8=NXe" and F4S=NH,"
cations that are in excellent agreement with their experimental '°F (Figures 5.3 and 5.4)
and '¥Xe (Figure 5.2) NMR spectra. As in the cases of FsSN(H)Xe" and FsSNH3", 1% the
"N resonances of F4sS=NXe" and FsS=NH," were not observed, presumably because
quadrupolar relaxation of *N ("*N, 7= 1), resulting from the high electric field gradients at
the "N nuclei that result from the low symmetries around nitrogen in these cations, resulted

in broad '*N resonances that could not be differentiated from the spectral baselines.
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Table5.1.  "F and '®Xe NMR Parameters for [F4S=NXe][AsFs] and [F4S=NH;][AsFs] ¢

chemical shifts, ppm coupling constants, Hz
cations 8("Xe)  8(°Fa)  8(Fp)  8(“Fx) UCFF)  UCFTF)  UCFTFx) U(®Xe"Fp) U(TXe"Fx) JCFs—"H)ym
F,S=NXe"® -2674 53.6 63.8 110.2 206.8 206.5 18.2 203.6 129.7
(-2588)  (55.1) 647  (1133) (212.3) (210.2) (18.0) (208.7) (126.7)
[-2510]  [58.6] ? [110.6] [206.3] [209.6] [21.6] [208.9] [102.0]
F,S=NH;"* 48.1 64.5 205.4 42.5
(49.6) (66.5) (203.5) (38.2)

“ The values in parentheses were measured in HF/BrFs solvent at —60 °C, and the values in square brackets were measured
in N=SF; solvent at 0 °C; all other values were measured in HF solvent at —20 °C. The AsF¢ anion resonance in HF solvent
was broad (saddle-shaped) [8('°F) = —69 (—64) ppm, Avy, = 2860 (700) Hz] and results from a partially quadrupole collapsed
1:1:1:1 quartet arising from 'J(""As—""F). The NMR parameters for HF solvent are 8(7F) =197 (-192) ppm, 8('H) = 8.26
(7.39) ppm, and those for BrFs solvent are: 8(19Feq) = 134.5 ppm, 8('°Fa) = 272.0 ppm, 2J(lgFax—lgFeq) =76.3 Hz. * The
fluorine atom labeling scheme is given by structure 1. One-bond secondary isotope effects were observed for F4S=NXe" in
HF solvent; 'A"FAC**S) = —0.064 ppm, 'A"Fp(***?S) = —0.055 ppm, and 'A"Fx(***?S) = —0.055 ppm. All coupling
constants have positive signs based on the spectral simulations. The *J('*Xe—""F ) coupling constant of F4S=NXe" was too
small to be resolved in all solvents. ¢ The °Fg resonance in N=SF; solvent was not observed because of overlap with the
solvent. ¢ The fluorine atom labeling scheme is given by structure 1I. Additional coupling constants obtained from spectral
simulations are 3J(]9FB—1H)ami =-1.1 Hz, 3J(19F A—IH) =-3.6 Hz, 2J(IH—lH) = 14.9 Hz. One-bond secondary isotope effects
were observed for F4,S=NH," in HF solvent; 'A"’FA(***2S) = -0.061 ppm and APE gy —. 0,040 ppm.
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Figure 5.2. The '*’Xe NMR spectrum (138.086 MHz) of F4S=NXe" in HF solvent at
—20 °C (upper trace) and simulated spectrum (lower trace).
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Figure 5.3.  The ""F NMR spectrum (470.592 MHz) of F4;S=NXe" in HF solvent at —20
°C (left-hand traces) and simulated spectrum (right-hand traces) depicting
(a) Fa, (b) Fg, and (c) Fx; symbols denote the 'A"”F(***’S) secondary
isotope shifts (1) and '*Xe satellites (*) in the experimental spectrum.
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Figure 5.4.
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The experimental '’F NMR spectrum (470.592 MHz) of F48=NH," in HF solvent at —20 °C (top traces) and
simulated spectrum (bottom traces). The daggers (1) in the experimental spectrum denote the 'APEE2S)

secondary isotope shifts.
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5.2.2.1. |F4S=NXe][AsFg]
The '°F NMR spectrum of the F4S=NXe" cation (Figure 5.3) is a superimposition of
an A;BX spin-coupling pattern (chemical shifts 53.6 (Ay), 63.8 (B), and 110.2 (X) ppm) that

arises from the F4S=N-group (Cs symmetry), and satellite spectra arising from an A,BXQ

spin system that results from coupling to natural abundance '*’Xe (26.44%, indicated by Q).
Xenon-129 satellites are only observed on the B and X fluorine resonances. The '°F
chemical shifts of the F4S-group of F4S=NXe" have chemical shift ranges and trends similar
to those of F4S=NCF,CFj; (66.7, 77.2, and 98.5 ppm, respectively),'*® whereas in the case of
F4sS=NCHj3; (68.2, 73.9, and 76.3 ppm, respectively),99 the trend is maintained but Fx is
significantly more shielded. The F4S-group chemical shift trend is, however, reversed for
F4S=NF (52.7, 45.0, and 13.2 ppm, respectively).”* The pseudo-triplet corresponding to the
equatorial F, environment of F4S=NXe" arises from a doublet of doublets that results from
the two nearly equal couplings, J("’Fo—""Fg) = 206.8 Hz and “J("’Fa—""Fx) = 206.5 Hz,
which are similar to those of related species, e.g., F4S=NF (213.9 and 194.0 Hz),”
F4S=NCHj3 (201 and 194.0 Hz),” and F4S=NCF,CF; (208.0 and 210.6 Hz).'®® The Fg and
Fx multiplets are each comprised of a doublet of triplets, with the triplet arising from
2J(PFA="Fgx) (vide supra), and the doublets arising from 2J(*’Fg—""Fx) = 18.2 Hz. The
multiplets are accompanied by natural abundance '*’Xe satellites resulting from 3I(*Xe—
19FB) = 203.6 Hz and 3J(]29Xe—19FX) = 129.7 Hz, respectively, with the satellites of the
central peak of the Fg multiplet overlapping with the inner satellites of the outer multiplet
lines. In N=SF; solvent, the Fg multiplet could not be observed because it overlapped with

the solvent peak, however, the *J('*Xe—""Fg) coupling that is reported for this solvent was
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obtained from the '*’Xe spectrum (vide infra). The additional fine structure that is
manifested in the small unequal doublet splittings on each of the F, triplet transitions, the
additional transitions in the central peak of the Fg multiplet, and the broadenings of the Fp
and, to a lesser degree, the Fx resonances are due to second-order effects which were
confirmed by spectral simulation. Quadrupolar relaxation resulting from '*N and partially
quadrupole collapsed '*F—"*N coupling are not significant contributors to the '°F line widths
because the simulated '°F spectra account for the spectral line widths without invoking
quadrupolar relaxation and/or ’F—'*N coupling.

The Xe NMR spectrum of F4S=NXe" (Figure 5.2) consists of a doublet of
doublets, resulting from *J("**Xe-""Fg) and *J(***Xe-""Fx) (vide supra), centered at —2674
ppm. No *J('"®Xe—""F,) coupling could be resolved (vide infra). Failure to observe ]J(mXe—
"N) likely results from the low symmetry and associated significant electric field gradient at
nitrogen that results in quadrupolar relaxation and collapse of this coupling. The '*Xe NMR
chemical shift is consistent with that expected for xenon bound to an sp’-hybridized
nitrogen, but is considerably more shielded than the 129X e resonances of Xe[N(SO.CF3),],
(-2444 ppm in SO,CIF at 8 °C),”” Xe[N(SO:F):]> (2257 ppm in SO,CIF at —40 °C),"
FXeN(SO,F), (<2009 ppm in SO.CIF at —40 °C),*” XeN(SO,F)," (1943 ppm in SbFs at 25
°C),” and F[XeN(SO:F),]," (~1933 ppm in BrFs at —5 °C).* The relatively high 1Xe
shielding of F4S=NXe" is consistent with a Xe-N bond that is significantly more covalent
than those of the aforementioned species'® (also see section 5.3.). The 129X e chemical shift is
most similar to those of xenon bound to sp’-hybridized nitrogen in FsSN(H)Xe"

(-2897 ppm in HF at —20 °C)'"® and FsTeN(H)Xe" (-2841 ppm in HF at —45 °C).”° It has
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been shown that the '

Xe shielding may be correlated with the L-group electronegativity
and Xe-E bond covalency, where L is an electronegative ligand and E is a second-row
ligand atom.”*!'® Accordingly, shielding generally increases with increasing Xe—E bond
covalency for the series of LXe" cations, i.e., Xe-F < Xe-O < Xe-N < Xe-C. It is
noteworthy that the *J("**Xe—'"Fx) coupling in N=SF; solvent (102.0 Hz) is significantly
less than in aHF or BrFs solvents (129.7 and 126.7 Hz, respectively), whereas the remaining
coupling constants are very similar irrespective of solvent. This is likely a consequence of
coordination of N=SF; to the xenon atom of the cation.

The *J(**Fa—"*’Xe) coupling could not be resolved in either the '°F or the '**Xe
NMR spectrum when recorded in aHF, BrFs, or N=SF; solvents. The small absolute to

129X e) may stem from a Karplus-type dependence,'” where

near-zero value of 3J(19F A—
the absolute three-bond coupling constant is a minimum when the dihedral angle between
the planes occupied by the coupled nuclei is 90°. In the present instance, the minimum is
achieved when Fy—S—N-Xe is 90°. This finding is also consistent with F;S=NF, for which
the *J("Fx—""Fa) coupling (Fx is F-on-N) is an order of magnitude smaller than J("*Fx—
®Fg) or *J("*Fx—""Fx).” In the structurally related compound, F,PYN(H)P"'F 2,7 the
coupling constants between P(III) and the cis- and trans-axial fluorines are 209.2 and
14.7 Hz, respectively, and are of opposite sign, whereas the coupling between P(III) and

the equatorial fluorines was not resolved (< 0.2 Hz). The FA—P'-N-P"! dihedral angle is

expected to be 90°, however, this structural detail has not been confirmed.
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5.2.2.2. [F4S=NH;]|AsFs]

The "°F NMR spectrum of F4S=NH," (Figure 5.4) is an A;BB'XX" spin pattern with
'F NMR parameters that are in a range similar to those of isoelectronic F4S=CH,,'’® but
have chemical shifts that exhibit the opposite trend (NMR parameters for neat F4,S=CH, at
—150 °C appear in square brackets in the ensuing discussion). Chemical shifts at 48.1 [59.0]
(A) and 64.5 [53.6] (BB') ppm arise from the F4S=N-group (local C», symmetry), with
additional fine structure on Fg arising from the protons (XX') bonded to nitrogen. As
previously observed for F4S=CH,'" and other C-substituted derivatives, F4S=CHR,"” two
coupling paths between the Fg and H nuclei result from the high barrier to rotation about the
S=N double bond. Although these '’F chemical shifts are comparable to those of the
F4S—N(CHj3)," cation (63.8 and 61.6 ppm, SO,, —55 °C),'”® the low-temperature NMR study
shows no evidence for hindered rotation about the S-N bond, ruling out the iminium
valence isomer, F4S=N(CH3)2+. Unfortunately, the "H NMR spectrum of the F4S=NH,"
cation was almost entirely obscured by overlap with the broad HF doublet (HF/BrFs solvent;
—70 °C; 8('H), 7.44 ppm; 'J('H-"F) = 470 Hz; Avy, = 700 Hz). Only two weak transitions
that may be attributable to F4S=NH," were observed that appeared as shoulders to high
frequency of the high-frequency branch of the HF doublet (8.32 and 8.72 ppm), which may
be compared with the chemical shift of FsSNH3" (7.74 ppm)'"® under the same experimental
conditions. The "°F spectral features arising from two "F='H coupling pathways were also
apparent in the '’F NMR spectrum and were confirmed by simulation (Figure 5.4). The F
and F multiplets in the °F spectrum consist of triplets that arise from %J("*F—'"Fp) = 205.5

[154.4] Hz with the F4 resonance being further split by *J('’Fa—'H) =—3.6 [10.5] Hz and the
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Fp resonance being further split by coupling with the syn- and anti-hydrogen environments,
ie., J(°Fs-' H)syn = 42.5 [58.1] Hz and 3J(*Fs—"H)ani = —1.1 [9.7] Hz. Both resonances are
also influenced by “J('H-'H) = 14.9 Hz. A minor feature not reproduced by spectral
simulation is the asymmetry of the outer transitions of the Fg multiplet. In the experimental
spectrum, eight transitions of the high-frequency branch of the multiplet are resolved,
whereas its lower frequency counterpart has only six transitions resolved due to overlap of

the inner transitions.

5.2.3. X-ray Crystal Structures of [FsS=NXe|[AsFs] and [FsS=NH;][AsFg]|
Summaries of the refinement results and other crystallographic information are
provided in Table 5.2. Important bond lengths and angles for [F4S=NXe][AsFs] and
[F4S=NH,][AsF¢] are listed in Table 5.3 along with the calculated gas-phase geometries of
the F4S=NXe" and F4S=NH," cations. Experimental and calculated geometric parameters
for the [F4S=NXe][AsFs] ion pair are compared in Table 5.4 and the experimental
geometric parameters for the AsFs anions in [F4S=NH;][AsF¢] are provided in Table 5.5.
Both cation geometries are derived from trigonal bipyramidal VSEPR arrangements of
bonding pairs about sulfur, with the nitrogen and two fluorine atoms in the equatorial plane

and two fluorine atoms in axial positions.

5.2.3.1. [F4S=NXe]||AsFg]
In the crystal packing diagram of [FsS=NXe][AsFs] (Figure 5.5), the structural

units are stacked, without alternation of the cation and anion positions, along the b-axis,
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Summary of Crystal Data and Refinement Results for [F4S=NXe][AsFs]

and [F4S=NH,][AsFq]

[F4S=NXe][AsF]

[F4S=NH:][AsFs]

empirical formula

space group (No.)

a(A)
b(A)
c(A)
o (deg)
P (deg)

v (deg)
V(A%

molecules/unit cell

mol wt (g mol ™)

calcd density (g cm'3)

(o)
p(mm™)
R®

WR2 4

F1oNSXeAs

C2/c (15)
25.930(1)
5.0875(3)
14.8171(8)
90
119.549(1)
90
1700.4(4)
8

44229
3.455
173

8.29

0.0224
0.0524

“R, is defined as 2| | F| | FJ[ /2l FJ| for I>20(1).

® WR, is defined as [S[W(Fy’ — F2) VEw(F,2)*]" for I> 20()).
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F1oNSH»As
P1(2)
5.4447(6)
6.6457(7)
10.306(1)
89.484(9)
87.479(7)
74.955(7)
359.79(9)
2

313.00
2.889
173
5.16

0.0855
0.1725
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Table 5.3. Experimental Geometries for [F4sS=NXe][AsF¢] and [F4S=NH;][AsF¢] and
Calculated Geometries for F4S=NXe" and F4S=NH,"“

bond lengths (A)
F,S=NXe" F,S=NH,"
caled (C,)° caled (C)°¢
Exptl MP2  PBEIPBE B3LYP exptl MP2 PBE1PBE B3LYP

Xe()-N(1)  2.084(3) 2.063 2120 2.183

N(1)-S(1) 1.556(3)  1.583 1.582 1.595 1.511(6) 1.558 1.558 1.567

N(1)-H(D) 10114 1.013 1.013 1014

N()-H(2) 1.0124 1.013 1.013 1.014

S(1)-F(1) 1.576(2) 1.573 1.576 1.594 1.564(5)  1.569 1.568 1.581

S(D)-F(2) 1.518(2) 1.536 1.534 1.547 1.511(5) 1.521 1.523 1.536

S(1)-F(@3) 1.529(2) 1.536 1.534 1.547 1.526(5) 1.521 1.523 1.536

S(1)-F(4) 1.588(2) 1.604 1.592 1.605 1.558(5) 1.569 1.568 1.581

Xe(1)--F(5)  2.618(2)

As(1)-F(5)  1.758(2)

bond angles (°)
F4S=NXC+ :F‘,;S=IQ’H?2+
caled (C,) caled (C) ¢
exptl MP2 PBEIPBE B3LYP exptl MP2 PBE1PBE B3LYP

Xe(1) N(1)-S(1)  118.0Q2) 1186 1179 119.1
S(D-N(1)-H(1) 1058 1190 119.1 119.1
S(D-N(1)-H(2) 12867 119.0 119.1 119.1
H(1)-N(1)-H(2) 12237 1220 1217 121.8
N(1)-S(1)-F(1) 86.42)  85.7 84.4 83.9 06(3) 907 90.8 90.9
N(1)-S(1)-F(2) 12732) 1267 1265 126.8 1252(3) 1253 125.2 125.2
N(1)-S(1)-F(3) 12782) 1267 1265 126.8 1263(3) 1253 125.2 125.2
N(1)-S(1)-F(4) 1001(2) 986 99.1 99.0 91.93) 907 90.8 90.9
F(1)-S(1)-F(2) 88.6(1) 89.4 89.4 89.5 88.7(3) 89.6 89.6 89.5
F(1)-S(1)-F(3) 87.9(1)  89.4 89.4 89.5 883(3) 896 89.6 89.5
F(1)-S(1)-F(4) 173.501) 1757 1765 177.1 17553)  178.6 178.5 178.2
F(2)-S(1)-F(3) 1043(1) 1062 1064 105.7 108.5(3)  109.4 109.5 109.5
F(2)-S(1)-F(4) 88.1(1)  88.0 88.5 88.8 88.9(3)  89.6 89.6 89.5
F(3)-S(1)-F(4) 87.5(1)  88.0 88.5 88.8 88.8(3)  89.6 89.6 89.5

N(1)-Xe(1)--F(5)  172.2(1)

Xe(1)--F(5)-As(1)  148.6(1)

“ The labels correspond to those used in Figures 5.6 and 5.8. Geometric parameters for
the AsFs anions of [FsS=NXe][AsF¢] and [FsS=NH;][AsF¢] are found in Tables 5.4
and 5.5, respectively. ” aug-cc-pVTZ(-PP) basis set. ¢ aug-cc-pVTZ basis set. 4 The
hydrogen atom positions were calculated using a riding model, therefore no estimated
standard deviations are provided.
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Table 5.4. Experimental and Calculated (Cy) Geometries for the [F4S=NXe][AsFs] Ion Pair”
Bond Lengths (A)
caled® caled®
exptl MP2 PBE1PBE B3LYP exptl MP2 PBE1PBE B3LYP
Xe(1)-N(1) 2.084(2) 2072 2078 2122 AS(1)-F(5) 1.758(2) 1.867 1.904 1933
N()-S(1) 1.556(2) 1.545 1.535 1545  As(1)-F(6) 1.702(2) 1.681 1.696 1.708
S(1)-F(1) 1.576(2) 1.586 1.591 1608 As(1)-F(7) 1.715(2) 1.723 1.734 1.747
S(1)-F(2) 1.518(2) 1.553 1.557 1573 As(1)-F(8) 1.717(2) 1.690 1.707 1.720
S(1)-F(3) 1.529(2) 1.553 1.557 1573 As(1)-F(9) 1.718(2) 1.723 1.734 1.747
S(1)-F(4) 1.588(2) 1.613 1.613 1631 As(1)-F(10) 1.716(2) 1.690 1.707 1.720
Xe(1)--F(5) 2.618(2) 2309 2273 2.293
Bond Angles ()
caled’ caled”
exptl MP2 PBE1PBE B3LYP exptl MP2 PBE1PBE B3LYP

Xe(1)-N(1)-S(1) 118.0(2) 119.9 120.5 120.7  F(5)-As(1)F(6) 179.6(1) 177.1 177.7 177.9
N(1)-S(1)-F(1) 86.4(2) 89.5 90.0 899  F(5)-As(1)-F(7) 89.0(1) 84.6 84.5 84.4
N(1)-S(1)-F(2) 127.3(2) 127.5 1273 1276 F(5)-As(1)-F(8) 89.0(1) 87.2 86.4 86.2
N(1)-S(1)-F(3) 127.8(2) 127.5 127.3 1275  F(5)-As(1)-F(9) 88.4(1) 84.6 84.5 84.4
N(1)-S(1)-F(4) 100.1(2) 99.7 99.9 100.0  F(5)-As(1)}-F(10) 88.3(1) 87.2 86.4 86.2
F(1)-S(1)-F(2) 88.6(1) 87.7 87.4 874  F(6)-As(1)-F(7) 91.4(1) 933 93.9 94.1
F(1)-S(1)-F(3) 87.9(1) 87.7 87.4 874  F(6)-As(1)-F(8) 91.1(1) 94.9 95.2 95.3
F(1)-S(1)-F(4) 173.5(1) 170.9 170.1 1701 F(6)-As(1)-F(9) 91.41) 933 93.9 94.1
F(2)-S(1)-F(3) 104.3(1) 104.7 105.2 1046  F(6)-As(1)-F(10) 91.3(1) 94.9 95.2 953
F(2)-S(1)-F(4) 88.1(1) 86.7 86.6 866  F(T)-As(1)-F(8) 89.6(1) 89.9 89.8 89.8
F(3)-S(1)-F(4) 87.5(1) 86.7 86.6 86.6  F(7)-As(1)}-F(9) 90.2(1) 87.6 87.8 87.9
N()-Xe(1)--F(5)  172.1) 171.3 1713 171.0  F()-As(1)-F(10) 177.3(1) 171.6 170.8 170.5
Xe(1)-F(5)»-As(1)  148.5(1) 116.2 117.8 1192 F(8)-As(1)-F(9) 177.5(1) 171.6 170.8 170.5

F(8)-As(1)-F(10) 90.3(1) 91.4 91.1 91.0

F(9)-As(1)-F(10) 89.8(1) 89.9 89.8 89.8

“ The labels correspond to those used in Figure 5.6. ” MP2 with (SDB-)cc-pVTZ basis set, PBEIPBE and B3LYP with

aug-cc-pVTZ(-PP) basis set.

g T A103210) — SISy, " 'Yd



Ph.D. Thesis — Gregory L. Smith

Table 5.5. Experimental Geometric Parameters for the Two Crystallographically
Independent AsFs~ Anions in [FsS=NH,][AsFs] ¢

Bond Lengths (A)
As(1)-F(5) 1.705(5) As(2)F(8) 1.704(4)
As(1)-F(6) 1.726(4) As(2)-F(9) 1.715(4)
As(1)-E(7) 1.709(4) As(2)-F(10) 1.728(4)
Bond Angles (%)
F(5)-As(1)-F(6) 91.12) F(8)-As(2)-F(9) 89.8(2)
F(5)-As(1)-F(6A) 88.9(2) F(8)-As(2)-F(9A) 90.2(2)
F(5)-As(1)-F(7) 90.1(2) F(8)-As(2)-F(9) 89.2(2)
F(5)-As(1)-F(7A) 89.9(2) F(8)-As(2)-F(9A) 90.8(2)
F(6)-As(1)-F(7) 90.0(2) F(9)-As(2)-F(10) 89.9(2)
F(6)-As(1)-F(7A) 90.02) F(9)-As(2)-F(10A) 90.1(2)

“ The atom labels correspond to those used in Figure 5.8.
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FigureS.5.  Packing diagram for the X-ray crystal structure of [F4;S=NXe][AsFq]

viewed along the b-axis. Thermal ellipsoids are shown at the 50%
probability level

162



Ph.D. Thesis — Gregory L. Smith

but the cation and anion positions alternate along the a- and c-axes so that the ion pairs
align in a head-to-tail fashion in the ac-plane. The F,S=NXe" cation and the AsF¢ anion
form an ion pair by interaction through a Xe---F—As fluorine bridge (Figure 5.6). The
symmetry lowering experienced by the anion is shown in the crystal structure to be
essentially an axial distortion of its O, symmetry in which the four equatorial As—F bonds
and the As—F bond trans to the elongated bridging As—F bond are equal to within +3c,
giving approximate local Cs, symmetry.

The Xe-N bond length (2.084(3) A) is similar to that of [FsSN(H)Xe][AsFs]
(2.069(4) A)"'® and is only slightly longer than the Xe-N bond in [FsTeN(H)Xe][AsFe]
(2.044(4) A).™ The xenon atom lies in the N(1), S(1), F(1), F(4)-plane and the bent S-N—
Xe angle (118.0(2)°) is attributed to the stereochemically active valence electron lone pair
on nitrogen. The S=N bond length (1.556(3) A) is significantly longer than those of
F4S=NF (1.520(9) A)"* and F4S=NCH3 (1.480(6) A)."” The axial S—F(1) bond (1.576(2)
A) anti to xenon is longer than those in F4S=NCH; (1.546(7) A)'” and F,S=NF
(1.535(12) A),”* while the syn-axial S—F(4) bond length (1.588(2) A) is shorter than the
corresponding bonds in F4S=NCH; (1.643(4) A)'® and F,S=NF (1.615(7) A).”* The
equatorial S—F(2) and S—F(3) bond lengths (1.518(2) and 1.529(2) A) are also significantly
shorter than those of F4S=NCHj (1.567(4) A)'® and F4S=NF (1.564(5) A).”*

The long contacts to xenon in the crystal structure may be grouped into three
categories that are significantly less than the sum of the Xe and F van der Waals radii
(3.63 A):! (1) the short ion-pair contact, Xe---F (2.618(2) A), which is trans to the Xe-N

bond and very similar to the corresponding contacts in [FsSN(H)Xe][AsFs] (2.634(3)
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F(4)

Figure 5.6.  (a) The structural unit in the X-ray crystal structure of [F4S=NXe][AsF¢];
thermal ellipsoids are shown at the 50% probability level. (b) Calculated
geometry (MP2/aug-cc-pVTZ(-PP)) of the F4S=NXe" cation.
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A)'"® and [FsTeN(H)Xe][AsFs] (2.580(3) A);*® (2) three very similar contacts between
fluorine atoms of the anion and xenon (F7A, 3.226(3); F9A, 3.226(3); F8A, 3.232(3) A);
and (3) three longer interionic contacts between xenon and fluorine atoms of the anion
(F10A, 3.410(3); F7B, 3.452(3); F5A, 3.459(3) A). The three contacts at 3.23 A, when
considered with the Xe—N bond and Xe---F ion pair contact, form a distorted trigonal
bipyramidal arrangement about Xe. The three equatorial fluorine contacts are not
coplanar with Xe, which is displaced 1.226(2) A out of the F7A, F8A, F9A-plane towards
the nitrogen atom (Figure 5.7). Thus, the three F-contacts avoid the torus of xenon

valence electron density that results from its three valence electron lone pairs.*’

5.2.3.2. [F4S=NH;]|AsF¢]

The structure of [F4S=NH,][AsFs] consists of well-separated F4S=NH," cations
and AsFs anions (Figure 5.8). There are two crystallographically independent anions
which show little distortion from octahedral geometry, with As—F bonds ranging from
1.704(4) to 1.728(4) A, in good agreement with previously reported values.”'* In the
asymmetric unit, two half-occupancy arsenic atoms lie on inversion centers, with three
fluorines defined on general positions for each arsenic atom, and the remaining three
fluorines of each anion generated by symmetry. All atoms of the cation are on general
positions. A distorted square planar arrangement of four fluorines from four different
anions have close cation-anion N---F contacts (F10A, 2.824(3); F6, 2.841(3); F8,
2.916(3); F5A, 2.925(3) A), which are less than the sum of the nitrogen and fluorine van

der Waals radii (3.02 A),*" and result in a distorted square pyramidal arrangement with
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F(1)

F(7A)
2.084(3) A - ,@

Xe(1) . 7 006(3) A

3.232(3) A .
F(4) / \i618(2)/\
3.226(3) AJ
/
/
F(9A)

Figure 5.7.  The structural unit in the X-ray crystal structure of [F4S=NXe][AsF¢]
showing the closest contacts to xenon; thermal ellipsoids are shown at the
50% probability level.
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(a) The structural unit in the X-ray crystal structure of [F4S=NH][AsF¢];
the hydrogen atom positions are calculated and the thermal ellipsoids of
the non-hydrogen atoms are shown at the 50% probability level. (b)
Calculated geometry (MP2/aug-cc-pVTZ) of the F4S=NH," cation.
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nitrogen at the apex and at a distance of 1.770(5) A for its normal to the F10A, F6, F8,
F5A-plane.

Although the electron densities and the three equatorial bond lengths were similar,
the S=N bond could be differentiated on the basis of the three equatorial bond angles; i.e.,
two F-S—N angles were equal within experimental error, with the third smaller angle
corresponding to the F-S—F angle. The crystallographic positions of the hydrogen atoms
were calculated and therefore are not discussed.

The S=N bond length (1.511(6) A) of F4;S=NH," is bracketed by those of
F4;S=NCHj3 (1.480(6) A)'” and F4S=NF (1.520(9) A)"* and is significantly shorter than
that of F4,S=NXe" (vide supra). The axial S—F(1) and S—F(4) bond lengths (1.564(5) and
1.558(5) A) of F4S=NH," are the same within experimental error and are significantly
shorter than those in F4S=NXe" (vide supra) and in isoelectronic F48=CH, (1.595(2) and
1.592(2) A),'” and F4;S=0 (1.596(4) A)."™ Similarly, the equatorial S—F(2) and S—F(3)
bond lengths (1.511(5) and 1.526(5) A) are the same, within experimental error, and
comparable to those in F48=NXe" (vide supra) and F4S=0 (1.533(4) A),"*® while they are

significantly shorter than those of F4S=CH, (1.560(2) and 1.561(2) A)."”

5.2.4. Raman Spectroscopy

The Raman spectrum of [F;S=NXe][AsFs] (Figure 5.9) was assigned by
comparison with those of F4S=NF (Table 5.6) and ASFG_,é and with those calculated for the
gas-phase F4S=NXe" cation (Table 5.7 and section 5.3) and the gas-phase

[F4sS=NXe][AsF¢] ion pair (Table 5.8) at several levels of theory. Calculated frequencies at
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Figure 5.9.
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Raman spectrum of [F4S=NXe][AsFs] formed by solid-state rearrangement of [F3S=NXeF][AsF¢] after 70 min
at 22 °C and recorded at —160 °C using 1064-nm excitation. Symbols denote peaks from unreacted

[F3S=NXeF][AsF¢] (1), v(XeF) of unreacted [XeF][AsF¢] (¥), an instrumental artifact (§), and FEP sample tube
hands (%)
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Table 5.6. Experimental Raman and Calculated Vibrational Frequencies, Intensities, and Assignments; Geometrical
Parameters; and Natural Bond Orbital (NBO) Analyses for F4S=NF
freq, cm™

caled® assgnts’
exptl® MP2 PBE1PBE B3LYP
1125m 1173 (6) [52] 1168 (5) [40] 1093 (5) [40] v(S=N - NF5)
933 sh 955 (3) [260] 962 (2) [322] 913 (2) [310] v(S=N + NF5)
870 sh 877 (2) [312] 882 (2) [322] 838 (3) [313] v(SF1 - SF4)
850m 854 (3) [198] 854 (3) [200] 809 (4) [198] V(SF2 — SF3)
754 s 759 (31) [100] 758 (27) [81] 718 (28) [96] v(SF2 + SF3 + SF4) + v(S=N)
697 w 647 (6) [14] 649 (6) [12] 620 (9) [10] v(SF1 + SF4)
644 s 586 (2) [13] 586 (3) [11] 562 (3) [7] S(NSF2F3) 0.0.p.
591 w 559 (1) [24] 554 (1) [21] 535 (1) [18] S(NSF4) + p(F2SF3)
569 w 492 (4) [3] 495 (4) [4] 476 (5) [3] S(NSF1)
491 s 489 (1) [<1] 484 (1) [<1] 467 (1) [<1] S(F1SF2) + 8(F3SF4)
476 m 467 (4) [8] 464 (4) [8] 442 (4) [6] S(NSF1F4) 0.0.p. + p(F2SF3)
341 w 337 (1) [2] 333 (D [2] 323 (1) [2] 8(SNFS) i.p. + SINSF4)
316 w 320 (1) [<1] 320 (1) [<1] 306 (1) [<1] S(SNF5) 0.0.p.
271 m 267 (2) [2] 264 (2) [2] 254 (2) [2] S(F1SF4) - 8(F2SF3)
140 m 132 (1) [<1] 130 (1) [<1] 121 (2) [<1] S(NSF2) — 8(NSF3) + py(SNF5)
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Table 5.6. (continued...)

calcd bond lengths (R) charges valencies
MP2 PBEIPBE B3LYP atom MP2 PBEIPBE B3LYP MP2  PBEIPBE B3LYP

S-N 1.570 1.566 1.581 S 2.38 237 235 3.90 4.05 3.99

S-F1 1.591 1.590 1.606 N -0.37 -0.37 -0.35 1.70 1.79 1.76

S-F2 1.568 1.569 1.586 F1 -0.45 -0.45 -0.45 0.59 0.65 0.63

S—F3 1.568 1.569 1.586 F2 -0.43 -0.43 -0.43 0.59 0.63 0.64

S-F4 1.598 1.597 1.614 F3 -0.43 -0.43 —-0.43 0.59 0.63 0.64

N-F5 1.391 1.373 1.392 F4 -0.47 -0.47 -0.47 0.56 0.62 0.60
F5 -0.22 -0.22 -0.23 0.58 0.61 0.60

calcd bond angles (%) bond orders
MP2 PBEIPBE B3LYP bond MP2 PBE1PBE B3LYP

S-N-F5 111.9 112.4 112.1 S-N 1.20 1.23 1.22

N-5-F1 877 819 87.8 S-F1 0.66 0.70 0.68

N-S-F2 129.7 129.5 129.6 S-F2 0.70 0.72 0.72

N-S-F3 129.7 129.5 129.6 S-F3 0.70 0.72 0.72

N-S-F4 98.6 98.7 98.9 S-F4 0.66 0.70 0.68

F1-S-F2 88.1 88.0 88.0 N-F5 0.60 0.64 0.62

F1-S-F3 88.1 88.0 88.0

F1-S-F4  173.7 173.5 173.4

F2-S5-F3 100.3 100.5 100.3

F2-S-F4 87.9 87.8 87.8

F3-S-F4 87.9 87.8 87.8

“ Experimental values from ref 14; abbreviations denote strong (s), medium (m), weak (w), and shoulder (sh). b aug-cc-pVTZ
basis set. The calculated infrared intensities (in km mol™) are given in square brackets and calculated Raman intensities (in A*
amu") are given in parentheses. ¢ Abbreviations denote out-of-plane (0.0.p.), in-plane (i.p.) (planes are defined by the atoms
they contain), wag (pw), rock (p:), and twist (py).
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Table 5.7. Raman Frequencies and Intensities for [F4S=NXe][AsFs] and Calculated Vibrational Frequencies, Intensities,
and Assignments for F4S=NXe"
freq, cm’!
caled” assgnts®
exptl”® MP2 PBEIPBE B3LYP F4S=NXe' (C) AsFs (Cay)

} égg 8?) 1102 (5)[322] 1077 (15)[297] 1020 (19)[283]  w(S=N)

1) | OOB@UBI 9RGIT 9GNE]  vsF2-SE)

SZf‘, E?ﬁ } 903 (8) [286] 908 (11) [285] 863 (13) [279] v(SF1 — SF4)

796 (4) .

789 (38) } 806 (12) [82] 789 (12) [52] 744 (13) [47] v(SF2 + SF3 + SF4) + v(S=N)

726 sh

712 (9) } vg (E)
689 (32) iy
675 sh 1(Ar
670 (79) } 664 (17) [23] 614 (16) [36] 588 (16) [30] S(NSF2F3) 0.0.p.

647 (55)

630 (35) ]’ s8] 658 (5) [2] 632 (5) [3] V(SF1 + SF4)

587 (11) .
579 (15) b
565 (6) )

561 (3) } 578 (1) [30] 565 (3) [33] 545 (3) [26] S(NSF1) — 5(NSF4) + pu(F2SF3)

o} SIS s6EI 25N SFISF) +ESE)

521 (5) 508 (1) [<1] 502 (1) [1] 483 (1) [1] S(F1SF2) + 8(F3SF4)

§8§ 8;” } 497(2) [17] 494 (2) [17] 474 (2) [15] S(NSF1F4) 0.0.p. + p,(F2SF3)

402 (1) i
387 (6) opri
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Table 5.7. (continued...)

371 (30) v7(Ba)
364 (7) vo(E)
346 (1) h 450 (4) 201 424(2)[82] ¢ 400 (3) [46] ¢ v(As-F5)*
(hybr 441 (1) [1291Y 416 (4) [76]° 411 (6) [104]° v(Xe--F3)®
285 (35) 256 (2) [1] 272 (2) [1] 263 (1) [<]] 8(F1SF4) + 8(F2SF3)
273 (16) 255 () [1] 259 () [1] 251 (1) [1] 8(XeNS) 0.0.p. + S(NSF2) — (NSF3)
259 (65)
253 (18) } 288 3) [<1] 245 (4) [5] 226 (4) [6] v(XeN)
igg ?11’00) 166 (5) [<1] 149 (7) [1] 135 (9) [2] 8(XeNS) i.p.
134 (8) 97 (1) [<1] 94 (1) [<1] 90 (1) [<1] torsion about Xe—N bond

“ Values in parentheses denote experimental Raman intensities and abbreviations denote shoulder (sh) and broad (br). . aug-cc-
pVTZ(-PP) basis set. Calculated Raman intensities (A* amu™) are given in parentheses and calculated infrared intensities (km
mol™) are given in square brackets. ¢ Abbreviations denote out of plane (0.0.p.), in plane (i.p.) (planes are defined by the
atoms they contain), wag (pyw), and rock (py). 4 The coupled 3(NSF4) bend calculated at the MP2 level does not contribute to
the split band at 561, 565 cm™, but it does contribute to the band at 285 cm™'. ¢ Values and mode descriptions are for the
calculated ion pair; see Table 5.8 for a full frequency listing and assignments. 7 (SDB-)cc-pVTZ basis set.
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565 (6)
prel s } 584 (2) [19]
535(3)
530 sh } 568 (@) 37]
521 (5) 518 (1) [<1]
ggg 8? ) 503 (3) [14]
414 (<1) [38]
gg?/ (é) { 404 (3) [81]
(e 398 (1) [21]
370 (5) [211]
me [
) 275 (17) [120]

574 (4)[17]

556 (2) [34]
510 (1) [<1]
498 (3) [14]

385 (<1) [50]
379 (1) [35]
372 (1) [45]
345 (<1) [236]
336 (1) [<1]
266 (3) [51]

553 (3) [13]

537 (2) [33]
492 (1) [<1]
476 (3) [11]

376 (<1) [48]
370 (2) [8]
362 (1) [31]
328 (<1) [296]
326 (1) [<1]
261 (1) [121]

|
}

S(NSF1) — 5(NSF4) + pu(F2SF3)

8(F1SF4) + 8(F2SF3)
8(F1SF2) + 8(F3SF4)
S(NSF1F4) 0.0.p. + py(F2SF3)

AsF¢ deformation modes

AsFg deformation modes

Table 5.8. Experimental and Calculated Vibrational Frequencies, Intensities, and Assignments for the [F4S=NXe][ AsF¢]
Ion Pair
freq, cm '
caled” assgnts®
exptl” MP27 PBEI1PBE’ B3LYP* [F4S=NXe][AsFq] (C1) AsFs (Csy)
NTE) L leeoiss 4@ T 1004@)159]  wSN)
943 (11) 911 (3) [195] 899 (3) [189] 852 (4) [187] v(SF2 — SF3)
924 (2)
ZZ;‘ E?; } 880 (10) [316] 863 (15) [309] 817 (21) [302] v(SF1 — SF4)
Moy bOSTAOMI MEADIAN TSIAHMA] WSF2+SEI+SF) - w(EN)
_ 776 (4) [196] 753 (7) [190] 728 (9) [184] V(ASF8 — AsF9) + v(AsF7 — AsF10) + v(AsF6) g
712.9) ‘[ Failyllos] 751 (1) [157] 726 (2) [155] V(ASF8 — AsF9) + v(AsF10 — AsF7) vs (E)
765 (3) [143] 745 (4) [139] 722 (5) [142] v(AsF6) vi (A1)
689 (32) 684 (14) [62] 676 (18) [57] 652 (21) [49] V(AsF4eq) va(A))
i 21719) 667 (35)[10]  658(57)[14] 637 (50) [10] S(NSF2F3) 0.0.p.
2;3 82 } 626 (9) [8] 617 (14) [4] 587 (26) [6] V(SF1 + SF4)
§§Z 8 _1,3 } 606 (1) [6] 596 (2) [4] 579 (2) [4] v(AsF8 + AsF9) — v(AsF7 + AsF10) vs (B))

g T A103210 — s1say [, ‘@ 'Yd
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Table 5.8.

346 (1)br

285 (35)
273 (16)
259 (65)
253 (18)
n.o.

n.o.

184 sh
178 (100)
n.o.

134 (8)
n.o.

n.o.

n.o.

n.o.

n.o.

“ Values in parentheses denote experimental Raman intensities, abbreviations denote shoulder (sh), broad (br) and not observed
(n.0.). ” Calculated Raman intensities (in A* amu™) are given in parentheses and calculated infrared intensities (in km mol™)
are given in square brackets. © Abbreviations denote out of plane (0.0.p.), in plane (i.p.) (planes are defined by the atoms they
contain), four equatorial fluorines (Fi.q), wag (pw), and rock (p;). The anion mode symmetry assignments are made under C,
symmetry and are also correlated to Cy, symmetry (in square brackets). d (SDB-)cc-pVTZ basis set. © aug-cc-pVTZ(-PP) basis

set.

(continued...)

450 (4) [20]
441 (1) [129]
251 (4) [<1]
269 (1) [1]

282 (9) [1]

248 (<1) [<1]
229 (<1)[<1]

180 (7) [31]

135 (1) [29]
121 (1) [1]
85 (<1)[1]
62 (<1)[1]
33 (<1)[1]
32 (<1) [<1]
5(<1) [<1]

424 (2) [82]
416 (4) [76]
240 (4) [3]
268 (1) [1]

273 (27) [70]

231 (<1) [<1]
208 (<1) [<1]

175 (5) [25]

132 (6) [18]
121 (1) [1]
78 (<1) [1]
58 (<1) 1]
32(1)[1]
28 (<1) [<1]
3(<D[<1]

400 (3) [46]
411 (6) [104]
232 (8) [1]
258 (1) [1]

255 (30) [14]

224 (<1) [<1]
201 (<1) [<1]

168 (5) [27]

126 (9) [15]
116 (1) [1]
74 (<1) [1]
55 (<1)[1]
3T 1]
24 (<1) [<1]
7(<1) [<1]

¥

}

v(As-F5)

v(Xe--F5)

8(F1SF4) — 8(F2SF3)

8(XeNS) o.0.p. + S(NSF2) — 3(NSF3)
v(XeN)

coupled deformation modes of F4S=NXe" and AsFs

3(XeNS) i.p.

coupled deformation mode of F4S=NXe" and AsF¢
torsion about Xe-N bond

0(Xe--F-As) i.p.

6(Xe--F-As) o.0.p.

coupled deformation modes of F4S=NXe" and AsFg~

prwg T A103910) — S1S9Y ], "d"Yd
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the MP2/aug-cc-pVTZ(-PP) level provided the best overall agreement with the experimental
values (see section 5.3) and are considered in the ensuing discussion (indicated in square
brackets). The [F4sS=NXe][AsF¢] ion pair geometry and vibrational frequencies were
calculated at the MP2/(SDB-)cc-pVTZ level.

The 15 vibrational modes of F4;S=NXe" have been assigned under C; symmetry, in
accord with the energy-minimized geometry, rather than the ideal C; symmetry expected for
the gas-phase cation (see section 5.3). Accordingly, all modes belong to A irreducible
representations and are both Raman- and infrared-active. The fluorine bridge between the
cation and anion (see section 5.2.3.1) lowers the anion symmetry, giving rise to additional
lines in the vibrational spectrum. Symmetry lowering of the anion can be approximated
by local Cy4, symmetry,® and the vibrational spectra can be assigned under this or a lower
symmetry (C», C,, or C)). In the present study, the anion modes have been assigned
under local Cy4, symmetry, which is expected to result in 15 fundamental vibrational modes
belonging to the irreducible representations 4A; + 2B; + B, + 4E, all of which are Raman-
active, with the A; and E modes also infrared active. In practice, 8 of the 11 predicted
vibrational bands were observed in the Raman spectrum (correlations with O;, symmetry are
given in square brackets): 689 (A;) and 712, 726 (E) [Tiu], 579 (B1) and 587 (A1) [Eg], 387
(A1) and 402 (A;) [Ti), and 364 (E) and 371 (B2) [Ta] cm . Factor-group analyses
correlating the free cation (Cy) and distorted local anion (Cs,) symmetries to their crystal site
symmetries (C;) and to the unit cell symmetry (C,;) are provided in Table 5.9. The A' and
A" irreducible representations of the C, gas-phase cation correlate to A irreducible

representations under C) site symmetry, while the doubly-degenerate E-modes of the anion
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Table 5.9. Correlation Diagrams for the Vibrational Modes of [F4S=NXe][AsFs]*

F,S=NXe’
free cation site crystal
symmetry symmetry symmetry 5
Cs G Ca

Ay 2(vi—vis, 3R, 3T)
Raman active

8(vi—vio, R, 2T) A’ /
\ - By  2(vi—vis, 3R, 3T)
A
/ § Ay 2(vi—vis, 3R, 3T)
8(vii—wis, 2R, T) A" } Infrared active

By 2(vi—vis, 3R, 3T)

AsFq
free anion local anion site crystal
symmetry symmetxyc symmetry symmetry
O, Cay G Can
8v; Ay ——— A; 8(vi—vs, T) Ay 2v1, 4V, 6(va—ve, R, T) )
Ay
Raman
8v, E, By 8(va, Ve) active
24R Tig By  2vi, 4vy, 6(vs—vs, R, T)
/
8\;5 ng /
A; SR—— A
A \
Aqy Ay 2vy, 4vy, 6(va-ve, R, T)
E, B, 8vs Infrared
active
8(v3,vq) T
8v6, 24T Ty, ——— E  8(v3—Vs, 2R, 2T) B, 2vy,4vy, 6(vi—ve, R, T)

“ The bending and torsional modes associated with the Xe---F—As bridge interaction are
not accounted for in the above analysis. The irreducible representations are I = 15A for
the FsS=NXe" cation and ' = 4A, + 2B, + B, + 4E for the AsF¢ anion. > The
crystallographic space group is C2/c with Z = 8. “ The local anion symmetry (Cy,) is only
approximate and refers to AsFs in the ion pair. The lower symmetry results from
elongation of an As—F bond by formation of a fluorine bridge to xenon in F4S=NXe".
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are split due to site symmetry lowering. Both the cation and anion bands are split into
Raman-active A, and B, components and infrared-active A, and B, components under C>;
crystal symmetry, giving the potential to observe a total of 30 bands for the cation and 30
bands for the anion. It proved possible to resolve this splitting in the Raman spectrum for 11
of the 15 observed cation bands and for one anion band.

The v(XeN) stretching frequency at 253, 259 [288] cm™ is similar to that observed
in FsSN(H)Xe" (224 cm™).""® The most intense band in the Raman spectrum of
[F4S=NXe][AsFs] occurs at 178, 184 [166] cm ™' and is assigned to the in-plane Xe-N-S
bend, which compares well with the strong band observed at 150 cm™ for F sSN(H)Xe".'"®
The out-of-plane Xe-N-S bend at 273 [255] cm™' and the in-plane bend bracket the Xe—
N-S bends reported for XeN(SOF)," (226, 241, 251, 259, 267 cm)* and
F[XeN(SO:-F)]," (208, 224, 231, 240, 247, 260, 264 cm™)* which are all higher in
frequency than those for FXeN(SOF), (96, 111, 116, 119 cm™).* Although no v(XeN)
stretch was reported for XeN(SO,F),",* it now appears likely, based on the assigned
frequencies of F4S=NXe" and FsSN(H)Xe" ''® that at least one of the bands previously
assigned to §(XeNS) in XeN(SO,F)," is, in fact, the v(XeN) stretch, namely, the band at 251
cm . The S=N stretch at 1097, 1104 [1102] cm ™' is in good agreement with that of
F4S=NF (1125 em™'),” and is lower in frequency than those of F4S=NSFs (1299 cm_l)167
and F4S=NCF; (1343 cm_’).]63 The broad, low-intensity band at 346 cm™! could not be
assigned by comparison with the modes calculated for the F;S=NXe" cation, and was
assigned to v(Xe---F) by comparison with its counterparts in [XeN(SOxF),][AsF¢] (317

cm™),* [XeOTeFs][AsFg] (365 cm™),**"* and [XeF][AsFs] (417 em™).""? The v(Xe---F)
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stretching frequency calculated for the [F4;S=NXe][AsFs] ion pair [44]1 cm™'] was
significantly higher, which is in accordance with the underestimated Xe---F distance
obtained for the calculated geometry (vide supra; also see Table 5.4). The experimental
SF, stretches (670-958 cm™') and bends (285-647 cm™) fall into ranges that are similar
to those of the benchmark, FsS=NF.”* The low-intensity band at 134 [97] cm™ is assigned
to the torsional motion of the F4S=N-group about the Xe—N bond. No other calculated
low-frequency anion bands or coupled deformation bands of the cation could be observed

in the experimental spectrum.

5.3. Computational Results

Quantum-chemical calculations were carried out for F;S=NH,", F4S=NXe", and
the [F4S=NXe][AsF¢] ion pair, using B3LYP, PBE1PBE, and MP2 methods, to support
the vibrational assignments (see section 5.2.4) and to gain insight into their structures and
bonding (Tables 5.3 and 5.4). Comparison of the calculated and experimental frequencies
for the benchmark, F4sS=NF, showed that the B3LYP calculations provided vibrational
frequencies that were in better agreement for the S—N stretches, while the MP2
frequencies were in better agreement for the S—F stretching and F-S—F bending
frequencies (Table 5.6). Assignments of the F4S=N-group modes in F;S=NXe" were
made taking these trends into account. The best overall agreement (geometric parameters
and vibrational frequencies) for the species discussed in this work was obtained for the

MP2 calculations, using the aug-cc-pVTZ(-PP) basis set for the cations, and (SDB-)cc-
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pVTZ for the ion pair. These values are referred to in the subsequent discussion and

appear in square brackets.

5.3.1. Calculated Geometries

Although very close to C; symmetry, the MP2, PBEIPBE, and B3LYP energy-
minimized geometries of the F4S=NH," and F4S=NXe" cations and the [F;S=NXe][AsFs]
ion pair optimized to C; symmetry. For [F4sS=NXe][AsF¢], the largest discrepancies
occurred for the fluorine bridge, Xe---F—As. The calculated Xe---F and As—F fluorine-
bridge bond lengths [2.309 and 1.867 A] are under- and overestimated when compared with
their respective experimental values, 2.618(2) and 1.758(2) A. The calculated Xe---F bond
order [0.11] is consistent with weak covalent bonding when compared with the bond order
[0.53] of the Xe—N bond. The Xe---F—As angle, found to be bent in the low-temperature X-
ray crystal structure (148.5(1)°), differs significantly from that of the calculated geometry
[116.2°]. This is expected because this angle is very deformable and easily influenced by
crystal packing. The deformability of this angle is supported by the calculated d(Xe---F—
As) frequencies which occur at very low values [62, 85 cm™']. Similar discrepancies have
been found between the Xe---F-As angles for the calculated ion pairs,
[FsSN(H)Xe][AsFs]''® and [FsTeN(H)Xe][AsFs],”’ and those in their crystal structures. It
is noteworthy that the calculated local symmetry of AsF¢ in [F4S=NXe][AsF¢] is better
approximated by C,, symmetry than by the local Cj, symmetry used to assign the
vibrational frequencies of AsFe¢ in the ion pair. Local C4, symmetry was employed for

vibrational assignments because the AsFgs anion closely approximates this symmetry in the
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X-ray crystal structure (see sections 5.2.3.1 and 5.2.4). In general, calculated S=N bond
lengths were longer, and calculated S—F bond lengths were longer or the same within the
error limits of the experimental bond lengths for F4S=NF and the F;S=NXe' and
F4S=NH," cations (see section 5.3.2). In the calculated F;S=NH," geometry, the hydrogen
atoms are in the plane of the N, S, and axial F atoms, in agreement with the '°F NMR
spectrum (see section 5.2.2.2), establishing that the F4S=NH," cation is isostructural with
the isoelectronic F4S=CH, molecule. The hydrogen positions of F4S=NH," could not,
however, be determined by single-crystal X-ray diffraction where a riding model was used
to calculate their crystallographic positions.

The S=N bond length in F4S=NXe" is predicted to be 0.025 A longer than that of
F4S=NH,", and the S—F bond lengths are also predicted to be longer, i.e., S—F(1) 0.004,
S-F(2) 0.015, S-F(3) 0.015, S-F(4) 0.035 A. This trend is in agreement with the
experimental S=N bond length of F,S=NXe", which is 0.045(9) A longer than that of
F4S=NH;", and with the experimental S—F(4) bond length, which is longer by 0.030(7) A.
These longer bond lengths are attributed to the steric effect of the xenon atom (see section
5.3.4). The experimental trends for F4S=NXe" and F4S=NH, cannot be commented upon

for S-F(1), S—F(2), and S—F(3) bond lengths because they are the same within £3c.

5.3.2. Calculated Frequencies
The calculated vibrational frequencies and intensities of F4S=NXe" were used to
assist in the assignment of the experimental Raman frequencies (see Table 5.7 and section

5.2.4), and although the Raman spectrum of [F4S=NH;][AsF¢] could not be recorded (see
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section 5.2.1) the vibrational frequencies were calculated (Table 5.10) and compared with
the calculated frequencies of F4S=NXe'. All calculated stretching frequencies of the
F4S=NH," cation are shifted to significantly higher frequencies than the corresponding
frequencies of F4S=NXe": v(S=N), [+69 cm™]; V(SF2 — SF3), [+53 cm™']; V(SF1 — SF4),
[+29 cm™]; V(SF2 + SF3 + SF4) + v(S=N), [+31 cm']; and v(SF1 + SF4), [+40 cm™']. In
contrast, there is no single trend for the calculated bending modes, i.e., the in-phase F—S—F
bends are shifted to higher frequency (8(F1SF4) + 8(F2SF3), [+26 cm™']; 8(FI1SF2) +
8(F3SF4), [+6 cm']) and the out-of-phase bend is effectively unshifted (8(F1SF4) —
8(F2SF3), [+1 c¢m™']). In addition, modes involving N are shifted to lower frequency
(8(NSF2F3) 0.0.p., [-82 cm™']; 8(F1SN) — 8(F4SN), [-43 cm™']) except for S(NSF1F4)

0.0.p., [-1 ecm™'], which is essentially unshifted.

5.3.3. Comparison of Charges, Valencies, and Bond Orders Among the F;S=NXe",
F4S=NH,", FsSN(H)Xe", and FsTeN(H)Xe" Cations

The natural bond orbital (NBO) charges, valencies, and bond orders calculated by
the MP2, PBE1PBE, and B3LYP methods (MP2 values are reported in square brackets) for
F4S=NXe" and F4S=NH," are listed in Table 5.11, and for FsSN(H)Xe" and FsTeN(H)Xe"
are listed in Table 5.12. Positive charges in both F;S=NXe" and F4S=NH," reside on S, H,
and Xe, with the positive charge on S [2.50] in F4S=NXe" being slightly less than that in
F4S=NH," [2.61]. The Xe-N bond order of the F;S=NXe" cation [0.59] is significantly
greater than that of F3S=NXeF" [0.29], and essentially the same as those calculated for

FsSN(H)Xe" [0.60] and FsTeN(H)Xe" [0.62], indicating considerable and comparable
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Table 5.10.  Calculated Vibrational Frequencies, Intensities and Assignments for F +S=NH,"
caled freq, cm ™ “ assgnts”
MP2 PBE1PBE B3LYP
3659 (24) [258] 3655 (26) [238] 3618 (28) [235] v(NH1 — NH2)
3516 (69) [229] 3519 (69) [214] 3848 (72) [213] v(NH1 + NH2)
1591 (1) [104] 1579 (2) [106] 1576 (2) [94] S(HINH?2)
1171 (4) [197] 1157 (3) [200] 1118 (3) [201] v(S=N)
1157 (1) [112] 1153 (<1) [119] 1149 (1) [103] O(SNHI1) — 6(SNH2)
1011 (1) [198] 1005 (2) [199] 963 (2) [196] v(SF2 - SF3) ;
932 (<1) [249] 932 (<1) [243] 895 (<1) [253] v(SF1 - SF4) O
837 (24) [41] 830 (23) [37] 794 (25) [39] v(NSF,) =
685 (4) [3] 684 (4) [3] 657 (4) [3] v(SF1 + SF4) — v(SF2 + SF3 + S=N) g
681 (<1) [0] 661 (<1) [0] 648 (<1) [0] pi(HINH2) |
582 (<1) [23] 575 (<1) [22] 562 (<1) [22] O(NSF2F3) o.0.p. %
580 (1) [67] 574 (1) [63] 560 (1) [60] O0(F1SF4) + 6(F2SF3) s
562 (1) [36] 565 (<1) [70] 553 (<1) [68] pw(HINH2) ‘i
540 (1) [<1] 532 (1) [<1] 522 (1) [<1] S(NSF1) — 3(NSF4) -
514 (1) [0] 509 (1) [<1] 496 (1) [0] 8(F1SF2) + 6(F3SF4) i
496 (1) [196] 507 (1) [135] 488 (1) [134] O(NSF1F4) o.0.p. + pr(F2SF3) + pw(HINH2) =
257 (1) [1] 251 (1) [1] 243 (1) 1] O(F1SF4) — 6(F2SF3)
212 (1) [3] 210 (1) [4] 203 (2) [3] S(NSF2) — 3(NSF3)

“ Values in parentheses denote experimental Raman intensities, abbreviations denote shoulder (sh), broad (br) and not observed
(n.0.). ” Calculated Raman intensities (in A* amu™) are given in parentheses and calculated infrared intensities (in km mol™)
are given in square brackets. © Abbreviations denote out of plane (0.0.p.), in plane (i.p.) (planes are defined by the atoms they
contain), four equatorial fluorines (Fieq), wag (py), and rock (p;). The anion mode symmetry assignments are made under C,
symmetry and are also correlated to Cs, symmetry (in square brackets). 4 (SDB-)cc-pVTZ basis set. © aug-cc-pVTZ(-PP) basis

set.



121!

Table 5.11.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for F4S=NXe" “ and F;S=NH," ¢
F,S=NXe" F.S=NH,"
atom charges valencies charges valencies
MP2 PBEIPBE B3LYP MP2 PBE1PBE B3LYP MP2 PBEIPBE B3LYP MP2 PBEIPBE B3LYP
Xe 1.01 0.92 0.87 0.62 0.57 0.53
H 0.47 0.47 0.47 0.66 0.65 0.65
N -0.87 -0.79 —0.73 1.67 1.60 1.56 -0.96 —-0.95 -0.94 2.23 2.28 2.27
S 2.50 251 2.48 4.07 3.71 3.66 2.61 2.60 2.60 3.52 3.73 3.67
F1 —0.40 —0.40 —0.39 0.62 0.60 0.59 -0.43 -0.43 -0.44 0.51 0.56 0.55
F2 -0.38 -0.39 -0.38 0.65 0.60 0.59 -0.36 -0.36 -0.36 0.55 0.61 0.60
F3 -0.38 -0.39 -0.38 0.65 0.60 0.59 -0.36 -0.36 -0.36 0.55 0.61 0.60
F4 -0.47 -0.47 -0.46 0.56 0.52 0.53 -0.43 -0.43 -0.44 0.51 0.56 0.55
bond orders
bond F,S=NXe" F,S=NH,"
MP2 PBE1PBE B3LYP MP2 PBE1PBE B3LYP
Xe-N 0.59 0.55 0.52
N-H 0.67 0.67 0.67
S-N 1.18 1.11 1.11 0.99 1.03 1.03
S-F1 0.69 0.62 0.60 0.61 0.65 0.64
S-F2 0.76 0.68 0.67 0.67 0.70 0.69
S-F3 0.76 0.68 0.67 0.67 0.70 0.69
S-F4 0.66 0.61 0.61 0.61 0.65 0.64

“ aug-cc-pVTZ(-PP) basis set. ? aug-cc-pVTZ basis set.
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Table 5.12.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for FsSN(H)Xe" and FsTeN(H)Xe"“

FsSN(H)Xe" FsTeN(H)Xe"
atom charges valencies charges valencies
MP2 PBEIPBE  MP2 PBE1PBE MP2 PBEIPBE  MP2 PBE1PBE
Xe 1.03 1.16 0.62 0.26 1.05 0.99 0.64 0.64
H 0.41 0.25 0.71 0.65 0.42 0.42 0.71 0.71
N —-0.82 -0.90 1.87 1.16 -1.02 —0.96 1.81 1.84
S 2.56 2.36 4.13 3.44 -
Te L 3.29 3.09 3.24 =
Fl1 -0.41 -0.34 0.63 0.53 —0.53 —0.52 0.47 0.51 O
F2 -0.43 -0.36 0.58 0.43 —0.56 —-0.53 0.44 0.50 =
F3 —0.45 —0.48 0.57 0.57 —0.58 —0.57 0.43 0.47 2.
F4 -0.46 -0.39 0.56 0.60 —0.58 —0.55 0.42 0.48 1
F5 —-0.42 -0.31 0.60 0.46 —0.55 -0.57 0.45 0.46 Q
&
bond orders .
bond FsSN(H)Xe" FsTeN(H)Xe" ¥
MP2 PBE1PBE MP2 PBEIPBE E
Xe-N 0.60 0.08 0.62 0.61 =
N-H 0.71 0.61 0.71 0.71
S/Te-N 0.67 0.53 0.57 0.57
S/Te-F1 0.74 0.61 0.53 0.56
S/Te-F2 0.68 0.57 0.50 0.54
S/Te-F3 0.67 0.60 0.49 0.52
S/Te-F4 0.66 0.58 0.49 0.53
S/Te-F5 0.70 0.57 0.51 0.51

“ aug-cc-pVTZ(-PP) basis set.



Ph.D. Thesis — Gregory L. Smith

covalent bonding between xenon and nitrogen, which is in agreement with the Xe—N
bond covalency trend inferred from the '*’Xe NMR chemical shifts for these species (see
section 5.2.2.1). Although not reflected in the calculated or experimental bond lengths, a
decrease in the charge difference for sulfur and nitrogen in F4;S=NXe" is consistent with
the greater S—N bond covalency and higher bond order of this bond [1.18] compared to
that of F4,S=NH," [0.99].

Higher negative charges and lower valencies for the fluorine ligands of F4S=NXe"
are consistent with the lower S—F bond orders when compared with those of F4sS=NH,".
The charges, valencies, and bond orders for the benchmark, F4S=NF, are in better
agreement with those of F4sS=NXe" than with those of F4S=NH,", which is consistent

with the presence of strongly electron-withdrawing substituents at N in the former cases.

5.3.4. Comparison of F;S=NXe" and F;S=NH," with Related F;S=ERR’ Derivatives
and SF4

The experimental and calculated geometries of F;S=NXe', F4S=NH,", F4S=CH,,
F4S=NCHj3, F4S=NF, F4S=0, and SF4 are compared in Table 5.13 along with their NBO
charges, valencies, and bond orders. There is overall very good agreement between the
calculated geometrical parameters, with all trends within the series being reproduced. The
natural population analyses (NPA) reveal that the sulfur d orbital population ranges from
0.22 to 0.24 e for the F4S=ERR'’ species and is 0.17 for SF4, so that the S-E bonds may be
regarded as essentially prt—pn bonds.

Although the F;S=NXe" cation may be expected to exhibit shorter, more covalent

bonds than its neutral homologues, this is only apparent within the margins of
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Table 5.13.  Geometrical Parameters and Natural Bond Orbital (NBO) Charge, Valencies, and Bond Orders for the
F4S=E- moieties of F4S=CH,, F4S=NH,", F4S=NXe", F4S=NCHj3, F4S=NF, and F4S=0, and for SF4*

F4S=CH, F4S=NH," F4S=NXe" F4S=NCH; F4S=NF F45=0 SF4
parameter exptl'” caled exptl® caled exptl® caled exptl'®  caled expt!” caled exptl'®® calcd expt®  caled
SFsA) 1.595(2) 1.564(5) 1576(2) 1573  1.546(7) 1599 1535(12)  1.591
S-Fx (A) 15022) YO 1ssss) 1% 1sss2) 1604 16434) 1648 1615(7)  lseg o6 1614 1.646(3)  1.664

y 1.561(2) 1.511(5) 1.518(2)
S-F,(A) 1.560(2) 1.582 1.526(5) 1.521 1.529(2) 1.536 1.567(4)  1.578 1.564(5) 1.568 1.533(4) 1.558 1.545(3) 1.561
S=E (&) 1554(4) 1586  1511(6) 1558 1556(3) 1583  1480(6) 1505  1.520(9) 1570  1405(4)  1.425

FaSFa() 968(1) 972  10853) 1094 1043(1) 1062  102.6(2) 1026  99.8(3) 1003 114934 1119  101.55) 1015

Fa-S-Fx () 1705(1) 1717 1755(3) 1786 173.5(1) 1757 167.0(6) 1670 172.5(7) 1737  1644(6) 1645 173.1(5) 1722
_ o 131402 125.23) 127.322)

ESSFAC) 13170 B4 3@ 1253 1y7ge) 1267 1287(4) 1287 1301(6) 1297 1225017) 1241 1293(5) 1293

E=SFx() 947(2) 941  9193) 907 100.1(2) 986  98.4(4) 993  96.9(4) 98.6 97.8(3) 97.7  934(5) 939

E=S-Fy()  9492) 941  926(3) 907 864(2) 857  946(4) 938  90.6(5) 87.7 97.8(3) 977  934(5) 939

s T A108210 — SIsay L ‘q'Yd

E;i;;(o) ~0.2(4) 0 ~0.7(6) 0 13.74) 129 3.8(8) 55 6.3(9) 10.9 0 0 0 0
QApsr(®)  1132(4) 1128  109.0(6) 108.0 110.4(4) 1094 1126(7) 1126 111.909) 1114  1102(18) 1109  111.4(09) 111.6
NBO Analysis
atom charge val charge val charge val charge val charge val charge val charge val
Fg -0.49 0.52 -0.43 0.51 —-0.40 0.62 -0.47 0.55 -0.45 0.59 -0.48 0.43 -0.55 0.41
Fa -0.45 0.53 -0.36 0.55 -0.38 0.65 -0.44 0.56 -0.43 0.59 -0.42 0.50 -0.45 0.54
Fx -0.49 0.52 -0.43 0.51 -0.47 0.56 -0.51 0.49 -0.47 0.56 -0.48 0.43 -0.55 0.41
S 2.27 3.81 2.61 3.52 2.50 4.07 2.47 392 2.38 3.90 2.62 3.47 2.00 2.16
E -0.86 2.73 -0.96 2.23 -0.87 1.67 -0.83 1.90 -0.37 1.70 -0.81 1.00
bond bond order
S= 1.28 0.99 1.18 1.15 1.31 1.20
S-Fg 0.61 0.61 0.69 0.55 0.65 0.66 0.46
S—Fa 0.65 0.67 0.76 0.61 0.68 0.70 0.62
S-Fx 0.61 0.61 0.66 0.55 0.60 0.66 0.46

“Where E = C, N, O. All calculations at the MP2/aug-cc-pVTZ(-PP) level of theory. The fluorine atom labeling schemes are
given by Structures I and II. QA _g=s r is the quadruple average angle (see ref. 181), defined as the average of the four
possible E=S—F (:~S—F, in the case of the SFy) angles. ” This work.



Ph.D. Thesis — Gregory L. Smith

experimental error for axial S—Fx and equatorial S-F, bond length comparisons.
Moreover, the S=N bond is longer and more polar than in F4S=NF, which is in
accordance with the smaller negative charge on nitrogen in F4S=NF than in F;S=NXe"
and correspondingly greater difference in sulfur and nitrogen charges for F4S=NXe". The
F4S=NXe" cation follows the axial bond length trend of F4S=NF and F4S=NCHs, i.e.,
S—Fp < S-Fx. The S—Fp and S—Fx bond lengths are nearly equal, within experimental error
for F4,S=NXe", but the S—Fx bond is significantly longer and the S—Fg bond is significantly
shorter in F4S=NCH3 and F4S=NF (vide infra).

Comparison of F4S=NXe" and F;S=NH," reveals that the FA~S—F, and Fp—S—Fx
angles are more compressed in F;S=NXe" than in their F4S=NH," counterparts. More
insight is gained when the component angles N=S—Fx (100.1(2)°) and N=S-Fp (86.4(2)")
are considered for F4S=NXe" and their difference, AINN=S—Faa)) = Z/N=S—Fx — Z/N=S—Fp
(13.7(4)°), is considered. There is a significant interaction between the Xe and Fx atoms,
with a Xe---Fx contact (2.824(8) A) that is significantly less than the sum of the Xe and F
van der Waals radii (3.63 A),”' causing /N=S—Fx to be more open and Z/N=S-Fj to be
more closed. Interestingly, the NBO analysis provides a negligible bond order (0.01) in this
case; thus, the interaction is essentially Coulombic in nature, and the short contact is
presumably a partial consequence of the nonspherical (toroidal) distribution of the valence
electron density arising from the three valence electron lone pairs of xenon.” The slight
lengthening of the S—Fx bond with respect to the S—Fg bond, which is also observed for the
calculated geometry, is also consistent with a weak Coulombic interaction between Fx and

the positive xenon center.
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A steric interaction also occurs between Fx and the fluorine bonded to nitrogen in
F4,S=NF (Fx---Fx, 2.377(9) A; sum of the fluorine van der Waals radii, 2.94 A’") with
ANN=S—Fia)) = 6.3(9)° and ZN=S—Fx (96.9(4)°) again being more open than /N=S-Fp
(90.6(5)°). The Fo—S—F 5 and Fp—S—Fx angles of F4S=NF are more compressed than those of
either F4;S=NXe" or F4S=NH,", with the FA—S—F, angle showing the greater compression.
This is consistent with a higher n-electron density in the equatorial F,S=N-plane of F4S=NF
and a higher S-N bond covalency that is corroborated by the S—N bond order (1.31) and a
correspondingly lower charge difference between sulfur and nitrogen (2.75 e) when
compared with those of F4S=NXe" (S-N b.o., 1.18; c.d., 3.37 ¢) and F4S=NH," (S-N b.o.,
0.99; c.d., 3.57 e). Comparisons with F4S=NF and F4S=CH, show that the latter molecules
exhibit the greatest FA—S—F4 angle compressions within the series considered. The angle
compressions and high S=N and S=C bond orders are again consistent with their charge
differences and bond orders, S—C (b.o., 1.28; c.d., 3.13 e) and S—N (b.o., 1.31; c.d., 2.75 e)
and with greater 1 S—E density in the equatorial FoS=E-plane.

Although A(N=S—F.) for F4S=NCH; is considerably less than those for
F4S=NXe" and F;S=NF, the difference is significant and is likely a consequence of the
Fx---CH3 steric interaction. The axial bond length differences for F4S=NF and F;S=NCHj;
are significantly greater than that of F;S=NXe', which is consistent with the strongly
repulsive natures of the former steric interactions.

The F4S=CH; molecule exhibits one of the most open Fg—S—Fp angles and, at the
same time, one of the most compressed Fy—S—F4 angles among the F4S=ERR’ (where R =

R’) species considered in Table 5.13. The asymmetries of the S=C'” and S=N bonds place
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most of the m-bond electron density in the equatorial plane, which results in greater
compression of the FA—S—F4 angle than of the axial Fg—S—Fp angle. The greater degree of
bond angle compression for both F—S—F angles in F4S=CHj is presumably a consequence of
the greater covalent character of the S=C bond (b.o. 1.28, compared to 0.99 for isoelectronic
F4S=NH,"), which results in greater double bond domain-single bond domain repulsions.
Following Hargittai,"' the quadrupule averages of angles E=S—F, (2x), E=S—Fg,
and E=S-Fx (where ZE=S-Fg = ZE=S-Fx for F4S=CH,, F4S=NH,", F4S=0, and SFy)
were evaluated and are compared in Table 5.13. The parameter, QA _g-s r, serves as a
relative measure of the average spatial requirements of the double bond domains among
the F4sS=ERR’ series and the lone pair domain of SF4. The VSEPR rule-of-thumb, which
states that a double bond domain and a lone pair domain have very similar spatial
requirements,'® is supported by the series under consideration, with the SF, value occurring
approximately midway in the range and with a quadruple average E=S—F angle that is very
similar to that of F4sS=NF. As expected for cations in a closely related series the QA  g=s_r
values and spatial requirements of the S-N double bond domains of F4S=NXe" and
F4S=NH,", which are most similar to that of F;S=0, are significantly less than those of the

neutral molecules F4;S=CH,, F4S=NCH3, and F4S=NF.

54. Conclusions

The F4S=NXe" cation has been synthesized by both solid-state rearrangement and
HF solvolysis of the F3S=NXeF' cation. The discovery of the F4S=NXe" cation as an
intermediate in the HF solvolysis of the F3S=NXeF" cation en route to FsSN(H)Xe" has
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served to significantly enhance our understanding of the reaction pathways that lead to
F;S=NXe" and FsSN(H)Xe". Two synthetic pathways, both starting from F3;S=NXeF", have
been shown to lead to the to F4S=NXe" cation, namely, solvolysis of [F3S=NXeF][AsFs] in
aHF, and solid-state rearrangement of [F3;S=NXeF][AsF¢] at ambient temperatures.
Structural characterization of the F4S=NXe" cation has revealed a rare example of xenon
bonded to sp>-hybridized nitrogen, providing the first example of the F4S=N-group bonded
to a noble gas. The F4S=NH," cation was also formed in the course of HF solvolysis of
F3S=NXeF". The F4S=NXe" and F4S=NH," cations significantly expand the chemistry of
species containing the F4S=N-group and represent the only known examples of cations
containing this group. The calculated Xe-N bond order of F4S=NXe" derived from the NBO
analyses is consistent with the short Xe-N bond length and high shielding of the '**Xe
resonance of F;S=NXe', which places it, along with the sp>-hybridized nitrogen cations

FsSN(H)Xe" and FsTeN(H)Xe", among the most covalent Xe-N bonds presently known.
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CHAPTER 6

ON THE REACTIVITY OF F;S=NXeF';
SYNTHESES AND STRUCTURAL CHARACTERIZATIONS OF
[FsS=N—Xe---N=SF;][AsFs], A RARE EXAMPLE OF
AN N—Xe—-N LINKAGE, AND [F;S(N=SF;),][AsFq]

6.1. Introduction

Until recently, the only xenon-nitrogen bonded species having formally sp*-
hybridized nitrogen bonded to xenon were the XeF™ adducts of s-trifluorotriazine®® and
several perﬂuoropyridines;37 the p-imidobis(sulfurylfluoride) (—N(SO,F),) derivatives of
xenon(Il),  FXeN(SO.F), " Xe[N(SO.F)]o, """ F[XeN(SOsF),L,",***  and
XeN(SOF),";* and the related trifluoromethyl derivative, Xe[N(802CF3)2]2.48 The
pentacoordinated sulfur(VI) cations, F4S-N(CHs),",'”® F4S-N(CH,CHs),",'* and
F4S—NC5H10+,183 have been structurally characterized by F NMR spectroscopy, which
showed that rotation about their S—N bonds was rapid on the NMR timescale. Most
recently, the F4S=NXe" and F4;S=NH," cations'® were reported from this laboratory, which
represent the only known cationic derivatives of the F4S=N-group and the first sp’-
hybridized imido species in which the nitrogen bonded to xenon is doubly bonded to
sulfur. Neither F4S=NXe" nor F4S=NH," exhibited rotation about their S=N bonds on the
NMR time scale.

The basicity of thiazyl trifluoride, N=SF3, has been demonstrated by its reactions

with BF3, AsFs, and SbFs in SO, to form the Lewis acid-base adducts, F3$ENBF3,82’87
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F 3SENASF5,78’88 and F3SENSbFs;88 by the formation of transition-metal complexes such as
[M(N=SF3)4(AsFe)] M = Mn”" Zn™), [Re(CO)sN=SF3][AsFe],”' and
[CpFe(CO),N=SF;s][AsF¢];”" and more recently by the synthesis and structural
characterization of the noble-gas-containing Lewis acid-base adduct F3S=NXeF * e

The present work investigates the reactivities of the F3S=NXeF" and F4S=NXe"
cations in N=SF; solvent. The synthesis and detailed structural characterization of
[F4S=N—Xe---N=SF;][AsF¢], a rare example of xenon bonded to an imido-nitrogen and

of a N-Xe-N linkage, is reported along with that of [F3S(N=SF3),][AsFs], a reduction

product resulting from the reaction of [F4S=N—Xe---N=SF3][AsFs] with N=SF3.

6.2. Results and Discussion
6.2.1. Reactions of [F3S=NXeF]|[AsFs] in N=SF; Solvent
6.2.1.1. Synthesis of [FsS=N-Xe---N=SF3][AsFg|

The salt [F3S=NXeF][AsFs] was prepared as previously described'*® by reaction
of [XeF][AsF¢] with N=SF; in neat N=SF; at —20 °C for ca. 6 h to give a white solid,
corresponding to [F3S=NXeF][AsF¢], and a colourless supernatant. When the reaction
mixture was warmed from —20 to 0 °C over ca. 15 h, the solid dissolved and the solution
turned deep yellow, coinciding with the formation of [F4S=N-Xe---N=SF3][AsFs] (eq

6.1). The removal of excess N=SF; under dynamic vacuum at —50 °C yielded a deep

0°C
[F3S=NXeF][AsFg] + N=SF3 ————> [FiS-N-Xe--N=SF3][AsFs] (6.1)
=5r3
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yellow solid which was characterized by Raman spectroscopy at —160 °C. A prior study
reported the P parameters for the F4S=NXe" cation in N=SF; solvent at 0 "C,184 however,
a separate 1F resonance corresponding to coordinated N=SF; was not observed. It may be
concluded that N=SF3 ligand exchange with the solvent occurs and that the donor-acceptor
bond is labile under these conditions.

The solid-state rearrangement of F3S=NXeF " to F4S=NXe" is known to occur at
22 °C over a period of ca. 70 min."® The X-ray crystal structure of [F3S=NXeF][AsFs]'*
reveals that a fluorine ligand of AsFs has a short contact (2.871(5) A) with the sulfur
atom of an adjacent F3S=NXeF" cation that is significantly less than the sum of the sulfur
and fluorine van der Waals radii (3.27 A).*' In the proposed rearrangement mechanism,
the short F---S contact leads to fluoride ion transfer and formation of the
[F4S=NXe][AsF¢] ion-pair.'® As the rearrangement proceeds, solid-state dilution of
[F3S=NXeF][AsF¢] and breakdown of the crystal lattice prevent complete conversion to
[F4S=NXe][AsF¢]. In the present solution study, the rearrangement proceeds at 0 °C with
complete conversion to [F4sS=N-Xe---N=SF3][AsF¢]. In both cases, the reactions were
monitored by Raman spectroscopy (vide infra). Solvent induced rearrangement of
F3S=NXeF' to F4S=NXe' in anhydrous HF (aHF) solution also occurs at lower
temperature (—20 °C) with complete conversion.'®* Unlike the solid state rearrangement
of [F3S=NXeF][AsFs],' rearrangements of the F3S=NXeF" in N=SF; and aHF solutions
do not suffer from solid state dilution effects, and proceed to completion.

Thiazyl trifluoride solvent likely promotes rearrangement at lower temperatures

by means of solvent-induced Sn2 displacement of fluoride ion from the Xe—F group, and
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concomittant fluoride ion coordination to sulfur (Scheme 6.1). An alternative mechanism

in which N=SF; accepts fluoride ion from the Xe—F group of F3S=NXeF" to generate

Scheme 6.1. Proposed Mechanism for the N=SF; Promoted Fluoride Rearrangement of

F3S=NXeF"
_ o 4 |F
F
+ A\
F‘- 1 :F i F/Je\ F/? N\x "
F~S=N-Xe—F + :N=s—=F —— | ST\ s Fooe
/ § /7 .o F
F F F N F
/N S.
F F />N
L el F F

F4S=N" as an intermediate seems less likely because this anion has not been
experimentally observed. In the proposed solid-state and HF solution rearrangement
mechanisms of [F3S=NXeF][AsFs] to [F4S=NXe][AsFs],'® the sulfur center is initially
attacked by coordination of fluoride from AsF¢s and HF, respectively, followed by

fluoride ion abstraction from the Xe—F group by AsFsand HF, respectively.

6.2.1.2. Synthesis of [F3S(N=SF3),|[AsFg]

In the course of growing single crystals of [F4S=N-Xe---N=SF3][AsF¢] from
N=SF; solution for an X-ray structure determination, colourless [F3S(N=SF3),][AsFs]
crystals were also obtained and characterized by single-crystal X-ray diffraction. The
latter salt resulted from redox decomposition of the F4S=NXe" cation at 0 °C (eq 6.2),
and liberated Xe and N,F, exclusively as the cis-isomer. The synthesis of pure

[F3S(N=SF3),][AsF¢] was accomplished by allowing a N=SFj solution of [F4S=N-Xe---
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0°C
[F4S=N—-Xe---N=SF;][AsFs] + N=SF; W
=5F;

[F3S(N=SF3)][AsFe] + Xe + Y cis-NoF,  (6.2)

N=SF;][AsFs] (vide supra) to stand at 0 °C for 6 h. Over this period of time, the solution
changed from yellow to colourless, accompanied by slow gas evolution. Removal of
excess N=SF; by brief pumping under dynamic vacuum at —50 °C yielded a friable white
solid, comprised of [F3S(N=SF3),][AsF¢] and cis-N,F,, which were characterized by
Raman spectroscopy at —160 °C. The Raman bands assigned to cis-N,F, are in excellent
agreement with previously reported values.'® Continued pumping at —45 °C for 15 min
resulted in complete removal of cis-N>F; and N=SF3, and formation of [SF;3][AsF¢] which
was confirmed by Raman Spectroscopy (see Section 6.2.3.2).

The presence of cis-N>F; was also established in the solution F NMR spectrum
of the decomposition mixture (vide infra). The "F NMR spectrum of a
[F3S=NXeF]|[AsFs] sample that had been allowed to react to completion in liquid N=SF3
solvent at 0 °C (egs 6.1 and 6.2) showed a broad (Avy, = 500 Hz) resonance at 38.6 ppm
assigned to SF3", in agreement with the reported value of 30.5 ppm in aHF at 25 °C."* The
F NMR spectrum also confirmed the formation of cis-N,F, (singlet, 137.6 ppm, Avy, = 30
Hz), in agreement with the previously reported chemical shift (broad triplet at 133.7 ppm,
J("F-"*N) = 145 Hz, 25 °C, CFCl; solvent)."®’ Failure to observe the 'J("’F-"*N) coupling
in the present study is likely a consequence of quadrupolar relaxation resulting from a higher
solvent viscosity and lower temperature. No frans-N>F, was observed in the sample (broad

triplet at 94.9 ppm, 'J("’F-'*N) = 136 Hz, 25 °C, CFCl; solvent)."®” Nitrogen trifluoride was
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also observed by '’F NMR spectroscopy (20 mol% when compared with the total molar
amounts of NF; and cis-N,F, soluble in the sample at 0 °C).

The proposed decomposition of [F4S=NXe---N=SF3][AsF¢] involves 2e reductions
of xenon (+II to 0) and sulfur (+VI to +1V), and a 4e oxidation of nitrogen (-III to +I), that
give Xe gas, SF3', and -NF radicals that combine to form cis-NyF,."® The series of reactions
responsible for these products may be initiated by fluoride ion transfer from an AsFs anion
to the xenon atom of F;S=NXe', forming F;S=NXeF as an intermediate (eq 6.3) which
decomposes to Xe, cis-NyF», and SF4 (eqs 6.4 and 6.5). Fluoride ion abstraction by AsFs
generated in eq 6.3 leads to SF3" (eq 6.6). Nitrogen trifluoride may result from oxidation of

cis-N,F, by F4S=NXe" according to eq 6.7.

0,

F4S=NXe+ + AsFg W [F4sS=NXeF] + AsFs (6.3)
=5F;
[F4S=NXeF] W ‘NF + Xe + SF,4 (6.4)
=5F;
2 ‘NF _N—E? cis-NyF; (6.5)
SF4 + AsFs ———> SF3+ + AsF¢ (6.6)
NESF3
4 . 0°C $
F4sS=NXe" + cis-N,F, -ﬁ NF; + N, + SF;° + Xe (6.7)
N= F3
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6.2.2. X-ray Crystal Structures of | F4S=N-Xe---N=SF3][AsFg] and
[F3S(N=SF3),][AsFg]

A summary of the refinement results and other crystallographic information are
provided in Table 6.1. Important bond lengths and angles for [F4S=N—-Xe---N=SF;][ AsFs]
and [F3S(N=SF3),][AsFs], along with calculated values (see section 6.3), are listed in Tables

6.2 and 6.3, respectively.

6.2.2.1. [F4S=N—Xe---N=SF3;||AsFg]

The crystal structure of [FsS=N—Xe---N=SF;][AsF¢] consists of well-separated
F4S=N—Xe---N=SF;" cations and AsFs anions, with closest cation-anion contacts occurring
between the equatorial fluorine F(3) of the cation and F(12) and F(14) of the anion
(F(3)---F(12), 2.755(4) A; and F(3)---F(14), 2.757(4) A), which are somewhat less than the
sum of the fluorine van der Waals radii (2.94 A).>' The AsF¢ anion shows little distortion
from octahedral symmetry, with As—F bonds ranging from 1.713(2) to 1.735(2) A and
F—As-F bond angles ranging from 89.3(1) to 91.0(1)® and 178.8(1) to 179.2(1)°, in good
agreement with previously reported values.’®'* The ligand arrangement at the sulfur atom
of the cation is a distorted trigonal bipyramid, with the nitrogen and two fluorine atoms
occupying the equatorial plane and two axial fluorine atoms approximately perpendicular to
that plane (Figure 6.1a). The xenon atom is coplanar with the orthogonal plane defined by
the N, S, and axial F atoms, and the Xe-N=S angle is bent (119.8(2)°) as a result of the
sterically active valence electron lone pair on nitrogen.

The Xe-N(1) bond length (2.079(3) A) is equal, within £35, to those of
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Table 6.1. Summary of Crystal Data and Refinement Results for [F;S=N-Xe---
N=SF;][AsFs] and [F3S(N=SF3),][AsFs]

[F4S=N—Xe---N=SF3][AsFs] [F3S(N=SF3),][AsF]

empirical formula F13NLS,XeAs F15sN>S3As
space group (No.) P2,/n(14) P2,/n(14)
a(A) 7.3107(5) 7.4722(5)
b (A) 12.0219(8) 16.264(1)
c (A) 13.5626(9) 10.4247(7)
B (deg) 94.647(1) 97.919(1)
V(A% 1188.08(1) 1254.84(3)
molecules/unit cell 4 4

mol. wt. (g mol™) 545.36 484.12
caled. density (g cm™) 3.049 2.563
T(°C) -173 -173
p(mm™) 6.17 3.39

R 0.0294 0.0324
WR,? 0.0709 0.0633

“R, is defined as 2| | F| - | FJ[ /2l F| for I>20(D).
® WR, is defined as [S[W(Fy’ — F&) VEw(F,2)*]” for 1> 20(l).
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Table 6.2. Experimental Geometry for [F4S=N—Xe---N=SF3][AsF¢s] and Calculated
Geometries for F4S=N—Xe---N=SF;" ¢

Bond Lengths (&)
calcd®
exptl MP2 PBEIPBE B3LYP exptl

Xe(D-N(1) _ 2.07903) 2.062 2.079 2131 As(1)F(3) 1.726(2)

N(D)=S(1) 1.539(3) 1.563 1.557 1.573  As(1)-F(9) 1.714(2)

S(1)-F(1) 1.586(3) 1.576 1.577 1.593  As(1)-F(10) 1.722(2)

S(1)-F(2) 1.520(3) 1.545 1.544 1.558  As(1)-F(11) 1.721(2)

S(1)-F(3) 1.529(3) 1.545 1.544 1.558  As(1)-F(12) 1.718(2)

S(1)-F(4) 1.577(3) 1.619 1.611 1.625  As(1)-F(13) 1.735(2)

Xe(1)—N(2)  2.583(3) 2.524 2.547 2.623

N(2)=5(2) 1.398(3) 1.428 1.413 1.417

S(2)-F(5) 1.524(3) 1.545 1.541 1.558

S(2)-F(6) 1.521(3) 1.545 1.541 1.558

S(2)-F(7) 1.526(3) 1.545 1.541 1.559

Bond Angles (°)
caled”
exptl MP2 PBEIPBE  B3LYP exptl

Xe(1)-N(1)=S(D) 119.8(2) 119.3 119.8 1198 F(8)-As(1)-F(9) 179.0(1)
N(1)=S(1)-F(1) 87.6(2) 88.1 87.9 873  F(8)-As(1)-F(10) 89.6(1)
N(1)=S(1)-F(2) 126.4(2) 127.1 126.8 1270 F(8)-As(1)-F(11) 89.7(1)
N(1)=S(1)-F(3) 1282(2) 127.1 126.8 1270 F(8)}-As(1)-F(12) 90.4(1)
N(1)=S(1)-F(4) 99.7(1) 98.8 99.1 991  F(8)-As(1)-F(13) 89.3(1)
F(1)-S(1)-F(2) 88.0(2) 88.7 88.6 88.7  F(9)-As(1)-F(10) 90.3(1)
F(1)-S(1)-F(3) 87.2(1) 88.7 88.6 88.7  F(9)-As(1)-F(11) 90.4(1)
F(1)-S(1)-F(4) 172.7(1) 173.1 173.0 173.6  F(9)»-As(1)-F(12) 90.6(1)
F(2)-S(1)-F(3) 104.9(1) 105.7 106.1 1056  F(9)»-As(1)-F(13) 89.8(1)
F(2)-S(1)-F(4) 88.2(1) 87.1 87.2 874  FO0)-As()-F11)  178.8(1)
F(3)-S(1)-F(4) 87.7(1) 87.1 87.2 874  F(10)-As(1)-F(12) 91.0(1)
N(1)-Xe(1)-N(2)  168.4(1) 173.2 173.5 173.1  F(10)-As(1)-F(13) 89.7(1)
Xe()--N(2=S(2)  148.0(2) 178.6 178.3 1786  F(11)>-As(1)-F(12) 90.0(1)
NQ2)=S2)-F(5) 120.4(2) 121.1 120.9 1211 F(11)-As(1)-F(13) 89.4(1)
N(2)=S(2)-F(6) 122.8(2) 1212 121.1 1213 F12-As()-F(13)  179.2(1)
N(2)=S(2)-F(7) 120.9(2) 121.3 121.1 1213
F(5)-S(2)-F(6) 95.5(2) 95.6 95.8 95.5
F(5)-S(2)}-F(7) 95.2(2) 95.6 95.8 95.5
F(6)-S()-F(7) 95.5(2) 95.6 95.8 95.6

“ The atom labels correspond to those used in Figure 6.1. * aug-cc-pVTZ(-PP) basis set.
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Table 6.3. Experimental and Calculated Geometries for [F3S(N=SF3),][AsFs] *
Bond Lengths (&)
caled” caled”®
exptl PBEIPBE B3LYP exptl PBEIPBE B3LYP
S(3)-F(7) 1.511(1) 1.557 1.573 S(3)--N(1) 2.554(2) 2.610 2.689
S(3)-F(8) 1.519(1) 1.544 1.555 N(1)-S(1) 1.384(2) 1.416 1.421
S(3)-F(9) 1.520(1) 1.544 1.555 S(1)-F(1) 1.518(2) 1.562 1.580
S(3)--F(10) 2.558(2) 2.223 2217 S(1)-F(2) 1.521(1) 1.545 1.566
As(1)-F(10) 1.745(1) 1.832 1.863 S(1)-F(3) 1.518(2) 1.552 1.570
As(1)-F(11) 1.723(1) 1.743 1.756 S(3)--N(2) Z5112) 2.610 2.689
As(1)-F(12) 1.708(2) 1.728 1.741 N(2)-S(2) 1.392(2) 1.416 1.421
As(1)-F(13) 1.684(2) 1.705 1.717 S(2)-F(4) 1.516(2) 1.552 1.570
As(1)-F(14) 1.706(1) 1.706 1.719 S(2)-F(5) 1.525(2) 1.562 1.580
As(1)-F(15) 1.714(2) 1.728 1.741 S(2)-F(6) 1.525(2) 1.548 1.566
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Table 6.3.

(continued...)

Bond Angles (°)

caled” caled®
exptl PBE1PBE B3LYP exptl PBE1PBE B3LYP
F(7)-S(3)-F(8) 96.2(1) 94.5 94.4 F(10)-As(1)-F(11) 88.2(1) 86.6 86.3
F(7)-S(3)-F(9) 96.8(1) 94.5 94 4 F(10)-As(1)-F(12) 87.9(1) 87.1 86.9
F(8)-S(3)-F(9) 96.3(1) 95.0 955 F(10)-As(1)-F(13)  179.0(1) 178.6 178.6
F(7)-S(3)--F(10) 174.3(1) 174.9 175.4 F(10)-As(1)-F(14) 89.7(1) 87.6 87.3
F(7)-S(3)--N(1) 83.1(1) 83.9 84.5 F(10)-As(1)-F(15) 87.4(1) 87.1 86.9
F(7)-S(3)--N(2) 81.1(1) 83.9 84.4 F(11)-As(1)-F(12) 89.8(1) 88.4 88.4
F(8)-S(3)--F(10) 78.4(1) 82.1 825 F(11)-As(1)-F(13) 91.1(1) 92.0 92.3
F(8)-S(3)--N(1) 83.2(1) 79.4 792 F(11)-As(1)-F(14) 177.8(1) 174.2 173.5
F(8)-S(3)--N(2) 177.3(1) 174.0 174.5 F(11)-As(1)-F(15) 89.2(1) 88.4 88.4
F(9)-S(3)--F(10) 82.3(1) 82.1 825 F(12)-As(1)-F(13) 92.9(1) 92.9 93.1
F(9)-S(3)-N(1) 179.5(1) 174.0 1745  F(12)-As(1)-F(14) 89.8(1) 91.3 912
F(9)-S(3)--N(2) 84.2(1) 79.4 792 F(12)-As(1)-F(15)  175.2(1) 173.4 173.1
F(10)-S(3)-N(1)  97.7(1) 99.1 98.3 F(13)-As(1)-F(14)  91.0(1) 93.8 94.1
F(10)--S(3)--N(2) 104.4(1) 99.1 98.3 F(13)-As(1)-F(15) 91.9(1) 92.9 93.1
N(1)--S(3)--N(2) 96.3(1) 106.1 106.0 F(14)-As(1)-F(15) 91.0(1) 91.3 91.2
S(3)--N(1)-S(1) 158.3(1) 141.5 142.7 S(3)--N(2)-5(2) 132.2(1) 141.6 142.7
N(1)-S(1)-F(1) 121.7(1) 119.4 119.7 N(2)-S(2)-F(4) 121.8(1) 122.8 122.9
N(1)-S(1)-F(2) 121.9(1) 123.6 123.7 N(2)-S(2)-F(5) 120.2(1) 1194 119.7
N(1)-S(1)-F(3) 120.9(1) 122.8 122.9 N(2)-S(2)-F(6) 122.2(1) 123.6 123.7
F(1)-S(1)-F(2) 95.3(1) 94.2 94.0 F(4)-S(2)-F(5) 95.2(1) 94.3 94.1
F(1)-S(1)-F(3) 95.3(1) 943 94.1 F(4)-S(2)-F(6) 95.2(1) 95.2 95.0
F(2)-S(1)-F(3) 94.8(1) 95.2 95.0 F(5)-S(2)-F(6) 95.5(1) 94.2 94.0

“ The atom labels correspond to those used in Figure 6.2. ” Calculated for the gas-phase ion-pair using the aug-cc-pVTZ

(-PP) basis set.
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a F(1)

F(B;&“Sm N(1)
a

F(4)

Figure 6.1.  (a) The structural unit in the X-ray crystal structure of [F4S=N-Xe---
N=SF;][AsF¢]; thermal ellipsoids are shown at the 50% probability level.

(b) The gas-phase geometry of the F4S=N—Xe---N=SF;" cation calculated
at the MP2/aug-cc-pVTZ level of theory (Table 6.2).
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[F4S=NXe][AsFs] (2.083(3) A)"** and [FsSN(H)Xe][AsFs] (2.069(4) A),""® somewhat
longer than the Xe-N bond of [FsTeN(H)Xe][AsFs] (2.044(4) A),® but considerably
shorter than the Xe-N bonds of nitrogen base adducts of XeF" (vide infra). The S=N bond
length of F4S=N—Xe---N=SF3" (1.539(3) A) is also equal, within experimental error, to
those of [F4S=NXe][AsFs] (1.556(3) A)'** and F4S=NF (1.520(9) A),”* but is longer than
those of F48=NH," (1.511(6) A)'* and F,S=NCHj3 (1.480(6) A).'™ All of the SF4-group
bond lengths of F4sS=N-Xe---N=SF;" are the same within +3c as those of
[F4S=NXe][AsFs]."™ The Xe-N(1)=S(1) and N(1)=S(1)-F(1) angles of F;S=N-Xe---
N=SF;" (119.8(2) and 87.6(2)°) are slightly greater than those of [F4S=NXe][AsFs]
(118.0(2) and 86.4(2)°)."™ All other angles that are in common with the two structures are
equal within +£0.9°. Comparisons of F4S=NXe" with F4S=NH,", F4S=NCH3, and F;S=NF
have been discussed in detail in ref 184.

The short Xe---N(2) contact (2.583(3) A) is well within the sum of the nitrogen and
xenon van der Waals radii (3.71 A)’' but considerably longer than the Xe-N bond lengths of
the related cations [F3S=NXeF][AsFs] (2.236(4) A),"*® [HC=NXeF][AsFs] (2.235(3) A),*®
[(CH3);C=NXeF][AsFs] (2.212(4) A),*® and [CH:C=NXeF][AsF¢]-HF (2.179(7) A),*® while
somewhat shorter than the Xe---N contacts in the CH;C=N solvated salts of the more
weakly acidic C¢FsXe" cation, [C¢FsXe---N=CCHs][B(C¢Fs)s] (2.610(11) A),* [CeFsXe--
-N=CCHj;][B(CF3)4] (2.640(6) A),** [CsFsXe---N=CCH;][(C¢Fs).BF,] (2.681(8) A),* and
[CeFsXe---NCsH3F,][AsFe] (2.694(5) A).* The donor-acceptor bond length trends are in
accordance with the gas-phase donor-acceptor dissociation energies calculated for

F3S=NXeF ", HC=NXeF", F4S=N-Xe---N=SF;", and F3S=NAsF; (see section 6.3).
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The bent Xe---N=S angle (148.0(2)°) is similar to that of [F3S=NXeF][AsF]
(142.6(3)°)'* and to the Xe---N=C angles in [CeFsXe---N=CCH3][B(CsFs)4]
(150.3(9)°),* and [CeFsXe---N=CCH3][B(CFs)s] (155.0(7)°),"* but contrasts with the
nearly linear Xe---N=C angles in [HC=NXeF][AsFs] (177.7(3)%),®
[CH3C=NXeF][AsFs]-HF (175.0(8)°),”® and [(CH3);C=NXeF][AsFs] (166.9(4)°),* and with
the near-linear gas-phase geometries predicted by quantum-chemical calculations
(MP2/aug-cc-pVTZ(-PP)) for the gas-phase ions. The N-Xe---N angle (168.4(1)°)
deviates somewhat more from linearity than the C—Xe---N angles of [C¢FsXe---
N=CCH;][(C¢Fs)BF2] (174.5(3)°),"' [C¢FsXe---N=CCH;][B(CF3)s] (174.9(2)°),” and
[C6FsXe---N=CCH3][B(CeFs)s] (176.9(3)°).% The out-of-plane and in-plane N—Xe---N
bending frequencies are assigned at 144 and 255 cm™, respectively, and the Xe---N=S
bends, which were too low in frequency to be observed in the Raman spectrum, were
calculated at 64 and 72 cm ™', respectively, showing that both angles are highly deformable
and that their non-linearities likely arise from crystal packing (see section 6.3.).

The bond lengths of adducted N=SF; in F4S=N-Xe---N=SF;" (S=N, 1.398(3) and
S-F, av., 1.524(3) A) are shorter than those in free N=SF3 (S=N, 1.415(3) and S-F, av.,
1.547(1) A).*>%¢ Similar S=N and S—F bond length contractions have been observed in
other main-group adducts,”® namely, F3;S=NAsFs (1.383 and 1.439 A)78 and
[F3S=NXeF][AsFs] (1.397(5) and 1.503(3) A),'* and in the transition metal adducts
[Mn(N=SF3)4][AsFe], (1.365(11) and 1.506(5) A)*° and [Re(CO)sN=SF:][AsFg]

(1.384(14) and 1.499(10) A)” (see section 6.3.).
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The N=S-F and F-S-F angles in the adducted N=SF; molecule average 121.4(2)°
and 95.4(2)°, respectively, comprising a distorted tetrahedral arrangement about sulfur
that is similar to those of free N=SF; (av., 122.2(2)° and 94.2(1)°),¥ and of adducted
N=SFs, as in F38=NAsF;s (122.2° and 94.3°)"® and [F3S=NXeF][AsF¢] (av., 119.8(2) and

97.4(2) A)'* (also see section 6.3.).

6.2.2.2. [F3S(N=SF3),][AsFe]

The SF;  cation has been previously characterized as its AsFg, Q-1
ShF 18513 pp,~ 186191 BF4_,186’]89'19] and GeF¢>™ ' salts. A series of mixed CF+/F adduct-
cations, [(CF3)(F)s.»S---N=SF3][AsFs] (n = 0-2), has been studied by '’F NMR in SO,
solvent at temperatures below —30 °C where the cations corresponding to n = 0 or 1 are
labile and weakly coordinated.” In contrast, the (CF3)2FS——-NESF3+ cation is non-labile
and pentacoordinate at sulfur in SO; solvent at temperatures below —30 °oc¥

The crystal structure of [F3S(N=SF;),][AsFs] consists of an SF3" cation having
three long contacts to S(IV), one to a fluorine atom of a neighboring AsFs anion and two
to the nitrogen atoms of the N=SF3; molecules (Figure 6.2). Ignoring the S---N and S---F
contacts, the SF;" cation is very close to Cs, symmetry, as has been observed for
[SF5][BF,]"° and [SF3]2[GeFs],'” the only other SF;* salts to have been structurally
characterized by single-crystal X-ray diffraction. In the latter salts, the S(IV) coordination

sphere includes three long contacts to fluorine ligands of their anions. As in the
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Figure 6.2.

(a) The structural unit in the X-ray crystal structure of [F3S(N=SF3);]
[AsFg]; thermal ellipsoids are shown at the 50% probability level. (b) The
gas-phase geometry of [F3S(N=SF3),][AsFs] calculated at the
PBE1PBE/aug-cc-pVTZ level of theory (Table 6.3).
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[SF5][BF4] and [SF3]2[GeFs] salts, the arrangement of long contacts in the present structure
avoids, to the maximum extent, the F atoms and the nonbonding electron pair situated on the
pseudo three-fold axis opposite the F ligands of SF;', providing distorted octahedral
coordination at the S(IV) atom.

The S-F bond lengths of SF;" (1.511(1), 1.519(1), 1.520(1) A) in
[F3S(N=SF3),][AsF¢] are equal, within experimental error, to those in [SF3],[GeFs]
(1.515(2), 1.519(2), 1.519(2) A)'* and are somewhat longer than those in [SF3][BF4]
(1.495(2), 1.495(2), 1.499(2) A, but are within +3c for the thermally corrected values of
the latter salt (1.518, 1.518, 1.514 A)."” The F-S—F bond angles of the cation (96.2(1)°,
96.3(1)°, 96.8(1)°) are in agreement with those in [SF3]o[GeFs] (96.2(1)°)'” and
[SF3][BFs] (97.62(7)°, 97.62(7)°, 97.39(12)°),"" and are significantly greater than 90°, as
is predicted for the gas-phase cation (94.5°, 94.5°, 95.0° also see section 6.3.). The short
S---F contact between the cation and a fluorine of AsFs (2.558(2) A) of
[F3S(N=SF3),][AsF¢] is well within the sum of the sulfur and fluorine van der Waals radii
(3.27 A)’! and is bracketed by the S---F contact distances reported for [SF3]o[GeFe]
(2.367(2) and 2.420(1) A)'* and for [SF5][BF4] (2.593(3) and 2.624(2) A)."”® The short
S---N contacts between SF3" and the nitrogen atoms of the N=SF; molecules (2.511(2)

and 2.554(2) A) are significantly less than the sum of the sulfur and nitrogen van der Waals

and F---S---N (97.7(1) and 104.4°) angles are significantly greater than 90°, forming a
distorted octahedral geometry about sulfur such that the contacts to N=SF; and AsFs

avoid the stereochemically active valence electron lone pair and fluorine ligands of SF3"
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to the maximum extent, and are similar to the long contacts observed in the X-ray crystal
structures of [SF3][BF4]"" and [SF3]o[GeFs]."”

The bond lengths and angles of the adducted N=SF; molecules (S=N; 1.384(2),
and 1.392(2), S-F; av., 1.520(2) A, N-S-F; av., 121.4(1)°, F-S-F; av., 95.2(1)° show the
expected contractions’ relative to those of free N=SF3 (S=N; 1.415(3), S—F; av., 1.547(1)
A, N=S-F; 122.2(1)°, F-S—F; 94.2(1)°)*® and are very similar to those of adducted N=SFs

in F4S=N—Xe---N=SF;" and in related adducts (vide supra).

6.2.3. Raman Spectroscopy
6.2.3.1. [F4sS=N—Xe---N=SF;|[AsFg]

The Raman spectrum of the F4S=N—Xe---N=SF ;" cation in its AsF¢ salt (Figure
6.3) was assigned by comparison with those of [F4S=NXe][AsFs],'* N=SFs,'*® and
[F3S=NXeF][AsFs],'* as well as by comparison with the calculated frequencies for the gas-
phase energy-minimized geometries of F4S=NXe','®™ F,S=NF,'™ F;S=NXeF"'*
N=SF3,'* and F4;S=N—Xe---N=SF;" (see Table 6.4, section 6.3.). The vibrational modes of
the uncoordinated AsFs anion were assigned by comparison with those of [O,][AsFs],'®
[HC=NXeF][AsFs],” [F3S=NXeF][AsFe],"*® [FsTeNH;][AsFe],>’ and [FsSNH;][AsFq].'"®
Calculated frequencies at the MP2/aug-cc-pVTZ(-PP) level of theory provided the best
overall agreement with experimental values (see section 6.3.) and are considered in the

ensuing discussion (indicated in square brackets).
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The Raman spectrum of [F;S=N-Xe---N=SF;][AsFs] recorded at —160 °C using 1064-nm excitation;

symbols denote FEP sample tube lines (*) and an instrumental artifact ().
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Table 6.4. Experimental Raman Vibrational Frequencies and Intensities for [F4S=N—Xe---N=SF;][AsF¢] and Calculated
Vibrational Frequencies, Intensities, and Assignments for F4S=N-Xe---N=SF;"
freq, em !
caled” assgnts®

exptl® MP2 PBE1PBE1 B3LYP F4S=NXe---N=SF;" (C}) AsFs (Op)
1548 (29) ~
1543 (45) } 1546 [350] 1601 (166) [460] 1560 (180) [408] v(S=N)
i (1)83 %)) 1132[558] 1112 (104) [571] 1044 (145) [523]  w(S=N)
943 (3) 932 [181] 935 (3)[184] 893 (4) [179] v(S1F2 - S1F3)
ggf g; } 885 [303] 898 (5) [199] 848 (8) [282] V(S2F5 + S2F6) — v(S2F7) + v(S1F1) - W(S1F4)
872 (5) 885 [182] 897 (5) [177] 848 (6) [179] V(S2F5 — S2F6) + v(S2F7)
ggé 8; } 884 [170] 889 (19) [274] 846 (21) [185] v(S1F1 - S1F4) + v(S2F7)
gf; 88; } 823 [143] 840 (59) [151] 794 (59) [164] V(S2F5 + S2F6 + S2F7) + v(S=N)
798 sh
206 zls) } 805 [121] 799 (16) [106] 753 (18) [101] v(S1F2 + S1F3 + S1F4) + v(S=N)
720 (2)
714 (3)
707 (3) v3 (Thw)
702 (3)
wmay T (A
650 (48) 659 [15] 645 (60) [37] 624 (31) [39] S(N=SF2F3) o.0.p.
622 (32) 624 [6] 632 (20) [2] 604 (48) [6] v(S1F1 + S1F4)
586 (8) } .
580 (7) V2 (Eyg)
577 (10) 578 [31] 572 (8) [44] 552 (7) [40] S(N=SF1) — 5(N=SF4) + pw(F2S1F3)
22‘11 8; } 536 [67] 555 (1) [74] 535 (1) [87] S(F1S1F4) + 3(F2S1F3)
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Table 6.4.

544 (5)
531 (1)
521 (2) }
503 (8)
450 (6)
444 (7)
407 (1)
403 (1) }
401 (1)

373 sh }
370 (11)

362 (8)
349 (10)

284 (20)

273 9)

255 (100)
246 sh }
243 (2)

180 (71)

144 (2)

113 (2)

1n.0.

1n.0.

n.o.

n.o.

n.o.

“ Values in parentheses denote experimental Raman intensities, abbreviations denote shoulder (sh) and not observed (n.o.). > aug-
cc-pVTZ(-PP) basis set. Calculated Raman intensities (in A* amu™) are given in parentheses and calculated infrared intensities
(in km mol™) are given in brackets. Calculated Raman intensities at the MP2 level were not possible given the presently
available computing resources © The atom numbering corresponds to that given in Figure 1. Abbreviations denote out of
plane (0.0.p.) and in plane (i.p.), where the planes are defined by the atoms they contain, unless otherwise specified; inversion

(continued...)
527 8]
511 [<1]

496 [15]
432 [13]
431 [13]

342 [3]
341 [2]
282 [11]
264 [1]
251 [<1]

180 [21]
119 [1]
103 [33]
72 2]
64 [1]
20 [<1]
19 [<1]
2 [<1]

525 (3) [7]
508 (1) [<1]

498 (3) [16]
439 (4) [16]
439 (4) [16]

341 (2) [2]
341 (2) [2]
275 (36) [8]
265 (1) [1]
247 (8) [<1]

175 (17) [18]
116 (1) [1]
96 (<1) [34]
68 (<1)[2]
60 (<1)[1]
18 (<1) [<1]
17 (<1) [<1]
2 (<1) [<1]

508 (2) [7]
489 (1) [<1]

478 3)[15]
419 (4) [14]
419 (4)[13]

329 (2) [2]
328 (2) [2]
259 (25) [4]
255 (1) [1]
237 (23) [<1]

164 (14) [25]
107 (1) [1]
86 (<1) [31]
60 (<1) [2]
S5(<hH[1]
18 (<1) [<1]
16 (<1) [<1]
6 (<D [<1]

8(S2Fs)
S(F1S1F2) + 8(F3S1F4)

S(N=SF1F4) 0.0.p. + p(F2S1F3)
3(N=SF5F7)
8(N=SF5F6)

V4 (Tlu)

vs (Tzg)

S(N=SF5) + S(F6S2F7)

S(N=SF7) + 8(F5S2F6)

v(XeN1)

8(XeN=8) 0.0.p. + S(N=SF2) — 3(N=SF3)
S(N1XeN2)i.p.

Vs (Tau)

d(XeN=S8) i.p.

6(N1XeN2) o.0.p.

v(XeN2)

8(XeN=S) i.p.

8(XeN=S) o.0.p.

pw(N=SF3) o.o.p.d

pw(N=SF3) i.p.¢

N=SF; torsion about Xe---N bond

(inv); wag (pw); and rock (p;). ¢ The plane is defined by the S1, N1, and Xel atoms.
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The F4S=N—Xe---N=SF;" cation possesses C; symmetry for the calculated gas-
phase and X-ray structures which is predicted to give rise to 30 Raman- and infrared-active
fundamental vibrational modes belonging to A irreducible representations. The AsF¢ anion
possesses 15 fundamental vibrational modes which were assigned under O;, symmetry and
belong to the irreducible representations A, + Eg + Tog + 2Ty + Tay, where the Ajq, Eg, and
T, modes are Raman-active and the T;, modes are infrared-active. The formally Raman-
inactive Ty, modes were, however, observed as weak bands at 702, 707, 714, and 720 cm’
and at 401, 403, and 407 cm™', and the formally Raman-inactive T,, mode was observed
as a pair of weak bands at 243 and 246 cm' (vide infra), which are accounted for in the
factor-group analysis of this salt. Factor-group analyses correlating the cation (C;) and
anion (O;) symmetries to their crystal site symmetries (C;) and to the unit cell symmetry
(Cy) are provided in Table 6.5. The A irreducible representations of the cation are
maintained under C site symmetry, but the doubly and triply degenerate E- and T-modes of
the anion are split because their degeneracies are removed as a result of site-symmetry
lowering. Both the cation and anion modes are further split into Raman-active A, and By,
and infrared-active A, and B, components under Cy;, crystal symmetry, giving the potential
to observe 60 bands for the cation and 30 bands for the anion in both the Raman and
infrared spectra. Although several of the cation bands are split into two components in the
Raman spectrum and the v3(T;,) band of the 15 observed anion bands is also split in the
Raman spectrum, the coupling within the crystallographic unit cell is deemed to be weak

and is not otherwise manifested for the cation or the anion.
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Table 6.5.

Ph.D. Thesis — Gregory L. Smith

Correlation Diagrams and Selection Rules for the Vibrational Modes of
[F4S=NXe---N=SF3][AsFs]

F,S=NXe---N=SF;"

free cation site crystal
symmetry * symmetry symmetry ©
G G Cap

4(vy = V), 12R, 12T A —— A

4v,

4v,
12R

4vs

4V3, 4V4, 12T

4vg

Vi = Va9, 3R, 3T

/ Raman active
/ BS V1 = V3q, 3R, 3T

~ T A, vi—vs, 3R 3T

\ Infrared active
By Vvi— V3, 3R, 3T

AsF¢
free anion site crystal
symmetry a symmetry symmetry
Oy G Can
A
Az
Eg
Tlg Ag V1,2V, 3(V3, Va, Vs, V6), 3R, 3T
/ Raman
Tz \ = Bg V1, 2v3, 3(V3, Vs, Vs, Vs), 3R, 3T active
A
/ \
Ay Ay V1, 2Vy, 3(V3, V4, Vs, V6), 3R, 3T
Infrared
Ay By Vi, 2va, 3(Va, V4, Vs, V6), 3R, 3T active
E,
Tlu
Tlu

“The irreducible representations are I' = 30A (C)) for the F,S=NXe---N=SF;" adduct cation and
I'=Aj;+ Eg+ To + 2Ty, + Tay (Oy) for the AsF¢ anion in the gas phase. 5 The crystallographic
space group is P2;/n with Z = 4 structural units per unit cell
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The calculated vibrational frequencies for the F4S=N-Xe---N=SF;" adduct cation
are in good agreement with the experimental frequencies. The v(Xe—N) stretch at 284
[282] cm™ is slightly higher in frequency than the terminal v(Xe—N) stretches observed for
F,S=NXe" (253, 259 cm™)"® and FsSN(H)Xe" (224 cm™),'"® and the v(Xe-N) stretch in
[F3S=NXeF][AsFe] (194 cm™).'* The v(Xe---N) stretch at 113 [103] cm™ is considerably
lower than those mentioned above but is most similar to that in F3S=NXeF", affirming the
highly ionic character of the Xe---N donor-acceptor bond. These v(Xe-N) and v(Xe---N)
stretching frequencies are considerably lower than the coupled v(Xe—N) + v(Xe—N) and
v(Xe-N) — v(Xe-N) stretches in Xe[N(SO.F)]», (413, 406 and 386, 380 cm™,

respectively).”’ The latter modes occur at higher frequencies due to the greater covalent
characters of the Xe—N bonds. The in-plane and out-of-plane N—Xe---N bends in the Raman
spectrum of [F4S=N-Xe---N=SF;][AsFs] occur at 255 [251] and 144 [119] cm
respectively, compared with bands observed at 201 and 161 cm™ for 8(N-Xe-N) in
Xe[N(SO,F )2]2.47 The in-plane N—Xe—N and N-Xe---N bends are the most intense bands in
their respective Raman spectra. The out-of-plane and in-plane Xe-N=S bends of the
F4S=NXe- moiety of F4S=N—Xe---N=SF;" at 273 [264] and 180 [180] cm™', respectively,
are in good agreement with the corresponding frequencies observed for
[F4S=NXe][AsFs]'* at 273, 178, and 184 cm™'. Together, these values bracket the Xe-N-S
bending frequencies reported for XeN(SO.F)," (226, 241, 251, 259, 267 cm™)* and
F[XeN(SO:F).]," (208, 224, 231, 240, 247, 260, 264 cm™')* and are higher in frequency

than those in FXeN(SO,F), (96, 111, 116, 119 ecm™).*® The S=N stretch at 1099, 1109
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[1132] em™ compares well with the S=N stretching frequencies of other imido species
([F4S=NXe][AsFs] 1097, 1104 cm™;'™ F,S=NF 1125 cm™";"* F4S=NSFs 1299 cm™ '),
The experimental SF; stretching (622-943 cm™') and bending (503—577 cm ™) frequencies
fall into ranges that are similar to those of [F4S=NXe][AsF6]]84 and the benchmark,
F4S=NF"*'** (see section 6.3.).

All N=SF; modes of [F4S=N-Xe---N=SF;][AsF¢s] exhibit high-frequency shifts
relative to those of N=SF;. The S=N stretching mode occurs at 1543 and 1548 [1546]
cm’! compared to that of N=SF3 (solid, 1503, 1519, 1524 cm_l;146 liquid, 1517 cm”! 144)
and is comparable to that of [F3S=NXeF][AsFs] (1527, 1542, 1548 cm™);'*® however, a
larger complexation shift [43 cm™'] is calculated for the gas-phase species. The average
out-of-phase and in-phase v(SF3) frequencies increase by 66 [95] cm ™' and 43 [78] cm ™,
respectively, upon complexation, and the average in-phase and out-of-phase bending
frequencies shift to higher frequency by 16, 5, and 4 [24, 18, 10] cm™', which are less than
or similar to the complexation shifts observed for [F3S=NXeF][AsFs].'*® These high-
frequency shifts are in accord with the N=S and S-F bond length contractions that result
from adduct formation with the F4S=NXe" cation (see section 6.2.2.1.). Complexation
shifts for F4S=N—Xe---N=SF;" are less than those of F3S=NXeF" because F4S=N-Xe" is a
weaker Lewis acid than XeF" (see calculated donor-acceptor adduct dissociation energies;
section 6.3.4.), and are in accordance with the longer Xe---N distance in F4S=N-Xe---

N=SF;" (2.583(3) A), than in F3S=NXeF" (2.236(4) A).'*
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6.2.3.2. [F3S(N=SF3),][AsFg]

The Raman spectrum of [F3S(N=SF3),][AsF¢] (Figure 6.4) was assigned by
comparison with those of SF3" in its AsF{,l%"g] SbFG_,]86 PF(,_,]%’191 and BF4_,186’189’19]
salts and by comparison with free N=SFs,'*® adducted N=SF; in [F3S=NXeF][AsFq],'*
and F4S=N-Xe---N=SF;" (vide supra) as well as by comparison with the calculated
frequencies derived for the gas-phase energy-minimized geometry of the
[F3S(N=SF3),][AsFs] ion-pair (see Table 6.6, section 6.3.). The vibrational modes of AsF¢
in the ion pair were assigned by comparison with those of [FsS=NXe][AsFq],'*
[FsSN(H)Xe][AsFe],''"® [FsTeN(H)Xe][AsFg],”° [FsTeOXe][AsFs],'*® [XeF][AsFg],'' and
[KrF][AsFs].'” Calculated frequencies for the PBE1PBE/aug-ccpVTZ(-PP) level of theory,
the highest level of theory available for the ion-pair in this work, appear in square brackets
in the following discussion.

The 57 vibrational modes of the [F3S(N=SF3),][AsF¢] ion-pair under C; symmetry
(see section 6.3.) belong to A irreducible representations, which are both Raman- and
infrared-active. The cation-anion fluorine bridge interaction lowers the O, symmetry of the
anion (see sections 6.2.2.1. and 6.2.2.2.), and additional lines in the vibrational spectrum
were consequently observed. The vibrational bands of the anion were also assigned under
C: symmetry of the ion-pair. A total of 17 vibrational bands were observed that are derived
from their counterparts under O;, symmetry. The anion assignments are correlated to the
irreducible representations Ajg + E; + 2T}y + Tae + Tay under O, symmetry, with only three
bands being further split by symmetry-lowering of the anion [E, and one T},], for a total of

17 observed bands (correlations with O, symmetry are given in square brackets), namely,

217



81C

8.00 -
< 6.00
0
7
= F :
o
- t
‘»
o L *
£
2.00 |- T
Mo T T
dWJNVT
0.00 8
.I.I.I.I.I.I.I.I.I.ll.l.I
200 400 600 800 1000 1600
Av, cm'’’
Figure 6.4. ~The Raman spectrum of [F3S(N=SF3),][AsFe] recorded at —160 °C using 1064-nm excitation. Symbols denote

bands from unreacted [F4S=N-Xe---N=SF;][AsFs] (+); cis-N,F, (T); coincidence of F3S(N=SF3)," and cis-N,F,
bands (}); FEP sample tube lines (x); and an instrumental artifact (§).
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Table 6.6. Experimental Raman Frequencies and Intensities, and Calculated Vibrational Frequencies, Intensities, and
Assignments for the [F3S(N=SF3),][AsFs] ion-pair
freq, cm !
caled” assgnts®

exptl” PBE1PBE B3LYP [F3S(N=SF3)][AsFe] (C1) AsFg (Oy)
1546 (63) 1574 (95)[198]  1535(98)[182]  w(NISI +N2S2)
1535 (68) 1569 (37)[290] 1530 (40) [255]  w(N1S1—N2S2)
922 (70)
919 (31) } 903 (100)[236]  872(109)[209]  v(S3F8 + S3F9)
899 (72) 883 (22) [350] 851 (25) [298] v(S3F8 - S3F9)
888 (46) 871 (6) [159] 822 (6) [178] V(S1F2 — S1F3) + v(S2F6 — S2F4)
881 sh 865 (3) [50] 816 (2) [101] v(S1F2 — S1F3) + v(S2F4 — S2F6)
873 (6) 862 (9) [509] 819 (12) [469] v(S3F7)
864 (15) 845 (9) [15] 797 (9) [13] V(S1F2 + S1F3) - v(S1F1) + v(S2F4 + S2F6) — v(S2F5)
859 (23) 843 (8) [88] 796 (7) [135] v(S1F2 + S1F3) — v(S1F1) - v(S2F4 + S2F6) + v(S2F5) + v(S3F7)
2(1); E‘;S())) } 810 (50) [105] 767 (53) [109] v(N1S1) + v(S1F3) + w(N2S2) + v(S2F3)
798 (3) 804 (3) [289] 761 (3) [278] v(N1S1) + v(S1F3) — v(N2S2) — v(S2F3)
o 742 (2) [171] 716 (2) [167] W(AsIF11 - AsIF14)
5 (2()% 724 (4) [119] 700 (3) [122] v(As1F13) v (Th)
690 E4) 722 (1) [153] 698 (1) [151] V(As1F12 — As1F15)
677 (88) 665 (15) [60] 641 (17) [52] v(AslF11 + As1F14) + v(As1F12 + As1F15) vi (Ayg)
;gg 8?) } 584 (1) [2] 567 (1) [2] W(AsIF11 + As1F14) — v(As1F12 + AsIF15) va (Ey)
gg; 85)) } 527 (1) [31] 512 (1) [31] 3(S3FTF8F9) 0.0.p.
536 (15) 518 (1) [24] 500 (1) [21] 8(S1F1F2F3) 0.0.p. + 8(S2F4F5F6) 0.0.p.
gz; % } 517 (2) [15] 500 (2) [14] 8(S1F1F2F3) 0.0.p. — 8(S2F4FSF6) 0.0.p.
504 (1) br 487 (2) [62] 460 (2) [52] v(As1F10)
462 (22) 443 (2) [29] 422 (2) [26] S(N1S1F2F3) 0.0.p. + S(N2S2F5F6) 0.0.p.
454 (34) 443 (6) [5] 422 (7) [4] S(N1S1F2F3) 0.0.p. — 3(N2S2F5F6) 0.0.p.
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Table 6.6.

446 (33)
424 (3)
420 (3)
412 (5)
406 (3)
400 (3)
396 (3)
387 (8)
381 (8)

372 sh
370 (44)
365 (22)

361 (19)
354 (53)
294 (7)
285 (3)
278 (2) br

187 sh

1.0.
132 (6)
n.o.
119 (6)
112 (8)
n.o.
101 (7)
n.o.
1n.0.
n.o.
1n.o.
n.o.

{

(continued...)

438 (6) [10]
437 (<1) [19]
419 (<1) [54]
402 (<1) [23]
395 (<1) [28]
392 (<1) [52]
379 (1) [108]
371 (1) [2]
359 (1) [39]

349 (<1) [<1]
348 (4) [11]
348 (1) [2]

343 (<1) [1]
343 (4) [<1]
256 (<1) [21]
243 (<1) [1]
224 (<1) [<1]
193 (<1) [11]
191 (<1) [6]
145 (<1) [<1]
137 (1) [24]
95 (<1) [<1]
90 (1) [10]
87 (1) [7]

77 (<1)[1]
72 (1) [9]

58 (<1) [4]
50 (<1) [<1]
49 (<1) [<1]
43 (<1) [2]
41 (<1) [<1]

418 (6) [8]
417 (<1) [15]
409 (<1) [48]
388 (<1) [19]
383 (<1) [42]
382 (<1) [52]
362 (1) [78]
362 (1) [2]
346 (1) [76]

338 (<1) [<1]
335 (5) [14]
335 (<1) [2]

330 (<1) [1]
330 (4) [<1]
251 (<1) [26]
237 (<1) [1]
216 (<1) [<1]
181 (<1) [7]
181 (<1) [11]
132 (<1) [<1]
135 (1) [23]
86 (<1) [<1]
84 (1) [8]

82 (1) [7]

69 (<1) [<1]
66 (1) [7]

50 (<1) [3]
45 (<1) [<1]
41 (<1) [<1]
39 (<D [2]
33 (<1) [<1]

S(N181F1F3) 0.0.p. + 3(N2S2F4F5) 0.0.p.
3(N1S1F1F3) 0.0.p. — 8(N2S2F4F5) o0.0.p.
v(S83---F10)

S8(F7S3F8) — 6(F7S3F9)

O8(As1F10F12F13F15) o.o.p.d — 6(F8S3F9)
8(As1F10F11F13F14) 0.0.p.
8(As1F11F12F14F15) 0.0.p/ + 8(F8S3F9)
8(F12As1F14) + 8(F13As1F15)

8(F10As1F11) + 8(F13As1F14)

8(F12As1F13) + 8(F10As1F15) + 3(N1S1F3) + 8(F1S1F2) +
3(N28S2F4) + 3(F5S2F6)

S(NISIF1)+ 8(F281F3) + 8(N2S2F5) + 8(F6S2F7)
8(F10As1F12) + 8(F13As1F15) + 3(N1S1F1) + 8(F2S1F3) +
S(N2S2F5) + 6(F4S2F6)

S(N1S1F2) + 8(F1S1F3) — 3(N2S2F6) — 8(F4S2F5)
S(N1S1F2) + 8(F1S1F3) + 8(N2S2F6) + 8(F4S2F5)
3(F10As1F13) — 8(F12As1F15) o.o.p.’l
8(F10As1F13) - 8(F11As1F14) 0.0.p.
0(F11As1F14) - 8(F12As1F15) o.o.p.f

p(F8S3F9)

pw(F8S3F9) + p(F7S3FY)

SF;" torsion about its own Cs-axis

v(N1S3 + N2S3)

S8(SIN1S3)0.0.p. + 8(S2N283) 0.0.p.
S(SIN1S3)i.p. + 8(S2N2S3) i.p.

8(SIN18S3)i.p. — 8(S2N2S3) i.p.

O(S3F10As1) i.p.

v(N1S3 - N283)

coupled deformation mode

O(N1S3N2) i.p.

coupled deformation mode

S(N1S3N2) o.0.p.

N=SF;j torsions about N=S bond

} v4 (Thu)

vs (Ta)

} Ve (Tau)

s T 108210 — sIsay [, " Yd



12¢

Table 6.6. (continued...)

n.o. 37 (<1) [<1] 32 (<1) [<1]

n.o. 32 (<1) [<1] 29 (<1) [<1] coupled deformation modes
n.o. 18 (<1)[1] 15 (<1) [1]

n.o. 12 (<1) [<1] 15 (<1) [<1] 8(S3F10As1) 0.0.p.

“ Values in parentheses denote experimental Raman intensities, abbreviations denote shoulder (sh), broad (br) and not observed
(n.0.). * aug-cc-pVTZ basis set. Calculated Raman intensities (in A* amu™) are given in parentheses, calculated infrared
intensities (in km mol™) are given in brackets. Bands corresponding to residual cis-N,F, appear at 354,* 729,* 888,* 946 (5),
and 1519" cm™', where * denotes coincidence with F3S(N=SF3)," bands, and 1 denotes coincidence with v(S=N) of unreacted
F4S=NXe---N=SF;". ” Abbreviations denote twist (p1), wag (pw), rock (pr), out-of-plane (0.0.p.) and in-plane (i.p.), where the
planes are defined by the atoms they contain, unless otherwise specified. ¢ Plane defined by Asl, F10, F12, F13, F15. ¢ Plane
defined by Asl, F10, F11, F13, F14.” Plane defined by Asl, F11, F12, F14, F15.
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690, 702, 710, and 719 [Ty,]; 677 [Ay); 504, 580, and 586 [E,]; 396, 400, and 406 [T1.];
372, 381 and 387 [Tyg); and 278, 285, and 294 [T,] em™.

A factor-group analysis correlating the ion-pair symmetry (Cj) to the crystal site
symmetry (Ci) and to the unit cell symmetry (Cs;) is provided in Table 6.7. The A
irreducible representations of the ion pair are maintained under C, site symmetry, and are
split into Raman-active A and B, components and infrared-active A, and B, components
under Cy; crystal symmetry, giving the potential to observe a total of 114 bands for the ion-
pair in both the Raman and infrared spectra. Only four cation and two anion bands of the 57
observed Raman bands, however, were further split under the crystal symmetry.

The calculated vibrational frequencies for [F3S(N=SF;),][AsFs] are in good
agreement with the experimental frequencies. The v(S-F) stretches of SF;" at 859, 873
[843, 862], 899 [883], and 919, 922 [903] cm™ occur at lower frequencies than the v(S—F)
stretches of the BF, (911, 914, 937 cm™),'*" AsFs™ (926, 945, 960 cm™),"! and PF¢™ (929,
954, 964 cm™)!*! salts, but the S(F—S—F) bends at 396 [379], 406 [395], 412 [402], 529, 531
[517], 536 [518], 557, and 564 [527] em™ are in better agreement with those of the BF4~
(409, 526 cm™),"" AsF¢ (411, 530 cm™),"" and PFs (408, 531 cm ™)'’ salts. The intense
high-frequency bands at 1535 [1569] and 1546 [1574] cm™ are assigned to the coupled
v(N1=S1) — v(N2=S2) and v(N1=S1) + v(N2=82) stretches, respectively, and are consistent
with the two adducted N=SF3 molecules of the F3S(N=SF3)," cation. The V(N=S) stretching
bands of the adducted N=SF; molecules occur at higher frequencies relative to those of
N=SF; [1503] (liquid, 1517;'"** solid, 1503, 1519, 1524 cm™ ') and are in close

agreement with those of F3S=NXeF* (1527, 1542, 1548 cm™)'* and F4,S=N—Xe---N=SF;"
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Table 6.7.  Correlation Diagram and Selection Rules for the Vibrational Modes of the
[F3S(N=SF5),][AsF¢] Ion Pair

ion pair site crystal
symmetry a symmetry symmetry
G Ci Can
Ay vi—vs1, 2R, 3T (-R)
/ Raman active
- B, vi—vs5;, R, 3T (-2R)
4(v;—vs5), 12R, 12T A ———— A
— T A, vi—vs, 3R, 2T (T)
\ Infrared active
By v —vsy, 3R, T(-2T)

?The irreducible representations are I' = 57A (C)) for the [F3S(N=SF;);][AsF¢] ion-pair
in the gas phase. ® The crystallographic space group is P2i/n with Z = 4 structural units
per unit cell.
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(1543, 1548 cm™') (vide supra). The average out-of-phase and in-phase V(SF3)
frequencies, all of which are coupled for the two adducted N=SF; molecules, increase by
55 (liquid) and 42 (solid) [47] cm™ and by 34 (liquid) and 28 (solid) [48] em ™,
respectively, upon complexation. The average in-phase and out-of-phase N=SF3-group
bending frequencies, all of which are coupled as above, exhibit complexation shifts that
are less than or equal to those observed in F3S=NXeF" 146 and F4S=N-Xe---N=SF;" (vide
supra). These high-frequency shifts are in accord with the N=S and S-F bond length
contractions that result from adduct formation with the SF;" cation (see sections 6.2.2.2.
and 6.3).

The presence of cis-N,F, (see eq 6.2.) was established from its Raman bands at
354(co), 729(sh), 888(co), 946(5), and 1519(co) cm™,'** where the abbreviations denote
coincidence (co) and shoulder (sh). The bands at 354 and 888 cm ™ are coincident with the
[O(N1S1F2) + 3(F1S1F3) + 8(N2S2F6) + 8(F4S2F5)] and [8(S1F2 — S1F3) + 3(S2F6 —
S2F4)] bands of F3S(N=SF),", and the band at 1519 cm™ is coincident with the v(S=N)
band of unreacted F4S=N-Xe---N=SF;". The presence of cis-N,F, after pumping at —50 °C
was surprising in view of the vapour-pressure of cis-N,F; at —50 °C (1.19 x 104 mmHg),
suggesting it may be adducted to unreacted F4S=N-Xe" remaining in the product mixture.
Further confirmation of the [F3S(N=SF;),][AsF¢] salt was achieved by pumping on the
sample with dynamic vacuum at —45 °C for 15 min which resulted in complete removal
of cis-N,F, and the adducted N=SF; forming [SF;][AsF¢], which was confirmed by

Raman Spectroscopy (Table 6.8 and Figure 6.5).
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Table 6.8. Experimental Raman Frequencies and Intensities for [SF3][AsF]

i freq, cm " ° assgnts
957 (18) 960 (sh)
944 (71) 945 (100) }vl,w (SF3)
926 (17) 926 (19)
685 (100) 686 (76) vi (AsFg)
586 (18) 587 (10) )
561 (27) 563 (35) } v2 (AsFe)
532 (3) 530 (7) v2 (SF3")
408 (7) 411 (11) va (SF3")
g;i 823 379 (36) } vs (AsF¢)

“ The abbreviation denotes shoulder (sh). ? This work, see Figure 6.5. The peaks at 120 (19),
721 (sh), 771 (5), and 844 (5) cm™ are attributed to one or more unidentified species, and
are unassigned, while all other unassigned peaks are from unreacted [FiS=N-Xe---
N=SF;][AsFg]. © Frequencies and assignments are from ref 186.

225



9T¢

Intensity, 10~ cts s™

Figure 6.5.

12.00 |-

10.00 |-

oo
o
o
I
—a==

6.00 |~

4.00

I

L

2.00

0.00 |-

200 400 600 800 1000
Av, cm™

The Raman spectrum of [SF3][AsFs] recorded at —160 °C using 1064-nm excitation; symbols denote peaks from
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6.3. Computational Results

Quantum-chemical calculations were carried out at the MP2, B3LYP, and
PBEIPBE levels for F4S=N—Xe---N=SF;" and at the B3LYP and PBE1PBE levels only for
the ion pair, [F3S(N=SF3),][AsF¢], due to computational constraints. All levels employed
aug-cc-pVTZ(-PP) basis sets. The calculations were used to aid in the vibrational
assignments (see section 6.2.3.2.) and to gain insight into the structure and bonding of
these cations. Comparisons of the calculated and experimental geometrical parameters
and vibrational frequencies with those of the benchmarks, [F4S=NXe][AsFs]'** and
F4S=NF,*!® showed that the MP2 calculations provided the best overall agreement.
Therefore, the vibrational assignments for F4S=N—Xe---N=SF;" are based on the MP2
results (Table 6.4), which are reported in square brackets in the ensuing discussion. For
[F3S(N=SFs),][AsF¢], the PBEIPBE level provided better overall agreement with the
experimental geometry and vibrational frequencies (Table 6.6). The PBE1PBE values

referred to in the ensuing discussion of the ion pair appear in parentheses.

6.3.1. Calculated Geometries
6.3.1.1. F4,S=N-Xe—N=SF;"

Although close to C; symmetry, the MP2, PBEIPBE, and B3LYP energy-
minimized structures of F4;S=N-Xe---N=SF;" optimized to C; symmetry with all
vibrational frequencies real. These calculations well-reproduced the experimental
geometric parameters of the coordinated F,S=NXe" cation, with the largest discrepancies

occurring for the Xe---N=S interaction in the adduct-cation. The calculated Xe---N [2.524
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A] and N=S [1.428 A] bond lengths are in very good agreement with the experimental
values (2.583(3) and 1.398(3) A). The calculated Xe---N=S angle was less distorted from
linearity [178.6°] than the experimental angle, 148.0(2)°, which is undoubtedly influenced
by crystal packing (see section 6.2.2.). The energy difference between the bent and near-
linear geometries is small [7.4 kJ mol™], as was the case for the F3S=NXeF" cation [7.9
kJ mol™],'*¢ showing the Xe---N=S angle to be very deformable. The torsional angle
defined by N1, Xe, N2, and S2 is substantially different in the experimental (-117.0(3)%)
and calculated [-30.1°] geometries. The torsional angle is also very deformable (the
calculated torsional frequency is 2 cm™), and again the difference is most likely a

consequence of crystal packing.

6.3.1.2. [F3S(N=SF3;);][AsFg]

The SF;* cation of the energy-minimized structure of [F3S(N=SF3),][AsF¢]
optimized to C; symmetry at the B3LYP and PBE1PBE levels using the aug-cc-pVTZ(-
PP) basis sets, and was very near C; symmetry. While the gross features of the cation,
bridging anion, and adducted N=SF3 molecules were well-reproduced, the S—F, S=N, and
bridging As-F bonds were overestimated, and the S---F and S---N contacts were
underestimated, with the S---F—As bridge bonds showing the greatest discrepancy. In the
energy-minimized gas-phase SF;" cation (Cs, symmetry), the S—F bond length [1.514 A]
is the same, within 30, as that observed for [F3S(N=SF3),][AsF¢] (av., 1.517(2) A), but

the calculated F-S—F bond angles [99.5°] are greater than in the experimental structure (av.,
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96.4(2)%), which may result from steric effects of the adducted N=SF3; molecules and the

AsF¢ anion of the ion pair.

6.3.2. Effect of Adduct Formation on the Geometry of N=SF;

Upon coordination of N=SF3, the valence electron lone pair on the nitrogen atom
changes from predominantly s character to sp hybrid character, leading to strengthening
and contraction of the S—N o-bond.” This also removes charge-density from the S atom
and results in more covalent and shorter S-F bonds. This bonding model is in accordance
with the trend in the calculated bond lengths for free NESF3,146 and adducted N=SF; in
F4S=N-Xe---N=SF;" and [F3S(N=SFs),][AsFs], where the S=N bonds shorten by 0.017
and 0.023/0.023 A, respectively, and the S-F bonds (average) shorten by 0.029 and
0.073/0.056 A, respectively. The calculated trends agree with the experimental trends;
that is, upon adduct formation, the S=N bonds shorten by 0.017(4) and 0.031(4)/0.023(4)
A, respectively, and the S—F bonds (average) shorten by 0.026(3) and 0.031(3)/0.028(3)
A, respectively. This trend is also observed for FsS=NXeF ", where the experimental S=N
and S—F (average) bonds shorten by 0.018(4) and 0.049(4) A,* and the calculated bond
lengths shorten by 0.019 and 0.047 A."* The increased degree of sp mixing that is
postulated to occur upon coordination not only results in S-N bond shortening, but
apparently also influences the degree of sp> hybridization at sulfur, with decreasing p
character leading to somewhat greater s character and somewhat more open F-S-F angles.
The latter increase by 3.2(3)° (F3S=NXeF"),'* 1.2(3)° (F4S=NXe---N=SF;"),'* 0.9(2) and

1.1(2)° (F3S(N=SF3),"),'** and 1.8(3)° (CpFe(CO),N=SF;)" ' relative to N=SF3.%¢
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6.3.3. Charges, Valencies, and Bond Orders

The natural bond orbital (NBO) charges, valencies, and bond orders calculated using
MP2, PBEIPBE, and B3LYP methods for F4S=N—Xe---N=SF;" are listed in Table 6.9.
The F4;S=N-Xe-—-N=SF;" cation is compared with F,S=NXe",!! F3;S=NXeF*, and
FsSN(H)Xe",” and adducted N=SF; is compared with N=SFs and F3S=NXeF" (Table
6.10). The observed and calculated geometrical changes that occur upon coordination of
N=SF; are reflected in the NBO analyses. Only the MP2 values are referred to in the

ensuing discussion, and these are summarized in Scheme 6.2.

6.3.3.1. F4S=N-Xe-—-N=SF3"

The NBO parameters for F4S=NXe" do not exhibit large changes upon N=SF;
coordination. The positive charges of F4S=N-Xe---N=SF;" reside on xenon and both sulfur
atoms, with the charges on S1 [2.51] and the fluorines bonded to S1 [av., —0.43]
remaining essentially unchanged with respect to those of F4S=NXe" [2.50; av., —0.41].
Comparison of XeF" with F3S=NXeF" also shows little change in xenon charge upon
coordination. Upon coordination of N=SF3, the absolute charges on Xe and N of
F4S=NXe" increase somewhat when compared with those of free F4S=NXe". This is
consistent with a more polar Xe—N bond in F4S=N—Xe---N=SF;" which is corroborated by

the somewhat lower Xe—N bond order of the adduct [0.54] when compared with that of

F4S=NXe" [0.59]. Both bond orders are, however, similar to that of FsSN(H)Xe" [0.60],

which are nearly double that of F3S=NXeF" [0.29] and are indicative of much stronger
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Table 6.9.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for F4S=NXe" and F4;S=NXe---N=SF;"“

F,S=NXe"® F,S=NXe---N=SF;"
atom charges valencies charges valencies
MP2 PBEIPBE B3LYP MP2 PBE1PBE B3LYP MP2 PBEIPBE B3LYP MP2 PBEIPBE B3LYP
Xe 1.01 0.92 0.87 0.62 0.57 0.53 1.05 1.04 0.99 0.70 0.69 0.65
N1 -0.87 -0.79 -0.73 1.67 1.60 1.56 -0.93 -0.92 -0.87 1.64 1.63 1.61
S1 2.50 2.51 2.48 4.07 3.71 3.66 2.51 2.51 2.49 3.70 3.72 3.66
F1 -0.40 -0.40 -0.39 0.62 0.60 0.59 -0.42 -0.42 -0.42 0.58 0.58 0.57
F2 -0.38 -0.39 -0.38 0.65 0.60 0.59 -0.40 -0.40 -0.40 0.58 0.58 0.58
F3 -0.38 -0.39 -0.38 0.65 0.60 0.59 -0.40 -0.40 -0.40 0.58 0.58 0.58 -
F4 —0.47 -0.47 -0.46 0.56 0.52 0.53 -0.49 -0.49 -0.48 0.51 0.52 0.51 =
N2 ~106  -1.07 1.04 121 1.22 1.20 o
S2 2.40 241 2.38 2.52 2.54 2.52 ;
F5 -0.42 —0.42 -0.42 0.38 0.38 0.37 (5
Fo6 -0.42 -0.42 -0.42 0.38 0.38 0.37 @
F7 -0.42 -0.42 -0.42 0.38 0.38 0.37 I
Q
bond orders crg
bond F,S=NXe** F,S=NXe---N=SF," <
MP2 PBE1PBE B3LYP MP2 PBE1PBE B3LYP :
Xe-N1 0.59 0.55 0.52 0.54 0.54 0.52 5
S1=N1 1.18 1.11 1.11 1.17 1.18 1.16 ’é
S1-F1 0.69 0.62 0.60 0.62 0.62 0.61
S1-F2 0.76 0.68 0.67 0.66 0.66 0.65
S1-F3 0.76 0.68 0.67 0.66 0.66 0.65
S1-F4 0.66 0.61 0.61 0.59 0.60 0.59
Xe---N2 0.14 0.13 0.11
N2=82 1.17 1.19 1.20
S2-F5 0.45 0.45 0.44
S2-Fé6 0.45 0.45 0.44
S2-F7 0.45 0.45 0.44

“ aug-cc-pVTZ(-PP) basis set. > From ref 184.
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Table 6.10.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for F38=NXeF ', N=SF;, and XeF" ¢
F3S=NXeF" N=SF; XeF*
atom charges valencies charges valencies charges valencies
MP2 PBE B3L MP2 PBE B3L MP2 PBE B3L MP2 PBE B3L MP2 PBE B3L MP2 PBE B3L
Fxe -0.47 -048 -047 039 0.40 0.39 -034 -033 -033 046 050 0.48
Xe 1.30 1.29 1.28 0.68 0.70 0.67 1.34 1.33 1.33 0.46 050 048
N -1.10 -1.11 -1.09 1.23 1.21 1.21 -0.81 -079 -0.381 1.01 1.06 0.95
S 247 2.49 2.47 2.44 2.15 2.15 2.18 213 2.19 233 2.44 212
Fs -0.40 -039 -040 033 0.30 0.30 -0.46 -045 -0.45 026 0.30 0.25
bond orders
bond F38=NXeF" N=SF; XeF*
MP2 PBEIPBE B3LYP MP2 PBE1PBE B3LYP MP2 PBEIPBE B3LYP
F-Xe 038 0.40 0.39 0.46 0.50 0.48
Xe-N 029 029 028
N-5 1.09 1.03 1.04 1.18 1.21 1.09
S-F 0.45 037 0.37 0.38 0.41 0.34

? Fluorine-on-xenon is denoted by Fx. and fluorine-on-sulfur is denoted by Fs; PBE = PBE1PBE, B3L = B3LYP, all

calculations use aug-cc-pVTZ(-PP) basis sets.
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Scheme 6.2. Natural bond orbital (NBO) charges, valencies, and bond orders for selected
atoms and bonds in N=SF3, XeF", F3S=NXeF", F,S=NXe", and F4S=N-Xe--
-N=SF3" calculated at the MP2/aug-cc-pVTZ(-PP) level of theory.

Charges
1.34 2.18 250  1.01
F—Xe' N=SF, -041 F,S=N-Xe"
~0.34 ~0.81 -0.87
1.30 2.47 254  1.05 2.40
F—Xe---N=SF." -0.40 -0.43 F,.S=N-Xe---N=SF," -0.42
047  -1.10 093  -1.06
Valencies
0.46 2.33 407 062
F—Xe" N=SF, 0.26 062 F,.S=N-Xe"
0.46 1.01 1.67
0.68 370 0.70 252
F—Xe---N=SF, 033 056 F,S=N—Xe---N=SF, 0.3s
0.39 123 1.64 1.21
Bond Orders
0.46 1.18 071 059
F—Xe' N=SF, F.S=N-Xe’
0.38 1.18
0.38 1.09 063 054 1.17
F—Xe---N=SF,’ F,S=N-Xe---N=SF,’
029 045 117 0.14 045

covalent bonding between xenon and nitrogen in F;S=NXe", F4S=N-Xe---N=SF;", and
FsSN(H)Xe". The lower S1 [3.70] and F-on-S1 [av., 0.56] valencies compared with those
of the free cation [4.07; av., 0.62] are consistent with the lower S1-F bond orders in
F4S=N-Xe---N=SF;" [0.63] than in F4S=NXe"[0.71]. The total NBO bond orders of the

linear N---Xe—F and N—Xe---N moieties of F3S=N-Xe-F" and F4;S=N-Xe---N=SF;" are
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nearly equal [0.67 and 0.68], but the Xe-F and Xe-N bond orders of their Lewis acid
precursors, XeF' [0.46] and F4S=NXe" [0.59], show that the Xe-N bond of F4S=NXe" is
more covalent.

The NBO parameters of coordinated N=SF; display the most pronounced changes
upon coordination to F;S=NXe" and XeF", corroborating the experimental and calculated
S—N and S—F bond length contractions. The increase in the valency of N upon adduct
formation with F4;S=NXe" [0.20] is significantly greater than that of Xe [0.08], whereas
the increases are equal for F3S=NXeF™ [N, 0.22; Xe, 0.22]. The modest valency increase
for Xe is corroborated by the low Xe---N bond order [0.14], which is half that of
F3S=NXeF' [0.29]. Contraction of the S=N and S—F bonds in F4S=N—Xe---N=SF;" is in
accord with increased N, S, and F valencies, and increased S—F bond orders. The negative
charge drift to the N donor atom that occurs for F4S=N-Xe---N=SF;" and F3S=NXeF"
upon N=SF; coordination is essentially matched by the increased positive charges on the
S atoms of their N=SF; donor molecules, leaving the Xe charges essentially unchanged.

Thus, the Xe---N donor-acceptor bonds in these adduct cations are essentially polar

interactions, which induce rehybridization of their nitrogen donor atom lone pairs upon
adduct formation, providing the lone pairs and the N-S o-bonds with enhanced sp
characters. Although this results in shorter N-S bonds and greater N and S valencies for
the adducted N=SF; molecules, their total N-S bond orders remain essentially
unchanged. No significant change in the S=N bond order occurs upon adduct formation
with F4S=NXe", and a bond order decrease of only 0.09 occurs upon F3S=NXeF"

formation with the stronger Lewis acid, XeF" (vide infra).
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6.3.3.2. [F3S(N=SF3),][AsF]

Only the adducted N=SF; molecules in F3S=NXeF', F4S=N-Xe---N=SF;*, and the
[F3S(N=SF3),][AsF¢] ion-pair are compared. The PBE1PBE/aug-cc-pVTZ(-PP) results
(Table 6.11) are referred to in the ensuing discussion because they represent the highest
level of theory available for the [F3S(N=SF3),][AsFs] ion pair in the present study. As in
the cases of F38=NXeF " and F4;S=N-Xe---N=SF;", the experimental and calculated bond
length contractions of the S—N and S-F bonds of coordinated N=SF; are corroborated by
the NBO analyses (Table 6.10.). Negative charge drifts to the N donor atoms (—0.79 to
—0.99) occur upon N=SF; coordination that are matched by the increased positive charges
on the S atoms (2.13 to 2.33) of the donor N=SF; molecules. The induced change in S—N
bond polarization is similar to that in the XeF" and F4;S=N-Xe" adducts. The valency
increases for N1 and N2 in [F3S(N=SF3),][AsF¢] that occur upon adduct formation (0.56)
are, however, substantially greater than for F;S=N—Xe---N=SF;" (0.16) and F3S=NXeF"
(0.15). The Xe---N donor-acceptor bond orders are significantly greater than the S---N
donor-acceptor bond orders (0.09) of the SF 3" adduct, but the SI-N1/S2-N2 bond orders
increase by 0.44, which is substantially greater than for the xenon adducts calculated at
the PBE1PBE level (cf. Scheme 6.2 and Tables 6.9 and 6.10). The greater experimental
S—N and S-F bond length contractions observed for the adducted N=SF; molecules in
F3S(N=SF3)," are also accompanied by significantly greater valency increases for S1 and
S2 (1.15) and for F bonded to S1 and S2 (0.29), and by larger increases in the S1-F/S2-F

bond orders (0.36). Despite the formation of a more weakly covalent donor-acceptor
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Table 6.11.  Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for
[F3S(NESF3)2] [ASF6]a

charges valencies
atom B3LYP PBEIPBE B3LYP PBEIPBE
S3 2.13 2.13 2.04 2.08
F7 -0.45 —0.45 0.53 0.54
F8 -0.43 -0.43 0.54 0.54
F9 -0.43 -0.43 0.54 0.54
N1 —0.97 -0.99 1.61 1.62
S1 2.30 2.33 3.59 3.64
F1 -0.45 -0.44 0.58 0.58
F2 —0.42 —0.43 0.60 0.60
F3 —0.43 —0.43 0.60 0.59
N2 -0.97 -0.99 161 1.62
S2 2.30 2.33 3.59 3.64
F4 —0.43 —0.43 0.60 0.59
FS —0.45 -0.44 0.58 0.58
Fé6 —0.42 -0.43 0.60 0.60
Asl 2.65 2.65 3.16 3.23
F10 —0.61 -0.61 0.45 0.46
F11 -0.61 -0.61 0.48 0.50
F12 —0.59 -0.59 0.49 0.50
F13 -0.57 -0.57 0.50 0.51
F14 —-0.56 -0.56 0.50 0.51
F15 —0.59 -0.59 0.49 0.50
bond orders
bond B3LYP PBE1PBE
S3-F7 0.57 0.58
S3-F8 0.59 0.60
S3-F9 0.59 0.60
$3---N1 0.07 0.09
N1=S1 1.64 1.65
S1-F1 0.64 0.65
S1-F2 0.66 0.67
S1-F3 0.65 0.67
S3---N2 0.07 0.09
N2=S2 1.64 1.65
S2-F4 0.65 0.66
S2-F5 0.64 0.65
S2-F6 0.66 0.67
S3---F10 0.12 0.11
As1-F10 0.41 0.43
As1-F11 0.52 0.53
As1-F12 0.54 0.55
As1-F13 0.57 0.58
Asl-F14 0.57 0.58
Asl-F15 0.54 0.55

“ Calculated for the gas-phase ion-pair using the aug-cc-pVTZ(-PP) basis sets.
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bond and the similar S—N bond polarizations induced by the SFs" cation, the latter cation
apparently has more pronounced effects on the extent of sp hybridization of the S—N o-

bond and associated NBO parameters than do the XeF" and F4S=NXe" cations.

6.3.4. Nature of the Xenon(II)-Nitrogen Adduct Bond
The gas-phase donor-acceptor dissociation energies for F4S=N-Xe---N=SF3’,
F3S=NXeF", F3S=NAsFs, and the related HC=NXeF™ cation were calculated at the MP2

level of theory and are listed in Scheme 6.3. The F4;S=N—-Xe---N=SF;" dissociation energy

Scheme 6.3. Dissociation Energies (kJ mol™) for Selected Donor-Acceptor Adducts
Calculated at the MP2/aug-cc-pVTZ(-PP) Level of Theory.

F3S=NAsFs — FiS=N: + AsFs 38.1
F;S=NXe---N=SF;" — F38=N: + F,S=NXe" 85.2
F3S=NXeF"™ — F3S$=N: + XeF' 173.2
HC=NXeF" — HC=N: + XeF' 180.9

is considerably less than that of the more covalent F3S=NXeF" and HC=NXeF " cations,
but significantly greater than the dissociation energy of F3S=NAsFs. The NBO Xe---N
bond order of F4S=N—Xe---N=SF;" [0.14] is only half that of F3S=NXeF" [0.29] (Tables
6.9. and 6.10.), in accord with the calculated dissociation energies and the structural
findings which show a significantly longer Xe---N bond for F4S=N—Xe---N=SF;"
(2.583(3) A) than for F3S=NXeF" (2.236(4) A)'*° and HC=NXeF" (2.235(3)).®
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As in the cases of HC=NNgF* (Ng = Kr, Xe)> and F3S=NXeF",'* the Xe---N
bond of F4S=N-Xe---N=SF; may be regarded in terms of a mutual penetration of the
outer diffuse non-bonded electron densities of Xe, a torus of three valence electron lone
pairs,* and of the N, an electron lone pair. The torus of Xe valence density exposes the
positive core charge of Xe, allowing the Xe atom to polarize the N donor atom. The
highly polar nature of the interaction only produces a small shared density as reflected in
the low Xe---N bond orders and small changes in Xe and N valencies (Scheme 6.2 and
Tables 6.9 and 6.10). Although the negative charge drift to the N donor atom is
essentially matched by the increased positive charge on the S atom of the donor
molecule, little charge is actually transferred to the Xe acceptor atom. The interaction is
primarily electrostatic, and its strength is determined by the extent of interpenetration of
the closed shell densities of Xe and N, which leads to little modification of the Xe charge

but significant polarization and negative charge increase on the N donor atom.

6.4. Conclusions

Both F4S=NXe" and SF;" have been shown to form Lewis acid-base adducts with
N=SF;. The [F4S=N-Xe---N=SF3][AsFs] salt has been synthesized by reaction of
[F3S=NXeF][AsFs] with liquid N=SF; solvent. The rearrangement is proposed to occur
through an Sn2 mechanism involving fluoride ion displacement from the adducted XeF-
group of F3S=NXeF" by N=SF;, followed by fluoride ion coordination to sulfur. The
resulting F4S=N—Xe---N=SF;" cation provides a rare example of xenon bound to nitrogen of

an imido group and among the shortest Xe—N bonds presently known, as well as the first
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example of an N-Xe—N linkage to be characterized by single-crystal X-ray diffraction. The
reaction of [F4S=N-Xe---N=SF;][AsF¢] with N=SF; resulted in the redox elimination of Xe
and cis-N,F; and formation of [F3S(N=SF3),][AsFs], along with NF3 as a minor byproduct.
The latter salt is one of only a few main-group coordination compounds of N=SF; to have
been characterized by single-crystal X-ray diffraction, and the first definitively
characterized example of the SF3" cation coordinated to a ligand atom other than fluorine.
The donor-acceptor interactions of both cations are highly polar in nature. The S=N
bonds of F4S=N-Xe---N=SF;" and F3S(N=SF3)," are shorter than that of the free N=SF;
molecule, in accord with the prevalent bonding description; that is, upon coordination,
the nitrogen donor atom and its valence electron lone pair are polarized by the positive
xenon Lewis acid center, inducing lone-pair rehybridization from predominantly s
character to sp character, leading to strengthening and contraction of the S—N o-bond of

the N=SF; ligand molecule.
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CHAPTER 7

SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF
[FXeOXe---N=SF;][AsFs]; A RARE EXAMPLE OF
A XENON(II) OXIDE-FLUORIDE

7.1.  Introduction

Oxide-fluorides of Xe(IV) (XeOF,,'”"” XeOF;™ %), Xe(VI) [XeOFs,’ XeOF;",
SU919 Y OF,~ 20200 (XeOF)F 20 XeO,F,, 22 XeOF", 1919203204 || pxe) F)," 203204
XeO,F5~ %, and Xe(VIID) [XeOsF2,2® XeOsFs~,” XeOF4,2 cis-XeO4F,>" % trans-
XeO4F,”™ 2] are known, however, until recently no examples of neutral or ionic Xe(II)
oxide fluorides had been isolated or reported. The study of the reactions of [XeF][PnF¢] (Pn
= As, Sb) with H,O in HF solution resulted in the formation of two new xenon species,
[Xe;OF;][PnFs] and [H3O][AsFs]-2XeF,.!"” The Xe;OF;" cation, with its FXeOXe ---FXeF
bonding model, can be considered as an XeF, adduct of the FXeOXe" cation, the first Xe(II)
oxide-fluoride.

The basicity of thiazyl trifluoride, N=SF3, has been demonstrated by its reactions
with BF3, AsFs, and SbFs in SO; to give the Lewis acid-base adducts, F3SENBF3,82’87
F3S=NAsF 5,78’88 and F3SENSbF5,88 by the formation of other main-group adducts such as
[F(CF3),S---N=SF3][AsF¢],¥ and [F3S(N=SF3),][AsFe],'** and by the formation of
transition metal complexes such as ([M(N=SF3)(AsFe)], M = Mn* and Zn%),
[Re(CO)sN=SFs][AsFs],”" and [CpFe(CO),N=SF3][AsFs],”! In addition, the synthesis and
structural characterization of two noble-gas containing Lewis acid-base adducts of N=SF3
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have been reported from this laboratory, namely, F3SENXeF+,146 and F;S=NXe---
NESF3+ 184

This work investigates the use of N=SF; to displace XeF, from Xe;O0F;" in the
synthesis and detailed structural characterization of [FXeOXe---N=SF3][AsFs], providing

rare examples of a xenon(Il) oxide fluoride, an O—Xe—N linkage, and an inorganic Lewis

acid-base adduct containing xenon bound to a formally sp’-hybridized nitrogen.

7.2.  Results and Discussion
7.2.1. Synthesis of [FXeOXe---N=SF;][AsFs]

The synthesis of [FXeOXe---N=SF3][AsFs] was monitored by low-temperature
Raman spectroscopy, and the salt was isolated as its natural abundance and '*O-enriched
(98.6 atom%) isotopomers. The salt [Xe3OFs][AsFs] was prepared as previously
described,'!” by reaction of 2 M solutions of [XeF][AsFs] and H,O in HF for 12 h at —78
°C. When [Xe;OF;][AsFs] was allowed to react with liquid N=SF; at —60 °C for 6 h (eq

7.1), the deep red-orange solid slowly became a deep yellow-orange in colour while

—60 °C
[FXeOXeFXeF][AsFs] + N=SF; W
=5F3

[FXeOXe---N=SF;][AsFs] + XeF, (7.1)

the N=SF; supernatant remained colorless. After removal of the N=SF; by dynamic
vacuum, yellow-orange solid remained. The adduct [FXeOXe---N=SF3][AsFs], was

characterized by Raman spectroscopy at —160 °C. Because the Xe;OF;" cation can be

thought of as an adduct of FXeOXe' and XeF,, the reaction likely proceeds by a
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mechanism whereby the more Lewis basic N=SF; displaces XeF, as depicted in Scheme

7.1.

0
N+ F 0
/Xe Xe./\ Xe Xe/ \x€+
F e, F/ F/ .
"N + XeF,
: — \\S...‘F
Ng.o F VAN
F F
/N
F

Scheme 7.1. Proposed mechanism for the displacement of XeF, from Xe;OF;" by
N=SF; to form the FXeOXe---N=SF;" adduct-cation.

7.2.2. Raman Spectroscopy

The Raman spectrum of [FXe'®'®0Xe---N=SF;][AsFs] (Figure 7.1) was assigned
by comparison with those of [FXe'®'®*0Xe---FXeF][AsFe],''” [F4sS=NXe---
N=SF;][AsFe],'** [F3S=NXeF][AsFs],"*® and N=SF;,'* (Table 7.1) and by comparison
with the calculated frequencies derived for the gas-phase energy-minimized geometries of
FXe'®'®0Xe---FXeF",'"”  F,S=NXe--N=SF;",""*  F;S=NXeF",'* N=SF;,'* and
FXe'*'®0Xe--N=SF;" (see Computational Results). The vibrational modes of the
uncoordinated AsF¢  anion were assigned by comparison with those of [O2][AsFe],'®
[HC=NXeF][AsFs],” [F3S=NXeF][AsFs],'*® [FsTeNH;][AsFe],>° and [FsSNH;][AsFg].''®

Calculated frequencies at the MP2/aug-cc-pVTZ level appear in square brackets.
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Table 7.1. Experimental Raman Frequencies and Intensities for [FXeOXe---N=SF;][AsF¢] and Calculated Vibrational
Frequencies, Intensities, and Assignments for FXeOXe---N=SF;"
freq em™
caled
exptl’ MP2 B3LYP assgnts’
1o B0 Av 0 Fo Av o o Av  FXeOXe---N=SF;" (Cp ASFs (O)
15310 (4)
15046 (32) 15043 (34) & 03  1556.3(206)[400] 15563 (206)[401] 0.0 15655 (206) [464] 15655 (206)[465] 0.0  w(S=N)
1486.9sh 14864 sh 05
941.8 (<1)
gi‘l‘gg)‘) gﬂ)ﬁg)” } 28 smamnms 8n20)0178) 0.0  8539(6)[178]  853.9(6) [178] 00  v(SF3+SF4 - SF2)
899.6(1)  899.6 (1) 0.0
8889sh  888.9sh 0.0
gg;:gg; ggg:?g; } g:g 891.4 (5)[180] 8914 (5)[180] 00 8519(6)[181]  851.9(6)[18l] 00  v(SF3—SF4)
864.0sh  864.0 (<l) 0.0
g;}gfﬁ‘@ 3331‘2‘3‘4) } gg 8208 (76) [119] 8298 (75)[121] 0.0 7989 (7L)[135] 7989 (70)[136] 00  v(SF2+ SF3 + SF4) + v(S=N)
689.0sh  688.3sh
684.6 (8) 684.6 (8) [vs (Tw)]
680.5 (D 60540 s Al
594.6 (2)
5843 (11) 5826 (3) Iv: Ep]
577.6sh  S748sh
547.0sh 235
ST0.567 3438 on }_26_7 651.8(18) [270] 6186 (11)[201]  -33.2 5874 (133)[99]  560.1 (50)[14] 273 w(XelF1 + XelO - Xe20)
s64.8(12)  S617(6) 3.1  S6S8(TD[294]  S63.7(O1)[326]  -21 S47T(167)[270] 5456 (23T)[338] 2.1  w(XelFl - XelO+ Xe20)
555.5(4)  554.2sh 113
550.7 sh
539.5(4)  537.7(13) S8 529.0(5) [8] 529.0 (3) [9] 0.0 5094 (2)[12] 5093 (1) [15] 01  5SFy
525.6 (1)
512.0 (1) ]
;‘223% ;‘Zgggg } b L@ 4318 (4)[15] 0.1 4197 (5)[i5] 4197 (5) [14] 00  B(NSF3F4)
430.1 (4) 4313 @ (14] 4313 (4) [14] 0.0 4191 (4) [14] 419.1 (@) {14] 00  8(NSF2) 0.0p"+ p(F3SF4)

418.6 (3)

430.1 (1) } 0.0

yrws T K108210) — SISAYL A Ud
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Table 7.1. (continued. ..

393.1 (6)

374.2sh 373.8(5) 04
3717 (5) }

3681sh  3685(4) 0.4

3485(6) 3489 0.4

371.3(14) 3545 (15) -16.8

363.9(100) 345.6(100) | -183

203.7(1) 2047 (<1) 1.0

185.4 (1)

1723(3)  1723(3) 00

156.6 (2)

145.2(4) 141103 4.1

1207(13)  1207(17) 0.0

101.8(10)  101.8(8) 0.0

n.o. 11.0.

n.o. n.o.

n.o. n.o.

n.o. n.o.

341.7 (4) [12]
340.6 (3) [2]

442.4(66) [12]
201.1 (1) [12]

185.2 (8) [4]

120.4 (<1) [<1]
122.9 (7) [38]
107.9 (1) [13]
532(2)11]
29.5 (<1) [<1]
173 (1) [<1]
27 () [<1]

341.7(4) [3]
340.6 (2) [2]

42038 (60) [11]
195.7 (1) [12]

185.1 (9) [4]

119.4 (<1) [<1]
122.6 (7) [38]
107.9 (1) [13]
53.1 (2) [1]
29.2 (<1) [<1]
173 (1) [<1]
2.7Q) [<1]

0.0
0.0

-21.6
-54

0.1

-1.0
-03
0.0
01
-0.3
0.0
0.0

3292 (2)[2]
3282 (3)[1]

3984 (14) [32]
1798 (1)[12]

169.5 (6) {2]

103.6 (<1) {1]
108.6 (8) [25]
926 (1) [15]
480 () [2]
244 (<1 [<1]
162 (1) [<1]
14 1) [<1]

3292 (2)[2]
3282 (2)[2]

378.9 (12) [30]
1758 (1) [11]

170.6 (7 [2]

102.9 (<1) [1]
108.8 (8) [24]
93.0 (1) [16]
480 (2) [2]
242 (<1) [<1]
163 (1) [<1]
1.5 1) [<1]

0.0
-0.1

-195
—4.0

1.1

-0.7
02
0.4
0.0

-0.2
01
0.1

[vs (Tw)]
[vs (T29]
3(NSF4) + 5(F3SF4)
S(NSF2) + 5(F3SF4)
v(XelO) + v(Xe20)
5(F1Xe10) 0.0 p.

8(F1Xel0) i.p. - 8(Xel OXe2) i.p.
8(0Xe2N) 0.0.p.
v(Xe2N)
5(0Xe2N) ip.
} Coupled deformation modes

N=SF; torsion about Xe---N bond

? Values in parentheses denote relative Raman intensities; abbreviations denote shoulder (sh), broad (br), and not observed
(n.o0.). Bands corresponding to v(XeF) of XeF; product (eq 7.1) appear at 496.6(97) and 496.6(140) cm™', and weak bands
corresponding to  [v(Xes-F2) — v(Xex-Fa)] + [v(Xe1-0)) — v(Xe,-01)] of unreacted Xe3OF;" appear at 479.6(4) and 479.5(<1)
cm™ for the '°0 and 'O salts, respectively. Bands appearing at 981.1, 1083.1, and 1141.5 cm™ for the 'O salt, and at 1029.5
and 1082.9 cm™ for the '®0 salt, all with Raman intensities <1, are unassigned byproduct or combination bands. ° The
MP2/aug-cc-pVTZ(-PP) method. Calculated Raman [infrared] intensities, in A*u™ [km mol™] appear in parentheses [square
brackets]. © The atom numbering corresponds to that given in Figure 7.2. Abbreviations denote out of plane (0.0.p.) and in
plane (i.p.), where the plane is defined by the Xel, O1, and Xe2 atoms unless otherwise specified, and rock (p;). “ The plane

is defined by the N1, S1, and F2 atoms.
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In the absence of a crystal structure, it was not possible to carry out a factor-group
analysis, which would likely account for the splittings observed on the majority of the cation
and anion Raman bands. The 21 fundamental vibrational modes of the FXeOXe---N=SF;"
adduct-cation were assigned under the C; symmetry calculated for the gas-phase adduct
cation. All 21 modes belong to A irreducible representations, which are both Raman- and
infrared-active. The AsF¢ anion possesses 15 fundamental vibrational modes which were
assigned under O, symmetry and belong to the irreducible representations, Ajg + E; + T +
2T + Toy, where the Aj,, Eg, and Ty, modes are Raman active and the Ti, modes are
infrared active. The formally Raman inactive T;, modes were, however, observed as weak
bands at 684.6, 689.0, and 393.1 cm™.

The calculated vibrational frequencies for the FXeOXe---N=SF;" adduct-cation are
in good agreement with the experimental frequencies, including those associated with the
Xe---N bond. Unlike Xe;OF;%,'"” but like other N=SF; adducts such as F;S=NXe---
N=SF;" '# and F 3SO\I§SF3)2+,184 the majority of the FXeOXe---N=SF;" vibrational modes
do not exhibit coupling between the F XeOXe" cation and the adducted N=SF; molecule.
Moreover, all observed frequency trends and the '*'80 isotopic frequency shifts are in
good agreement with the calculations. The bands in the spectrum of natural abundance
[FXeOXe---N=SF3][AsF¢] that are assigned to the Xe—O stretching modes exhibit a
significant low-frequency isotopic shift upon 80 substitution. Unlike in Xe;OF;", the
antisymmetric v(XelQ) — v(Xe20) stretch in FXeOXe---N=SF;" is coupled with the
v(XelF1) stretch (see Figure 7.2 for the atom numbering scheme). The highest frequency

band at 570.5 [6518] CI’I'I_1 shows a large iSOtOpiC shift and splitting (—235,
g
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—26.7 [-33.2] ecm™) and is assigned to v(XelF1 + XelO — Xe20), while the band at
564.8 [565.8] cm™ shows a much smaller isotopic shift and no splitting (3.1 [-2.1]
cm™') and is assigned to v(XelF1 — XelO + Xe20). These frequencies are slightly lower
that that observed in XesOFs" (595.8 cm™), which is likely caused by the coupling to the
v(XelF1) stretch (511.9 em in XesOFs"). The split bands at 363.9, 371.3 [442.4] cm™
also show large isotopic shifts (—18.3, —16.8 [-21.6] cm™) and are assigned to v(XelO +
Xe20). These bands are significantly higher in frequency than comparable modes in
Xe3;OF;" (418.7, 429.8, and 479.5 cm™), which are coupled to the coupled v(Xe2F2) and
v(Xe3F2) stretches. The bands below 205 cm™ are attributed to bending and deformation
modes. The weak bands at 145.2 [120.4] and 203.7 [201.1] cm™ are the only bands that
exhibit significant isotopic dependencies (—4.1, +1.0 [-1.0, —5.4] cm™) and are assigned
to the two out-of-plane bends, 8(0OXe2N)o.o.p. and 8(F1Xel1O)o.o.p. As expected, the in-
plane bends and v(Xe2N) stretch are insensitive to '°O substitution.

No N=SF; modes of [FXeOXe---N=SFs][AsFs] exhibit significant '*'%0 isotopic
dependencies, and they do not uniformly undergo high-frequency shifts relative to N=SF3
as is often observed.'*®!® The S=N stretching mode appears as a split band at 1486.9,
1504.6, 1531.0 [1556.3] cm™!, bracketing that of N=SF; (solid; 1503, 1519, 1524 cm™;'%
liquid; 1517 cm”! 184) and at lower frequency than those of [F3S=NXeF][AsF¢] (1527,
1542, 1548 cm™),'* and [F4;S=NXe---N=SF3][AsFq]'** (1543, 1548 [1546] cm™'). The
average out-of-phase and in-phase V(SF3) frequencies do increase, by 61.4 [82.8] cm™

and 51.0 [70.8] cm™', respectively, upon complexation, and the average in-phase and out-
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of-phase bending frequencies shift to higher frequency by 17.1, 0, and 6.3 [18.0, 12.5,
42] cm™, which are less than or similar to the complexation shifts observed for
[F4S=NXe---N=SF;][AsFs]'®* and [F3S=NXeF][AsFs]."*® These high-frequency shifts are
in accord with the N=S and S—F bond length contractions that result from adduct formation
with the FXeOXe" cation. Complexation shifts for FXeOXe---N=SF;", like those of
F4S=N—Xe---N=SF3", are less than those of F3S=NXeF' because FXeOXe' (like
F,S=NXe") is a weaker Lewis acid than XeF" (see calculated donor-acceptor adduct
dissociation energies in Section 7.3.4., Nature of the Xenon-Nitrogen adduct bond), and are
in accordance with the longer Xe---N distance calculated for FXeOXe--N=SF;" [2.458 A]

than for F3S=NXeF" [2.295 A].'*

7.3. Computational Results

Quantum-chemical calculations were carried out at the MP2 and B3LYP levels
using aug-cc-pVTZ(-PP) basis sets for the FXeOXe---N=SF;" adduct-cation to aid in the
vibrational assignments (see Section 7.2.2., Raman Spectroscopy). Comparisons of the
calculated and experimental frequencies with those of FXeOXe' in Xe;0XeF;",'""” and of
N=SF; in [F3S=NXeF][AsFs],'*® and [F4S=NXe---N=SF;][AsFs],'** showed that the MP2
calculations provided vibrational frequencies that were in better agreement for the N=SF;
modes and FXeOXe" bending modes, while the B3LYP calculations were in better
agreement for the FXeOXe" stretching modes. The assignments of the vibrational modes
of the FXeOXe---N=SF;" cation were made taking these trends into consideration these

trends (Table 7.1).
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7.3.1. Calculated Geometry

Although close to Cs symmetry, each of the MP2, PBEIPBE and B3LYP energy-
minimized structures of FXeOXe---N=SF;" optimized to C; symmetry (Figure 7.2). The
calculated bond lengths and angles for the FXeOXe" and N=SF; components of FXeOXe-
--N=SF;" (Table 7.2) are nearly identical to those of the FXeOXe" cation in FXeOXe---
FXeF™ """ and the adducted N=SF; molecule in F4S=NXe---N=SF;".'"® The angles about
Xe(1) and Xe(2) in FXeOXe---N=SF;" were found to be slightly less than 180° at all
levels of theory, in agreement with the experimental and calculated geometries for
FXeOXe-—-FXeF" "7 and Xe,F;".2® The Xe-—N-S angle [175.8°] was the most distorted
from linearity, but this angle is expected to be more deformable, and can be quite bent, as

found experimentally in [F;S=NXe---N=SF3][AsFs] (148.0(2)°)."

7.3.2. Effect of Adduct Formation on the Geometry of N=SF;

Upon coordination of N=SF3, the valence electron lone pair on the nitrogen atom
changes from predominantly s character to sp hybrid character, leading to strengthening
and contraction of the S-N o-bond." This also removes charge-density from the S atom
and results in more covalent and shorter S—F bonds. This bonding model is in accordance
with the trend in the calculated bond lengths for free NESF3,17 and adducted N=SF;3 in
FXeOXe---N=SF;", where the S=N bonds shorten by 0.010 A, and the average of the S—F
bond lengths shortens by 0.031 A. This agrees with the calculated and experimental

trends observed for F4S=NXe---N=SF;", F38=NXeF", and F3S(N=SF3),".!*
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F(2)

Figure 7.2  Calculated geometry (MP2/aug-cc-pVTZ(-PP)) of FXeOXe---N=SF;".

Table 7.2. Calculated Geometric Parameters for the FXeOXe---N=SF;" Cation ¢

bond lengths (A)
MP2 PBE1PBE B3LYP
F(1)-Xe(1) 1.960 1.959 1.974
Xe(1)-0O(1) 2.148 2.171 2.188
O(1)-Xe(2) 1.957 1.963 1.983
Xe(2)—-N(1) 2.458 2.521 2.564
N(1)=S(1) 1.427 1.412 1417
S(1)-F(2) 1.543 1.537 1.556
S(1)-F(3) 1.543 1.538 1.557
S(1)-F(4) 1.543 1.538 1.557
bond angles (°)
MP2 PBE1PBE B3LYP
F(1)—Xe(1)-O(1) 176.6 175.8 175.4
Xe(1)-O(1)-Xe(2) 117.0 1212 121.8
O(1)~Xe(2)—-N(1) 1773 177.0 177.0
Xe(2)---N(1)-S(1) 175.8 173.5 173.6
N(1)=S(1)-F(2) 120.8 120.5 120.7
N(1)-S(1)-F(3) 121.2 121.2 121.4
N(1)-S(1)-F(4) 1212 121.1 121.3
F(2)-S(1)-F(3) 95.8 96.0 95.7
F(2)-S(1)-F(4) 95.8 95.9 95.7
F(3)-S(1)-F(4) 95.8 95.9 95.7

“ The atom labels correspond to those used in Figure 7.2; the aug-cc-pVTZ basis set
was used.
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7.3.3. NBO Valencies, Bond Orders, and NPA Charges.

The NBO (Natural Bond Orbital) valencies, bond orders, and NPA (Natural
Population Analysis) charges calculated using MP2, PBE1PBE, and B3LYP methods for
FXeOXe---N=SF;" are listed in Table 7.3, along with those for Xe3OF3+.”7 The FXeOXe---
N=SF;" cation is also compared with F4S=NXe---N=SF;', F38=NXeF", and N=SF3.'* The
highest level of theory available for comparisons among the aforementioned species and
FXeOXe---N=SF3" is PBE1PBE/aug-cc-pVTZ(-PP); these values are referred to in the
ensuing discussion (values in square brackets). The NBO parameters for the FXeOXe"
component of Xe3OF;" do not exhibit any significant changes upon displacement of XeF; to
form the FXeOXe---N=SF;" adduct-cation. This is strong support for the argument that the
correct bonding model for Xe;OF;" is the XeF, adduct, FXeOXe---FXeF*.!'” The positive
charges of FXeOXe-—-N=SF;" reside on both xenon atoms and the sulfur atom, with the
charges on Xel and Xe2 [1.21, 1.13] the same as those of Xe;OF;, and the charge on S1
[2.40] the same as that of the N=SFs-sulfur of F;S=NXe---N=SF;". With regards to the
Xe---N bond, similar charges and valencies in FXeOXe---N=SF3’, when compared with
those of F4S=NXe---N=SF;", are consistent with their similar bond orders [0.17, 0.14].
These low bond orders are half that of F3S=NXeF" [0.29] and are significantly less than the
Xe—N bond orders of F4S=NXe" [0.59] and FsSN(H)Xe" [0.60].

The NBO and NPA parameters for the adducted N=SF; molecule in FXeOXe---
N=SF;" are essentially the same as those in F4S=NXe---N=SF;". Upon adduct formation,

the valency at N increases, and the negative charge drift to the N donor atom is essentially
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Table 7.3. Natural Bond Orbital (NBO) Valencies, Bond Orders, and NPA Charges for FXeOXe---N=SF;" and Xe;0F; ¢

(44

FXeOXe---N=SF;"° FXeOXe---FXeF*¢
atom charges valencies charges valencies
MP2 PBEIPBE  B3LYP MP2 PBEIPBE  B3LYP PBEIPBE  B3LYP PBEIPBE  B3LYP
F1 -0.53 —0.53 -0.52 0.35 0.36 0.34 —0.53 —0.52 0.36 0.34
Xel 1.19 1.21 1.20 0.67 0.66 0.63 1.21 1.20 0.66 0.64
01 -0.91 -0.90 -0.86 0.85 0.88 0.83 -0.89 -0.86 0.88 0.86
Xe2 1.17 1.13 1.10 0.69 0.72 0.65 1.13 1.11 0.62 0.60
N1 -1.07 -1.08 -1.05 1.14 1.24 1.23 ~
S1 2.40 2.41 2.39 2.43 2.54 2.52 o
Fs —0.42 -0.41 —0.42 0.31 0.38 0.37 :
F2 —0.69 ~0.68 0.29 0.28 =
Xe3 1.27 1.26 0.56 0.54 2
F3 ~0.51 -0.50 0.38 0.36 ?
Q
bond orders (]FQD
bond FXeOXe¢---N=SF," ° FXeOXe---FXeF** 3
MP2 PBE1PBE B3LYP PBEIPBE B3LYP =
F1-Xel 0.34 0.34 0.33 0.34 0.33 wn
Xel-01 033 0.32 0.31 0.32 0.32 =
01-Xe2 0.51 0.54 0.51 0.54 0.53 =
Xe2---N1 0.17 0.17 0.15
NI=S1 1.13 1.18 1.19
S1-Fg 0.43 0.45 0.44
Xe2---F2 0.08 0.07
F2-Xe3 0.20 0.19
Xe3-F3 0.36 0.35

“ The aug-cc-pVTZ(-PP) basis set was used. * The atom labeling corresponds to that used in Figure 7.2.  From ref 117.
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matched by the increased positive charge on the S atom, while the charge at Xe is
effectively unchanged. Thus, the Xe---N donor-acceptor bond of the adduct-cation is
essentially a polar interaction, which induces rehybridization of the nitrogen donor atom
lone pair upon adduct formation, providing the lone pair and the N-S o-bond with
enhanced sp character. Although this results in a shorter N-S bond and greater N and S
valencies for the adducted N=SF; molecule, the total N—S bond order remains essentially
unchanged. No significant change in the S=N bond order occurs upon adduct formation
with FXeOXe", and a bond order decrease of only 0.09 occurs upon F3;S=NXeF"

formation with the stronger Lewis acid, XeF".

7.3.4. Nature of the Xenon-Nitrogen Adduct Bond

Gas-phase reaction energies corresponding to N=SF; and XeF, donor-acceptor
adduct dissociation were calculated at the MP2/aug-cc-pVTZ(-PP) level of theory for
FXeOXe---N=SF3", Xe;OF;", F4S=NXe---N=SFs', F3S=NXeF", and F3S=NAsFs and are
listed in Scheme 7.2. This series shows that the dissociation energies of FXeOXe---
N=SF;" and FXeOXe-—-FXeF" are similar, and of the same order of magnitude as that of
F;S=N-Xe---N=SF3;". The dissociation energies are considerably less than that of
F3S=NXeF", but significantly greater than the As—N dissociation energy of F3S=NAsFs.
Under gas-phase conditions, it is clear, however, that N=SFj; is a sufficiently strong Lewis
base to displace XeF, from FXeOXe—FXeF", and these findings are consistent with the

spectroscopic findings. As in the case of F3S=NXeF",'* mutual penetration of outer
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diffuse non-bonded densities of the Xe and N atoms, unlike a covalent interaction,
produces no substantial shared density as reflected in the low Xe—N bond order and small
changes in Xe and N valencies (Table 7.2). Instead, the final density and bond strength of
the interaction are primarily determined by the extent of interpenetration of their closed
shell densities, which leads to little modification of the Xe charge but polarization of, and

increased negative charge on, the N donor atom.

F3S=NAsFs — F3;S=N: + AsFs 38.1
F,S=NXe-—-N=SF;* — F3;S=N: + F,S=NXe" 85.2
FXeOXe---FXeF' — XeF, + FXeOXe' 89.3
FXeOXe---N=SF;" — F3S=N: + FXeOXe" 97.0
F3S=NXeF" — F3;S=N: + XeF’ 173.2

Scheme 7.2. Dissociation Energies (kJ mol™") for Selected Donor-Acceptor Adducts of
N=SF; and XeF, Calculated at the MP2/aug-cc-pVTZ(-PP) Level of
Theory.

7.4. Conclusions

The [FXeOXe---N=SF;3][AsFs] salt has been synthesized by reaction of
[Xe;0F;][AsFs] with N=SF; in N=SF; solvent. Thiazyl trifluoride is a sufficiently strong
Lewis base to displace XeF, from Xe;OF;" to form the FXeOXe---N=SF;" cation, thereby
supporting FXeOXe—FXeF' as an appropriate representation for the bonding in the

XesOF;" cation. Characterization of natural abundance and '*O-enriched salts by low-
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temperature Raman spectroscopy confirms the structure of this rare example of a xenon(II)

oxide fluoride, an O—Xe—N linkage, and xenon bound to an inorganic sp-hybridized

nitrogen centre.
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CHAPTER 8

CHARACTERIZATION AND REACTIVITY OF FsSNH;',
PROTON SOURCE IN THE CYCLOTRIMERIZATION OF CH;CN;
SYNTHESES AND STRUCTURAL CHARACTERIZATIONS OF
[FsSNH;][AsFs]-2N=SF;, FsSNH,-2[FsSNH;][AsFg]-4HF,

AND [s5-C3(CH3)sN3H—NCCH;][AsFg]-CH;CN

8.1. Introduction

Prior work has shown that [FsSNH3][AsFs] is formed by HF solvolysis of N=SF; in
the superacidic medium AsFs/aHF,!®! whereas the neutral amine, FsSNH,, is formed by
N=SF; solvolysis in aHF in the absence of a Lewis acid.”® Thus, FsSNH;" would be
expected to be a reasonably strong acid, but there are no examples known which document
this cation as a proton source. The structural characterization of FsSNH;5" includes F and
'H NMR, ' Raman,'"® and limited infrared spectroscopic101 studies, but does not include
a single-crystal X-ray structure despite several attempts.'®'"® The characterization of
FsSNHj; is surprisingly sparse in the literature, and is limited to only infrared spectroscopy
and mass spectrometry.96

Nitriles are known to cyclotrimerize to form symmetric 1,3,5-triazines through
various synthetic routes including the use of high pressure and temperature, alcohol catalysis
under basic conditions and hydrogen halide catalysis under acidic conditions, which have
been thoroughly reviewed.””®*? The use of trifluoromethanesulfonic acid has been shown to
be effective for the synthesis of 2,4,6-trimethyl-1,3,5-triazine from CH;CN.2° An

intermediate in this synthesis has been identified as the 1H-2,4,6-trimethyl-1,3,5-triazinium
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cation, which has been partially characterized by elemental analysis, infrared and UV
spectroscopies, and mass spectrometry.?'%*!!

In the current work, FsSNH;" is shown to protonate CH3CN to form CH3;CNH",
which initiates the cyclotrimerization of CH3CN to form the 1H-2,4,6-trimethyl-1,3,5-
triazinium cation and FsSNH, in CH3;CN solvent. This work represents the first
characterization of protonated cyclic sym-2.4,6-trimethyl-1,3,5-triazine by multi-NMR
spectroscopy and by single-crystal X-ray diffraction, and supports the proposal of such a
species as an intermediate in the Brensted acid catalyzed cyclotrimerizations of nitriles.?!® In
addition, crystallization of [FsSNH3][AsFs] from liquid N=SF; has made the
characterization of [FsSNH3][AsF¢]-2N=SF; by single-crystal X-ray diffraction possible,
providing the first crystal structure of the FsSNH;" cation, and only the second of non-
adducted N=SF3.*® The conjugate base of FsSNH;', the amine, FsSNH,, is characterized by
multi-NMR and Raman spectroscopy and both species are characterized by single-crystal
X-ray diffraction in the salt FsSNH,-2[FsSNH3][HF;]-4HF. This work, therefore, represents
a significant expansion of the structural characterizations of two fundamental FsSN- group

precursors, FsSNH, and FsSNH;".

8.2. Results and Discussion
8.2.1. Syntheses of FsSNH;, |[FsSNH;3]|AsF]-2N=SF3, and [s-C3(CH3)3N3;H][AsFg]
8.2.1.1. Synthesis of FsSNH;

Pentafluorosulfanylamine, FsSNH,, was prepared by a method similar to that
previously described”® by reaction of N=SF; with excess aHF at 0 °C for ca. 6 h (eq 8.1)
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0°C
N=SF; + 2HF —HF-> FsSNH, (8.1)

forming a colorless solution in aHF. Slow removal of HF by distillation under dynamic
vacuum at —65 °C yielded a friable white powder of composition FsSNH,-#HF, which
was stored at —78 °C until characterized by Raman spectroscopy at —40 °C, or sublimed
for crystal growth. Static sublimation under 1 atm of dry N, at —30 to —35 °C afforded
single crystals of FsSNH;-2[FsSNH;][HF,]-4HF. The formation of this compound is
presumably driven by the lattice energy gained upon salt formation and hydrogen bond
formation (eq 8.2). No evidence for [FsSNH;][HF,] was observed in the sample by
Raman spectroscopy prior to sublimation.

0

-30°C
3FsSNH, + 8HF ————=  FsSNH,2[FsSNH;][HF,]-4HF (8.2)

8.2.1.2. Synthesis of [FsSNH;3][AsFg]-2N=SF;
The salt, [FsSNH;3][AsFs], was prepared as previously described' "1 by reaction of
the donor-acceptor adduct F3S=NAsFs,® with aHF at 0 °C for ca. 6 h (eq 8.3) forming

colorless, featherlike crystals which were characterized by Raman spectroscopy at —160 °C.

0°C
FsS=NAsFs + 3HF ————>  [FsSNH;][AsFd] (8.3)

Recrystallization from liquid N=SF; at -70 °C produced crystals of
[FsSNH3][AsFs]-2N=SF; which were suitable for a single-crystal X-ray structure

determination.
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8.2.1.3. Synthesis of [s-C3(CH3);N3H][AsFg]
The s-C3(CH3);N3H' cation was synthesized by reaction of [FsSNH;3][AsFs] (vide

supra), with CH3CN in CH3;CN solvent at —10 °C for ca. 30 min (eq 8.4), after which time

-10°C

+
+
FsSNH; 3CH;CN CH.CN

FsSNH; + s5-C3(CH3):N;H” (8.4)

a yellow solution had formed that was characterized by 'H, °C, and '"F NMR
spectroscopy in CH3CN solution at —20 °C. Protonation of CH;CN by FsSNH;" to form
CH;CNH' ?'? initiates the cyclotrimerization which presumably proceeds by the
mechanism outlined in Scheme 8.1. The CH;CNH™ cation interacts with CH;CN to form
protonated dimer and trimer cations, and the trimer cation undergoes cyclization to form
the triazinium cation. This scheme is in accordance with the originally published
mechanism which employed HCI as the proton source for the cyclization of alkyl nitriles
(RCN).2"® The latter mechanism involved protonated CH;CN dimer and trimer chloride
salts, followed by cyclization and loss of HCI to generate the neutral triazine. A
subsequent study demonstrated that the dimer halide is unreactive toward RCN,?®® which
supported an alternate one-step, trimolecular, cyclic electron transfer mechanism in cases
involving halides.”"* The absence of halides in the present case, coupled with the
statistically unfavourable trimolecular mechanism, led to the present mechanistic
proposal (Scheme 8.1). The protonation of CH3;CN by FsSNH3®, and subsequent
dimerization, trimerization, and ring closure reaction steps that generate the 1H-2,4,6-
trimethyl-1,3,5-triazine cation are supported by quantum-chemical calculations (see

Section 8.3.1., Computational Results).
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8.2.2. NMR Spectroscopy

The 'H and '°F NMR parameters for [FsSNH3][AsFg] and FsSNH3, and the 'H and
C NMR parameters for the s-C3(CHz);NsH' cation in CH3CN solvent (—20 °C) are listed
in Table 8.1. The 'H and C NMR spectra of a reaction mixture containing
5-C3(CH3);N3H", CH3CNH", and FsSNH, in CH3CN solvent (20 °C) are shown in
Figures 8.1 and 8.2, and the '°F spectrum of FsSNH> is shown in Figure 8.3. Assignments
of the chemical shifts and coupling constants were made by comparison with those of the
parent triazine, 2,4,6-trimethyl-1,3,5-triazine,”>*'® CH;CN, CH;CNH',*'? FsSNH;" 018

o .
and other FsS— deivatives.'*"'*®

8.2.2.1. [FsSNHj;]|AsF¢]

The “F and 'H NMR spectra of the FsSNH;" cation have been well
documented.'*'* The NMR parameters in CH;CN solvent at —20 °C [6(19Feq) =72.1 ppm
(doublet), 8(*°F.) = 58.9 ppm (quintet), 2/('*Fu—'"Feq) = 158.4 Hz and 8('H) = 10.25 ppm
(singlet)] are in good agreement with the parameters previously reported in aHF at —20 °C
and in BrFs supercooled to —70 °C (NMR parameters obtained in BrFs are given in
parentheses): [3("*Feq) = 71.7 (73.8) ppm (doublet), 8('°Fx) = 50.1 (50.0) ppm (quintet),

2J("Fax—""Feq) = 152.6 (154.7) Hz, and 8('H) = 8.92 (7.74) ppm (singlet)].'*®

8.2.2.2. FsSNH;
Although FsSNH; is known,96 its NMR spectroscopic characterization is not to be

found in the chemical literature. In the present study, the following NMR parameters for
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Table 8.1. NMR Chemical Shifts and Spin-Spin Coupling Constants for [s-C3(CH3);N3H][AsFs], CH;CNH', FsSNH3", and
FsSNH, in CH3;CN Solvent at —20 °C.¢

chemical shifts, ppm cofl(s):ailti:gHz
species 8(Fm)  8(UFed  8(°Cho)  8(°Cup)  8(PCme) 8(PCmp)  8(Hp)  8(Hme)  8(Hmp) I FaFeg)
5-C3(CHs)sN;H' 166.1 129.0 17.9 22.8 11.89 2.63 3.08
$-C3(CH3)sN3* 175.9 25.4 2.54
CH;CNH" 90.1 n.of 12.30 4.93
CH;CN 117.7 0.9 2.14
FsSNI;" 58.9 72.1 10.25 158.4
FsSNH,? 65.4 72.9 971 156.1

? Subscripts indicate the following chemical environments: axial (ax), equatorial (eq), bound to nitrogen (n), methyl group
carbon or hydrogen (m), ortho- to the protonated nitrogen (0), para- to the protonated nitrogen (p), where o and p only refer to
the triazinium cation. The '°F resonance of AsFs~ was observed as a 1:1:1:1 quartet at ('°F) = 67.0 ppm and 'J("’F—"As) =
932.3 Hz. ® Data from refs 215 (*C) and 216 (‘H). ° The "*C resonance of the methyl carbon was not observed, which is
consistent with ref 212. ¢ The secondary isotope effect arising from ***’S was observed in the °F spectrum; 'A’F(*?%S) =
—0.061 ppm.
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Figure 8.1. 'H NMR spectrum (500.138 MHz) of s-C3(CH3)3N3HJr in CH;CN solvent at —20 °C; symbols denote
s-C3(CH;):;N3H' (A), CH;CNH' (B), CH5CN (C), and FsSNH; (D).
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Figure 8.2. BC NMR spectrum (125.758 MHz) of s—C3(CH3)3N3H+ in CH;CN solvent at —20 °C; symbols denote
s-C3(CH3)sN3H™ (A), CH;CNH" (B), and CH3CN (C); subscripts defined in Table 8.1.
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parameters for FsSNH, have been determined in CH;CN solvent at —20 °C: 5(19Feq) =729
ppm (doublet), 8(*Fu) = 65.4 ppm (quintet), 2J(°Fou— Feq) = 156.1 Hz, and 8('H) = 9.71
ppm (singlet). The F chemical shift values are comparable with, but slightly higher in

frequency (more shielded) than those of FsSNH3 " (vide supra).

8.2.2.3. [s-C3(CHsz)3N3H][AsFg]

The "C NMR spectrum of the s-C3(CH3);N3H' cation shows four resonances
attributable to the four carbon environments of the triazinium cation. The ring carbon atom
that is para- to the protonated nitrogen atom (129.0 ppm) and the ring carbon atoms that are
ortho- to the protonated nitrogen atom (166.1 ppm) are significantly more shielded than the
ring carbons of neutral 2,4,6-trimethyl-1,3,5-triazine (175.9 ppm).2'>*'8 The chemical shift
difference between the ortho- carbons going from unprotonated to protonated triazine (9.8
ppm) is similar in magnitude to that for the carbon bound to nitrogen in CHsCN/CH;CNH"
(-27.6 ppm),'** and the chemical shift of the para-carbon is close to that of the nitrile carbon
in CH;CN (117.7 ppm). Similarly, the two methyl carbons that are ortho- to the protonated
nitrogen atom (17.9 ppm) and para- to the protonated nitrogen atom (22.8 ppm) are more
shielded than the methyl carbon resonance of neutral 2,4,6-trimethyl-1,3,5-triazine (25.4

218 The shielding is likely due to the greater localization of electron density within the

ppm).
ring caused by protonation (see Sections 8.2.3.3., X-ray Crystallography and 8.3.14.,
Computational Results). The resonance at 90.1 ppm is assigned to the nitrile carbon of

CH;CNH', and is in reasonable agreement with the value (108 ppm) reported in SO,
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solution at —60 °C.2'? The methyl carbon of CH;CNH" was not observed, nor was it reported
in the prior study.

The '"H NMR spectrum of the s-C3(CH3)sN;H " cation consists of three singlets. The
resonances at 2.63 and 3.08 ppm correspond to the methyl groups which are ortho- and
para- to the protonated nitrogen, respectively. Integration is not possible due to overlap with
the solvent resonance. The para- methyl group resonance is somewhat more deshielded
indicating some partial positive charge on the adjacent ring carbon atom, which is consistent
with evidence for the electron localization found in the crystal structure (see Section 8.2.3.3.,
X-ray Crystallography). The proton bound to the ring appears as a broad singlet at 11.89
ppm, with the broadening and absence of resolved 'J("*N-"H) couplings likely a result of
quadrupolar relaxation by the directly bonded N atom (I = 1), which results from the high
electric field gradient at the N nucleus caused by the low symmetry around nitrogen. The
CHiCNH" cation was also observed, with the methyl-group singlet appearing at 4.93 ppm,
and the proton bound to nitrogen appearing as a broad (Avy, = 17.0 Hz) singlet at 12.30 ppm,
compared with the chemical shifts of 3.25 and 10.58 ppm, respectively, reported in SO,
solution at —60 °C.?'? The broadening of the singlet corresponding to the N-H hydrogen
presumably also results from unresolved J(“N-"H) coupling and "N quadrupolar
relaxation.

The low-intensity peaks observed in the 'H spectrum were not assigned and likely
arise from the protonated CH3CN dimer and trimer intermediates (see Scheme 8.1) in the

cyclotrimerization reaction pathway.
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8.2.3. X-ray Crystal Structures of FsSNH;-2|FsSNH3}[HF;]-4HF,
[FsSNH;][AsFg]-2N=SF3, and [s-C3(CH3);N3;H---NCCH3][AsF¢]-CH3CN

A summary of the refinement results and other crystallographic information is
provided in Table 82. Important bond lengths and angles for
FsSNH,-2[FsSNH;][HF,]-4HF, [FsSNH3][AsF¢]-2N=SF;, and [s-C3(CH3);N3H---NCCHj5]
[AsFe]'CH3CN are listed in Tables 8.3-8.6, respectively, along with their calculated
geometric parameters (see Section 8.3.1., Computational Results). In the structures of
FsSNH, and FsSNH;" (Figures 8.4-8.6), both geometries are derived from octahedral
VSEPR arrangements of bond pair domains at sulfur, and tetrahedral VSEPR arrangements
of bonding and electron lone pair domains at nitrogen. In the structure of [s-C3(CH3);N3H---
NCCH;s][AsFg]-CH3CN (Figure 8.7), one CH3CN molecule is hydrogen bonded through
nitrogen to the triazinium ring proton, and a second CH3CN molecule is co-crystallized and

does not interact to any significant extent with the cation or anion of the structural unit.

8.2.3.1. FsSNH;-2[FsSNH;][HF:|-4HF

The crystal structure of FsSNH;-2[FsSNH3][HF,]-4HF (Figure 8.4) consists of well
separated FsSNH, molecules and FsSNH3" cations which are linked by N-H---F hydrogen
bonding interactions through HF molecules and HF,™ anions. The atom numbering scheme
appears in Figure 8.4 and Table 8.3. For each of the three distinct FsSN— moieties present in
the asymmetric unit, the N, S, Fa, and two Fq atoms (and one H atom of the FsSNH;"
cation) are situated on mirror planes at half-occupancy, while one Feq atom and one H atom
are defined at full occupancy on general positions. The remaining F.; and H atoms are

defined by symmetry. Both bifluoride anions are defined by a half-occupancy H atom on a
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Table 8.2. Summary of Crystal Data and Refinement Results for FsSNH;
-2[FsSNH;3][HF,)-4HF, [FsSNH;3][AsFs]-2N=SF;, and [s-C3(CH3)3NsH---

NCCH;][AsFs]-CH;CN

FsSNH, [FsSNH3][AsFg¢] 2N=SF;  [s-C3(CH3)3N3H---NCCH3]

-2[FsSNH1|[HF,]-4HF [AsF¢]-CH;CN
empirical formula F13S3N3H14 F17S3N3Hs3As Ci9HsNsAsFg
space group (No.) P2;/m (No. 11) P1 (No. 2) P1 No. 2)
a(d) 12.4482(8) 5.8841(5) 8.606(3)
b(A) 5.8432(4) 9.3276(7) 8.629(3)
c(A) 13.470(1) 13.639(1) 11.798(4)
o (deg) 90 90.000(2) 71.84(2)
B (deg) 115.520(4) 90.011(2) 79.65(1)
Y (deg) 90 71.602(2) 78.47(1)
V(A% 884.2(1) 710.3(1) 809.2(8)
molecules/unit cell 2 2 2
mol. wt. (g mol™) 589.29 539.16 585.12
caled. density (g cm™)  2.514 2.521 2.401
TCO) -173 -173 -173
p (mm™) 6.53 3.03 6.51
R 0.0528 0.0635 0.0337
wR," 0.1495 0.1856 0.0941

R, is defined as I/ | F| - | F|| /2| F)| for 1> 20(]).
b WR; is defined as [Z[w(F,? = F2*VEW(F)” for 1> 20(D).
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Table 8.3. Experimental Geometry for FsSNH;-2[FsSNH;3][HF»]-4HF and Calculated Geometries for FsSNH, and the
FsSNH;" Cation
bond lengths (&)
F;SNH, FsSNH;'
caled (C)° caled (C)°
exptl MP2 PBEIPBE B3LYP exptl MP2 PBEIPBE B3LYP

N(1)-S(1) 1.716(8) 1.680 1.680 1.696 1.717(7) [1.739(7)] 1.848 1.859 1.891

N(1)-H(1) 0.852¢ 1.013 1.012 1.013 0.862 [0.877] 1.024 1.023 1.023

N(1)-H(1A) 0.852¢ 1.013 1.012 1.013 0.862 [0.877] 1.024 1.023 1.023 ~

N(1)-H(10) 0.856 [0.883]° 1.024 1.023 1.024 o

S(1)-F(1) 1.552(5)  1.592 1.593 1.608 1.559(5) [1.551(5)]  1.535 1.535 1.547 —

S(1)>-F(2) 1.568(4)  1.595 1.595 1.611 1.557(3)[1.564(3)]  1.571 1.570 1.584 3

S(1)-F(2A) 1.568(4)  1.595 1.595 1.611 1.557(3) [1.564(3)]  1.571 1.570 1.583 @

S(1-F(4) 1.579(5) 1.588 1.588 1.603 1.560(5) [1.550(5)] 1.571 1.570 1.583 cl‘)

S(1)-F(5) 1.560(5)  1.616 1.616 1.634 1.559(5) [1.558(5)]  1.571 1.569 1.584 o

F(6)---F(6A) 2.325(8) [2.329(8)] Ué
.
w2

continued... .%
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Table 8.3.

(continued...)

bond angles ()
F;SNH, FsSNH;"
caled (Cy)° caled (Cy)°
expt MP2 PBEIPBE B3LYP exptl MP2  PBEIPBE B3LYP

S(D-N(1)-H(1) 114.1°  108.4 108.8 108.6 110.8 [107.0° 109.4 109.4 109.3
S(1)-N(1)-H(1A) 114.1° 1084 108.8 108.6 110.8 [107.0] 109.0 109.1 109.0
S(1)-N(1)-H(10) 113.2[97.5] 109.8 109.7 109.5
H(1)-N(1)-H(1A) 104.8°  109.6 110.1 110.2 102.3 [108.0f 109.5 109.5 109.7
H(1)-N(1)-H(10) 109.6 [117.8]° 109.6 109.5 109.7
H(1A)-N(1)-H(10) 109.6 [117.8] 109.6 109.5 109.7
N(1)-S(1)-F(1) 178.4(3) 179.7 179.7 179.7 179.2(3) [179.7(3)]  179.2 179.3 179.3
N(1)-S(1)-F(2) 90.1(2)  90.8 90.9 90.9 90.3(1) [89.8(1)] 87.5 87.5 87.4
N(1)-S(1)-F(2A) 90.12)  90.8 90.9 90.9 90.3(1) [89.8(1)] 86.9 86.9 86.8
N(1)-S(1)-F(4) 89.2(3)  92.3 92.4 92.4 91.2(3) [91.03)] 88.0 87.9 87.8
N(1-S(1)-F(5) 91.4(3)  93.8 93.8 93.8 89.4(3) [89.1(3)] 86.4 86.5 86.5
F(1)-S(1)-F(2) 89.9(2)  89.2 89.1 89.1 89.7(1) [90.2(1)] 92.8 92.8 92.9
F(1)-S(1)-F(2A) 89.92)  89.2 89.1 89.1 89.7(1) [90.2(1)] 92.8 92.8 92.9
F(1)-S(1)-F(4) 89.2(3) 87.4 87.3 87.3 89.6(3) [89.3(3)] 92.8 92.8 92.9
F(1)-S(1)-F(5) 90.2(3)  86.5 86.5 86.4 89.8(3) [90.7(3)] 92.8 92.8 92.9
F(2)-S(1)-F(2A) 179.6(3) 178.4 178.3 178.2 179.2(3) [179.2(3)] 1744 174.4 174.3
F(2)-S(1)-F(4) 89.8(2)  90.1 90.1 90.1 89.7(2) [89.6(2)] 89.7 89.7 89.7
F(2)-S(D)-F(5) 90.2(2)  89.8 89.8 89.8 90.3(2) [90.4(2)] 89.9 89.9 89.9
FQ2A)-S(1)-F(4) 89.8(2)  90.1 90.1 90.1 89.7(2) [89.6(2)] 89.8 89.8 89.8
FQRA)-S(1)-F(5) 90.2(2)  89.8 89.8 89.8 90.3(2) [90.4(2)] 90.1 90.0 90.0
F(4)-S(1)-F(5) 179.5(3) 173.9 173.8 173.8 179.53) [179.4(3)]  174.4 174.4 174.2
F(6)--H(6)---F(6A) 177.4 [172.7F

? The atom labels correspond to those used in Figure 8.3; add 20 [30] to the numbering scheme shown above for the two
crystallographically independent FsSNH;" cations and HF,™ anions. ° aug-cc-pVTZ basis set. © The hydrogen atom positions
were calculated using a riding model, therefore no estimated standard deviations are provided.

g T A103010 — SISAYL "q'Ud



Ph.D. Thesis — Gregory L. Smith

Table 8.4. Experimental Geometry for [FsSNH;3][AsFs]-2N=SF; (Preliminary) and
Calculated Geometries for FsSNH;" and N=SF;“

bond lengths (A)
caled (C1)°
exptl MP2  PBEIPBE B3LYP exptl

N(D-S(1) 1.673(14)  1.848 1.859 1.891 As(1)}-F(11) 1.705(11)

N(1)-H() 0.900° 1.024 1.023 1.023 As(1)»-F(12) 1.722(14)

N(D-H2) 0.900° 1.024 1.023 1.023 As(1)-F(13) 1.762(13)

N(1)-HE3) 0.900° 1.024 1.023 1.024 As(1)}-F(14) 1.612(11)

S(1)-F(1) 1.522(12)  1.535 1.535 1.547 As(1)-F(15) 1.736(7)

S(1)-F(2) 1.546(9) 1.571 1.570 1.584 As(1)>-F(16) 1.75%(7)

S(1)-F(3) 1.543(4) 1.571 1.570 1.583

S(1)-F(4) 1.552(4) 1.571 1.570 1.583

S(D-F(5) 1.586(12) 1.571 1.569 1.584

N@=S(2) 1.394(13) 1.439 1.418 1.424 N(3)=5(3) 1.407(12)

S(2)-F(21)  1.511(10) 1.578 1.571 1.590 S(3)»-F(31) 1.531(9)

S(2y-F(2)  1.515(13) 1.578 1.571 1.590 S(3)-F(32) 1.500(12)

S(2)-F(23)  1.444(16) 1.578 1.571 1.590 S(3)>-F(33) 1.470(12)

bond angles ()
caled ()
exptl MP2 PBE1PBE B3LYP exptl

S(1-N(1)-H(1) 109.5¢ 109.4 109.4 109.3 F(11)-As(1)-F(12) 88.2(5)
S(1)-N(1)-H(2) 109.5¢ 109.0 109.1 109.0 F(11)-As(1)-F(13) 172.1(5)
S(1)-N(1)-H(3) 109.5° 109.8 109.7 109.5 F(11)-As(1)-F(14) 90.1(5)
HQ)-N(1)-H(2) 109.5° 109.5 109.5 109.7 F(11)-As(1)-F(15) 87.8(6)
H(1)-N(1)-H(3) 109.5° 109.6 109.5 109.7 F(11)-As(1)-F(16) 94.8(6)
H(2)-N(1)-H(3) 109.5°¢ 109.6 109.5 1097  F(A2)}As(1)-F(13)  84.0(4)
N(1)-S(1)-F(1) 178.4(7) 179.2 179.3 179.3 F(12)-As(1)-F(14) 178.2(5)
N(1)-S(1)-F(2) 88.4(6) 875 875 874 F(12)-As(1)-F(15) 82.8(6)
N(D-S(1)-F(3) 90.9(5) 86.9 86.9 86.8 F(12)-As(1)-F(16) 92.4(6)
N(D-S(1)-F4) 90.5(5) 88.0 87.9 37.8 F(13)-As(1)}-F(14) 97.7(5)
N(-S(1)-F(5) 90.1(3) 86.4 86.5 86.5 F(13)-As(1)-F(15) 87.3(7)
F(1)-S(1)-F(2) 90.6(4) 92.8 92.8 92.9 F(13)-As(1)-F(16) 94.2(7)
F(1)-3(1)-F(3) 87.9(6) 92.8 92.8 929 F(14)-As(1)-F(15) 97.2(6)
F(1)-S(1)-F(4) 90.8(6) 92.8 92.8 925 F(14)-As(1)-F(16) 87.7(6)
F(1)-S(1)-F(5) 90.8(7) 92.8 92.8 92.9 F(15)>-As(1)-F(16) 178.3(6)
F(2)-S(1)-F(3) 178.5(7) 174.4 174.4 1743
F(2)-S(1)-F(4) 90.3(5) 89.7 89.7 89.7
F(2)-S(1)-F(5) 91.2(5) 89.9 89.9 89.9
F(3)-S(1)-F(4) 89.6(6) 89.8 89.8 89.8
F(3)-S(1)-F(5) 88.9(6) 90.1 90.0 90.0
F(4)-S(1)-F(5) 178.5(7) 174.4 174.4 174.2
N(2)-S(2)-F(21) 110.5(10) 123.0 122.8 122.9 N(3)-S(3)-F(31) 101.0(7)
N(2)-S(2)-F(22) 117.0(8) 123.0 122.8 122.9 N(@3)»-S(3)-F(32) 112.6(9)
N(2)-S(2)-F(23) 118.9(13) 123.0 122.8 122.9 N(3)-S(3)-F(33) 138.3(10)
F21D-S(2)-F(22) 96.6(7) 93.1 93.4 93.2 F(31)-S(3)-F(32) 95.4(7)
F1)-S(2)-F(23)  109.3(10) 93.1 93.4 93.2 F(31)-S(3)-F(33) 100.8(6)
F(22)-S(2)-F(23)  102.1(10) 93.1 93.4 93.2 F(32)-S(3)-F(33) 100.2(8)

“ The labels correspond to those used in Figure 8.6. ° The aug-cc-pVTZ basis set was
used. © The hydrogen atom positions were calculated using a riding model, therefore no
estimated standard deviations are provided.
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Table 8.5. Experimental Geometry for [s-C3(CH3);N3H---NCCHj3][AsFg]-CH3CN and
Calculated Geometry for the s-C3(CH3)3N3H---NCCH3+ Cation ¢

Bond Lengths (&)
caled®
exptl PBEIPBE B3LYP exptl

N(1)-C(2) 1.346(4) 1.350 1.356 As(1)}-F(1) 1.710(2)
N(1)-C(3) 1.346(4) 1.350 1.356 As(1)-FQ2) 1.725(2)
N(2)»C(1) 1.348(4) 1.340 1.344 As(1)»-F(3) 1.725(2)
N(2)-C(2) 1.323(4) 1.310 1.314 As(D)-F(4) 1.721(2)
NGB»C) 1.346(3) 1.340 1.344 As(1)y-F(5) 1.726(2)
NGBY»C3) 1.318(4) 1.310 1.314 As(1)-F(6) 1.718(2)
C(1)-C(10) 1.485(4) 1.477 1.484

C(2)-C(20) 1.478(4) 1.480 1.487

C(3)-C(30) 1.479(4) 1.480 1.487

N(1)-H(1) 0.806° 1.040 1.038

H(1)---N(40) 2.038° 1.788 1.827

N(1)---N(40) 2.844(5) 2.828 2.865

N(40)-C(41) 1.135(4) 1.148 1.148 N(50)-C(51) 1.144(4)
C(41)-C(40) 1.451(4) 1.444 1.451 C(51)-C(50) 1.452(5)

Bond Angles (°)

C(1)-NQR)}-C(2) 116.6(2) 1173 117.7 F(D)-As(1)-F(2) 90.46(8)
C(1)-N(3)-C(3) 116.7(2) 1173 117.7 F(1)-As(1)-F(3) 90.45(9)
C)-N(1)-C(3) 120.9(2) 1202 120.3 F(1)-As(1)-F(4) 90.46(8)
N(1)-C(2)-N(2) 120.4(2) 120.5 120.3 F(1)-As(1)-F(5) 179.43(8)
N(1)-C(3)-N(3) 120.6(2) 120.5 120.3 F(1)-As(1)-F(6) 90.20(9)
N2C()-N®3) 124.7(2) 124.2 123.9 F2)-As(1)-F(3) 89.84(8)
N(1)-C(2)-C(20) 118.6(2) 119.1 119.3 F(2)-As(1)-F(4) 178.95(7)
N(1)-C(3)-C(30) 118.2(2) 119.1 119.3 FQ)-As(1)-F(5) 89.02(8)
N(2)}-C(2)-C(20) 121.02) 120.4 120.4 F(2)-As(1)-F(6) 90.04(9)
N(2)-C(1)-C(10) 118.0(2) 1179 118.1 FQR)-As(1)-F(4) 89.66(9)
N(3)-C(3)-C(30) 121.2(2) 120.4 120.4 F(3)-As(1)-F(5) 89.54(9)
N(3)-C(1)-C(10) 117.42) 117.9 118.1 F(3)-As(1)-F(6) 179.33(8)
H(1)-N(1)-C(2) 120.1(2) 119.9 119.9 F(4)-As(1)-F(5) 90.06(8)
H(1)-N(1)-C(3) 119.1° 1199 1199 F(4)-As(1)-F(6) 90.45(9)
N(1)-H(1)---N(40) 172.2¢ 179.8 180.0 F(5)-As(1)-F(6) 89.81(9)
H(1)---N(40)-C(41) 165.8° 179.8 179.9

N(40)-C(41)-C(40) 179.6(4) 180.0 180.0 N(G0)-C(51)-C(50) 179.2(3)

? The labels correspond to those used in Figure 8.6; geometries for the methyl groups of
the cation and CH3CN molecules are given in Table 8.6. ° The aug-cc-pVTZ basis set
was used. © The hydrogen atom positions were calculated using a riding model, therefore
no estimated standard deviations are provided.
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Table 8.6.  Experimental and Calculated Geometries for the Methyl Groups in the
5-C3(CH3)3NsH---NCCHj;" Cation. ¢

Bond Lengths (&)
caled®

PBE1PBE B3LYP
C(10)-H(10A) 1.096 1.095
C(10)-H(10B) 1.088 1.087
C(10}-H(10C) 1.088 1.087
C(20)-H(20A) 1.088 1.086
C(20)-H(20B) 1.092 1.091
C(20)-H(20C) 1.091 1.090
C(30)-H(30A) 1.088 1.086
C(30)-H(30B) 1.091 1.090
C(30)-H(30C) 1.092 1.091
C(40)-H(40A) 1.091 1.089
C(40)-H(40B) 1.091 1.089
C(40)-H(40C) 1.091 1.089

Bond Angles (*)

C(1)-C(10)-H(10A) 1082 108.4
C(1)-C(10)-H(10B) 110.8 110.7
C(1)-C(10}-H(10C) 1108 110.8
H(10A)-C(10)-H(10B) 107.6 107.5
H(10A)»-C(10)-H(10C) 107.6 107.6
H(10B)-C(10>-H(10C) 111.9 111.7
C(2)-C(20)-H(20A) 112.5 112.4
C(2)-C(20)-H(20B) 108.8 108.9
C(2)-C(20)-H(20C) 108.9 109.0
H(20A)-C(20)-H(20B) 109.6 109.7
H(20A)-C(20)-H(20C) 110.1 109.8
H(20B)-C(20)-H(20C) 106.7 106.8
C(3)-C(30)-H(30A) 112.4 112.4
C(3)~C(30)-H(30B) 108.9 109.0
C(3)-C(30>-H(30C) 108.8 108.9
H(30A)-C(30)-H(30B) 110.1 110.0
H(30A)»-C(30)-H(30C) 109.6 109.6
H(30B)-C(30)-H(30C) 106.8 106.8
C(41)-C(40)-H(40A) 109.8 109.8
C(41)-C(40)-H(40B) 109.8 109.8
C(41)-C(40)-H(40C) 109.8 109.8
H(40A)-C(40)-H(40B) 109.2 109.1
H(40A)-C(40)-H(40C) 109.2 109.1
H(40B)-C(40)-H(40C) 109.2 109.1

? The labels correspond to those used in Figure 8.7. The experimental hydrogen

positions of all CHs-groups were calculated using a riding model, therefore, no error is
given; all C—H bond lengths are 0.980 A, and all C—~C—H and H~C-H angles are
109.5°. ® The aug-cc-pVTZ basis set was used.
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Figure 8.4.
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(a) Structural unit in the X-ray crystal structure of FsSNH,-2[FsSNH;][HF,]-4HF; thermal ellipsoids are shown
at the 50% probability level. (b) Calculated geometry of FsSNH,. (c) Calculated geometry of the FsSNH;"
cation. The atom numbering scheme corresponds to that used in Table 8.3; the HF and HF,  hydrogen atoms
have the same numbering as the fluorine atom to which they are bonded.
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Figure 8.5. Packing diagram for the X-ray crystal structure of FsSNH,2[FsSNH;][HF,]-4HF viewed along the b-axis
illustrating the hydrogen bonding present; thermal ellipsoids are shown at the 30% probability level for clarity.
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Figure 8.6.  (a) Structural unit in the X-ray crystal structure of [FsSNH3][AsFs]-2N=SF; (prellmmary) thermal ellipsoids
are shown at the 50% probability level. (b) Calculated geometry of the FsSNH;3' cation. (c) Calculated
geometry of N=SF3. The atom numbering scheme corresponds to that used in Table 8.4.
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Figure 8.7.  (a) Structural unit in the X-ray crystal structure of [s-C3(CH3)3;N3H---NCCH;][AsF¢]-CH3CN; thermal ellipsoids
are shown at the 50% probability level. (b) Calculated geometry of the s-C3(CH;3);N;H---NCCH3" adduct
cation. The atom numbering scheme corresponds to that used in Table 8.5.
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mirror plane with the F atoms related by symmetry. Within the asymmetric unit, three HF
molecules are disordered about a mirror plane, while one HF molecule lies in a mirror plane
and is well defined. The HF, anions show little distortion from linearity, with F---H---F
bond angles of 172.7 and 177.4°, and F--F distances of 2.325(8) and 2.329(8) A, in good
agreement with previously reported values.?'’>"®

In the FsSNH; molecule and FsSNH;' cations, the N-S bond lengths 1.716(8),
1.717(7), and 1.739(7) A, respectively, are the same within experimental error, and all S-F
bond lengths (range, 1.550(5) to 1.579(5) A) are the same within +3c. The N-S bond
lengths are shorter, but the S—F bond lengths are similar to those of the FsSN(H)Xe" cation
in [FsSN(H)Xe][AsFg] (1.761(4) A, and range from 1.559(3) to 1.578(3) A)."'® The N-S
bond lengths are similar, but the S—F bond lengths are longer, compared to those of FsSNC
(N=S; 1.693(8), 1.710(7) A, and S—F; range from 1.515(5) to 1.543(5) A).*°

Hydrogen bonding interactions involving the FsSNH; and FsSNH3" components of
the unit cell only occur between the hydrogen atoms bonded to nitrogen, and fluorine atoms
of HF or HF,™ (the sum of the H and F van der Waals radii is 2.67 A).>! The hydrogen atoms
of FsSNH, hydrogen bond to F(26) and F(36) of each HF,™ anion [1.926 and 2.503 A] and
to F(14) of the ordered HF molecule [2.524 A]. The H(20) and H(30) atoms of the two
FsSNH;" cations, each interact with F(11) [1.916 and 2.595 A] and F(13) [2.555 and 1.928
A] of disordered HF molecules, while H(2) and H(2A) interact with F(26) [1.797 A] and
F(13) [2.574 A], and H(3) and H(3A) interact with F(36) [1.781 A] and F(11) [2.563 A].
This results in a succession of large hydrogen-bonded rings in the extended crystal structure,

that involve all of the nitrogen-bound hydrogen atoms, all of the bifluoride anions, and
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several HF molecules (Figure 8.5). These rings lie in the ac-planes forming three
dimensional channels along the b-axis. These channels are occupied by the more weakly-

interacting [F(14)] and non-interacting [F(12)} HF molecules.

8.2.3.2. [FsSNH;]|AsFg]-2N=SF;

The crystal structure of [FsSNH;3][AsFs]-2N=SF; (Figure 8.6) represents a
preliminary solution that requires further refinement. The X-ray diffraction data is consistent
with a multiple crystal, and multiple crystals of [FsSNH;][AsFs] have been reported
previously.!'*!"® In this preliminary solution, the gross structural features of the well-
separated FsSNH;" cation, AsF¢ anion, and two N=SF; molecules are confirmed. The atom
numbering scheme appears in Figure 8.6 and Table 8.4. The AsFs anion is disordered (only
one component is reported for clarity) and shows some distortion from octahedral
symmetry, with As—F bond lengths ranging from 1.612(11) to 1.762(13) A and F-As-F
bond angles ranging from 82.8(6) to 97.7(5)° and 172.1(5) to 178.3(6)°, which bracket
previously reported values.*'*® The FsSNH;" cation exhibits the expected distorted
octahedral geometry, with an S-N bond length (1.673(14) A) that is significantly longer
than the S-F bond lengths (range 1.522(12) to 1.586(12) A), and all bond lengths
comparable to those found in the crystal structure of FsSNH,-2[FsSNH;][HF;]-4HF. The
two crystallographically independent N=SF; molecules are co-crystallized and are not
adducted to any other species within the asymmetric unit. They exhibit the expected

distorted tetrahedral geometry about sulfur, with short SN bond lengths (1.394(13) and
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1.407(12) A) and S—F bond lengths (range 1.444(16) to 1.531(9) A), which agree with, or

are slightly shorter than, those recently reported in the X-ray crystal structure of N=SF5.%

8.2.3.3. [s-C3(CHj3)3;N3H---NCCHj;][AsFg]-CH3;CN

The 1H-2,4,6-trimethyl-1,3,5-triazinium cation has been observed by 'H NMR
and UV spectroscopy in concentrated aqueous H,SO4 solution,?!! and the triflate salt of
the 2,4,6-triisopropyl analogue, [s-C3(CH(CHj3),);N3H][O3sSCFs], has been characterized
by 'H NMR, infrared spectroscopy, and mass spectrometry,”'® constituting the extent of
characterization for monoprotonated 2,4,6-trialkyl-1,3,5-triazines. Oxidation of molecular
bromine by UFs in CH3CN solution generates the positive bromine-containing analogue
[s-C3(CH3);N3Br][UFs].**' The former salt and related N-fluoro-sym-triazinium salt
[s-C5(C1);N3F][BF4] have been characterized by multi-NMR spec'croscopy.222 The crystal
structure has been determined for the protonated analogue, [s-C3(C1);NsH][SbClg],** and
the only known crystal structure of a compound containing a s-C3(R)sNsH" (R = any alkyl
or aryl) substructure is the protonated tert-butylpyridine (LH") substituted 1H-2.4,6-tri-
(LH")-1,3,5-triazine cation in [s-C3(LH)sN3H][NOs]3[PFs], which has a +4 charge due to
the protonation of each of the four rings in the cation.”?* Several crystal structures are known
for salts of the diamino analogue, the 1H-2,4-diamino-6-methyl-1,3,5-triazintum cation, e.g.,
[C(CH3)Co(NH,),N3H][C,F30,],% [C(CH3)Co(NH,),N;H][NOs],° and
[C(CH3)Co(NHa);N3H]5[C4H404],>*7 and a number of crystal structures are known for salts
of the triamino analogue, the 1H-2,4,6-triamino-1,3,5-triazinium cation, e.g.,

[s-C3(NHa)sNsH][C1),2®  [s-C3(NHo)sN;H][CI-0.5H,0,%®  and  [s-C3(NH,);N3H]
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[C4H304]-H;0.7° Finally, examples of triazinium cations exhibiting hydrogen bonding to a
nitrogen atom include [s-C3(NH2)sN;H][C3(NCN):N3H]-2H,0,7
[s-Cs(NH,)3N:H]  [N;04 and  the  s-Cs(NH)NsH',  s-C5(NH)(CH3)NsH',  and
s-C3(NH,)2(CeHs)N3H" salts of the N(SO,CHs),™ anion.®' The present work provides the
first definitive structural characterization of the s-C3(CH3);NsH " cation.

The crystal structure of [s-C3(CHj3);N3H---NCCH3][AsF¢]-CH3CN consists of well
separated s-C3(CH3);sNsH™ cations and AsFs anions, with one molecule of CH;CN
hydrogen bonded through nitrogen to the ring hydrogen of the cation, and one molecule of
CH3CN co-crystallized and not adducted to any other species within the crystallographic
unit. The atom numbering scheme appears in Figure 8.7 and Tables 8.5 and 8.6. The AsF¢
anions show little distortion from octahedral symmetry, with As—F bonds ranging from
1.710(2) to 1.726(2) A and F-As—F bond angles ranging from 89.02(8) to 90.46(8)° and
178.95(7) to 179.48(8)°, in good agreement with previously reported values. !4

The C—C bond lengths of the 1H-2,4,6-trimethyl-1,3,5-triazinium cation are equal,
within experimental error, and range from 1.478(4) to 1.485(4) A, however, the C-N bonds
of the triazinium ring can be grouped into two classes. The four ring bonds adjacent to N(1)
or C(1) range in length from 1.346(4) to 1.348(4) A, and are therefore equal within
experimental error, but the N(2)-C(2) and N(3)-C(3) bonds (both o, B- with respect to the
protonated nitrogen atom) are 1.323(4) and 1.318(4) A, respectively, and are at the 36 limit
of being significantly shorter than the other bonds. All of the ring bond lengths agree very
well with those calculated (see Section 8.3.1.4., Computational Results) and these differing

bond lengths confirm the expectation that triazine ring protonation is accompanied by
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electron localization. Although there are no other examples of 1H-2,4,6-trimethyl-1,3,5-
triazinium cations known, similar bond length differences are observed in the trichloro- and
triamino- analogues, with the analogous N-C bond lengths ranging from 1.333(8) to
1.360(8) A and 1.294(6) to 1.302(7) A in [s-C3(CI)sN3H][SbCle],”* and from 1.351(2) to
1.364(2) A and 1.332(2) to 1.335(2) A in [s-C3(NH,);N3H][C1].*®® The ring proton lies in
the plane of the triazine ring and forms a short bond with nitrogen (0.806 A).

The formally adducted CH3CN molecule interacts with the cation through an N---H
hydrogen bond (2.038 A) with the ring proton of the triazinium cation, which is well within
the sum of the nitrogen and hydrogen van der Waals radii (2.75 A)>! Addition of the
hydrogen bond distance to the N(1)-H(1) bond length, 0.806 A, gives an N(1)---N(40)
distance of 2.844(5) A. These three distances are similar to those found in the closely related
examples [s-C3(NH2)(CeHs)N3H][N(SO.CH3),]  (2.04(3), 0.84(3), and 2.880(3),
respectively), and [4-C¢HsN-CsHsNH][Fe"(CN)«(CNH),] (2.15(4), 0.83(4), and 2.889(3),
respectively).”®? The N-H--N angle (172.2°) deviates more from linearity than the
calculated value, 179.8°, but is expected to be very deformable and is likely to be bent due to
crystal packing. Examples from among the above systems include 179(3)°,! and range
from 104 to 178.4° for the series of protonated pyridine derivatives with cyanoferrates.”>
The bond lengths and angles of the adducted and non-adducted CH3CN molecules are the
same within +3c, indicating that the hydrogen-bonding interaction that one exhibits with the
triazinium ring proton does not significantly alter the geometry of the CH;CN molecule.

The co-crystallized CH3;CN molecule does not strongly interact with any other

species within the crystal structure. The closest contact is between N(50) and N(1) (3.048(5)
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A). The three closest hydrogen contacts of the nitrogen atom are to H(40A) and H(30B)
(3.077 and 3.086 A), methyl-group hydrogen atoms of the adducted CH3CN molecule and
the triazinium cation, respectively, and to the ring proton H(1) (3.099 A), all outside the sum
of the nitrogen and hydrogen van der Waals radii (2.75 A).3' This CH5CN molecule is
situated above the triazinium ring, pointed towards H(1), with an N(50)---H(1)-N(1) angle
of 78.9° and an N(50)---H(1)---N(40) angle of 108.9° with the adducted CH;CN nitrogen

atom.

8.2.4. Raman Spectroscopy of FsSNH,-nHF

The Raman spectrum of FsSNH,-#HF (Figure 8.8) was assigned by comparison
with the spectra of FsSNH;",''® FsSN(H)Xe",''® FsTeNH,,® FsTeNH;",* FsTeN(H)Xe",*
FsSCL' and SFg,°'*® (Table 8.7), and by comparison with the calculated frequencies
derived for the gas-phase energy-minimized geometries of FsSNH, (see Section 8.3,
Computational Results). Calculated frequencies, appearing in parentheses, were obtained at
the MP2/aug-cc-pVTZ level, and the vibrational frequencies of SFs and FsSCI were chosen
as benchmarks for the FsS-group frequencies of FsSNH, (Table 8.8 and Section 8.3,
Computational Results). In the absence of a refined crystal structure, it was not possible to
carry out a factor-group analysis which might account for the splittings observed on several
of the Raman bands. The 21 vibrational modes of FsSNH, were assigned under C; point
symmetry and belong to the 21 A irreducible representations, all of which are Raman- and
infrared-active. While some HF was present in the FsSNH, (see Section 8.2.1.1., Results and

Discussion), Raman spectra were obtained at —40 °C before the sample was warmed to
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Table 8.7. Experimental and Calculated Vibrational Frequencies, Intensities, and Assignments for FsSNH,
freq, cm™"
caled’ assgnts’
exptl” MP2 PBEI1PBE B3LYP
3170 (<1) br
2957 (<1) br jr 3651 (28)[56] 3654 (30)[51] 3609 (32) [48] v(NH1 — NH2)
gggg g)ll)):)r } 3544 (83)[32] 3555 (84)[31] 3513 (86) [30] v(NH1 + NH2)
1597 (<1) 1620 (2) [46] 1609 (2) [47] 1608 (2) [41] S(H1INH2)
1281 (2) 1225 (1) [38] 1215 (1) [43] 1214 (1) [37] p(HINH2)
gf(’; 8; } 979 (1) [225] 972 (1) [240] 957 (1) [206] S(SNH1) + 5(SNH2)
883 (2) 888 (1) [443] 885 (1) [436] 843 (1) [424] V(SN — SF1) + v(SF4 - SF5)
881 (2) 885 (1) [352] 883 (1) [351] 842 (1) [357] v(SF2 - SF3)
836 (<1) 812 (4)[211] 803 (5) [202] 783 (3) [233] pu(HINH2)
742 (100) 717 (23)[9] 709 (22)[15] 672 (27)[12] V(SN + SF1 + SF2 + SF3 + SF4 + SF5)
ggg% } 626 (4)[3] 623 (4 [2] 595 (4)[1] V(SN + SF1) — v(SF2 + SF3)
613 (1) 607 (1) [42] 600 (1) [40] 581 (1) [38] 8(F2SF3) + 8(F4SF5)
596 (1) 598 (2)[14] 595 (2) [15] 568 (3)[12] S(F1SN) + 8(F2SF3) + v(SF4 + SF5) — v(SF1)
578 co 577 (<1)[9] 572 (<1)[8] 552 (1) [4] S(F1SN) + 8(F2SF3) ¢
555 sh 562 (<1)[14] 556 (<1)[13] 539 (<1)[10] S(F1SN) + 3(F4SF5)
;}:1; 2191) } 500 (1)[10] 494 () [11] 480 (2)[10] S(F1SF5) + 3(F4SN)
503 sh 491 (1) [<1] 484 (1) [<1] M (D) [<]] 5(F1SF2) + 8(F3SN)
493 sh 481 (1) [<1] 475 () [<1] 460 (1) [<1] 8(F2SF4) + 8(F3SF5)
347 (<1) 342 (<D)[1] 338 (<1)[1] 328 (<1)[1] 8(F2SF3) - 5(F4SF5)
n.o. 330 (<1)[4] 326 (<1)[5] 316 (<1)[4] 8(F1SN) — 8(F2SF3)
310sh 317 (<1)[2] 312 (<1)[2] 302 (<1)[2] S(F1SN) — 8(F4SF5)
277 sh
247 (1)
204 (1) 210 (<1)[25] 192 (<1)[24] 190 (<1)[23] NH; torsion

120 (2)
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Table 8.7.  (continued...)

“ Values in parentheses denote experimental relative Raman intensities; abbreviations denote broad (br), shoulder (sh), coincident
with an FEP sample tube line (co) and not observed (n.o.). ® The aug-cc-pVTZ basis set was used. Calculated infrared intensities
(in km mol™) are given in brackets, calculated Raman intensities (in A* u™) are given in parentheses. ¢ The atom numbering
corresponds to that used in Figure 3, abbreviations denote twist (p) and wag (pw). 4 This mode also contains a — V(SF5)
component in the B3LYP calculation only.
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Table 8.8. Experimental and Calculated Geometrical Parameters, Vibrational Frequencies, NBO Valencies and Bond Orders,
and NPA Charges for the Benchmarks, SFs (Op) and FsSCI (Cs,)

SFK exptl MP2° PBE1PBE* B3LYF

Bond Lengths (A)°

S-F 1.5622(7) 1.575 1.575 1.590

Frequencies (cm™)’ assgnts”
940 (no)[no] 951 (0)[406] 950 (0)[408] 908 (0)[402]  va(SF - SF) (T10)
773.5(vs)[no] 768 (21)[0] 765 (21) [0] 730(23)[0]  v(SFs) (A1)
641.7(s)[no] 643 (3)[0] 641 (3) [0] 613 (3) [0] Ve SF2) — W(SF.) &)
615(mo)[no]  602(0) [27] 596 (0) [26] 5790 [2] V(S eop. (T
525(s) [n.0.] 511 (D) [0] 505 (1) [0] 491 (D [0] 8(SF,) + 8(SF,) (T2p)
347 (no.)[no]  339(0) [0] 335 (0) [0] 325 (0) [0] 0u(SF2) = pu(SFy) (Taw)

Charges

S 2.68 2.67 2.67

F —0.45 -0.44 —0.45

Valencies

S 3.58 3.92 3.84

F 0.49 0.53 0.52

Bond Orders

S-F 0.60 0.65 0.64

continued...
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Table 8.8. (continued...)

FsSCl exptl MP2*? PBE1PBE® B3LYP”

Bond Lengths (A)°

S-F, 1.588(9) 1.579 1.579 1.594

S-F, 1.566(3) 1.586 1.586 1.601

S—Cl 2.047(3) 2.057 2.065 2.096

Frequencies (cm™")° assgntsd
909.0 914 (1) [331] 914(1)[333]  869(1)[330]  ve(SFuey) (E)
854.6 854 (1) [425] 852(1)[425]  814(1)[417]  w(SF) (A)
707.1 704 (19) [17] 702(19)[16]  667(21)[16]  vi(SFaep) (A)
625 627 (3) [0] 626 (3) [<1] 596 (4) [0] V(SF4ey) (B)
601.9 595 (1) [79] 589 (1)[80] 569(1)[69]  &(SFaeq) o (A)
579.0 569(<1)[14] 563 (<I)[14]  S545(<D)[11]  pu(SFaq) )
505 493 (1) [0] 488 (1) [0] 472 (1) [0] &(SFueq) iyp. B2)
441.0 434 (1) [1] 428 (1) [1] 413 (D [1] P(SFacq) i, ®)
401.7 408 (11) [4] 399 (12) [4] 373(14)[S]  w(SCD (A)
no. 333 (<1) [0] 328 (<) [0] 317 (<) [0] P(SF4eq) 0o0p. By)
271 265 (<1) [0] 260 (<) [<1] 249D [<]]  puSCD E)

continued...
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Table 8.8. (continued...)

Charges

S 2.39 2.40 2.39

F, —0.45 —0.45 —0.45
F. —0.45 -045 -0.45
Cl —0.13 —0.14 —0.14
Valencies

S 4.18 4.30 4.20

F, 0.59 0.59 0.58

F. 0.58 0.60 0.58

Cl 0.67 0.62 0.59

Bond Orders

S-F, 0.70 0.73 0.71

S-F, 0.68 071 0.70

S-Cl 0.77 0.72 0.70

“ The aug-cc-pVTZ basis set was used; calculated infrared intensities (in km mol™) are given in brackets; calculated Raman intensities (in
A* u™) are given in parentheses. ° Experimental value from J. Chem. Phys. 1981, 75, 5326-5328. ° Experimental values for the Raman
data are from ref 157, and for infrared data, from ref 158, abbreviations denote very strong (vs), strong (s), and not observed (n.o.).
“ Abbreviations denote the four equatorial fluorine atoms (F 4eq); out of plane (0.0.p.) and in plane (i.p.), where the plane is defined by the
four equatorial fluorine atoms; and wag (p.). ° Experimental values from ref 159.
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-30 °C, and sublimation occurred over a period of ca. 6 h forming crystals of
FsSNH,-2[FsSNH;3][HF,]-4HF (see Section 8.2.3.1., X-ray Crystallography). The Raman
spectrum does not contain any bands attributable to the Raman spectra of FsSNH;" "8 or
HF,*"7 and the experimental vibrational frequencies are in very good agreement with the
calculated frequencies for FsSNH; (see Section 8.3., Computational Results).

The asymmetric NH; stretch at 3170, 2957 (3651) cm™, and the symmetric NH,
stretch at 2595, 2684 (3544) cm™' were overestimated by the calculations, which was also
observed for F58NH3+,”8 FsTeNH;",>* and F 5TeNH2,50 however, the NH, bend at 1597
(1620) and twist at 1281 (1225) cm™ were in better agreement with the calculated values.
The S—N stretch is coupled to the SFs-group in-phase breathing mode at 742 (717) cm’™,
as in the case of FsSNH;","'® and as in the analogous modes in FsTeNH,.”® The S-N
stretch also in-phase and out-of-phase couples with the v(SF1) stretch, in combination
with other trans equatorial SF; stretches, in the modes that occur at 638, 649 (626) and
883 (888) cm ™, respectively. This contrasts with FsSNH;", for which the S-N stretch
couples with the equatorial SF4; out-of-phase, out-of-plane bend, the trans equatorial
stretches are coupled to NH3 rocking modes, and the axial S—F stretch is not coupled.118
This, however, is similar to the coupling observed in FsTeNH; and FsTeNH;".*° All of the
bands involving S-F stretches fall into the range 596-883 (598-888) cm and those
involving SFs bending modes occur in the range 310-613 (317-607) em’’, with
frequencies similar to those of FsSNH;" (645-920 and 362632 cm™),'"® SFs (615-940
and 347-525 cm™!) and FsSCI (602909 and 271-579 em™)."*® The NH, torsion, predicted

at 210 cm‘l, was observed at 204 cm™.
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8.3. Computational Results

Quantum-chemical calculations were carried out at the MP2, B3LYP, and
PBEIPBE levels for FsSNH,, FsSNH;", and N=SF3, and at the B3LYP and PBE1PBE
levels only for all of the CH3CN cyclotrimerization reagents and intermediates,
s-C3(CH3)3N3;H", 5-C3(CH3)3N3H---NCCHj", and s-C3(CH3);N3H---NCCH;"-CH;CN due to
computational constraints. All levels employed aug-cc-pVTZ basis sets. The calculations
were used to aid in the vibrational assignments (see Raman Spectroscopy) and to gain
insight into the structure and bonding of the triazinium adduct-cation. Comparisons of the
calculated and experimental geometrical parameters and vibrational frequencies with
those of the benchmarks, FsSCI1 and SFg, showed that the MP2 calculations provided the
best overall agreement. Therefore, the vibrational assignments for FsSNH, are based on
the MP2 results (Table 8.8), which are reported in square brackets in the ensuing

discussion.

8.3.1. Calculated Geometries
8.3.1.1. FsSNH,

Although close to Cs symmetry, the MP2, PBEIPBE, and B3LYP energy-
minimized structures of FsSNH, optimized to C; symmetry with all vibrational
frequencies real. These calculations well reproduced the overall experimental geometric
parameters of FsSNH, in FsSNH,-2[FsSNH;][HF:]-4HF, with the largest discrepancies
occurring for the N-S bond length [1.680 A] which was underestimated, and S—F(5)

axial bond length [1.616 A] which was overestimated, compared to the experimental
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values (1.716(8) and 1.560(5) A). The bond angles about sulfur were experimentally
closer to an octahedral geometry [range 89.2(3) to 91.4(3)°] than predicted (range 86.5 to
93.8°). The calculations predict that the hydrogen atoms have a greater steric influence on
the SFs-group geometry than was observed in the crystal structure. The most significant
example is the overestimated N(1)-S(1)-F(5) bond angle, which is calculated (93.8°) to
be greater than what was found experimentally (91.4(3)°). This less significant intra-
molecular interaction may be due to involvement of the hydrogen atoms in the extensive
hydrogen bonding present in the extended crystal structure (see Section 8.2.3.1., X-ray

Crystal Structure).

8.3.1.2. FsSNH;"

Although close to Cs symmetry, the MP2, PBEIPBE, and B3LYP energy-
minimized structures of the FsSNH;" cation optimized to C; symmetry with all vibrational
frequencies real. These calculations well reproduced the overall experimental geometric
parameters of the FsSNH;® cation in FsSNH,2[FsSNH;3][HF,]-4HF and
[FsSNH3][AsFs]-2N=SF3;, but all bond lengths were overestimated at all levels. The
largest discrepancies occurred for the calculated N—S bond length [1.848 A], compared to
the experimental values (1.717(7), 1.739(7) and 1.673(14) A). The bond angles about
sulfur were within +3c of an octahedral geometry except for one bond angle [range
89.4(3) to 91.2(3)°], but were significantly more distorted in the calculated geometry
(range 86.9 to 92.8°). As seen for FsSNH,, the calculations appear to predict that the

hydrogen atoms have a greater influence on the structure and bonding than was observed,
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and the less significant effect experimentally may be due to the hydrogen atom’s
involvement in the extensive hydrogen bonding present in the crystal structure (see X-ray

Crystal Structures).

8.3.1.3. N=SF;

The MP2, PBEIPBE, and B3LYP energy-minimized structures of N=SF;
optimized to Cs, symmetry with all vibrational frequencies real. These calculations well
reproduced the experimental geometric parameters, but due to the preliminary nature of
tﬁe solution to the X-ray crystal structure of [FsSNH;3][AsF¢]-2N=SF3, (see X-ray Crystal
Structure of [FsSNH3][AsFs]'2N=SF;) a detailed comparison is not possible. The
calculated geometry compares well to those determined experimentally for pure N=SF3
by single-crystal X-ray diffraction®® and gas-phase microwave spectroscopy,85 with the
same bond angles, within experimental error, but slightly overestimated S—N and S—F

bond lengths.

8.3.1.4. [s-C3(CHj3)3;N;H---NCCHj3])[AsFg]-CH3;CN

The s-C3(CH3)3,N3H+ cation, whether calculated alone, or in the energy-minimized
adduct-cation, s-C3(CH3)3N3H——-NCCH3+, optimized to C; symmetry at the B3LYP and
PBEIPBE levels using aug-cc-pVTZ basis sets, and was very near C, symmetry.
Although the gross features of the cation and the formally adducted (hydrogen bonded)
CH3CN molecule were well reproduced, the greatest differences occur for the hydrogen
bonding interactions. The calculated N(40)---H(1) hydrogen bond [1.788 A] was
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underestimated, and the N(1)-H(1) bond [1.040 A] was overestimated, compared to the
experimental values (2.038 and 0.806 A). The calculated N(40)---N(1) distance [2.828
A], however, well reproduced the experimental distance (2.844(5) A). The calculated
N(1)-H(1)---N(40) and H(1)---N(40)-C(41) angles deviated less from linearity [both
179.8°] than the experimental angles, 172.2° and 165.8°, respectively, which are

undoubtedly influenced by crystal packing (see X-ray Crystallography).

8.3.2. Comparison of NBO Valencies, Bond Orders, and NPA Charges

The natural bond orbital (NBO) valencies, bond orders, and natural population
analysis (NPA) charges calculated using MP2, PBE1PBE, and B3LYP methods for FsSNH,
and FsSNH;" are listed in Table 8.9, and those calculated using PBE1PBE and B3LYP
methods for s-C3(CH;3)3Ns, s-C3(CH3):N3H”, and s-C3(CH3)sN3H---NCCH3" are listed in
Table 8.10. Values appearing in square brackets in the ensuing discussion are MP2 for

the FsSN-species and PBE1PBE for the triazine species.

8.3.2.1. FsSNH, and the FsSNH;" cation

Positive charges in both FsSNH, and FsSNH;" reside on S and H, with the positive
charge on S [2.55] and H [0.39] in FsSNH; being less than that in FsSNH;" [2.81] and
[0.46]. Although negatively charged, the charge on N [-0.99] is more negative in FsSNH;
than in FsSNH;" [-0.86], while the charges on the fluorine atoms of each species are
essentially the same. The increase in the charge difference for sulfur and nitrogen in

FsSNH;" is consistent with the lower S—N bond covalency and lower bond order of this

295



96¢

Table 8.9. Natural Bond Orbital (NBO) Valencies, Bond Orders and NPA Charges for FsSNH;" and FsSNH, ?

FsSNH," FsSNH,
atom charges valencies charges valencies
MP2 PBEIPBE B3LYP MP2 PBEIPBE B3LYP MP2 PBEIPBE B3LYP MP2 PBEIPBE B3LYP
H 0.46 0.46 0.46 0.65 0.64 0.64 0.39 0.40 0.39 0.73 0.74 0.72
N -0.86 -0.86 -0.84 2.48 243 2.42 -0.99 -0.98 -0.96 2.15 2.17 2.16
S 2.81 2.59 2.59 4.19 3.50 3.86 2.55 2.54 2.52 4.15 3.85 3.77
F1 -0.43 -0.39 -0.39 0.65 0.51 0.59 -0.45 -0.45 -0.45 0.57 0.49 0.51
F2 -0.47 -0.43 -0.43 0.58 0.46 0.53 -0.47 -0.47 -0.47 0.56 0.49 0.50
F3 -0.47 -0.43 -0.43 0.58 0.46 0.53 -0.47 -0.47 -0.47 0.56 0.49 0.50 ;
F4 -0.47 -0.43 -0.43 0.58 0.46 0.53 -0.46 -0.46 -0.46 0.56 0.49 0.49 @,
F5 -0.47 -0.43 -0.43 0.58 0.46 0.53 -0.48 -0.48 —0.48 0.53 0.48 0.47 ;
o
bond orders 5 :
bond F;SNH," F;SNH, cla
MP2 PBEIPBE B3LYP MP2 PBE1PBE B3LYP 0§
N-H 0.66 0.66 0.66 0.72 0.73 0.73 =
S-N 0.59 0.55 0.54 0.83 0.82 0.80 <
S-F1 0.76 0.63 0.70 0.67 0.62 0.61 3
S-F2 0.71 0.58 0.65 0.66 0.60 0.59 g
S-F3 0.71 0.58 0.65 0.66 0.60 0.59 =
S-F4 0.71 0.58 0.65 0.67 0.61 0.59 =
S-F5 0.71 0.58 0.65 0.64 0.59 0.57

“ The aug-cc-pVTZ basis set was used.
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Table 8.10. Natural Bond Orbital (NBO) Valencies, Bond Orders, and NPA Charges for 5-C3(CH3)3N3, s-C3(CH3);N;H"
and s-C3(CH3)3N3H" in s-C3(CH3)3:N;H---NCCH;3" ¢

5-C3(CH3)3N; 5-C3(CH;3);N;H" 5-C3(CH;3);N3H---NCCH;"
atom charges valencies charges valencies charges valencies
PBE1 _ B3LYP PBE1  B3LYP PBE1 _ B3LYP PBEl  B3LYP PBE1  B3LYP PBE1l  B3LYP
HIl 0.44 0.43 0.73 0.73 0.47 0.47 0.72 0.72
N1 -0.51 -0.51 2.17 2.16 -0.50 ~0.50 2.62 2.60 -0.53 -0.53 2.45 2.44
N2 -0.51 -0.51 2.17 2.16 -0.45 -0.46 2.20 2.19 ~0.46 -0.46 2.20 2.19
N3 -0.51 -0.51 2.17 2.16 -0.45 —0.46 2.20 2.19 ~0.46 —0.46 2.20 2.19
Cl1 0.46 0.46 3.26 3.24 0.53 0.54 3.30 3.28 0.53 0.53 3.31 3.28 -
C2 0.46 0.46 3.26 3.24 0.53 0.53 3.23 3.21 0.52 0.53 3.21 3.19 =
C3 0.46 0.46 3.26 3.24 0.53 0.54 3.23 3.21 0.53 0.53 3.21 3.19 ]
Cl10  -0.65 -0.63 3.28 3.28 -0.67 -0.65 3.29 3.29 -0.67 —0.64 3.29 3.29 .
C20  -0.65 -0.63 3.28 3.28 -0.68 —0.65 3.28 3.28 -0.67 —0.65 3.26 3.26 ?
C30  -0.65 -0.63 3.28 3.28 —0.68 —0.65 3.28 3.28 -0.67 -0.65 3.26 3.26 @,
w
bond orders C|3
jom]
bond 5-C3(CH3)3N;3 5-C3(CH3);N;H' 5-C3(CH3)3N3H---NCCH;" o3
PBE1 B3LYP PBE1 B3LYP PBE1 B3LYP 3
N1-H1 0.71 0.71 0.60 0.61 =
N1-C2 1.15 111 0.99 0.98 1.00 0.99 o
N1-C3 1.12 1.14 1.00 0.99 1.00 0.99 =
C1-N2 1.15 1.11 1.09 1.09 1.11 1.10 =3
C1-N3 1.12 1.14 1.10 1.09 1.11 1.10 ol
C2-N2 1.12 1.14 1.19 1.19 1.18 1.18
C3-N3 1.15 1.11 1.19 1.18 1.18 1.18
C1-C10 0.90 0.90 0.95 0.94 0.94 0.93
C2-C20 0.90 0.90 0.94 0.93 0.93 0.93
C3-C30 0.90 0.90 0.94 0.93 0.93 0.93

“ The aug-cc-pVTZ basis set was used; for charges and valencies, PBE1PBE is abbreviated PBE1; the methyl-group hydrogen
atoms are excluded.
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bond [0.59] compared to that of FsSNH; [0.83]. This is reflected in a longer calculated
S-N bond length for FsSNH;", but experimentally, the F sSNH;" and FsSNH, bond
lengths are the same, within +3c. Greater valencies for the fluorine ligands of FsSNH;",
and greater positive charge on sulfur is consistent with the greater S—F bond orders when

compared with those of FsSNH,.

8.3.2.2. 5-C3(CH3)3N3, s-C3(CH;);N3H', and s-C3(CH;)sNsH---NCCH;*

The positive charges in s-C3(CH3)sN3 and in the free and CH3;CN-adducted
5-C3(CH3);N3H" cations reside on the ring carbon atoms and the hydrogen atoms. The
positive charges on the ring C atoms in 5-C3(CH3)3N3 [0.46] increase with protonation in
both the free and adducted cations [av. 0.53]. The negative charge on N in s-C3(CH3)3N3
[-0.51] remains essentially unchanged [-0.50] for the protonated nitrogen in the cation,
and becomes less negative for the other ring nitrogen atoms [-0.46]. In the adducted
cation, the charges are similar [-0.53 and —0.46, respectively]. The increase in the charge
difference between N1 and C2/C3 in s-C3(CH3)3N3H---NCCH3+ is consistent with the
lower N1-C2/C3 bond covalency and lower bond order of this bond [1.00] compared to
that of the neutral triazine [av. 1.14], and this is reflected in the calculated and
experimental bond lengths. The greater valency of N1 in the cation is a result of the bond
to hydrogen. The greater valencies for N2 and N3 in the cation coupled with the greater
positive charges on C2 and C3 are consistent with the greater N2—-C2 and N3—-C3 bond

orders [1.18] when compared with those of s-C3(CH3)3N3 [av. 1.14].
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84. Conclusions

The pentafluorosulfanyl species FsSNH, and FsSNH;" have been definitively
characterized by multi-NMR and Raman spectroscopy, and by single-crystal X-ray
diffraction in the structures of FsSNH,-2[FsSNH;3][AsF¢]-4HF and [FsSNH3][AsFg]- 2N=SF;,
significantly expanding the structural characterization of these fundamental inorganic
species. The latter structure is the only known example that includes N=SF; in a salt in
which it is not adducted to a main-group or transition metal centre. Dissolution of
[FsSNH3][AsFs] in CH3CN at —10 °C yields the s-C3(CH3)sNsH" triazinium cation, which
forms by trimerization of CH3CN which is initiated by protonation of CH3;CN by FsSNH;".
The proposed mechanism invokes protonated CH3;CN dimer and trimer intermediates which
lead to cyclization. The CH;CNH" and s-C3(CH3)3N3H+ cations have been characterized by
'H and C NMR spectroscopy, and the salt of the CH;CN adduct, [s-C3(CH3);N3H---
NCCHj3][AsFs]:CH3CN, was characterized by single-crystal X-ray diffraction. In the crystal
structure, one molecule of CH3CN is hydrogen-bonded through nitrogen to the hydrogen of
the triazinium ring. This work represents the first definitive characterization of the 1H-2,4,6-
trimethyl-1,3,5-triazinium cation, a rare example of a sym-2,4,6-trialkyl-1,3,5-triazinium
cation. Proton transfer from FsSNH;" also generated FsSNH,, which was characterized by

'H and "’F NMR spectroscopy.
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CHAPTER 9

CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK

9.1. Conclusions

The chemistry of xenon(Il) has been significantly extended by the syntheses and
characterizations of new examples of xenon bound to nitrogen ligands derived from
thiazyl trifluoride, N=SF3;. The F3S=NXeF', F;S=NXe’, F;S=NXe---N=SF;', and
FsSN(H)Xe" cations are examples of xenon bound to formally sp-, spz-, and sp3 -
hybridized nitrogen centres, and have been thoroughly characterized by multi-NMR and
Raman spectroscopy, and by single-crystal X-ray diffraction. The Lewis basicity of
N=SF; is sufficient to displace XeF, from [FXeOXeFXeF][AsF¢] to form the FXeOXe---
N=SF;" adduct-cation, which was characterized by Raman spectroscopy of natural
abundance and '®0-enriched salts, and represents only the third example of a xenon(II)
oxide fluoride. The FXeOXe---N=SF;" and F4S=NXe---N=SF;" adduct cations are rare
examples of O—Xe—N and N—Xe—N linkages, and the latter is the first to have been
definitively characterized by single-crystal X-ray diffraction.

The HF solvolysis pathway of [F3S=NXeF][AsF¢] in aHF or BrFs solutions was
investigated by multi-NMR spectroscopy, revealing that the F;S=NXe", F4S=NH,", and
FsSN(H)Xe" cations are intermediates in two distinct solvolytic routes to FsSNHj",
culminating in the formation of XeF,, SFs and NH4. The rearrangement of
[F3S=NXeF][AsF¢] in N=SF; solution yielded [F4sS=NXe---N=SF;][AsF¢]. The

F4S=NXe" and F4;S=NH," cations, which exhibit high barriers to rotation about their S=N
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double bonds, significantly extend the chemistry of the F4S=N- group and are the first
known cations to contain this group.

Solvolysis of N=SF; in aHF led to isolation of FsSNH,-»HF, which when
sublimed, formed single crystals of FsSNH,-2[FsSNH;][HF2]-4HF. Recrystallization of
[FsSNH;][AsFg] from N=SF; solution afforded crystalline [FsSNH3][AsF¢]-2N=SF;. The
redox decomposition of [F4S=NXe---N=SF3][AsF¢] in N=SF; led to the formation of
[F3S(N=SF3),][AsF¢]. X-ray crystal structure determinations of these salts constitute a
significant extension of structural sulfur-nitrogen-fluorine chemistry, providing the first
definitive characterizations of FsSNH, and FsSNH;', the second known example of a
structure containing a non-adducted N=SF3 molecule, and rare examples of main-group
coordination compounds of N=SF;. The FsSNH;" cation has been shown to be
sufficiently acidic to protonate CH3;CN to form CH;CNH', initiating the
cyclotrimerization of CH3;CN, which generates FsSNH, and [s-C3(CH3);sN3H][AsFé].
Crystal growth from CH3CN allowed for the determination of the first crystal structure of
a sym-2,4,6-trialkyl-1,3,5-triazinlum cation, namely, [s-C3(CH;);N3H---NCCH3j]
[AsFs]-CH3CN.

The extension of krypton-nitrogen chemistry was not achieved as no conclusive
evidence for Kr—N bond formation was found in repeated low-temperature synthetic
attempts to form [F3;S=NKrF][AsF¢] and [FsSN(H)Kr][AsF¢]. In each case, the
fluorination and oxidation products SFg, NF3, NF;" and AsFs were observed instead,
supporting the trend that krypton compounds are less thermodynamically stable than their

xenon analogues.
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9.2. Directions for Future Work
The teflate group (-OTeFs) is known to have a chemistry similar to that of the
fluorine ligand in main-group chemistry.”®> The teflate analogue of XeF', XeOTeFs",

should be investigated as a Lewis acid for reaction with N=SF; to yield the

F3S=NXeOTeFs" cation according to eq 9.1. The study of the HF solvolysis of the

N=SF
N=SF; + [XeOTeFs][AsFs] ———> [F3S=NXeOTeF;][AsF] 9.1)

F3S=NXeOTeFs" cation, by analogy with that of FsS=NXeF" is not possible because of
the HF solvolysis leading to the formation of HOTeFs. However, the analogous solid-
state rearrangement (see Scheme 6.1) may occur yielding F3(OTeFs)S=NXe", which
could exist as a mixture of up to three isomers: the teflate group, bound to sulfur, may be
in an equatorial position, or could be syn- or anti-axial with respect to the xenon atom.
The isomers should be readily identifiable by '°F and '®Xe NMR spectroscopy, and
should lead to a better understanding of the solid-state rearrangement mechanism.
Recrystallization of the [FsSN(H)Xe][AsFs] salt from liquid N=SF; could be
expected to form single crystals of the donor-acceptor adduct [FsSN(H)Xe---

N=SF;][AsFs] (eq 9.2) by analogy with [FsS=NXe---N=SF;][AsFs]. This would provide

[FsSN(H)Xe][AsFe] + N=SF; ——r2 s [F;SN(H)Xe--N=SF3][AsFs] (9.2)

only the second X-ray crystal structure of a compound containing an N—Xe—N linkage,
and would be a rare example of xenon bound to an inorganic sp’-hybridized nitrogen

centre.
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The synthesis of [FXeOXe---N=SF;3][AsFs] from [FXeOXe---FXeF][AsF¢]
should be repeated, followed by continued pumping under dynamic vacuum, at warmer
temperatures if necessary, to attempt to remove the N=SF; from the salt, leaving
[FXeOXe][AsFs] (eq 9.3), which would be the first example of a non-adducted xenon(1II)
oxide fluoride cation. Another approach would be to complex coordinated N=SF; by
addition of a Lewis acid. Based on calculated dissociation energies (see Scheme 7.2.),
AsFs would not be strong enough, but XeF" should be able to adduct N=SF; and displace
the free FXeOXe" cation. This would result in a mixture of salts (eq 9.4), from which

single crystal growth from a solvent other than N=SF; (which would adduct to the

vac

[FXeOXe-—-N=SF3][AsFs] ———> [FXeOXe][AsFs] + N=SF; 1 (9.3)

BrF; or
FX ---N=SF Fg¢] + F
[FXeOXe---N=SF;][AsF¢] + [XeF][AsFs] S0,CF
[FXeOXe][AsFs] + [F3S=NXeF][AsFs] (9.4)

available Lewis acid sites) or HF (which would solvolyse the S=N triple bond), such as
BrFs or SO,CIF, should be attempted.

Attempts should also be made to extend the use of N=SF; as a ligand to xenon in
the +4 oxidation state. Reaction of a salt of XeF;" with excess liquid N=SF; would be
expected to yield the xenon(IV) analogue of FsS=NXeF" (eq 9.5). If successful, the HF
solvolysis of F38=NXeF;" should be investigated by '°F NMR spectroscopy, which could

lead to the F4;S=NXeF," and FsSN(H)XeF, cations (eq 9.6 and 9.7), significantly
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extending the known chemistry of xenon(IV) by providing the first strongly covalent

Xe(IV)—-N bonded species.

N=SF; + [XeFs][AsFs] ——2>  [F;S=NXeF;][AsF] (9.5)

[F3S=NXeF3][AsFe] + HF % [F,S=NXcF,][AsF¢] (9.6)
Ik's

[FsS=NXeF,][AsFe] + HF HFLI;";» [FsSN(H)XeF,][AsF] ©9.7)
Ik

Isolation of HF-free FsSNH, by distillation of FsSNH,-#HF onto NaF to sequester
the HF as HF,", followed by redistillation of the purified FsSNH,, should allow for
crystal growth by sublimation and for the X-ray structure determination of FsSNH,, and
for confirmation of the Raman spectrum, thereby completing the structural
characterization of this fundamental amine.

The fluoride ion acceptor properties of N=SF; should also be investigated, by

reaction of N=SF; with [N(CHj3)4][F], to generate the N=SF4 anion (eq 9.8). This anion

N=SF; + [N(CH3)][F] ——>  [N(CHs)][N=SF] 9.8)

is expected to be reasonably stable as it is isoelectronic with the well-known O=SF,
molecule and would significantly extend the known chemistry of N=SF3, and of sulfur-

nitrogen-fluorine chemistry in general.
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APPENDIX A

ATTEMPTED SYNTHESES OF THE NEW Kr-N BONDED
CATIONS F;S=NKrF* AND FsSN(H)Kr"

A.1. Introduction

The chemistry of krypton has been reviewed,?' and in many ways is analogous to
that of xenon, however, far fewer krypton compounds are known because of their lower
thermodynamic stabilities and stronger oxidant properties. The only known neutral
krypton fluoride, KrF», has an endothermic heat of formation, but can be produced in
macroscopic quantities at low temperature (see Section 1.4., Krypton(II) Chemistry).

The known chemistry of krypton-nitrogen bonded compound is limited to the four
cations generated by the low-temperature reaction of KrF, with the protonated hydrogen
cyanide cation, HC=NH" (eq A.1),% and the Lewis acid-base adducts, RFC=NAsFs Rp =

CF3;, CoFs5, n-C5F7) (eq A.2)36 in BrFs or aHF solvent at ca. —60 °C to give the

[HC=NH][AsFs] + KiF, — > [HC=NKrF][AsFs] + HF (A.1)

RfC=NAsFs + KrF, — > [RpC=NKrF][AsF¢] (A.2)

corresponding KrF " adducts. This synthetic strategy differs from the approach of directly
reacting XeF" with a nitrile (eq. 1.6) that has been used to generate the analogous xenon
cations. This is because the KrF" cation is a much more potent oxidizer than XeF", which
results in oxidative attack and fluorination of the base with the rapid evolution of Kr,

NF3, and CF, gases at higher temperature. Such reactions are likely to be accompanied by
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detonations. Although these cations were found to be far less stable than their xenon
analogues, they have been unambiguously characterized by low-temperature multi-NMR
spectroscopy despite their short (1-2 h) lifetimes at ca. —60 °C,’ 666 which precluded their
study by other means.

The new xenon-nitrogen containing cations F3S=NXeF"™ and FsSN(H)Xe" have
been synthesized as their AsF¢ salts by reaction of [XeF][AsFs] with the Lewis base
N=SF3, and by the equilibrium reaction of XeF, with [FsSNH3][AsFs], respectively, in
aHF and BrFs solvents (see Sections 3.2.1. and 4.2.1.2.).

The present work examines the possibility of synthesizing the krypton analogues
of the above-mentioned xenon-nitrogen bonded cations. To avoid the use of the stronger
oxidative fluorinating agent KrF", the reaction with N=SF; was adapted as the reaction of

KrF, with the donor-acceptor adduct F3S=NASsFs.

A.2. Results and Discussion
A.2.1. Attempted Syntheses of [F3S=NKrF][AsF¢] and [FsSN(H)Kr][AsFs]

In typical reactions, ca. 0.5 mL of BrFs was condensed onto F3S=NASsFs (ca. 0.41
g, 1.5 mmol; see Section 2.2.7) or [FsSNH3][AsF¢] (ca. 0.23g, 1.5 mmol; see Section
2.4.2) which had been prepared in a 4-mm o.d. FEP NMR tube. A ca. 10 mol% excess of
KrF, was distilled onto the frozen BrFs at —196 °C. The sample was not melted or mixed
until immediately before analysis by low temperature '*F NMR spectroscopy, at or below
the freezing point of BrFs (ca. —65 to—70 °C). Immediately upon melting the BrFs and
mixing the same, gas evolution was observed with both reactions which intensified with
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warming. No krypton-containing reaction products were ever identified, however the
fluorination products SF¢, NF3, NF," and AsFs were observed after both reactions.

It seems clear that rather than bond, krypton and nitrogen are involved in a redox
process in which krypton is reduced (oxidation state +2 to 0) to krypton gas, and nitrogen
is oxidatively fluorinated (+3 to +5) forming NF," in solution. While a preliminary
quantum chemical investigation of these systems was begun, the lack of experimental
evidence for F3S=NKrF" or FsSN(H)Kr" meant that expensive supercomputer CPU time

could be better spent on other projects.

320



	Smith_Gregory_L_2010_phd0001
	Smith_Gregory_L_2010_phd0002
	Smith_Gregory_L_2010_phd0003
	Smith_Gregory_L_2010_phd0004
	Smith_Gregory_L_2010_phd0005
	Smith_Gregory_L_2010_phd0006
	Smith_Gregory_L_2010_phd0007
	Smith_Gregory_L_2010_phd0008
	Smith_Gregory_L_2010_phd0009
	Smith_Gregory_L_2010_phd0010
	Smith_Gregory_L_2010_phd0011
	Smith_Gregory_L_2010_phd0012
	Smith_Gregory_L_2010_phd0013
	Smith_Gregory_L_2010_phd0014
	Smith_Gregory_L_2010_phd0015
	Smith_Gregory_L_2010_phd0016
	Smith_Gregory_L_2010_phd0017
	Smith_Gregory_L_2010_phd0018
	Smith_Gregory_L_2010_phd0019
	Smith_Gregory_L_2010_phd0020
	Smith_Gregory_L_2010_phd0021
	Smith_Gregory_L_2010_phd0022
	Smith_Gregory_L_2010_phd0023
	Smith_Gregory_L_2010_phd0024
	Smith_Gregory_L_2010_phd0025
	Smith_Gregory_L_2010_phd0026
	Smith_Gregory_L_2010_phd0027
	Smith_Gregory_L_2010_phd0028
	Smith_Gregory_L_2010_phd0029
	Smith_Gregory_L_2010_phd0030
	Smith_Gregory_L_2010_phd0031
	Smith_Gregory_L_2010_phd0032
	Smith_Gregory_L_2010_phd0033
	Smith_Gregory_L_2010_phd0034
	Smith_Gregory_L_2010_phd0035
	Smith_Gregory_L_2010_phd0036
	Smith_Gregory_L_2010_phd0037
	Smith_Gregory_L_2010_phd0038
	Smith_Gregory_L_2010_phd0039
	Smith_Gregory_L_2010_phd0040
	Smith_Gregory_L_2010_phd0041
	Smith_Gregory_L_2010_phd0042
	Smith_Gregory_L_2010_phd0043
	Smith_Gregory_L_2010_phd0044
	Smith_Gregory_L_2010_phd0045
	Smith_Gregory_L_2010_phd0046
	Smith_Gregory_L_2010_phd0047
	Smith_Gregory_L_2010_phd0048
	Smith_Gregory_L_2010_phd0049
	Smith_Gregory_L_2010_phd0050
	Smith_Gregory_L_2010_phd0051
	Smith_Gregory_L_2010_phd0052
	Smith_Gregory_L_2010_phd0053
	Smith_Gregory_L_2010_phd0054
	Smith_Gregory_L_2010_phd0055
	Smith_Gregory_L_2010_phd0056
	Smith_Gregory_L_2010_phd0057
	Smith_Gregory_L_2010_phd0058
	Smith_Gregory_L_2010_phd0059
	Smith_Gregory_L_2010_phd0060
	Smith_Gregory_L_2010_phd0061
	Smith_Gregory_L_2010_phd0062
	Smith_Gregory_L_2010_phd0063
	Smith_Gregory_L_2010_phd0064
	Smith_Gregory_L_2010_phd0065
	Smith_Gregory_L_2010_phd0066
	Smith_Gregory_L_2010_phd0067
	Smith_Gregory_L_2010_phd0068
	Smith_Gregory_L_2010_phd0069
	Smith_Gregory_L_2010_phd0070
	Smith_Gregory_L_2010_phd0071
	Smith_Gregory_L_2010_phd0072
	Smith_Gregory_L_2010_phd0073
	Smith_Gregory_L_2010_phd0074
	Smith_Gregory_L_2010_phd0075
	Smith_Gregory_L_2010_phd0076
	Smith_Gregory_L_2010_phd0077
	Smith_Gregory_L_2010_phd0078
	Smith_Gregory_L_2010_phd0079
	Smith_Gregory_L_2010_phd0080
	Smith_Gregory_L_2010_phd0081
	Smith_Gregory_L_2010_phd0082
	Smith_Gregory_L_2010_phd0083
	Smith_Gregory_L_2010_phd0084
	Smith_Gregory_L_2010_phd0085
	Smith_Gregory_L_2010_phd0086
	Smith_Gregory_L_2010_phd0087
	Smith_Gregory_L_2010_phd0088
	Smith_Gregory_L_2010_phd0089
	Smith_Gregory_L_2010_phd0090
	Smith_Gregory_L_2010_phd0091
	Smith_Gregory_L_2010_phd0092
	Smith_Gregory_L_2010_phd0093
	Smith_Gregory_L_2010_phd0094
	Smith_Gregory_L_2010_phd0095
	Smith_Gregory_L_2010_phd0096
	Smith_Gregory_L_2010_phd0097
	Smith_Gregory_L_2010_phd0098
	Smith_Gregory_L_2010_phd0099
	Smith_Gregory_L_2010_phd0100
	Smith_Gregory_L_2010_phd0101
	Smith_Gregory_L_2010_phd0102
	Smith_Gregory_L_2010_phd0103
	Smith_Gregory_L_2010_phd0104
	Smith_Gregory_L_2010_phd0105
	Smith_Gregory_L_2010_phd0106
	Smith_Gregory_L_2010_phd0107
	Smith_Gregory_L_2010_phd0108
	Smith_Gregory_L_2010_phd0109
	Smith_Gregory_L_2010_phd0110
	Smith_Gregory_L_2010_phd0111
	Smith_Gregory_L_2010_phd0112
	Smith_Gregory_L_2010_phd0113
	Smith_Gregory_L_2010_phd0114
	Smith_Gregory_L_2010_phd0115
	Smith_Gregory_L_2010_phd0116
	Smith_Gregory_L_2010_phd0117
	Smith_Gregory_L_2010_phd0118
	Smith_Gregory_L_2010_phd0119
	Smith_Gregory_L_2010_phd0120
	Smith_Gregory_L_2010_phd0121
	Smith_Gregory_L_2010_phd0122
	Smith_Gregory_L_2010_phd0123
	Smith_Gregory_L_2010_phd0124
	Smith_Gregory_L_2010_phd0125
	Smith_Gregory_L_2010_phd0126
	Smith_Gregory_L_2010_phd0127
	Smith_Gregory_L_2010_phd0128
	Smith_Gregory_L_2010_phd0129
	Smith_Gregory_L_2010_phd0130
	Smith_Gregory_L_2010_phd0131
	Smith_Gregory_L_2010_phd0132
	Smith_Gregory_L_2010_phd0133
	Smith_Gregory_L_2010_phd0134
	Smith_Gregory_L_2010_phd0135
	Smith_Gregory_L_2010_phd0136
	Smith_Gregory_L_2010_phd0137
	Smith_Gregory_L_2010_phd0138
	Smith_Gregory_L_2010_phd0139
	Smith_Gregory_L_2010_phd0140
	Smith_Gregory_L_2010_phd0141
	Smith_Gregory_L_2010_phd0142
	Smith_Gregory_L_2010_phd0143
	Smith_Gregory_L_2010_phd0144
	Smith_Gregory_L_2010_phd0145
	Smith_Gregory_L_2010_phd0146
	Smith_Gregory_L_2010_phd0147
	Smith_Gregory_L_2010_phd0148
	Smith_Gregory_L_2010_phd0149
	Smith_Gregory_L_2010_phd0150
	Smith_Gregory_L_2010_phd0151
	Smith_Gregory_L_2010_phd0152
	Smith_Gregory_L_2010_phd0153
	Smith_Gregory_L_2010_phd0154
	Smith_Gregory_L_2010_phd0155
	Smith_Gregory_L_2010_phd0156
	Smith_Gregory_L_2010_phd0157
	Smith_Gregory_L_2010_phd0158
	Smith_Gregory_L_2010_phd0159
	Smith_Gregory_L_2010_phd0160
	Smith_Gregory_L_2010_phd0161
	Smith_Gregory_L_2010_phd0162
	Smith_Gregory_L_2010_phd0163
	Smith_Gregory_L_2010_phd0164
	Smith_Gregory_L_2010_phd0165
	Smith_Gregory_L_2010_phd0166
	Smith_Gregory_L_2010_phd0167
	Smith_Gregory_L_2010_phd0168
	Smith_Gregory_L_2010_phd0169
	Smith_Gregory_L_2010_phd0170
	Smith_Gregory_L_2010_phd0171
	Smith_Gregory_L_2010_phd0172
	Smith_Gregory_L_2010_phd0173
	Smith_Gregory_L_2010_phd0174
	Smith_Gregory_L_2010_phd0175
	Smith_Gregory_L_2010_phd0176
	Smith_Gregory_L_2010_phd0177
	Smith_Gregory_L_2010_phd0178
	Smith_Gregory_L_2010_phd0179
	Smith_Gregory_L_2010_phd0180
	Smith_Gregory_L_2010_phd0181
	Smith_Gregory_L_2010_phd0182
	Smith_Gregory_L_2010_phd0183
	Smith_Gregory_L_2010_phd0184
	Smith_Gregory_L_2010_phd0185
	Smith_Gregory_L_2010_phd0186
	Smith_Gregory_L_2010_phd0187
	Smith_Gregory_L_2010_phd0188
	Smith_Gregory_L_2010_phd0189
	Smith_Gregory_L_2010_phd0190
	Smith_Gregory_L_2010_phd0191
	Smith_Gregory_L_2010_phd0192
	Smith_Gregory_L_2010_phd0193
	Smith_Gregory_L_2010_phd0194
	Smith_Gregory_L_2010_phd0195
	Smith_Gregory_L_2010_phd0196
	Smith_Gregory_L_2010_phd0197
	Smith_Gregory_L_2010_phd0198
	Smith_Gregory_L_2010_phd0199
	Smith_Gregory_L_2010_phd0200
	Smith_Gregory_L_2010_phd0201
	Smith_Gregory_L_2010_phd0202
	Smith_Gregory_L_2010_phd0203
	Smith_Gregory_L_2010_phd0204
	Smith_Gregory_L_2010_phd0205
	Smith_Gregory_L_2010_phd0206
	Smith_Gregory_L_2010_phd0207
	Smith_Gregory_L_2010_phd0208
	Smith_Gregory_L_2010_phd0209
	Smith_Gregory_L_2010_phd0210
	Smith_Gregory_L_2010_phd0211
	Smith_Gregory_L_2010_phd0212
	Smith_Gregory_L_2010_phd0213
	Smith_Gregory_L_2010_phd0214
	Smith_Gregory_L_2010_phd0215
	Smith_Gregory_L_2010_phd0216
	Smith_Gregory_L_2010_phd0217
	Smith_Gregory_L_2010_phd0218
	Smith_Gregory_L_2010_phd0219
	Smith_Gregory_L_2010_phd0220
	Smith_Gregory_L_2010_phd0221
	Smith_Gregory_L_2010_phd0222
	Smith_Gregory_L_2010_phd0223
	Smith_Gregory_L_2010_phd0224
	Smith_Gregory_L_2010_phd0225
	Smith_Gregory_L_2010_phd0226
	Smith_Gregory_L_2010_phd0227
	Smith_Gregory_L_2010_phd0228
	Smith_Gregory_L_2010_phd0229
	Smith_Gregory_L_2010_phd0230
	Smith_Gregory_L_2010_phd0231
	Smith_Gregory_L_2010_phd0232
	Smith_Gregory_L_2010_phd0233
	Smith_Gregory_L_2010_phd0234
	Smith_Gregory_L_2010_phd0235
	Smith_Gregory_L_2010_phd0236
	Smith_Gregory_L_2010_phd0237
	Smith_Gregory_L_2010_phd0238
	Smith_Gregory_L_2010_phd0239
	Smith_Gregory_L_2010_phd0240
	Smith_Gregory_L_2010_phd0241
	Smith_Gregory_L_2010_phd0242
	Smith_Gregory_L_2010_phd0243
	Smith_Gregory_L_2010_phd0244
	Smith_Gregory_L_2010_phd0245
	Smith_Gregory_L_2010_phd0246
	Smith_Gregory_L_2010_phd0247
	Smith_Gregory_L_2010_phd0248
	Smith_Gregory_L_2010_phd0249
	Smith_Gregory_L_2010_phd0250
	Smith_Gregory_L_2010_phd0251
	Smith_Gregory_L_2010_phd0252
	Smith_Gregory_L_2010_phd0253
	Smith_Gregory_L_2010_phd0254
	Smith_Gregory_L_2010_phd0255
	Smith_Gregory_L_2010_phd0256
	Smith_Gregory_L_2010_phd0257
	Smith_Gregory_L_2010_phd0258
	Smith_Gregory_L_2010_phd0259
	Smith_Gregory_L_2010_phd0260
	Smith_Gregory_L_2010_phd0261
	Smith_Gregory_L_2010_phd0262
	Smith_Gregory_L_2010_phd0263
	Smith_Gregory_L_2010_phd0264
	Smith_Gregory_L_2010_phd0265
	Smith_Gregory_L_2010_phd0266
	Smith_Gregory_L_2010_phd0267
	Smith_Gregory_L_2010_phd0268
	Smith_Gregory_L_2010_phd0269
	Smith_Gregory_L_2010_phd0270
	Smith_Gregory_L_2010_phd0271
	Smith_Gregory_L_2010_phd0272
	Smith_Gregory_L_2010_phd0273
	Smith_Gregory_L_2010_phd0274
	Smith_Gregory_L_2010_phd0275
	Smith_Gregory_L_2010_phd0276
	Smith_Gregory_L_2010_phd0277
	Smith_Gregory_L_2010_phd0278
	Smith_Gregory_L_2010_phd0279
	Smith_Gregory_L_2010_phd0280
	Smith_Gregory_L_2010_phd0281
	Smith_Gregory_L_2010_phd0282
	Smith_Gregory_L_2010_phd0283
	Smith_Gregory_L_2010_phd0284
	Smith_Gregory_L_2010_phd0285
	Smith_Gregory_L_2010_phd0286
	Smith_Gregory_L_2010_phd0287
	Smith_Gregory_L_2010_phd0288
	Smith_Gregory_L_2010_phd0289
	Smith_Gregory_L_2010_phd0290
	Smith_Gregory_L_2010_phd0291
	Smith_Gregory_L_2010_phd0292
	Smith_Gregory_L_2010_phd0293
	Smith_Gregory_L_2010_phd0294
	Smith_Gregory_L_2010_phd0295
	Smith_Gregory_L_2010_phd0296
	Smith_Gregory_L_2010_phd0297
	Smith_Gregory_L_2010_phd0298
	Smith_Gregory_L_2010_phd0299
	Smith_Gregory_L_2010_phd0300
	Smith_Gregory_L_2010_phd0301
	Smith_Gregory_L_2010_phd0302
	Smith_Gregory_L_2010_phd0303
	Smith_Gregory_L_2010_phd0304
	Smith_Gregory_L_2010_phd0305
	Smith_Gregory_L_2010_phd0306
	Smith_Gregory_L_2010_phd0307
	Smith_Gregory_L_2010_phd0308
	Smith_Gregory_L_2010_phd0309
	Smith_Gregory_L_2010_phd0310
	Smith_Gregory_L_2010_phd0311
	Smith_Gregory_L_2010_phd0312
	Smith_Gregory_L_2010_phd0313
	Smith_Gregory_L_2010_phd0314
	Smith_Gregory_L_2010_phd0315
	Smith_Gregory_L_2010_phd0316
	Smith_Gregory_L_2010_phd0317
	Smith_Gregory_L_2010_phd0318
	Smith_Gregory_L_2010_phd0319
	Smith_Gregory_L_2010_phd0320
	Smith_Gregory_L_2010_phd0321
	Smith_Gregory_L_2010_phd0322
	Smith_Gregory_L_2010_phd0323
	Smith_Gregory_L_2010_phd0324
	Smith_Gregory_L_2010_phd0325
	Smith_Gregory_L_2010_phd0326
	Smith_Gregory_L_2010_phd0327
	Smith_Gregory_L_2010_phd0328
	Smith_Gregory_L_2010_phd0329
	Smith_Gregory_L_2010_phd0330
	Smith_Gregory_L_2010_phd0331
	Smith_Gregory_L_2010_phd0332
	Smith_Gregory_L_2010_phd0333
	Smith_Gregory_L_2010_phd0334
	Smith_Gregory_L_2010_phd0335
	Smith_Gregory_L_2010_phd0336
	Smith_Gregory_L_2010_phd0337
	Smith_Gregory_L_2010_phd0338
	Smith_Gregory_L_2010_phd0339



