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ABSTRACT

Sulfur tetrafluoride was shown to be a useful reagent in preparing salts of
Re""0,F,, IYOF,, and IM"O,F,~. Sulfur tetrafluoride reacts with oxo-anions in
acetonitrile or anhydrous HF (aHF) via fluoride-oxide exchange reactions to
quantitatively form oxide fluoride salts, as observed by Raman and *F NMR
spectroscopy. Pure Ag[ReO,F,4] as well as the new CH3CN coordination compounds
[Ag(CH3CN),][ReO,F,4] and [Ag(CH3CN),][ReO,F4]*CH3CN were prepared. The latter
was characterized by single-crystal X-ray diffraction. The reaction of [N(CHs)4]103 with
SF, in acetonitrile gave the new [N(CHs),][IOF,] salt.

Sulfur tetrafluoride forms Lewis acid-base adducts with pyridine and its
derivatives, e, 2,6-dimethylpyridine, 4-methylpyridine and 4-
dimethylaminopyridine, which have recently been identified in our lab. In the
presence of HF, the nitrogen base in the SF, base reaction systems is protonated,
which can formally be viewed as solvolysis of the SFsebase adducts by HF. The
resulting salts have been studied by Raman spectroscopy and X-ray crystallography.
Crystal structures were obtained for pyridinium salts: [HNCsHs']JF *SF4,
[HNCsHs JF [HF; ]°2SF4;  4-methylpyridinium  salt:  [HNCsH4(CH3)*]F *SF,,
[HNCsH4(CH3) 1[HF; 1; 2,6-dimethylpyridinium salt:
[HNCsH3(CHa3)212[SFs JF *SF4; 4-dimethylaminopyridinium salts:
[HNCsHsN(CH3), To[SFs ]F *CH,Cly, [NCsHsN(CH3), ][HF, 1-2SFs; and the 4,4’-
bipyridinium salts: [HNHsCs—CsHsN*JF «2SFs, [HNH4Cs—CsHsNH?*]2F *4SF,.
These structures exhibit a surprising range of bonding modalities between SF; and

fluoride and provide an extensive view of SF, in the solid state.



For the first time, the solid-state structure of SF, was elucidated by single-
crystal X-ray diffraction. The structure can best be described as a network with weak
intermolecular S---F contacts formed exclusively by the axial fluorines that exhibit
more ionic character. A similar structural motif was found in the novel
[HNCsH3(CHa3),12[SFs JF *4SF, salt which contains layers of SF.

Adduct formation of SF, with oxygen-bases was observed for the first time.
These SF4+O-base adducts (SF4*OC4Hs, SF4¢(OC4Hsg),,  SF4¢(CH30CH,),,
SF4+(0O=CsHg),) were synthesized, isolated, and characterized at low temperatures.
The structures were elucidated by X-ray crystallography and Raman spectroscopy.
The characterization of the SF,eketone adduct (SF4,*O=CsHy) is of great significance,
since SF, can serve as a fluorinating agent towards carbonyl groups. These adducts

offer the first extensive view of dative O---S(1V) bonds.
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1 Introduction

1.1  Sulfur Fluorides
Sulfur forms several binary fluorides, namely SF,, FsSSF, S;F,, SF4, SFs and

S,F10.t All of these sulfur fluorides can be prepared by direct combination of
elemental sulfur with elemental fluorine at varying concentrations and temperatures.
Due to the high reactivity, low boiling points, and/or difficulties in handling these
compounds, extensive computational studies have been reported to elucidate the
molecular geometries and to fully understand the electronic structures.?® Sulfur
difluoride and disulfur difluoride are thermally unstable and remain laboratory
curiosities.> Sulfur difluoride is only stable as a highly dilute gas,” and exists as
dimeric SF3SF in the liquid and solid state.® Sulfur difluoride is prepared by the
reaction of SCI, vapour with metal fluorides (AgF, KF, HgF,) at high temperatures
(150 to 160 °C) under vacuum (<10 Torr) (see Equation 1.1.1).°

SCl, + HgF, —  SF, + HgCl, (1.1.1)

The bent geometry (see Figure 1.2) of the monomer was determined by gas-
phase infrared’ and microwave®® spectroscopy, and matrix-isolation vibrational
spectroscopy.™* The four **F NMR spectroscopic signals of FSSF3 (see Figure 1.1) in
the liquid phase at —53.2 (F1), —5.7 (F,), 26.3 (Fs), and 204.1 (Fs) ppm (%1, = 86.3,
2J13 = 32.8, 2o = 32.2, %314 = 40.2, *J,4 = 156.0, and 3Js, = 63.5 Hz) confirmed the
existence of the asymmetric dimer, as well as determined the connectivity of the

atoms.®*?



. s

Figure 1.1 **F NMR spectroscopic assignment of FSSF;

An electron diffraction study provided bond lengths and angles of F3SSF (see
Figure 1.2)."* The dimer decomposes above —75 °C into sulfur tetrafluoride, Sg, and
other allotropes of sulfur (see Equation 1.1.2).

FsSSF —  SFs+1,S, (1.1.2)

Small amounts of HF can catalyze the decomposition of F3SSF into SF; and
FSSF instead of SF, and elemental sulfur (see Equation 1.1.3a and 1.1.3b).}

SF4SF + HF —  SF4+HSF (1.1.3a)

SF, + HSF —  FSSF+HF (1.1.3b)

Disulfur difluoride exists as two isomers, difluorosulfane (FSSF) and
thiothionyl fluoride (SSF;), with SSF, being the more stable isomer at room
temperature. Both isomers are prepared in a similar fashion to sulfur difluoride
except disulfur dichloride (CISSCI) is used in place of sulfur dichloride and a
temperature range of 120 to 165 °C is used (see Equation 1.1.4).**

CISSCI + MF — SoF, + MCIl (where M = Ag, K, Hg) (1.1.4)
At higher temperatures (165 °C), SSF is the main product. An alternative method of
preparing disulfur difluoride is by the reaction of nitrogen trifluoride with elemental
sulfur (see Equation 1.1.5).%°

NF; + /g Sg —  S,F, + NSF (1.1.5)



The structures of FSSF and SSF, were elucidated using a combination of

microwave,® infrared,'* and ‘°F NMR® spectroscopies (see Figure 1.2).

1.589 A
\ |1 122 A 1635(10) A/ 1598(12) A\\l075(1)°
98-3"( 1. 569 W 922, A - 92.5(1)° -
/ 1624 A [2.040 As \1 02 / 1888(10) A /1860015 A

Figure 1.2 The structures of the lower sulfur fluorides: SF,, SF;SF, FSSF, and SSF,

Sulfur tetrafluoride, sulfur hexafluoride and disulfur decafluoride have been
commercially available, but in recent times, only sulfur hexafluoride is easily
obtainable. Sulfur tetrafluoride is a highly toxic and reactive gas at room
temperature. It is a selective fluorinating agent, which has been used extensively in
organic chemistry (see Section 1.2.2). In contrast to the lower sulfur fluorides, sulfur
tetrafluoride is thermally stable up to very high temperatures (500 to 1000 °C), with
only 1% being converted to SF (see Equation 1.1.6) in this temperature range.*’

3 Sk, = 2SFg+S (1.1.6)

Sulfur tetrafluoride exhibits a disphenoidal (seesaw) molecular geometry in the
gas and liquid phases (see Figure 1.3). The structure has been well studied in the gas
phase by electron diffraction,’®!° microwave,® infrared,”?* and °F NMR*
spectroscopies and has been the subject of computational studies.** The structure in
the liquid phase has been studied by variable temperature *°F NMR,* Raman, and
infrared spectroscopy.? Significantly less information has been reported on the

structure in the solid state.® Using miniature zone-melting techniques, the crystal



structure of SF, has previously been reported to be severely disordered and no

discernible structure could be determined.?’
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Figure 1.3 The structures of the higher sulfur fluorides: SF4, SFg, and S;F .

Sulfur tetrafluoride can be prepared by fluorination of elemental sulfur

suspended in CFCl; at —78 °C with 100% elemental fluorine®®

or by direct
fluorination of molten sulfur between 120 to 200 °C with 10% fluorine in nitrogen.*®
It can also be conveniently prepared in the laboratory by reaction of SCI, and Cl,
with metal fluorides, such as NaF, KF, CoF,, between 200 and 300 °C (see Equation
1.1.7).%

SCl, + Cl, + 4 NaF — SF4 + 4 NaCl (1.1.7)

Sulfur tetrafluoride is extremely moisture sensitive and reacts with water
producing HF and thionyl fluoride (see Equation 1.1.8). Thionyl fluoride can further
react with water to produce HF and sulfur dioxide (see Equation 1.1.9).

SF,4 + H,0 —  2HF+SOF, (1.1.8)

SOF,+H,0 —  2HF+S0, (1.1.9)

Hydrogen fluoride can readily be separated from SF, by distillation at low

temperatures (<—80 °C) and by the use of HF scavengers (NaF), but the reactivity,



melting point (—100 °C), and boiling point of SOF, (—44 °C) and SFg¢ (=50 °C
sublimation) make their separation from SF, difficult. One method of purifying SF,4
is by the formation of adducts with Lewis acids (BF3) (see Equation 1.1.10), removal
of SOF, and SF¢ from the solid adduct, and then substitution of SF, with a base such
as diethyl ether (see Equation 1.1.11).*"
SF4 + BF3 —  SF3BF, (1.1.10)
SF3BF4 + EL, O  — Et,0BF; + SF4 (1.1.12)
Sulfur hexafluoride is an extremely inert and dense gas at room temperature.
Inhalation of SFg depresses the vibrational frequency of one’s voice, as opposed to
the well-known effect of helium, which increases the vibrational frequency of one’s
voice. Although SFs is non-toxic, it can sometimes contain toxic impurities (e.g.
S2F10), therefore inhalation of SFg is not recommended. Due to the high density of
the gas, light objects, such as aluminum boats, can float on gaseous SFs.
Approximately 8,000 tons of SFg is produced annually (2000), and approximately
75% of the annual production is used as dielectric gas in the electric power industry
and an inert gas for the magnesium industry.>> Although sulfur hexafluoride is
generally inert, it can react with lithium generating large amounts of heat, which
have been used in closed Rankine-cycle propulsion systems (see Equation 1.1.12).%
SFg + 8 Li —  LiS+6 LiF (1.1.12)
Sulfur hexafluoride has octahedral geometry (see Figure 1.3) and has
extensively been characterized by Raman,**® infrared,**’ photoelectron,®® and *°F
NMR?* spectroscopies and by electron*® and neutron**? diffraction techniques.
Disulfur decafluoride is a moisture stable, volatile, extremely toxic liquid at

room temperature, and had been considered for use as a war gas in WWI1.** Under



exclusion of moisture and air, it can be stored at room temperature. In 1934 it was
isolated and its basic physical properties and reactivity were characterized.*® Disulfur
decafluoride slowly decomposes above 150 °C into SF4 and SFs in a two-step
mechanism (see Equation 1.1.12a/b).*°

SoF10 = 2 SFs (fast) (1.1.12a)

2SFs = SFs + SF4 (slow) (1.1.12b)

Disulfur decafluoride is obtained as a by-product of SFg synthesis. It can be
prepared in the laboratory by photolysis of SFsBr*’ (Equation 1.1.13) or by
photochemical reduction of SFsCl (Equation 1.1.14) with H, gas.*®

2SFsBr = SoF10 + Br, (1.1.13)

2 SFsCl + H, = S;F10 + HCI (1.1.14)

The structure of disulfur decafluoride was initially characterized by infrared
spectroscopy.* In 1953, an electron diffraction study of the gas provided the metric
parameters.”® In 1989, a reinvestigation of the gas-phase structure of S,Fig by
electron diffraction revised the bond lengths.>! Infrared,®* Raman,*® and °F NMR>®
spectroscopy have since been used to characterize liquid S,F19. Despite the fact that
disulfur decafluoride is a liquid at room temperature and freezes at a moderate
temperature of —53 °C, there is a dearth of information reported on its structural
characterization in the solid state. Infrared and Raman spectroscopy were performed
on the neat solid®* at liquid nitrogen temperatures and matrix-isolation vibrational
spectroscopy was performed on the solid in an argon matrix at 8 K.>® Computational
chemistry has been used to determine the electronic structure® and
thermochemistry”’ of S,F1o as well as structural properties® of the potential anion,

SoF11 .



Table 1.1 Properties of the known sulfur fluorides.

SF,  FsSSF FSSF  SSF, SF, SFs  S:Fio
m.p. (°C) — — —-133  -164.6 —1215 —-639 53
b.p. (°C) — ~75° 15  -10.6 —404 -508 30
(decomp.)
AtHagg -21.6 — —349 385 —463 —48.6 -—1903°
(kd/mol)?
Vap. Press. - — 1.46° 347° 952 218 0.888
(atm)
BE (ppm) -167 54.9 ~-1288 778 93 549 540
gas® 7.0 34.2
—24.7
—211.1
Be o (ppm) - 53.2 ~-1232 790 884 532 515to
liquid® 5.7 34.1 56.5
-26.3
—204.1

2 From: Seel, F. Advan. Inorg. Chem. Radiochem. 1974, 16, 297-333.

® From: Gombler, W.; Schaebs, J.; Willner, H. Inorg. Chem. 1990, 29, 2697-2698.
¢ From: Irikura, K. K. J. Chem. Phys. 1995, 103, 10162-10168.

4 From: Brown, R.; Burden, F.; Pez, G. Chem. Commun. 1965, 277b-278.

¢ From: Seel, F.; Budenz, R. Chem. Ber. 1965, 98, 251-258.

1.2 Sulfur Tetrafluoride Chemistry
1.2.1 Lewis-Acid and Fluoride-lon Donor Properties
Sulfur tetrafluoride can act as a fluoride-ion donor towards strong Lewis
acids forming SFs" salts (see Equation 1.2.1/1.2.2).
SF4 + AFs — SF3"AFg (where A =P, As, Sh, Pt, Ir, Os) (1.2.1)
SF,+BF; —  SF3'BF, (1.2.2)
Robinson and Bartlett first reported the reaction of SF4 with the Lewis acids,
BF;, PFs, AsFs and SbFs and suggested a simple Lewis acid-base interaction
between sulfur and the Lewis acid.’*®® Cotton and George reported that such an

interaction through the sulfur was unlikely, and the compounds were either fluorine-



bridged or ionic.®* Gillespie et al. characterized the BFs, PFs, AsFs and SbFs adducts
using Raman, infrared, and °F NMR spectroscopy, and conductivity
measurements.®> The Raman and infrared spectra contained signals associated with
SF;" and the respective anions (BF4, PFs, AsFs, and SbFg ). Conductivity
measurements of SF3BF4 and SF3SbFg, in anhydrous HF solvent, gave similar values
as their respective potassium salts, indicating the presence of ionic species in
solution. The low-temperature *°F NMR spectra exhibited two distinct resonances,
attributable to the SF3* cation and the counter anion. All their data support the ionic
model.®? Crystal structures of SFsBF4,%® SF3AsFs®® and SFs(HF)SbFg,> have since
been reported. Two sulfur tetrafluoride molecules can react with one GeF, molecule
to form the (SF3),GeFs salt, which was also characterized by X-ray crystallography.®®
In these crystal structures, the SF3* cation adopts a trigonal pyramidal geometry and
has three contacts with fluorides on the anion (S---FGeFs* = 2.420(1)[x2] and
2.367(2) A; S---FBF; = 2.593(3) and 2.624(2)[x2] A). Sulfur tetrafluoride reacts
with the sulfonyl hypohalites, (CIOSO,F, BrOSO,F, and CIOSO,CF;), to form
thermally unstable [SF3*][FSOs] and [SF3'][CF3SO3] salts and the covalently
bonded cis/trans-SF4(CI)OSO,F and trans-SF4(ClI)OSO,CF; compounds, as shown
by Raman and *°F NMR spectroscopy.®

Sulfur tetrafluoride can act as a Lewis acid towards fluoride. It can accept a
fluoride from strong fluoride-ion donors such as [N(CHs)4]F and CsF, forming the
SFs anion (see Equation 1.2.3).5"

SF,+CsF  — Cs'SFs (1.2.3)
These salts dissociate into SF, and their respective fluoride salt when heated. The

vapour pressure of SF, above [N(CHs)4]SFs is 2-3 Torr at 25 °C, 7 Torr at 38 °C and



19 Torr at 60 °C.°” The Rb* and Cs* salts of the SFs anion have since been
characterized by vibrational spectroscopy, and the SFs anion has been studied by
computational means.®® " The crystal structures of Rb[SFs],%® Css[SFs]a[HF-],,* and
[Cs(18-crown-6),][SFs] "% have confirmed the expected square pyramidal geometry of
the SFs anion. The structures, however, exhibit relatively large uncertainties in bond
lengths (Rb* and Cs” salts) and are disordered ([Cs(18-crown-6),].

The Lewis acidity of SF, towards nitrogen bases was first reported by
Muetterties et al. in 1959, suggesting the formation of adducts with pyridine and
triethylamine.®"® This claim was based on crude vapour pressure measurements,
mass balance and °F NMR spectroscopy data. In a matrix-isolation study it was
claimed that the formation of 1:1 adducts occurred between SF, and ammonia,
pyridine, acetone, and methylamine.” Recently, SF, adducts with pyridine,” 4-
methylpyridine,” 2,6-dimethylpyridine,” and triethylamine™ were unambiguously
characterized by Raman spectroscopy, computational studies, and °F NMR
spectroscopy (see Equation 1.2.4).%*

SF4 + N(C2Hs)s = SF4N(CoHs)s (1.2.4)

Crystal structures of SF4sNCsHs,” SF4*NCsHs(CH3),™
SF4*NCsHs(N(CHs)2,"”® and SF4*N(C;Hs)s" provided the experimental geometries

and metric parameters for these adducts.

1.2.2 Sulfur Tetrafluoride as Reagent in Organic Chemistry.
In organic chemistry, sulfur tetrafluoride has been used to convert OH, C=0,
and COOH groups into CF, CF,, and CF5 groups, respectively.”” These reactions are

generally carried out in high-pressure stainless-steel autoclaves. Depending on the



reactivity of the substrate, reaction temperatures ranging from —78 to 300 °C have
been employed. In recent years the use of sulfur tetrafluoride has declined due to the
difficulties associated with handling this gaseous and toxic compound. Replacements
include diethylaminosulfur trifluoride (DAST),” Ishikawa's reagent,” and

aminodifluorosulfinium salts®® (see Figure 1.4).

+ —
\ |
\ /
N— | /\NM AN L
/] ) _
Diethylaminosulfur trifluoride  Ishikawa's reagent Diethylaminodifluorosulfinium
(DAST) tetrafluoroborate

(XtalFluor-E)

Figure 1.4 The structures of some common fluorinating agent replacements for SF,.

Sulfur tetrafluoride generally requires catalytic or sometimes molar equivalents
of HF for fluorination reactions to occur.?* Traces of HF are inevitably present in the
reaction mixture due to hydrolysis of SF4 by moisture. Spectral and conductivity
investigations of SF, in anhydrous HF solvent suggest the existence of ionic species
SFs" and HF,, in SF4/HF systems (see Equation 1.2.5) .%

SF, + HF 2 SFs" + HF, (1.2.5)

The currently accepted mechanism for the reaction of SF4 with carbonyl groups
involves the electrophilic attack of the oxygen atom by the SF;" cation to form an
oxygen-sulfur bonded intermediate. This intermediate undergoes intramolecular
rearrangement and eliminates thionyl fluoride to give the fluorocarbenium ion, which
can then be attacked by bifluoride to generate CF, and regenerate HF (Equation

1.2.6).

10
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The fluorocarbenium ion can electrophilically attack the oxygen on a second
carbonyl compound which leads to the formation of fluoroethers as by-products.®?
The fluorocarbenium cation can be trapped with aromatic hydrocarbons in the
reaction of SF, with haloacids. For example, the reaction of SF4 with CHCI,COOH
in the presence of p-xylene affords ArCF,CH,CI®® and haloacetones.®*

The reaction of SF, with substrates containing hydroxyl groups, is generally
much faster than substrates containing carbonyl groups. The proposed mechanism
for the reaction of SF, with hydroxyl groups involves the formation of the
alkoxysulfur trifluoride (Equation 1.2.7), which can then act as a fluoride-ion donor
towards HF to form ROSF," (Equation 1.2.8), containing the excellent leaving group,
OSF,. The ROSF," then undergoes a substitution reaction with fluoride (or
bifluoride) (Equation 1.2.9). Dmowski et al. suggest the mechanism can either be
Snl in the case of structures that form carbenium ions, or Sy2 in primary or

85,86

secondary alkyl compounds, whereas Baum et al. propose an internal (Sni)

displacement mechanism.®’

ROH+SF;*  —  ROSF3+H* (1.2.7)
ROSF;+HF  —  ROSF," + HF, (1.2.8)
ROSF,"+F  —  RF+SOFR, (1.2.9)

11



Certain fluorination reactions require the addition of hydrogen fluoride
scavengers (MF, organic nitrogen bases) in the reaction mixture. For example,
tertiary amides react with SF, in the presence of trace HF yielding acyl or aryl
fluorides and trifluoromethyl compounds, by undergoing N—C bond cleavage. In the
presence of a HF scavenger, the fluorination of the carbonyl group proceeds with

good yields (see Equation 1.2.10).%

/ SF,, 150 °C, 48 h N

|/ (1.2.10)

N

KF

2%

Alkyl alcohols, with a non-fluorinated aromatic substituent, react with SF, to
give polymerized products. In the presence of triethylamine or pyridine, the

fluorination of the hydroxyl group takes place (Equation 1.2.11).%

o SF,, 50 °C, 5 min

H Pyridine, cyclohexane (12 . 11)

35%

To the best of my knowledge, no mechanism has been reported on the
fluorination of organic carbonyl and hydroxyl groups with SF; under basic
conditions. The formation of SFs" under basic conditions is extremely unlikely,

therefore a different mechanism is probable.

12



1.3 Sulfur Fluoride Substituents in Organic and Inorganic Chemistry
1.3.1 Pentafluorosulfonyl Substituent, SFs

Renewed interest in SFs as a substituent used in organic compounds is taking

%9 The substituent has shown great promise in synthesizing high-

place.
performance polymers, energetic materials, and liquid crystals, because SFs is very
electron withdrawing, lipophilic, chemically inert and has more steric bulk when
compared to other fluorinated organic groups such as CF3.%*% The
pentafluorosulfanyl substituent was discovered accidentally in 1950, when
attempting to synthesize CF3;SF by reaction of CH3SF with CoF3 at 250 to 275 °C,
produced CF3SFs.>* Aliphatic SFs compounds can be prepared in low yields (10 to
30%) by electrochemical fluorination or by direct fluorination of thiols, thioethers,
and other sulfur containing compounds.®®’ Pentafluorosulfanyl chloride (SFsCI) and
bromide (SFsBr) have been proven to be useful reagents in the introduction of SFs
groups into organic compounds. Direct addition of SFsX (X = Cl, Br) across double

and triple bonds of alkenes and alkynes is a convenient method of synthesizing

aliphatic compounds containing the SFs substituent.*® (see Equation 1.3.1)

\/

7\
+ SECI 0.1 BEt;, Hexanes . (1.3.1)

-30t0-20°C, 1 h 98%

Studies suggest that the reaction proceeds via a radical mechanism, in which
SFsCl first dissociates into *SFs5 and X radicals.®® The production of these radicals

can be increased photochemically, thermally, or by use of a radical initiator such as

13



BEt;.'® A competing side reaction is the addition of CI-F instead of CI-SFs (see

Equation 1.3.2).

Hexanes /\
+ SFCI ——— + (1.3.2)

RT, 18 h

17% 14%

In contrast to aliphatic pentafluorosulfonyl compounds there are very few
reported synthetic methods for preparing aromatic compounds containing the SFs

101 The direct fluorination of aryl sulfides in acetonitrile at =5 °C, with

substituent.
elemental fluorine (10% F,/N; v/v) produces aryl pentafluorosulfides in a yield of
40%.%2 More recently, a new method has been developed to synthesize arylsulfur
pentafluorides in high yields.’® The reaction of diaryl disulfides with a mixture of
chlorine and potassium fluoride affords two equivalents of arylsulfur
chlorotetrafluoride  (see Equation 1.3.3). Treatment of the arylsulfur

chlorotetrafluoride with a fluoride source, such as such as ZnF,, HF, and Sb(ll1/V)

fluorides affords the pentafluorosulfonyl arene.

14



1.32 SF,(x = 2-4)

Compounds containing the SFx group have a wide range of reactivity and
potential uses.'® The following is a small sample of some interesting compounds
which have been reported. Compounds containing S(IV) or S(VI) are common, in
which the SFx group is attached to carbon, or other main-group elements such as
nitrogen or oxygen. The reaction of SF, with varying amounts of trimethylsilyl
amines produces a large range of compounds containing N-S(IV)Fx (where x = 2, 3)
substituents, which have been very useful as fluorinating agents (see Equation
1.3.4).1
XRoN-SiMes + SF4  —  (R2N)x—SF4— + XFSiMe;  (where x =1, 2) (1.3.4)

If three equivalents of R,N—SiMes are used the [(R2N);S'][MesSiF, ] salt
will form, which is a useful source of fluoride ions. In the above reaction, when R is
ethyl and a one-to-one molar ratio of reactants is used, diethylaminosulfur trifluoride
(DAST) is produced, which is a popular, commercially available fluorinating agent
(see Figure 1.4).

A large range of aryloxysulfur(1V) fluorides, which contain O-S(IV)F (where
x = 1, 2, 3) substituents, have been synthesized and characterized by °F NMR
spectroscopy and mass spectrometry.’®® These compounds are formed by the reaction
between aryl silyl ethers and sulfur tetrafluoride (see Equation 1.3.5).

XArOSiMe; + SF; — (ArO)«SF4— + XMesSiF (wherex =1, 2, 3) (1.3.5)

Selective fluorination of sulfur on organic compounds is a common method
of producing various SFx moieties. Aryl and alkyl sulfur trifluorides can be prepared
by fluorination of disulfides with AgF, (see Equation 1.3.6).

(R-S-), + 6AgF,  —  2RSFs + BAGF (1.3.6)

15



The fluorination of a sulfurane (S{CsH4C(CF3),0}) with BrF3; produced a
trans-difluorosulfurane (SF{CsH4C(CF3),0}) if a 2/3™ BrF; molar equivalency is
used, and the cis-difluorosulfurane if excess BrFs; was used.'®” Alkylidene sulfur
difluorides (R,C=SF;) can be prepared by an addition-elimination reaction (see
Equation 1.3.7).

FsC-CH=CF, +SFs —  (FsC),C=SF, + HF (1.3.7)

Alkylidene sulfur tetrafluorides (R-C=SF,) can be prepared by elimination of
halo-fluorides from FSsCBr(CHs)CFs or by isomerization of FsS—CH=C=0.1%1%
These compounds can then be further dehydrofluorinated to produce R-C=SF;
compounds, which are unstable.®® An alkylidene sulfur difluoride oxide was
synthesized by the hydrolysis of an alkylidene sulfur tetrafluoride (see Equation

1.3.8).10%

O=CF-CH=SF;+ H,0 — O=CF-CH=SF,=0 + 2HF (1.3.8)

1.3.3 Sulfur Fluorides as Ligands in Transition Metal Chemistry

In 1969, Stocks et al. reported that the reaction between SFsCl and trans-
stilbenebis(triphenylphosphine)platinum(0) forms (PPh3),PtCISFs, the first metal
complex to contain a sulfur fluoride directly bonded to a metal.*** The only evidence
provided for the existence of this structure were physical properties and infrared
absorptions at 316 cm™' (Pt-Cl) and at 891 cm ™" attributed to SFs. Holloway et al.
reported that SF, oxidatively adds to Vaska-type complexes forming (PR3)2IrXFSF;

(where R = Me, Et, Ph and X = Cl, Br, I) complexes (see Equation 1.3.9).*?
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Sk, + Clz(CO)(PEts)zlr(D — F(SF3)C|2(CO)(PEt3)2|r (139)

The reaction between SF,4 and Ir(CO)CI(PEt3), occurs rapidly in CD,Cl; at —73
°C to form Ir(CO)CIF(PEt3),SF3, the only reported instance of SF3 as a ligand. These
compounds were identified by °F and *P NMR spectroscopy and further
characterized by partial elemental analysis, by their infrared spectra, and by
incomplete single-crystal X-ray diffraction. It was also reported that tellurium
tetrafluoride oxidatively adds to rhodium analogues of Vaska’s complex.™™ More
recently, computational methods have been used to study the stability of SF3 ligands
attached to metal carbonyl compounds.** This study suggests that SF; bonded to
first-row transition-metal carbonyls would be disfavoured over SF, and F addition for
certain complexes ((V(CO)s, Mn(CO)4, Co(CO)3, Ir(CO)s3)), whereas the opposite is

favoured in other compounds (Cr(CO)s, Fe(CO)4, and Ni(CO)3).**

1.4 Goals of Present Research

One of the original goals of this thesis was to expand the chemistry of sulfur
fluorides as ligands in transition-metal chemistry. The first goal was to replicate the
findings of Stocks et al. and Holloway et al. by synthesizing the only reported
compounds containing sulfur fluoride ligands, i. e., (PPh3),PtCISFs and
Ir(CO)CIF(PEt3),SF3, respectively, and provide structural information for these
complexes. Unfortunately, attempts at replicating their results and isolating sulfur
fluoride complexes proved to be challenging. Reactions of sulfur tetrafluoride and

sulfur pentafluoride chloride with a multitude of metal complexes gave no conclusive
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results. The use of SF4 in some of these reactions led to the study of the structure of
SF4, the use of SF, as a reagent in inorganic chemistry, and the behavior of SF, as a
Lewis acid.

Since SF,4 has been extensively used in synthetic organic chemistry, the use of
SF, as a fluorinating agent towards inorganic oxo-anions under ambient conditions
was investigated. At high temperatures and pressures, the reactions of sulfur
tetrafluoride with inorganic oxides yield fluorides,** but under ambient conditions, it
is not known to what degree fluorination will take place. The reported synthesis of
high-oxidation-state main-group and transition-metal oxide fluorides generally uses
reagents such as xenon hexafluoride or krypton difluoride which are not
commercially available. The use of sulfur tetrafluoride as a fluorinating agent may
provide an alternative cost-effective route to oxide fluorides.

Another goal of the present study is to further elucidate structure and bonding of
sulfur tetrafluoride in the solid state and explore the interaction of sulfur tetrafluoride
with fluoride. At low temperatures it may be possible to isolate and characterize the
actual fluorinating agents which are present in nitrogen-base sulfur tetrafluoride
mixtures that have been used to fluorinate ketone and hydroxyl groups in organic
compounds. Reaction mechanisms have been proposed for the fluorination of organic
substrates in the presence of HF, but not in the presence of organic bases.

The conclusive solid-state structure of SF, has not been reported prior to this
work. Reports on the structure of SF, in the solid state varied widely, some
suggesting disorder, dimers, or chains. Full characterization of this important binary
main group fluoride is long overdue. With the use of low-temperature crystal

mounting techniques, the X-ray crystal structure of neat SF, may be obtained and
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will provide a conclusive picture of SF, in the solid state. This fundamental data
would be beneficial to both theoretical and experimental chemists.

The synthesis and characterization of SF4-Lewis base adducts will be extended
from the nitrogen-bases to the oxygen-bases. The SF;-oxygen-base adducts are
expected to be unstable at ambient temperature. For their isolation and
characterization, low-temperature techniques have to be employed, especially low-
temperature mounting techniques for X-ray crystallography. Lewis acid-base adducts
between oxygen and sulfur are rare, dioxane*SO3 adducts being the only reported S-
OR; adducts studied by X-ray crystallography.*'® To the best of my knowledge, there

has yet to be a S(1V)-OR; adduct.
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2 Experimental

Caution: Anhydrous HF (aHF) is toxic and highly corrosive. Exposure to aHF will cause
severe burns. Sulfur tetrafluoride is highly toxic and corrosive. At room temperature, the
pressure in the reactor will be close to 10 atmospheres, and therefore there is a danger of
overpressurization. Reactions between SF, and water are highly exothermic. The

reactions should be performed on small scales at low temperatures.

2.1 General Methods

The chemistry presented in this thesis requires strict exclusion of oxygen and
moisture due to the extremely reactive nature of the compounds used throughout this
work. All operations were carried out under rigorously dried and strictly inert
atmospheres, by the use of glass and metal vacuum lines, and a dry box (Omni Lab,
Vacuum Atmospheres). Edwards two-stage direct-drive RV8 vacuum pumps were used
for the metal and glass vacuum lines, and the antechambers of the glove box. Vacuum on
the glass (ca. 10 Torr) and metal lines (ca. 10 Torr) were verified by a mercury
McCleod gauge (Labconco). Nitrogen (Praxair), was passed through a column containing
anhydrous calcium sulfate (cobalt chloride indicator), and activated 4A molecular sieves.
Ultra-high-purity (5.0) argon (Praxair) was used without further purification.

Pyrex-glass vacuum lines, equipped with grease-free 6-mm J. Young glass
stopcocks with PTFE barrels, were used to manipulate volatiles which do not react with
glass (see Figure 2.1). Heise gauges (model CC, 0-1000 mmHg, beryllium/copper

Bourdon tube, Dresser Instruments) were used to measure pressures inside the glass
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manifold. The final vacuum was monitored by Varian model 801 thermocouple gauges

connected to the vacuum lines between the liquid nitrogen traps and the vacuum pumps.

Thermocouple Gauge

vacuum«—

Figure 2.1 Glass vacuum line system equipped with J. Young PTFE/glass stopcocks, a
Heise gauge (Adapted from Jared Nieboer’s M.Sc. Thesis).

A metal line constructed from nickel, 316 stainless-steel, and equipped with 316
stainless steel valves and fittings (Autoclave Engineers Inc.), PTFE, and FEP, was used to
manipulate volatiles which react with glass (see Figure 2.2). Three vacuum pumps were
connected to the metal line; two pumps for fine vacuum connected to small towers of
activated charcoal, and one roughing pump connected to a fluoride/fluorine trap
consisting of a stainless-steel cylinder (75-cm length, 17-cm outer diameter) packed with

soda lime absorbent (EMD, 4 mesh). The fine vacuum pumps provided high vacuum to
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each respective side of the metal line. The roughing vacuum provided a method of
removal and disposal of volatile reactive fluorinated compounds for both sides of the
metal lines. Pressures were measured using Baratron capacitance manometers (MKS,
Type 626A, effective range 0-1000 mmHg) having inert wetted surfaces constructed of

Inconel, connected to digital readouts.

o
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—

vacuum, F, scrubber
vacuum, F, scrubber

vacuum
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E——
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Figure 2.2 Metal vacuum system; (A) MKS type 626A capacitance manometer (0-1000
Torr), (B) MKS Model PDR-5B pressure transducers (0-10 Torr), (C) 3/8-in. stainless-
steel high-pressure valves (Autoclave Engineers, 30VM6071), (D) 316 stainless-steel
cross (Autoclave Engineers, CX6666), (E) 316 stainless-steel L-piece (Autoclave
Engineers, CL6600), (F) 316 stainless steel T-piece (Autoclave engineers, CT6660), (G)
3/8-in 0.d., 1/8-in. i.d. nickel connectors, (H) 1/8-in o.d., 1/8-in. i.d. nickel tube. (from
Jared Nieboer’s M.Sc. thesis).
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All preparative work involving reactive fluorinated compounds was carried out in
4-mm, Ys-in., or ¥-in. 0.d. FEP reactors which were heat sealed at one end and affixed to
either Kel-F or stainless-steel valves by means of a 45° and 33° flare, respectively. The
FEP reactors were rinsed with acetone, checked for leaks and dried under dynamic
vacuum overnight on a glass vacuum line. The reactors were then passivated with pure
fluorine gas at a pressure greater than 1 atm overnight, and backfilled with nitrogen. The
reactors were weighed underneath using a Sartorius Ag Gottingen balance, with a
suspended copper wire.

Raman spectroscopy was performed on samples in ¥-in. or 4-mm FEP reactors, 5-
mm glass tubes equipped with a J-Young valves, or Pyrex-glass melting-point capillaries.
The Pyrex-glass melting-point capillaries were loaded in the dry box and sealed with Kel-
F grease. They were then heat-sealed outside of the glove box using a standard natural-
gas Bunsen burner.

Nuclear magnetic resonance (NMR) spectroscopy was performed in sealed 4-mm
FEP tubes, inserted into standard 5-mm glass NMR tubes. The 4-mm FEP tubes were
sealed under dynamic vacuum with a heat gun, while the contents remained cooled at

—196 °C.

2.2 Purification and Preparation of Starting Materials
2.2.1 Purification of Anhydrous HF, SF,, Acetonitrile

Anhydrous hydrogen fluoride (Air Products) was stored at room temperature in a
nickel storage vessel equipped with a monel (Autoclave Engineers) valve. Hydrogen
fluoride was pre-dried with fluorine gas in a %-in. 0.d. FEP vessel equipped with a
stainless-steel valve. The vessel was evacuated and backfilled with approximately 900

Torr of pure fluorine gas. The vessel was agitated periodically for two weeks. Volatiles
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were pumped off below —80 °C. The HF was then vacuum distilled onto potassium
hexafluoronickelate(IV) in a %-in 0.d. FEP vessel and backfilled with nitrogen.

Sulfur tetrafluoride (Ozark-Mahoning Co.) was purified by passing the gas
through a column of activated charcoal. Traces of thionyl fluoride and sulfur hexafluoride
were present in the sulfur tetrafluoride, but did not interfere with the chemistry.

Acetonitrile (Sigma-Aldrich) was purified according to the literature procedure
reported by Winfield.! It was then vacuum distilled and stored on freshly activated 4A

molecular sieves.

2.2.2 Oxo-Anions Salts

Tetramethylammonium iodate was prepared by neutralization of an aqueous solution of
[N(CH3)4][OH] (Fluka, 95.0%) with a stoichiometric amount of an aqueous solution of
HIO; (BDH) as previously described.? Potassium periodate (Sigma, 99.8%), potassium

perrhenate (Strem, 99%), and silver perrhenate (Strem, 99%) were used as received.

2.2.3 Nitrogen-Bases

Both 4-dimethylaminopyridine (Sigma, 99%) and 4,4’-bipyridyl (Sigma, 98%)
were dried under vacuum at ambient temperatures and brought into the glove box.
Pyridine was vacuum distilled onto CaH,. 4-Methylpyridine (Sigma, 99%) was distilled
onto freshly cut sodium, and stirred overnight, and subsequently distilled into dry glass
vessels equipped with J-Young valves. 2,6-Dimethylpyridine (Sigma, 99%) was used as

received.
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2.2.4 Purification of Toluene, Diethyl Ether, Pentane, THF

The solvents were dispensed directly from an MBraun dry solvent system into a
dry glass flask equipped with a J-Young valve. The solvents were then freeze-thaw
degassed and vacuum distilled onto freshly cut sodium, potassium, or a liquid sodium
potassium alloy. THF was refluxed with benzophenone and sodium, and then distilled
onto freshly cut sodium. Diethyl ether, was vacuum distilled onto freshly cut sodium and
stirred for three days, followed by vacuum distillation onto freshly activated 4A
molecular sieves. Pentane was vacuum distilled onto liquid Na/K alloy. Toluene was first
vacuum distilled onto activated molecular sieves, however, reactions using this toluene
led to hydrolysis products, which suggested that it was insufficiently dried. The toluene

was then distilled onto a Na/K alloy and sonicated for several hours.

2.2.5 Purification of CH,Cl,, CFCl3, CF,Cl,

Dichloromethane was dispensed from a dry solvent system, and then vacuum
distilled onto freshly activated 4A molecular sieves. Trichlorofluoromethane was vacuum
distilled onto calcium hydride, and vacuum distilled into a dry, evacuated flask.

Difluorodichloromethane (Synquest Labs Inc.) was used as received.

2.3 Preparation of Oxide Fluoride Salts
2.3.1 Preparation of [Ag(CH3CN)4][ReO,F,] where (x =0, 2, 4)

Inside the dry box, 0.053 g (0.15 mmol) of AgReO, was loaded into a ¥s-in. o.d.
FEP tube equipped with a Kel-F valve. Excess acetonitrile (0.388 g, 5.96 mmol) was
vacuum distilled onto the solid AgReO,. The reactor was agitated at room temperature to
completely dissolve the solid. Excess SF4 (0.23 g, 2.1 mmol) was vacuum distilled onto

the frozen mixture at —196 °C. After warming and agitation at 0 °C, a pale yellow
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solution was obtained. Slow cooling to —40 °C led to the formation of large plate-like
crystals. Volatiles were removed under dynamic vacuum at —40 °C. These crystals
([Ag(CH3CN)4][ReO,F4]*CH3CN) were characterized by low-temperature Raman
spectroscopy (see Table 3.1) and X-ray crystallography. Placing the crystals under
dynamic vacuum afforded a cream coloured powder (JAg(CH3sCN)2][ReO2F4]) which was
characterized by room temperature Raman spectroscopy (see Table 3.1). Heating the
powder to approximately 60 °C under dynamic vacuum resulted in a loss of mass, and a
fine light yellow powder (Ag[ReO.F4]) which was characterized by Raman spectroscopy
(see Table 3.1). 'F NMR (CHsCN, 20 °C, unlocked, 282.4 MHz, & [ppm]): —54.0 (t,

FC,t), _637 (tl (FC,C)1 ZJFafoeq = 87 HZ

2.3.2 Preparation of KReO;F,

Inside the dry box, 0.064 g (0.22 mmol) of KReO, was loaded into a 4-mm o.d.
FEP tube equipped with a Kel-F valve. Approximately 0.05 mL of acetonitrile was
vacuum distilled onto the solid KReO,, and the mixture was agitated. Only a very small
portion of the KReO, dissolved at room temperature. A large excess of sulfur
tetrafluoride was vacuum distilled into the reactor. The reactor was warmed to room
temperature and cautiously agitated. The mixture was left at room temperature overnight.
A pale yellow solid formed. Volatiles were removed from —40°C to room temperature,
leaving 69 mg of a pale yellow solid (approximately 55% vyield). *°F NMR (CHsCN, 20

°C, unlocked, 282.4 MHz, & [ppm]): —-52.8 (t, Fer), —74.9 (t, Fe), 2Jrax_req = 90 Hz.

2.3.3 Preparation of K[10,F4]
Inside the dry box, 0.081 g (0.35 mmol) of KIO4 was loaded into a ¥-in. 0.d. FEP

tube equipped with a Kel-F valve. Approximately 0.1 mL of aHF was vacuum distilled onto
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the solid, which partially dissolved the solid. Excess SF4 was vacuum distilled onto the
frozen mixture at —196 °C. Warming the reaction mixture to ambient temperature caused
the remaining solid to dissolve upon agitation, yielding a clear colourless solution. The
solvent was removed under dynamic vacuum at —78 °C, yielding 0.094 g (0.34 mmol) of
colourless crystalline powder. **F NMR (HF, 20 °C, unlocked, 282.4 MHz, & [ppm]): 64.4
(Fyans). Raman (cm™): 1078(4), (unidentified impurity); 875(2), (Cis vas(102); 856(19),
(cis veym(102)); 819(100), (trans veym(102)); 797(2), (KIO4); 609(13), (Cis vsym(IF2eq));
577(41), (trans vsym(IF4)in phase); 397(24), (Cis dsiss(102)); 381(37), (trans &(OIF40);

333(10), (Cis Viorsion(102)); 260(9), (trans vs(IF4)in piane))-

2.3.4 Preparation of [N(CH3)4][10F4]

Inside the dry box, 0.072 g (0.29 mmol) of [N(CHz3)4][103] was loaded into a ¥-in.
0.d. FEP tube equipped with a Kel-F valve. Excess acetonitrile (0.563 g, 8.90 mmol) was
vacuum distilled onto the solid [N(CH3)4][IO3]. The reactor was agitated at room
temperature, and only a small amount of solid dissolved. Excess SF, was distilled onto the
frozen mixture at —196 °C. Warming to —40 °C caused the evolution of gas, and the
solution to turn pale yellow. Warming and agitation at room temperature caused the
solution to turn a light orange. Large thin plates were obtained when the solution was
cooled to —30 °C. The plates were characterized by Raman spectroscopy (see Table 3.1),
F NMR spectroscopy and single crystal X-ray crystallography. The volatiles were
transferred to a 4-mm o.d. FEP reactor at —80 °C. *°F NMR (HF, 20 °C, unlocked, 282.4

MHz, 6 [ppm]): 10.6
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2.4 Preparation of Hydrolysis Products of SFseNitrogen Base Adducts by HF
2.4.1 Preparation of [HNCsHs']F SF,

Pyridine (0.014 g, 0.18 mmol) was distilled into a Ys-in. FEP reactor. Sulfur
tetrafluoride (0.057 g, 0.52 mmol) was vacuum distilled at —196 °C. The reactor was
warmed to —80 °C and agitated to form a clear colourless solution. The excess SF4 was
removed by pumping at —75 °C for 2 hours, yielding colourless solid SF;*NCsHs.
Approximately 0.05 mL of toluene, which had been apparently insufficiently dried over
molecular sieves, was vacuum distilled into the reactor at —196 °C. The reactor was
warmed to —60 °C; gas evolution was observed as the adduct dissolved. The reactor was
placed in a cryo-bath at —80 °C. Large colourless crystalline needles formed overnight.

The crystals were characterized by X-ray crystallography.

2.4.2 Preparation of [HNCsHs'][HF, ]2SF,

Water (0.013 g, 0.72 mmol) was syringed into a %-in. FEP reactor, followed by
vacuum distillation of pyridine (0.109 g, 1.38 mmol) at —196 °C. A large excess of SF,
(ca. 0.04 g, 4 mmol) was distilled at =196 °C. The reactor was warmed slightly to the
melting point of SF4, and the vigorous reaction was quenched by cooling in liquid
nitrogen to control the reaction rate. After no further reaction was observed, the reactor
was allowed to warm to room temperature, resulting in a clear colourless solution. Slow
cooling to —90 °C resulted in crystal formation. Excess SF4 and SOF, were pumped off at
—90 °C. The product was characterized by low-temperature Raman spectroscopy (see

Table 4.4) and X-ray crystallography.
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2.4.3 Preparation of [HNCsH4(CHs) ]F *SF,

In an open atmosphere, water (0.019 g, 1.05 mmol) was syringed into a ¥-in o0.d.
FEP reactor and thoroughly degassed. After vacuum distillation of 4-methylpyridine
(0.185 g, 1.99 mmol), SF, (0.65 g, 6.4 mmol) was transferred in vacuo at =196 °C onto
the H,O and 4-methylpyridine. The reactor was warmed slightly to the melting point of
SF4, and quenched by cooling in liquid nitrogen to control the reaction rate. After no
further reaction was observed, the reactor was allowed to warm to room temperature,
resulting in a clear colourless solution. Slow cooling to —20 °C resulted in crystal
formation. Excess SF, and SOF, were pumped off at —90 °C, yielding a colourless
crystalline solid. The product was characterized by low-temperature Raman spectroscopy

(see Table 4.8) and X-ray crystallography.

2.4.4 Preparation of [HNCsH3(CHs); 2[SFs |F *SF,

Method 1: After 2,6-dimethylpyridine (0.047 g, 0.44 mmol) was syringed into a
Ya-in. FEP reactor, excess sulfur tetrafluoride (ca. 1 g, 9 mmol) was distilled at —196 °C.
The reactor was warmed to —80 °C and the reactants mixed. The mixture was placed
under dynamic vacuum at —85 °C until a 1:1 mole ratio of SF, : 2,6-dimethylpyridine was
obtained. Approximately 0.05 mL of toluene containing traces of water was distilled onto
the adduct at —196 °C. Upon melting of the toluene, the adduct dissolved and gas
evolution was observed. Large plate-like crystals were obtained by cooling from —60 to
—80 °C. A large plate (0.212 x 0.461 x 0.734 mm?®) was affixed to the tip of a glass fiber
and mounted on the X-ray diffractometer.
Method 2: Water (0.005 g, 0.3 mmol) was syringed into a ¥s-in. FEP reactor followed by
syringing of 2,6-dimethylpyridine (0.086 g, 0.80 mmol) into the reactor. Subsequently,

SF,4 (0.375 g, 3.47 mmol) was vacuum distilled at —196 °C onto the frozen. The mixture
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was warmed slightly and liquid nitrogen was used to quench the vigorous reaction. The
reaction mixture was warmed to —45 °C and mixed, resulting in a clear colourless
solution. Slow cooling to —85 °C resulted in growth of clear colourless crystals. Excess
SF; and SOF; were removed at —90 °C under dynamic vacuum. The crystals were

characterized by X-ray crystallography.

2.45 Preparation of [HNCsH4N(CHs); ][HF, ]2SF,

Inside a dry box, 4-dimethylaminopyridine (0.026 g, 0.21 mmol) was transferred
to a Ya-in. FEP reactor. Water (0.002 g, 0.1 mmol) was micro-syringed into the reactor,
followed by distillation of an excess of SF, (ca. 0.04 mL, 0.7 mmol) at —196 °C. The
reactor was slowly warmed to 3 °C, resulting in a clear colourless solution. Slow cooling
to —20 °C resulted in the formation of large needles. Further cooling to —40 °C caused the
crystals to grow considerably. Excess SF, and SOF, were removed between —97 and —87
°C, which caused precipitation of a white powder. A large needle, out of many needles,
was selected out of a pile of low density colourless powder, and cut into a block (0.202 x
0.216 x 0.524 mm®), and then affixed to the end of a cryo-loop for characterization by X-
ray crystallography. The product was also characterized by low-temperature Raman

spectroscopy (see Table 4.14).

2.4.6 Preparation of [HNCsH4N(CHs); 2[SFs JF *CH,ClI,

Inside a dry box, 4-dimethylaminopyridine (0.023 g, 0.19 mmol) was transferred
to a Y-in. FEP reactor. A large excess of SF4; (ca. 0.04 mL, 0.7 mmol) was vacuum
distilled at —196 °C onto the 4-dimethylaminopyridine, and the reactor was stored at —70
°C in a cryo-bath. Approximately 0.05 mL of CH.Cl,, which apparently contained

moisture, was distilled onto the mixture and the reactor was agitated and warmed to —60
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°C, resulting in a clear colourless solution. Removal of volatiles under dynamic vacuum
at —80 °C resulted in large needles, with a small amount of yellow powder. The product
was characterized by low-temperature Raman spectroscopy (see Table 4.15) and X-ray

crystallography.

2.4.7 Preparation of [HNH,;Cs—CsH4N*]F «2SF,

Inside a dry box 4,4’-bipyridyl (0.022 g, 0.14 mmol) was added to a Ys-in. FEP
reactor. Water (0.001 g, 0.06 mmol) was micro-syringed into the reactor. A large excess
of SF,4 (ca. 0.04 mL, 0.7 mmol) was distilled at =196 °C. The reactor was warmed to —80
°C which caused the brown solid 4,4’-bipyridyl to turn colourless. Further warming
resulted in a clear pale yellow solution. Slow cooling resulted in growth of large needles.
Volatiles were pumped off at =70 °C. A fragment of a needle (0.088 x 0.146 x 0.336
mm?) was affixed onto a cryo-loop and mounted onto the diffractometer. The product was
characterized by low-temperature Raman spectroscopy (see Table 4.19) and X-ray

crystallography.

2.4.8 Preparation of [HNH4Cs—CsHsNH?]2F +4SF,

Inside a dry box, 4,4’-bipyridyl (0.009 g, 0.06 mmol) was added to a 1.4-in. FEP
reactor. Water (0.001 g, 0.06 mmol) was micro-syringed into the reactor. A large excess
of SF,4 (ca. 0.1 mL) was distilled at —196 °C. Subsequent warming of the reactor to room
temperature caused a portion of the colourless solid to dissolve, but the solubility was
relatively low. Slow cooling to —80 °C, resulted in the formation of large needles. Excess
SF, and SOF; were pumped off at —90 °C. The product was characterized by low-

temperature Raman spectroscopy (see Table 4.20) and X-ray crystallography.
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2.4.9 X-ray Crystal Structure of [HNCsH4(CH3)'JHF;~

After distillation of 4-methylpyridine (0.073 g, 0.78 mmol) into a %-in. FEP
reactor, SF4 (0.23 g, 2.1 mmol) was transferred in vacuo onto the frozen solid. A slow
reaction proceeded at —80 °C, dissolving the solid yielding a clear colourless solution.
Volatiles were removed at —75 °C. The reactor only contained 0.4 mmol of SF, after
removal of volatiles. The reactor was accidentally warmed to room temperature, causing
the solid to melt and form a colourless yellow liquid. Toluene, containing traces of H,0O,
was distilled onto the solid at —196 °C. While the solid dissolved, gas evolved at —60 °C.
The reactor was heat-sealed under vacuum and stored in the cryo-bath at —80 °C for
crystal growth. Large needles formed, which, when mounted on the diffractometer, had
very weak reflections. A needle (0.090 x 0.162 x 0.348 mm?®) was affixed onto a cryo-

loop dipped in perfluorinated oil (Fomblin Z-25) at —80 °C.

2.5 Solid-State Structure of SF,
2.5.1 Synthesis of [HNCsH3(CHa3), ].F [SFs |*4SF;

Water (0.016 g, 0.89 mmol) was injected into a ¥a-in. FEP reactor equipped with
a Kel-F valve using a micro syringe, followed by transfer of 2,6-dimethylpyridine (0.176
g, 1.64 mmol) into the %-in. FEP reactor using a syringe in a dry-nitrogen-filled glove
bag. A large excess of SF, was vacuum-distilled onto the frozen mixture at —196 °C.
Upon melting of SF,at —120 °C, a vigorous reaction occurred, causing a white insoluble
precipitate to form. Warming the reaction mixture to 0 °C formed a clear colourless
solution. Slow cooling of this solution to —85 °C led to the formation of large needle-like
crystals. Excess SF, was partially removed under dynamic vacuum at —95 °C, yielding

0.69 g of a white solid, i.e., [HNCsH3(CHs),']o.F [SFs ] *4SF4 with small amounts of
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residual SF4. The product was characterized by low-temperature Raman spectroscopy

(see Table 5.3) and X-ray crystallography.

2.5.2 X-Ray Crystallography of Neat SF,

Sulfur tetrafluoride (0.015 g, 1.4 mmol) was vacuum distilled into a ¥2-in. FEP
reactor. Crystals were grown by slowly cooling the liquid SF4 to —150 °C in the Ya-in.
FEP reactor placed inside an aluminium cold trough. After the temperature stabilized, the
FEP tube was cut approximately 6 cm above the frozen SF4. A Pasteur pipette was used
to remove some crystals. A suitable crystal (0.063 x 0.075 x 0.117 mm?®) was affixed to a
nylon cryo-loop coated in Fomblin Z-15 perfluorinated oil. Crystals were mounted at low

temperature under a stream of dry cold nitrogen as described below.

2.5.3 X-—Ray Crystallography of SF, from CF,Cl,

Sulfur tetrafluoride (0.034 g, 3.1 mmol) was vacuum distilled in a %-in. FEP
reactor. Approximately 0.1 mL of CF,Cl, was vacuum distilled on top of the solid SF,.
Upon melting, two distinct layers were observed. Agitation caused the liquids to mix,
forming a homogeneous solution. Cooling of the solution to —131.8 °C (pentane cold
bath) and reducing the volume of CF,Cl, under dynamic vacuum led to the formation of
plate-like crystals. The FEP was cut in a cold trough, and the crystals were removed using
a Pasteur pipette. A suitable plate (0.135 x 0.149 x 0.173 mm?®) was affixed to a ball of

Fomblin Z-15 perfluorinated oil on a nylon cryo-loop, off the end of the pipette tip.

2.6 SF, Oxygen Base Adducts
2.6.1 Preparation of the SF,»OC4Hs Adduct
An equimolar amount of tetrahydrofuran (0.233 g, 3.23 mmol) and SF, (0.35 g 3.2

mmol) were condensed into a ¥%-in. FEP reactor. Warming to —80 °C yielded a solution.
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Slow cooling caused the solution to freeze at —99 °C. Alternatively, an excess SF4 can be
used and the sample can be placed under dynamic vacuum at —90 °C until a 1:1 mixture is
obtained. The clear colourless solid melts at approximately —95 °C. The product was
characterized by low-temperature Raman spectroscopy (see Table 6.4) and X-ray

crystallography.

2.6.2 Preparation of the SF4+(OC4Hg), Adduct

Tetrahydrofuran (0.172 g, 2.39 mmol) and subsequently SF, (0.13 g, 1.2 mmol)
were vacuum distilled into a Y-in. FEP reactor. Warming to —80 °C vyielded a
homogeneous mixture. Slow cooling caused the solution to freeze at —106 °C. The solid
melted at approximately —100 °C into a clear colourless solution. The product was
characterized by low-temperature Raman spectroscopy (see Table 6.5) and X-ray

crystallography.

2.6.3 Preparation of the SF,+(CH30CH,), Adduct

1,4-Dimethoxyethane (0.037 g, 0.41 mmol) was pipetted into a ¥s-in. FEP reactor.
Excess SF; (0.231 g, 2.14 mmol) was vacuum distilled onto the frozen 1,4-
dimethoxyethane at =196 °C. The reactor was warmed to approximately —60 °C and
agitated in order to dissolve the 1,4-dimethoxyethane. The clear colourless liquid was
placed under dynamic vacuum at —90 °C to remove excess SF4. Slow cooling of the clear
colourless solution caused the sample to crystallize at —100 °C. The solid (81 mg, 0.41
mmol) melted at approximately —83 °C. The product was characterized by low-

temperature Raman spectroscopy (see Table 6.7) and X-ray crystallography.
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2.6.4 Preparation of the SF4¢(0O=CsHg),

Cyclopentanone (20 mg, 0.24 mmol) was pipetted into a ¥2-in. FEP reactor. Sulfur
tetrafluoride (26 mg, 0.24 mmol) was vacuum distilled onto the frozen cyclopentanone at
—196 °C. The reactor was warmed to —50 °C and vigorously agitated until a clear
colourless solution was obtained. The reactor was slowly cooled to —100 °C at which
point it slowly crystallized. The colourless crystalline solid melted at approximately —63
°C. The product was characterized by low-temperature Raman spectroscopy (see Table

6.9) and X-ray crystallography.

2.6.5 Attempted Preparation of SF4*OEt,
An equimolar amount of diethyl ether and SF, were distilled into a Y-in. FEP

reactor. The mixture froze when it was slowly cooled to approximately —145 °C.

2.6.6 Attempted Preparation of SFeacetylacetone

Acetylacetone (39mg, 0.39 mmol), was pipetted into a %-in. FEP reactor and
degassed using the freeze-pump-thaw method. Sulfur tetrafluoride (51 mg, 0.47 mmol)
was vacuum distilled onto the acetylacetone and the reactor was warmed to —60 °C and
agitated, until a clear colourless solution was obtained. The reactor was placed under
dynamic vacuum at —80 °C for approximately one hour, when clear colourless plates

formed. Raman spectroscopy showed signals of neat acetylacetone and liquid SF,.

2.6.7 Attempted Preparation of SF4e4-methylcyclohexanone
4-Methylcyclohexanone (58 mg, 0.52 mmol) was pipetted into a ¥4-in. FEP reactor
and degassed using the freeze-pump-thaw method. Sulfur tetrafluoride (55 mg, 0.52

mmol) was vacuum distilled onto the frozen 4-methylcyclohexanone at —196 °C. The
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mixture was warmed to —80°C and agitated to form a clear colourless solution. The

mixture was slowly cooled and froze at approximately —120 °C.

2.7 Single Crystal X-ray Diffraction
2.7.1 Low-Temperature Crystal Mounting

Low-temperature crystal mounting was used for thermally unstable and moisture-
sensitive crystals. (Figure 2.3) The temperature of the trough was measured with a
copper-constantan thermocouple and adjusted to the appropriate temperature (between
=70 and —150 °C) before the samples were introduced to the trough. For dry samples
containing crystals in FEP tubes (4 mm or %-in.), the FEP tube was cut under a stream of
dry nitrogen while maintaining the crystals at —78 °C in packed dry ice. The crystals were
then transferred into the metal trough that had previously been cooled to approximately
—80 °C. Alternatively, the samples in the FEP tubes were removed from an ethanol cold
bath (below —80 °C), quickly wiped to remove the ethanol, and placed in the cold trough.
The FEP tube was then cut at the end of the trough with scissors, and the crystals could be
removed using a glass pipette or by inverting the FEP tube with tweezers. For wet
samples, the cut FEP tubes were manipulated in the cold trough, at temperatures just
above the freezing point of the solvent. Solvents were removed using a combination of
glass pipettes, and capillary action of Kimwipes®. For extra sensitive crystals, the crystals
were removed with the tip of a glass pipette and were directly affixed onto either a glass
fiber, or a nylon cryo-loop dipped in inert perfluorinated polyethers, Fomblin Z-25 or Z-
15 (Ausimont Inc.). The use of a round FEP tray, inside the trough, was also used to

manipulate crystals which decomposed on contact with the metal troughs.
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Figure 2.3 Low-temperature crystal mounting setup, consisting of a 10.5-L Dewar,
equipped with a foam stopper, a glass nitrogen inlet, a silvered glass cold nitrogen outlet
with an 11-cm long aluminium trough (2-cm o.d.). (Adapted from Jared Nieboer’s M.Sc.
thesis)

2.7.1.1 Special Cases

[HNCsHs ][HF, ]*2SF4: When the clumps were cut apart, nice clear colourless
crystals could be observed, which turned opaque within 5 to 10 seconds. These opaque
crystals did not diffract. The temperature in the cold trough was lowered to approximately

—90 °C and the temperature of the diffractometer cold stream was lowered to —130 °C. A
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large clump was broken apart, and a single crystal (0.077 x 0.117 x 0.290 mm?®) was
mounted and transferred as quickly as possible.

[HNC5sH4N(CH3), 12[SFs ]JF *CH,Cl,: The error associated with this structure is
relatively high. This is most likely because the crystal was an extremely thin needle and
gave weak reflections, even with a relatively long exposure time of 120 s. In addition, the
SFs anion is disordered over two positions which increases the degree of error associated
with the refined metrical parameters, thus increasing the overall uncertainties.

[HNH,Cs—CsHsNH*|2F «4SF4: A large needle was mounted onto the
diffractometer, in which the cryo-stream was set at —100 °C. The crystal decomposed
over the time span of approximately one minute. The cryo-stream was lowered to —120

°C and a thin, long needle (0.079 x 0.084 x 0.581 mm®) was mounted.

2.7.2 Data Collection

Crystal structures were collected at temperatures at temperatures ranging from —120
to —173 °C on a Bruker AXS X-ray diffractometer. The Apex Il 4K charge-coupled
device (CCD) area detector was positioned 6.120 cm away from the crystal. The Ka
radiation (A = 0.71073 A) of a Mo source X-ray tube was used with a graphite
monochrometer. Cell reduction was carried out using the Program SAINT® which applied

Lorentz and polarization corrections to three-dimensionally integrated diffraction spots.

2.7.3 Solution and Refinement of Structures

Calculations were performed using the SHELXTL-plus v.6.14 package” for structure
determination, refinement and molecular graphics. The program SADABS® was used for
scaling of diffraction data, the application of a decay correction, and a multi-scan

absorption correction. Mercury 2.4 aided in the visualization of packing and
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intermolecular interactions.® Xprep was used to confirm the unit cell dimensions and the
Bravais crystal lattice. Platon was used to check for higher symmetry.” Crystal structures
were solved using direct methods, Patterson methods, or dual space methods. The
structures were minimized by least squares refinement based on the square of the
structure factors, F? (equivalent to intensity, I). Atom positions were refined
anisotropically and the extinction coefficient was calculated for the crystal structure. If
the error in the extinction coefficient was on the same order of magnitude as the
extinction coefficient, it was omitted. Both residual values, R; based on F and the
weighted residual values wR; based on F?, are available in the structure refinement tables

along with the goodness of fit (GooF). They represent the following equations:

R, = W The conventional R-factor based upon the structure factor.
(w(F3- F2)’] .
wWR, = W The weighted R-factor based on the square of the structure factors
W to
T(w(FZ- F3)] oy . . .
Goof = |[=———= The GooF (goodness of fit) is based upon intensity where n is the

(n-p)
number of reflections and p is the number of parameters refined.
Experimental details of each crystal data set are listed in Table 2.1 and the cif files

are available on the attached CD.
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Table 2.1 X-ray Crystal Structures and Selected Acquisition Parameters.

Sample Compound T (°C) Size (mm°) Exposure
Code Time (s)
MG12035 [Ag(CH3CN),][ReO,F4] -120 0.09 x 0.23 x 0.41 40
MG12077  K[IOsF4] -120 0.15x 0.10 x 0.05 40
MG12063  [N(CHs)4][102F4] -120 0.04 x 0.33 x 0.34 40
MG11019  [HNCsHs']F *SE, -120 0.32x0.36 x 1.38 10
MG12051  [HNCsHsTHF, *2SF, -130 0.08 x 0.12 x 0.29 60
MG12072  [HNCsH4(CHs)*]F SF, -120 0.16 x 0.23 x 0.28 45
MG12078  [HNCsH4(CH3) JHF, -120 0.09 x 0.16 x 0.35 50
MG11020  [HNCsH3(CHs),1o[SFs JF *SF, -120 0.70 x 0.46 x 0.20 20
MG12071  [HNCsH4N(CHs), 1[HF, ]+2SF, -120 0.20 x 0.22 x 0.52 40
MG12074  [HNCsH4N(CHs),1o[SFs JF *CH,Cl,  —120 0.08 x 0.086 x 0.37 120
MG120176 [HNH,Cs—CsH4N']F «2SF, -120 0.09 x 0.15 x 0.34 45
MG12086  [HNH,Cs—CsHsNH*]2F +4SF, -120 0.08 x 0.08 x 0.58 120
MG12107  [HNCsH3(CHs),1o[SFs ]F *4SF, -140 0.16 x 0.19 x 0.58 40
MG12097 SF, -173 0.06 x 0.075 x 0.12 30
MG12088  SF,*OC,Hg -140 0.15x0.31 x 0.50 5
MG13029  SF;+(OC4Hs), -150 0.22x0.19 x 0.10 40
MG13024  SF,+(CH3;0CHy), -145 0.67 x 0.20 x 015 40
MG13026  SF,*(0O=CsHs), -150 0.27 x 0.16 x 0.12 40

2.7.3.1 Special Cases

[Ag(CH3CN)4][ReO,F4]*CH3CN: Using the RLATT program, multiple crystal
domains were observed in the reciprocal lattice. The largest domain was selected, and the
other reflections discarded.

[HNCsH3(CHs)2'T2[SFs ]F *SFs and [HNCsH4N(CHs), ]o[SFs JF *CH,Cly: After
refinement of each structure, residual electron density was observed around some fluorine
atoms in the SFs anion, which suggested that the SFs anion occupied two separate
orientations. The site occupancy factor between these two orientations was set as a free
variable, which suggested a 70-t0-30% occupancy for [HNCsH3(CH3),']2[SFs ]F *SF4
and a 80-t0-20% for [HNCsH4N(CHs);'2[SFs JF «CH,Cl,.  Similarity restraints were
used to set the bond lengths and angles (SAME), and thermal ellipsoids (SIMU) of the
two orientations of the SFs anion, as they are assumed to be equal. The SFs anions are
joined by a fixed pivot point, i.e., the axial fluorine for [HNCsH3(CHs), ]2[SFs ]F *SF4

and one of the equatorial fluorines for [HNCsH;N(CH3), T2[SFs ]F *CH,Cl,.
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SF4: The program ROTAX was used to find the twin law (0 -1 0-1000 0 —-1).
After the twin law was implemented, the structure was refined as usual.

SF42(OC4Hg)2: The program Cell Now was used to determine the two separate
crystal domains. Both domains were integrated together and an hkl.4 file was created.

TWINABS® was used to process the data, and structure was solved using direct methods.

2.8 Vibrational Spectroscopy

Raman spectra were recorded on a Bruker RFS 100 FT Raman spectrometer with a
quartz beam splitter, a liquid-nitrogen cooled Ge detector, and R-496 low-temperature
accessory. The actual usable Stokes range was 50 to 3500 cm™. The 1064-nm line of a
Nd:YAG laser was used for excitation of the sample. The Raman spectra were recorded at
temperatures ranging from —142 °C to 20 °C with a spectral resolution ranging from 1 to
4 cm™* using laser powers ranging from 50 to 300 mW. Samples were recorded in Pyrex-

glass mp capillaries and NMR tubes, 4-mm and ¥s-in. FEP tubes.

2.9 NMR Spectroscopy

NMR spectra were recorded unlocked on a 300.13 MHz (7.0486 T) Bruker
Advance Il NMR spectrometer equipped with a variable temperature, two channel BBFO
probe. The *F, *H, and *3C NMR spectra were referenced at room temperature to external
samples of neat CFCl; {**F} and TMS {*H and *3C). All NMR spectra were recorded on

sealed 4-mm FEP tubes inserted into standard 5-mm glass NMR tubes.
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3 Sulfur Tetrafluoride as a Fluorinating Agent Towards
Main-Group and Transition-Metal Oxo-Anions.

3.1 Introduction
Sulfur tetrafluoride has extensively been used as a fluorinating agent in
organic chemistry.® The usefulness of SF, in inorganic chemistry has been explored
for converting metal oxides to fluorides at high temperatures and pressures.? For
example, Bi,O3, TiO, U30g, and HgO are fluorinated by SF, to BF; (Equation. 3.1),
TiF4, UFg, and HgF,, respectively.
Bi,O3; + 3 SF,4 — 2 BiF; + 3 SOF, (3.1)
Main-group oxides and sulfides also react with SF, to produce fluorides
(SnS; to SnF,4 and FeS, to FeF,) and oxide fluorides (P4010 to POF3) (see Equations
3.2 and 3.3, respectively).
SnS, + SF4 — SnF4 + 3/g Sg (3.2)
P4O10 + 6 SF4 — 4 POF; + 6 SOF; (3.3)
Sulfur tetrafluoride will generally lose two of its fluorines when reacting with
oxides, but loses all four of its fluorines when reacting with sulfides. Very little has
been reported on the use of SF, as a fluorinating agent towards oxo-anions of main-
group and transition-metal elements in high oxidation states.* A large number of
oxide-fluoride anions have been synthesized and characterized.* The ReO,F, anion
was first synthesized in 1955 by Peacock from the reaction of excess BrF; with metal
perrhenate salts (see Equation 3.4).°

3 ReOs4 +4BrF; — 3 ReOzFs +302+2Brn, (3.4)
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The reaction required extensive heating under vacuum to remove excess
unreacted BrFz and the Br, by-product. Another method of synthesizing the ReO,F,~
anion is through the reaction of ReO,F; with fluoride salts, such as LiF and
[N(CHs)4]F.° The Li* and N(CH3),* salts of ReO,F, were characterized by Raman
and *°F NMR spectroscopy as well as X-ray crystallography.® Neutral ReO,F; can be
prepared by the reaction of Re O with XeF in anhydrous HF. Holloway et al. report
that KReO, does not react with anhydrous HF at room temperature, whereas Seppelt
et al. report the reaction yields ReO,F, . Another paper mentions the formation of
ReO3F in the reaction of KReO, with anhydrous HF.”® These rhenium species are in
equilibrium with each other in aHF, therefore, a large excess of aHF is required to
produce ReO,F, and the yields are low.

Previous syntheses of the I0OF, anion used the reaction of IFs with a metal
fluoride and iodate, or the hydrolysis of the IFs~ anion.'® The previous reactions also
produced the 10,F, anion, besides I0F, , which are difficult to separate. Although
the crystal structure of the Cs[IOF,] salt has been reported, the quality is poor.*! The
I0,F, anion was previously synthesized by the repeated reaction of 10, with aHF
over long periods of time.® An alternative route is the reaction of 10,F; with
[N(CH3)4]F in acetonitrile, but this route is hazardous since detonations have
occurred during this reaction.* Both of these methods of preparing the 10;F4 anion

produced mixtures of trans and cis isomers.*?
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3.2 Results and Discussion
3.2.1 Synthesis

The reactions of sulfur tetrafluoride with oxo-anions of Re", V", and 1V
were studied using Raman and NMR spectroscopy, as well as X-ray crystallography.
No reaction between AgReO,, KReO,4, KIlO4 or [N(CH3)4]1O3 and neat SF; was
observed at room temperature even with sonication. The reaction between AgReO,
and SF, proceeds when acetonitrile is used as a solvent at temperatures between —40
and 20 °C (see Equation 3.5).

AgReQ,4 + 2 SF4 —  Ag[ReO;F,] + 2 SOF, (3.5)

The reaction also proceeds with KReOy, but due to the poor solubility of
KReO, in acetonitrile, more solvent and longer reaction times are required for the
reaction to proceed to completion. At low temperatures, the silver salt contains
acetonitrile coordinated to the silver cation. Crystals of
[Ag(CH3CN)4][ReO,F4]*CH3CN were grown at low temperature containing four
CH3CN ligands coordinated to Ag* and one a “free” solvent per asymmetric unit
(vide infra). The CH3CN can be partially removed under dynamic vacuum at room
temperature presumably yielding [Ag(CH3CN),][ReO,F,4], and fully removed upon
heating to 60 °C under vacuum, as shown by Raman spectroscopy. Peacock reported
that Ag[ReOF,] is a darker coloured salt than the other metal salts of ReO,F, ,
which must have been due to contamination, since the salt obtained in the present
study was a light cream-coloured solid.> The Ag[ReO.F,] salt has only been
characterized by its physical properties, and crude elemental analysis.’

The reaction between [N(CHs3)4]103; and SF4 in acetonitrile quantitatively

yields the new 10F; salt, [N(CH3)4][IOF,4] at room temperature (see Equation 3.6).

53



When the orange solution is cooled from room temperature to —30 °C, large plates
crystallize from the reaction mixture.
[N(CH3)a][103] + 2 SF4 —  [N(CH3)4][IOF,] + 2 SOF; (3.6)

When the volatiles were removed at —80 °C, the reaction mixture became
clear and colourless. The rest of the volatiles were removed between —80 and —30 °C
leaving clear colourless plate-like crystals.

No reaction occurred between KIO,4 and SF, in acetonitrile. A slurry of KIO,4
in anhydrous HF reacted with SF, to form a clear colourless solution at 0 °C.
(Equation 3.7) When the volatiles were removed at —78 °C, a white solid remained
with clear colourless crystals.

KIOs+2SFs —  K[IO:F4] + 2 SOF, (3.7)

3.2.2  [Ag(CHsCN)4][ReO:F4]*CH;CN, [Ag(CH3CN),JReO,F, (where x = 0, 2)

3.2.2.1 Raman Spectroscopy

The Raman  spectra of  [Ag(CH3CN)s][ReO,F4]*CH3CN  and
[Ag(CH3CN)]JReO,F, (where x = 0, 2) are depicted in Figure 3.1. The Raman
frequencies and tentative assignments are listed in Table 3.1. The signals associated
with the acetonitrile moieties were assigned based on previous assignments made by
Reedijk et al."® The signals associated with ReO,F, anion were assigned based on
the previous assignments made by Schrobilgen et al.,’ who used computational

techniques to aide in the assignment of the vibrational modes.
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Figure 3.1 Raman spectra of AgReO,F, salts with varying amounts of CH3CN.
Asterisks (*) denote bands arising from the FEP sample tube. Daggers (1) denote
bands arising from the CH3;CN.
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Table 3.1 Raman Frequencies (cm™) and Tentative Assignments of [Ag(CHsCN).]-
ReO,F4+CH;3CN, [Ag(CH3CN)2]ReOZF4, AgReOgF4, and CH3CN.

Ag(CH,;CN .
[AGCH.CN) [ReO,F,]  LAI(CHs b)Z] AG[ReOF.] CH,CN Tentative
*CH;CN? [ReO,F4] Assignment
3007(13) 3006(3) 3001(6) Vas(C—H)
2941(76) 2940(42) 2943(100) v{(C—H)
2888(2)
2847(2) Combination
2730(5) 2732(3) bands
2308(23) 2308(23) 2293(6)
2276(70) 2281(28)
C=N stretch
2266(30) 2253(60)
Combination
2204(1) band
1443(5) 1443(3)
1410(4) 1416(1) 8as(CHs)
1360(11) 1375(6) 8(CHs)
1038(1)
973(100) 967(100) 981(100) v(ReO,)
939(28) 938(29) 951(32) vas(ReOy)
934(33) 919(20) v(C—C)
vs(ReF,c,c +
636(16) 637(11) 655(7) ReF,c.)
607(6) vas(ReF,c,C)
402(10) 403(10) 380(10) 8(C—C=N)
387(35)" 387(14) 394(9) Bsciss(ReOy)
Sym comb of
324(26) 326(19) 334(13) cis/trans ReF,
scissor
antisym comb
115(15) 187(3) of cis/trans

ReF, scissor

% Signals from the FEP sample tube were observed at FEP: 1373(15), 1307(2),
1216(1), 733(23), 387(35), 294(6) cm . ® Acquired in glass m.p. capillary.

56



The Raman spectrum of [Ag(CH3CN)4][ReO2F4]*CH3CN contains signals
associated with both free and coordinated acetonitrile, as well as the ReO,F, anion.
The most intense band at 973(100) cm* can be assigned to the vs(ReO,) mode and is
at the same frequency as that found in the previously reported Cs* and N(CH3),"
salts.® This suggests no significant anion-cation interactions. The vas(ReO,) mode can
be assigned to the band at 939(28) cm™', which is also at the exact same frequency as
the band previously reported for Cs* and N(CHa3)," salts. The vs(C—H) mode has
remained essentially unshifted at 2941(76) cm ™" relative to that of neat liquid CHsCN
(2943(100) cm").*® In contrast to the un-shifted vs(C—H) mode, the C=N stretch has
been significantly shifted to a higher frequency of 2276(70) cm™* from 2253(60)
cm* found in neat liquid CH3CN, reflecting the coordination to the silver cation. The
increase in the C=N stretching frequency of acetonitrile upon complexation with
metal cations is a well-studied phenomenon.13 In addition to coordinate CHsCN, the
“free” CH3CN gives rise to a second C=N stretching band at 2266(30) cm .

After allowing the sample to warm to room temperature under dynamic
vacuum, the signals associated with acetonitrile decreased in relative intensities. The
relative intensity of the v(C—H) mode (2940(42) cm ™) is significantly lower, while
the frequency is unchanged compared to the Raman band for
[Ag(CH3CN)4]ReO,F,*CH35CN. The C=N stretch (2281(28) cm ) has been shifted to
an even higher frequency than for the previous salt (2276(70) cm™), exhibiting a
larger complexation shift than the tetraacetonitrile complex. No other C=N stretching
band at a lower frequency was observed, suggesting the removal of the “free”
CH5CN at room temperature. The vs(ReO,) mode (967(100) cm™') is shifted to a

slightly lower frequency. The lower intensity of the signals associated with CH3CN,
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and the change in the frequencies of the signals associated with the ReO,F, anion
suggests a change in symmetry of the [Ag(CH3CN),'] cation, but it is difficult to
predict the exact nature of the coordination. The low frequency of the vs(ReO,) mode
suggests that there is no significant interaction with the cation, as the frequency of
this band shifts to higher wavenumbers as the cation becomes more Lewis acidic
(987 cm™! for K*, 1011 cm™' for Na*).° Since a linear coordination about Ag" is
commonly observed,** the nature of this salt is likely [Ag(CH3CN),][ReOF].

The Raman spectrum of Ag[ReO,F,] only contains peaks associated with the
ReO,F,  moiety. The most intense band at 981(100) cm ' was assigned to the
vs(ReO,) mode, which is at a higher frequency relative to the salts which contain
CHsCN coordinated to Ag®, suggesting cation-anion interactions. This is
corroborated with the significant increase in frequency of the vis(ReOz) mode from
938(29) cm ™' ([Ag(CH3CN),][ReO,F4]), to 951(32) cm ™' in Ag[ReO,F4]. The Raman

spectrum most closely resembles that of the previously reported potassium salt.®

3.2.2.2 X-ray Crystallography

Large plates quickly formed when a mixture of AgReO,4, SF; and CH3CN
was cooled from 0 °C to —40 °C. The correct unit cell was found to be orthorhombic,
with multiple twinning. Details of data collection parameters and crystallographic
information for [Ag(CH3CN),][ReO,F4]*CH3CN are given in Table 3.2. Important

bond lengths, angles and contacts are listed in Table 3.3.
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Table 3.2 Crystal Data

[Ag(CH3C N)4] [RGOZ F4] *CH3CN.

Collection

Parameters and  Results

Compound

[Ag(CH3CN)4] [REOZF4] ‘CH3CN

File Code

Empirical Formula
Formula weight, g mol™
Temperature, K
Wavelength, A

Crystal System

Space Group

Unit Cell Dimensions

Volume

z

Density (calculated), g cm®
Crystal Size, mm?®

Theta Range for data collection
Reflections Collected
Independent Reflections
Data/Restraints/Parameters
Goodness-of-fit on F?
Refine Diff Apmax e A~
Refine Diff Apmin e A~
Ry 1> 20(1)?

WR; (F?)?

MG12035
H15C20N502F4AgRe
1715.38

153

0.71073
Orthorhombic
Pmn2;
a=13.420(7) A
b=28.861(4) A
c=8.879(4) A
1055.7(9)

4

2.039

0.09 x0.23 x 0.41
28.2102.3
12385

2695

2695/0/16

1.22

5.08

—2.75

0.064

0.183

"Ry = 2|[Fo| — [Fel/Z[Fol; WR, = [Zw(Fo? — F)Zw(Fo )72
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Table 3.3 Selected Bond Lengths (A) and Angles (deg.)
[Ag(CH3CN)4][R602F4]°CH3CN
Bond Lengths, A
Agl-N1 2.308(11) Agl—-N3 2.267(19)
Agl-N1' 2.308(11) Agl-N2 2.214(17)
Re2-06' 1.668(11) Re2—-06 1.668(11)
Re2-F1' 1.919(8) Re2-F1 1.919(8)
Re2-F3 1.929(10) Re2—F2 1.873(12)
Bond Angles, (deg.)

N1-Agl-NI' 104.3(6) N2—-Agl-N1 115.6(4)
N3-Agl-N1  108.8(4) N2-Agl-N1' 115.6(4)
N3-Agl-N1'  108.8(4) N2-Agl-N3 103.7(6)
06'-Re2—-06 99.2(8) F3—Re2-06 92.2(4)
F1'-Re2-06' 89.8(5) F3—Re2-F1' 85.4(4)
F1'-Re2-06 170.9(4) F3—Re2-F1 85.4(4)
F1-Re2-06 89.8(5) F2—Re2-06' 96.6(5)
F1-Re2-06' 170.9(4) F2-Re2-06 96.6(5)
F1'-Re2-F1 81.3(5) F2-Re2-F1' 84.2(4)
F3—-Re2-06' 92.2(4) F2—-Re2-F1 84.2(4)

F2—Re2—F3 166.3(5)

Symmetry code: (i) —x+1, Y, z.
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The structure consists of well separated ReO,F, anions, which adopt the cis-

conformation, and a silver cation coordinated by four acetonitrile ligands, forming a

tetrahedral geometry around silver (see Figure 3.2).

Figure 3.2 Thermal ellipsoid plot of [Ag(CH3CN)s][ReO2F4]*CH3CN. Thermal
ellipsoids are set to 50% probability.

An additional “free” acetonitrile co-crystallizes in this salt. The cis-ReO,F; anion
adopts a distorted octahedral geometry, in which the axial fluorines are pushed
towards the equatorial fluorines. The ReF,.x moieties lie along a mirror plane, and
therefore the equatorial Re—O bonds, as well as the Re—F¢ bonds, are
crystallographically equivalent. The bond lengths agree well with those of the

previously reported Li* salt. The Li* cation has six Li---F (2.04(3) to 2.108(7) A)
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contacts in an octahedral geometry.® For the [Ag(CH3CN)4][ReO,F4]*CH3CN salt no
significant cation-anion contacts are observed, since acetonitrile molecules separate
the cations from the anions. The limited number of crystal structures which contain
four acetonitriles coordinated to Ag(l) cations, contain counter-anions which are
weakly coordinating, such as BF, .

The Re—O bonds (1.668(11) A) are significantly shorter than the Re—Feq
(1.919(8) A) and the Re—F, bonds (1.929(10), 1.873(12) A). These values agree
with the Li[ReO,F4] salt (Re—Feq = 1.867(8) A and Re—Fax = 2.002(7) A), except for
the distortion of one of Re—F.x bonds.® The cis-dioxo arrangement is favored in
Re(VI1) oxide-fluoride species and has been studied in depth by vibrational and *°F

NMR spectroscopies.®*°

3.2.3 KJ[IOzF4]

The Raman frequencies and tentative assignments for this known salt are
listed in the experimental chapter. The Raman frequencies and intensities agree very
well with what has previously been reported by Gillespie and Krasznai,'’ Boatz et

al.,*? and Christe et al.*®

The Raman spectrum contains signals associated with both
the cis and trans-10,F, anion. The assignment of the signals for the two isomers are
based on the previous assignments made by Boatz et al. for the N(CHs)," and Cs”

salts, who were able to separate the two stereoisomers.*?
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3.2.3.1 X-ray Crystallography

The crystal structure of the trans-10,F, anion has only recently been
reported as the (PPh,)" salt.’® The structure of K[IO,F4] crystals grown during this
study was solved in the monoclinic space group Cc. The asymmetric unit contains
two 10,F, moieties, one that exhibits severe rotational disorder in the equatorial
plane, and one appears to suffer from substitutional disorder. Both iodine anions
appear to have octahedral geometries. It is likely that the cis/trans-isomers co-

crystallized, but no conclusive structural information could be obtained.

3.2.4 [N(CHjs)4][I10OF,]

Large thin plates were obtained when a solution of [N(CHs)4][IOF,] in
acetonitrile was cooled to —30 °C. These plates gave an intense diffraction pattern.
The structure was solved in the tetragonal 142m space group. The asymmetric unit
contained two well separated tetramethylammonium cations adopting tetrahedral
geometries, and disordered anions. These anions are arranged as tetramers. The

disorder of these tetramers could not be modeled in a chemically sensible way.

3.2.4.1 Raman Spectroscopy

The Raman spectrum of [N(CH3)4][IOF,4] at room temperature is depicted in
Figure 3.3. The Raman frequencies and tentative assignments are listed in Table 3.4.
The spectrum contains signals associated with the N(CHs)," cation and the IOF;

anion. The bands associated with the N(CHas)," moiety were assigned based on

previous assignments of other tetramethylammonium salts.?’ The bands associated
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with the 10F,; anion were assigned based on the assignments for the previously

reported Cs[IOF,] salt.’?

Raman Intensity

600 400 200

Wavenumber cm™

1000 800

Figure 3.3 Raman spectrum of [N(CHz3)4][IOF,]. Asterisks (*) denote bands arising
from the FEP sample tube. Daggers (1) denote bands arising from the [N(CHs)s']
cation.

The most intense band in the Raman spectrum at 901(100) cm™* can be
assigned to the v(I-O) mode, and is in good agreement with that of the Cs[IOF,] salt
(888 cm ™). The in-phase vs (IFs) mode was assigned to the band at 526(45) cm * and

is in good agreement with the Cs[IOF,] salt (533 cm™).
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Table 3.4 Raman Frequencies (cm™) and Tentative Assignments of [N(CHa)4][IOF].

[N(CH3)4[IOF]  CsIOF,’ Assignment
3039(25) ™

2980(11)

;ggggf ) >C—H stretch
2882(5)

2811(6) )

1531(1) ~

1497(2)

1470(33) > CH3 deformation
1464(24)

1412(7) _/

1286(4) }

1175(6) C—N stretching modes
1070(2)

948(28) N(CHa)s*

901(100) 888 vs v(I-0)

756(24) vs(NCy)

526(45) 533 vs vs(IF4) in phase
484(15) 485 s Vas(IF4)

449(22) 475m vs(IF4) out of phase
376(5) 8s(NCy)

345(28) 365 ms 8(OF,) wag

263(7) 273 w 8s(IF4) umbrella
204(8) 214w 3s(IFy) in plane
180(3)

143(4) 124 w Sas(IF4) in plane

% Signals from the FEP sample tube were observed at: 1380(3), 1214(1), 733(13),
526(overlap), 385(5), 291(3) cm ™.
® From reference 10.
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3.3 Summary and Conclusions

The reaction of transition-metal and main-group oxo-anions with SF,
conveniently formed Re¥", 1I'"", and 1Y oxide fluoride anions. These reactions occur
in acetonitrile or anhydrous HF and give quantitative yields in a single step. The
byproducts and solvents are easily removed under dynamic vacuum at low
temperatures, or in the case of the [Ag(CHsCN),]" cation, upon mild heating. The
Ag[ReO,F,] salt was characterized by Raman spectroscopy for the first time.
Although the Ag[ReO,F4] salt had been previously prepared, it had only been
characterized by crude elemental analysis. The new
[Ag(CH3CN)4][ReO,F4]*CH3CN salt was characterized by low-temperature Raman
and X-ray crystallography. The new [N(CH3)4][IOF4] salt was synthesized and

characterized by Raman spectroscopy.
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4 Solvolysis Products of SF,*Nitrogen Base Adducts by HF

4.1 Introduction

The fluoride anion is very different from the other halide anions as it has a
significantly larger charge-to-radius ratio. Fluoride is a strong base, closely
resembling hydroxide, which can be used as a base in a wide variety of organic
reactions.>? Fluoride is usually solvated in solutions and in salts with large counter
cations reducing its basicity. Unsolvated, “naked”, fluoride is a strong base that, for
example, can deprotonate CH3sCN at room temperature.® Sulfur tetrafluoride reacts
with anhydrous [N(CHa)4]F, a naked fluoride source, to form the [N(CHa)41[SFs ]
salt, which was first reported in 1963.% The Rb* and Cs* salts of the SF5~ anion have
since been prepared and characterized by vibrational spectroscopy.>’ Only three
crystal structures have been reported containing the SFs  anion: Rb[SFs],’
Cse[SFsls[HF2]»,2 and [Cs(18-crown-6),][SFs].® The SFs anion adopts a square
pyramidal configuration in which the equatorial fluorines have similar S—F bond
lengths.

Sulfur tetrafluoride acts as a Lewis acid towards nitrogen-bases, i.e., pyridine,
4-methylpyridine, 2,6-dimethylpyridine, 4-dimethylaminopyridine, and
triethylamine, to form 1:1 adducts that are stable below —40 °C.° These adducts
exhibit N---S(IV) dative bonds ranging from 2.141(2) to 2.5140(18) A. The S—Feq
bond opposite of the nitrogen base is significantly elongated. The Raman signals of
both the nitrogen base and SF, are shifted in these adducts, which agree well with

adduct formation and the longer S—F¢q bonds compared to SF..
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Both anhydrous hydrogen fluoride (aHF) and SF, are used as fluorinating
agents in organic chemistry. Due to the difficulties associated with handling aHF, a
mixture of pyridine and HF is often used.® Mixtures of pyridine with varying
amounts of HF (CsHsNenHF, where n = 1, 2, 3, 4) have been structurally
characterized by X-ray crystallography.” The N-H bond distance decreases from
1.34 A in CsHsNeHF to 0.87 A in CsHsNe4HF. This trend is accompanied by an
increase of the N(H)---F distance from 2.472 A for CsHsN+HF to 2.793 A for
CsHsNe4HF. This can be explained by the decrease in Lewis basicity as the size of
the polyfluoride anion (H,F 1 Where n = 1, 2, 3, 4) increases. Sulfur tetrafluoride
almost always contains traces of HF due to the presence of moisture and HF is
sometimes purposely added to the reaction mixture. Several mechanisms have been
proposed for the fluorination of carbonyl and hydroxyl groups by SF, containing HF
in the reaction mixture (see Introduction). In contrast to the acidic conditions of
fluorination using SF4HF mixtures, certain carbonyl, and hydroxyl containing
molecules, are fluorinated with SF, in the presence of bases, such as triethylamine,
pyridine, or KF.**** To the best of my knowledge, no mechanism has been reported
on the fluorination of organic carbonyl and hydroxyl groups with SF, under basic
conditions. Therefore, the study of the SF;-HF-nitrogen-base reaction system may

help in expanding our knowledge about species present in such reactions.

4.2 Results and Discussion
4.2.1 General Synthetic Approach
Initial attempts to recrystallize adducts between SF, and nitrogen-bases

(pyridine, 4-methylpyridine, and 2,6-dimethylpyridine) from toluene, which was
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apparently insufficiently dried, afforded large needle-like crystals. These crystals
proved to be [HNCsHs JF SF4, [HNCsH4(CH3)'THF, and
[HNCsH3(CHa), 1o[SFs JF *SF,4. Such salts were subsequently targeted by reactions
of nitrogen bases, HF, and excess SF,.

Reactions of pyridine with excess aHF and sulfur tetrafluoride gave a
multitude of products which were difficult to isolate, containing a range of
polyfluoride anions. The products often did not contain SF, as shown by Raman
spectroscopy. Attempts at measuring equimolar amounts of HF to pyridine, while
excluding H,O, proved to be exceedingly difficult. The use of stoichiometric
amounts of water as a reagent, added with the help of a microsyringe, to generate HF
in situ, was shown to be a successful preparative route. (Equation 1)

SFs+H,0 —  SOF,+2HF (1)

A typical reaction contained 4 mg of water, 50 mg of base, and 0.2 g of SF,.
Scales as large as 20 mg of water, 200 mg of base and 0.7 g of SF,; were also
employed. The nitrogen-bases used in these syntheses were pyridine and some of its
derivatives, i.e., 4-methylpyridine, 2,6-dimethylpyridine, 4-diethylaminopyridine,

and 4,4’-bipyridyl (see Figure 4.1).
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pyridine 4-methylpyridine 2,6-dimethylpyridine
4-diethylaminopyridine 4.,4'-bipyridyl

Figure 4.1 Drawings of the nitrogen-bases studied with SF4/HF mixtures.

Excess SF, proved to be an effective solvent for the reaction and
recrystallization of [HNCsHs5 JHF, *2SF,, [HNCsH4(CHa3)*]F *SF,,
[HNCsH3(CHa),12[SFs JF *SFa, [HNCsH4N(CHa3),"][HF2 ]*2SF,,
[HNH4C5—CsHsN*]F +2SF, and [HNH,Cs—CsHsNH?"]2F +4SF,. The products
can be viewed in terms of the solvolysis of the SF,*N-base adduct by HF (Equation
2) or protonation of the free base to form a fluoride salt, followed by incorporation of
SF4 into the crystal structure (Equation 3).

SF;+ NR — SF4NR; SF4NR + HF — HNR'F *SF, 2)
HF + NR — HNR'F; HNR'F + SF; — HNR'F *SF, (3)

It is likely that reaction (2) is the primary mechanism, since HF is present in
the reaction system only after reaction with SF,4. In addition, the SF4*NCsH4(CHs)
adduct was identified by both Raman spectroscopy and X-ray crystallography in an
incomplete reaction mixture of SF4, 4-methylpyridine and water. Reaction (3) could

be tested by reacting nitrogen-base fluoride salts with SF,4, yet this would be
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challenging because of the difficulties associated with isolating the 1:1 nitrogen-base
to HF salts, due to the formation of polyfluoride anions.®** When dichloromethane
is used as a solvent in conjunction with nitrogen-bases, care must be taken to avoid

the formation of methylenebispyridinium dichloride compounds.*

4.2.2 Pyridine-HF-SF, System

Large needle-like crystals were obtained by recrystallization of the
SF4*NCsHs adduct in toluene between —60 and —80 °C. Instead of the anticipated
structure of SF4*NCsHs, the crystal structure of [HNCsHs']F *SF4 was obtained.
Apparently water in the toluene hydrolyzed SF, producing HF (see Equation 1)
which then solvolyzed the SF4*NCsHs adduct. Attempts to obtain crystals of
[HNCsHsJF *SF4 were unsuccessful when SF4 was used as a solvent. Instead,
crystals of the [HNCsHs JHF, +2SF, salt always formed, even when a deficiency of
water was used. When an excess of pyridine was used, in order to ensure the
selective formation of [HNCsHs']F +SF, and not [HNCsHs ][HF, ]*2SF,, a signal
attributable to the SF;NCsHs adduct was observed in the Raman spectrum. The
[HNCsHs ][HF, ]*2SF, salt is soluble in SF4 whereas it is quite possible the
[HNCsHs"]F SF, is insoluble. For the [HNCsHs |[HF, ]+2SF, salt, crystals were
grown by slow cooling of the pyridine, water, and excess SF, mixture from ambient

temperature to —80 °C. Excess SF4 and SOF; were removed at —90 °C.

4.2.2.1 X—ray Crystal Structures of [HNCsHs |F +SF, and [HNCsHs JHF, *2SF,.
Details of data collection parameters and crystallographic information for

[HNCsHs]F *SF4 and [HNCsHs THF, «2SF, are given in Table 4.1. Important bond
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lengths, angles and contacts for [HNCsHs']JF *SF4 and [HNCsHs JHF, 2SF, are

given in Table 4.2 and Table 4.3.

Table 4.1 Crystal Data Collection Parameters and Results of [HNCsHs']F +SF, and

[H NC5H5+] H F27'28F4

Compound [HNC5H5+]F_’SF4 [H NC5H5+]HF2_‘2SF4
File Code MG11019 MG12051
Empirical Formula HeCsFsNS CsH7F1oNS,
Formula weight, g mol™ 207.17 335.24
Temperature, K 153 153
Crystal System Orthorhombic Monoclinic
Space Group Pbca C2/m
Unit Cell Dimensions a=13.919 (4) A a=16.366 (11) A
b =13.681 (4) A b=8.794 (6) A
c=17.101 (4) A c=8.842 (6) A
S =116.566 (7)°
u (mm ) 0.43 0.58
Volume A3 3256.4(15) 1138.1 (13)
z 16 4
Density (calculated), g cm™ 1.690 1.956
F(000) 1664 664
Crystal Size, mm® 1.38 x 0.36 x 0.31 0.29 x 0.12 x 0.08
Reflections Collected 35850 6509
Independent Reflections 4062 [Rin = 0.025] 1385 [Rin; = 0.041]
Data/Restraints/Parameters 4062/0/225 1385/0/91
Goodness-of-fit on F 1.09 1.03
Refine Diff Apma e A 0.23 0.86
Refine Diff Apmin e A —0.37 —0.60
Ry 1> 20(1)? 0.0298 0.0466
wR; (F)? 0.0936 0.1089

®Ry = Z||Fo| — [Fe|/Z|Fo|; WR2 = [EwW(Fo” — Fc?)/Zw(Fo )]~
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Table 4.2 Bond Lengths (A), Contacts (A), and Angles (deg.) of [HNCsH5 ]F +SF,.

Bond Lengths and Contacts, A

S1-F3 1.5398(9) S2—-F7 1.5382(9)
S1-F2 1.5425(9) S2-F6 1.5440(9)
S1-F1 1.6622(11) S2-F5 1.6632(11)
S1-F4 1.6680(11) S2—F8 1.6671(11)
S1---F9 2.6826(9) S2---F9 2.8241(9)
S1---F10 2.7739(9) S2---F10 2.6923(9)
N1(H)---F9 2.4367(13) N2(H)---F10 2.4376(13)
C9(H)---F9 3.290 (2)
Bond Angles, deg.
F3-S1-F2 98.49(5) F7-S2-F6 98.69(6)
F3-S1-F1 87.10(5) F7-S2-F5 87.36(5)
F2-S1-F1 87.48(5) F6—S2-F5 87.46(5)
F3-S1-F4 87.49(6) F7-S2—F8 87.16(5)
F2-S1-F4 87.53(5) F6—S2-F8 87.53(5)
F1-S1-F4 172.03(5) F5—-S2—F8 171.93(5)
F3-S1-F9 78.70(4) F7-S2-F10 78.59(5)
F2-S1-F9 176.49(4) F6—S2—F10 177.23(4)
F1-S1-F9 90.25(4) F5-S2-F10 91.84(4)
F4-S1-F9 94.42(4) F8-S2-F10 92.87(4)
F3-S1-F10 176.94(4) N1-F9-S1 105.59(4)
F2-S1-F10 78.46(4) N2-F10-S2 106.97(4)
F1-S1-F10 92.96(4) N2-F10-S1 90.56(4)
F4-S1-F10 92.14(4) S2-F10-S1 161.76(3)
F9---S1---F10 104.35(3)
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Table 4.3 Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNC5H5+][HF27]°ZSF4.
Bond Lengths and Contacts, A
S1-F2 1.537(2) S2-F5" 1.535(2)
S1-F2' 1.537(2) S2-F5 1.535(2)
S1-F3 1.643(3) S2-F6 1.652(3)
S1-F1 1.648(3) S2-F4 1.670(3)
S1---F7 2.876(3) S2---F7 2.840(3)
N1(H)---F 2.937(5) F7---N1 2.937(5)
F7-(H)-F7" 2.241(7) N1-N1' 1.345(6)
Bond Angles, deg.

F2-S1-F2' 99.71(17) F5"-S2-F5 99.47(18)
F2-S1-F3 86.54(13) F5"-S2-F6 87.14(13)
F2'-S1-F3 86.54(13) F5-S2-F6 87.14(13)
F2-S1-F1 87.80(13) F5'-S2-F4 86.98(12)
F2'-S1-F1 87.80(13) F5-S2-F4 86.98(12)
F3-S1-F1 171.21(18) F6-S2-F4 170.90(19)
F5'-S2-F7 174.02(12) S2-F7-S1 172.33(11)
F5-S2-F7 76.09(12) F7U-F7---N1  142.73(13)
F6-S2-F7 96.54(11) S2-F7---N1  95.28(13)
F4-S2-F7 88.78(11) S1-F7---N1  87.56(11)
F7"-F7-S2 96.70(11) N1-NI1-C2  120.85(18)
F7"-F7-S1 85.20(14) N1'-N1-F7 119.06(8)
F2-S1-F7 171.14(13) C2-N1---F7  119.4(2)
F2'-S1-F7 82.65(11) N1-C2-C3 119.7(3)
F3-S1-F7 102.17(12) F7---S1---F7"  93.8(1)
F1-S1-F7 83.75(12) F7---S2---F7""  108.0(1)

Symmetry codes: (i) X, -y, z; (ii) X, —y+1, z; (iil) —x+1, y, —z+1.
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The [HNCsHs']JF «SF, salt crystallizes in the orthorhombic space group,
Pbca. The structure consists of infinite chains, along the c-axis, of sulfur
tetrafluoride molecules linked by fluoride anions, forming S---F---S bridges (Figure

4.2).

Figure 4.2 Thermal ellipsoid plot of a chain in the crystal structure of

[HNCsHsTF «SF4 with thermal ellipsoids set to 50% probability.

The fluoride anions are hydrogen-bonded to pyridinium cations, which alternate
positions along the chain. Sulfur tetrafluoride adopts the expected seesaw geometry
and has two additional long contacts (2.6826(9) and 2.7739(9) A) to the fluoride
anions. The equatorial S—F bonds lengths (1.5398(9) and 1.5425(9) A) are slightly
longer than that of solid SF4 (1.527(4) and 1.535(4) A) (see Chapter 5), but shorter
than those in the nitrogen-base SF, adduct SF4*N(C2Hs); (1.5555(14) and 1.5943(14)
A).° The axial S—F bond lengths are 1.6622(11) and 1.6680(11) A which are

significantly longer than the equatorial S—F bonds. The lone pair on sulfur lies
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between the two S---F contacts, resulting in a large F---S---F contact angle of
104.35(3)°. The N1(H)---F9 distance (2.4367(13) A) in the [HNCsHs']F *SF, salt
agrees well with that of the CsHsN<HF salt (2.472 A).** Infinite chains bridged by
weak fluorine bridges are quite common structural motifs with molecular species
which contain open coordination sites. For example group 17 fluorides,
[BrF4"1[Sh2F11 ],* and TeF, form fluorine-bridges in the solid state.!’

The [HNCsHs'][HF, ]+2SF, salt crystallizes in the monoclinic space group
C2/m. The structure consists of a sulfur fluoride double chain composed of
alternating SF, and HF, molecules with pyridinium cations hydrogen-bonded to a

bifluoride anion. (Figure 4.3)

@ ) L
A) F(5) 5A) F(7E) ?

F® @';@ ‘"%@" @‘&" e[;aa'@

Figure 4.3 Thermal ellipsoid plot of the [HNCsHs"][HF, ]*2SF4 double chain. The
fluorines bound to S(1A), S(2A) and S(1B) are omitted for clarity. Thermal
ellipsoids are set to 50% probability. The pyridinium cations are disordered where
half the time the ring is rotated by 60° and hydrogen bonded to adjacent bifluoride
anions.

78



The pyridinium cation exhibits an orientational disorder where half the time it
is hydrogen-bonded to one bifluoride, and the other half of the time it is shifted by
60° and hydrogen-bonded to the adjacent bifluoride. This disorder is imposed by a
mirror plane, which relates the C1 and N1 atoms with a site occupancy of 50% each.
The equatorial S—F bond lengths (S1-F2 = 1.537(2) A and S2—F5 = 1.535(2) A) in
both SF, molecules are identical since both SF,,x moieties lie in mirror planes, that
bisect the SFzq angles. The axial S—F bond lengths range from 1.643(3) to 1.670(3)
A. All of the S—F bond lengths agree within experimental error with that of neat SF,.
Along the b-axis, the pyridine rings, bifluoride and both SF, molecules pack in a
parallel fashion.

The N(H)---F (2.937(5) A) and the S---F (2.840(3) to 2.876(3) A) distances
are much longer in the bifluoride structure than those found in [HNCsHs']F *SF,
((N(H)---F = 2.4367(13) A and S---F = 2.6826(9) A). This agrees with the much
weaker basicity of bifluoride compared to that of fluoride. These long contacts reflect
the relative instability of the crystals towards loss of SF, which was observed when
handling the crystals in the cold trough at —80 °C while selecting crystals. The N(H)-
--F contacts are much longer than those found in pyridinium bifluoride (2.508 A) and
also 4-methylpyridinium bifluoride (2.533(4) A) (vide infra), and could be imposed
by the pyridinium ring disorder. The pyridinium disorder has also an effect on the
polarization of the bifluoride anion. Depending which side of the anion the
pyridinium is hydrogen-bonded to, i.e., F1I-H---F2---HNCsHs" and NCsHsH"---F1---
H-F2, the hydrogen in HF, will be closer to one or the other fluorine atom. As the
consequence of these two superimposed structures, the hydrogen in the bifluoride

anion is supposedly disordered over two positions and could not be located in the
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difference map and the thermal ellipsoids of the fluorines are elongated. The F---F
distance in bifluoride is 2.241(7) A which is shorter than the F---F distance found in
pyridinium bifluoride (2.326 A), or 4-methylpyridinium bifluoride (2.322(4) A). The
F---S---F contact angles alternate from 93.8(1) ° (S1), and 108.0(1) ° (S2). The small
angle occurs between two adjacent bifluorides that are hydrogen-bonded to the same
disordered pyridinium cations, while the large angle is observed when the bifluorides

are hydrogen-bonded to two different pyridinium cations.

4.2.2.2 Raman Spectroscopy

Raman spectroscopy on the [HNCsHs]F SF, salt was unsuccessful due to the
intense signals of toluene, surrounding the crystallized sample, which dominated the
spectrum. The Raman spectrum of [HNCsHs J[HF, 1°2SF; was acquired at —97 °C
(Figure 4.4). The observed vibrational frequencies and their tentative assignments for
[HNCsHs"][HF, ]*2SF, can be found in Table 4.4. The assignment of Raman bands
associated with the pyridinium cation is based on that previously reported for
pyridinium salts.’® Comparisons could also be made with the Raman spectrum of the

SF4*NCsHs adduct, previously assigned with the aid of computational chemistry.
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Figure 4.4 Raman spectrum of [HNCsHs J[HF, ]*2SF,4. Asterisks (*) denote bands
arising from the FEP sample tube.

The N—-H stretching band could not be located in the Raman spectrum of
[HNCsHs ][HF, ]*2SF,. The N—H stretching band in Raman spectra is known to
vary greatly in intensity, broadness and frequency, depending on the counter-anion.
This is because the nature of the anion determines the type of interaction between the
proton and the nitrogen.*® The most intense peak is found at 1028 cm™', which is
attributable to the NCs ring breathing mode, and is at a higher frequency than that of
neat pyridine (990 cm™'), the SF4,*NCsHs adduct (1003 cm™'), and the pyridinium
chloride salt (1009 cm™").*® The signals attributable to S—F stretching within SF; are
only slightly shifted from those of neat SF;, when compared to the shifts of SF,
stretching bands observed for the nitrogen-base-SF, adducts. This reflects the weak
donor properties of bifluoride compared with the relatively strong donor properties of
the nitrogen bases. Despite the weak interaction of SF, with bifluoride, the peaks in
the Raman spectrum attributable to SF, are sharp compared to liquid SF, at the same

temperature.
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Table 4.4 Raman
[H NC5H5+][H Fz_]°ZSF4.

Frequencies

(cm™)

and Tentative Assignments

of

[HNCsHs [HF, ]+2SF*¢  SF4° Assignment
3092(19)
3065(7) v(C-H)
2992(4)
1631(7) N
1309(4)
1260(4)
1216(13)° > v(C—C)/ v(C-N)
1177(2)
1075(4) )
1024(100) Vring
904(32) SF, comb. band
880(7) 888(75)/880(99) Vs(SF2eq)
841(13) 860sh Vas(SF2eq)
649(19) 629(7) Vas(SF2ax)
522(21) 536(92)/532(100) Ve(SF2ax)
524(54)
449(4) 458(31) ©(SFy)
367(2)
351(3)
243(15) 8sc(Serq) B ESsc(SFZaX)

% Signals from the FEP sample tube were observed at: 1383(6), 1216(13) (overlap),
733(13), 595(2), 385(3), 294(3), ° Signals overlap with those of FEP, ¢ Acquired at
—97 °C. ® Solid SF4 at =135 °C.
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4.2.3 4-Methylpyridine-HF-SF, System

Recrystallization of the SF;*NCsH4(CH3) adduct from toluene resulted in the
formation of large needles. The crystals were the [HNCsH4(CHs) 'JHF, ™ salt which
likely formed because the presence of trace amounts of water in the toluene that was
used and because of a deficiency of SF, in this experiment, which reacted with the
water to form SOF;, and HF. Cooling of a 1:2 mixture of water to 4-methylpyridine,
in excess SF4 from room temperature to —20 °C resulted in the formation of large

crystalline blocks. These crystals were shown to be of [HNCsH4(CHs3) ]F *SF,.

4231 X-ray  Crystal  Structures  of  [HNCsH4(CH3)"]F «SF;  and
[HNCsH4(CHs) THF,

Details of data collection parameters and crystallographic information for
[HNCsH4(CHa3)*JF +SF,4 and [HNCsH4(CH3)"JHF; are given in Table 4.5. Important
bond lengths, angles and contacts for [HNCsH4(CHs)']JF *SF, and
[HNCsH4(CHa3)'JHF, are given in Table 4.6 and Table 4.7, respectively.

The compound, [HNCsH4(CHs)']JF *SF4, crystallized in the triclinic space
group, P1 and consisted of 4-methylpyridinium cations hydrogen-bonded to fluoride,
which forms two long contacts to the sulfur atom of SF4 (S1---F1 = 2.632 (6) A, S1--
-F1A = 2.823(6) A) forming discrete dimers (see Figure 4.5). As expected, SF,
adopts a seesaw geometry with the S—Feq bonds (S1-F1 = 1.544(4) A, S1-F2 =
1.543(4) A) being shorter than the S—Fqa bonds (S1-F3 = 1.652(4) A, S1-F4 = 1.650
(4) A). The F5---S1---F5A angle of 103.69(3)° agrees well with the contact angle in

[HNCsHs']F *SF4 (104.35(3)°). Two 4-methylpyridinium rings exhibit n-stacking
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(C3---C5 = 3.352(3) A) along the c-axis, in which the rings are alternating, rotated by

180°.

Table 4.5 Crystal Data Collection Parameters and Results of [HNCsH4(CHs)"]F *SF,
and [HNC5H4(CH3)+] [Hin]

Compound [HNC5H4(CH3)+]F_‘SF4 [H NC5H4(CH3)+]HF2_
File Code MG12072 MG12078
Empirical Formula CeHgFsNS CeHgF2N
Formula weight, g mol™ 221.20 133.14
Temperature, K 153 153
Wavelength, A 0.71073 0.71073
Crystal System Triclinic P Orthorhombic
Space Group P1 Pnma
Unit Cell Dimensions a=7261(16) A a=19.22 (4) A
b =8.419 (18) A b =7.741 (16) A
c=8.705 (19) A c=474(1)A
a=61.90 (2)°
p=82.15(2)°
y=75.28 (2)°
Volume 453.9 (17) 705 (2)
z 2 4
p (calculated), g cm > 1.618 1.254
Abs. coeff. u (mm™) 0.39 0.11
F(000) 224.0 280
Crystal Size, mm?® 0.28 x 0.23 x 0.16 0.35x0.16 x 0.09
Reflections Collected 2101 7416
Independent Reflections 2101 [Rint = 0.020] 869 [Rint = 0.040]
Data/Restraints/Parameters  2101/0/119 869/0/53
Goodness-of-fit on F 1.02 1.02
Apmax (e A™%) 0.31 0.20
Apmin (e A7) —0.34 -0.14
Ry, | > 20(1)? 0.0295 0.0366
WR(F?)? 0.0884 0.1148

"Ry = 2|[Fo| — [Fel/Z[Fol; WRz = [Ew(Fo? — F¢A)Z/Zw(Fo )72
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Table 4.6 Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNC5H4(CH3)+]F7°SF4.
Bond Lengths and Contacts, A
S1-F2 1.543(4) S1---F5A 2.823(6)
S1-F1 1.544(4) C1-C2 1.365(3)
S1-F4 1.650(4) C2-C3 1.376(3)
S1-F3 1.652(4) C3-C4 1.382(3)
S1---F5 2.632(6) C3-C6 1.488(3)
NI-CI 1.330(3) C4—C5 1.367(3)
N1-C5 1.331(3) NL(H1A)---F5 2.404(4)
Bond Angles, deg.

F2-S1-F1 97.80(7) F2-S1-F5 177.96(5)
F2-S1-F4 87.67(7) F1-S1-F5 80.16(6)
F1-S1-F4 87.13(6) F4-S1-F5 92.28(6)
F3-S1-F5 91.75(5) F5---S1---F5A  103.69(3)
C1-N1-C5 119.63(15) C2-C3-C4  117.82(16)
N1-C1-C2 121.28(17) C2-C3-C6  121.01(17)
F2-S1-F3 88.06(7) C4-C3-C6  121.17(18)
F1-S1-F3 86.83(6) C5-C4-C3  119.46(17)
F4-S1-F3 172.06(6) NI1-C5-C4  121.68(16)
Table 4.7 Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNCsH4(CHs) THF, .

Bond Lengths and Contacts, A Bond Angles, deg.
N1-C4 1.335(3) C4-N1-C4 121.3(2)
N1-C4 1.335(3) N1-C4-C3 120.33(15)
C4-C3 1.372(3) C4-C3-C2 120.21(16)
C3-C2 1.388(3) C3-C2-C3' 117.6(2)
C2-C3' 1.388(3) C3-C2—Cl 121.18(11)
C2-Cl1 1.496(4) c3-C2-Cl1 121.18(11)
N1(H1)---F1 2.533(4)

F---F 2.323(5)
F1-H5 1.25(3)
F2-H5 1.07(3)

Symmetry code: (i) x, —y+1/2, z.
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Figure 4.5 Thermal ellipsoid plot of the dimer present in the crystal structure of
[HNCsH4(CHa3)']F +SF,. Thermal ellipsoids are at 50% probability.

The crystal structure is remarkably different from the extended chain structures
observed with the pyridine-HF-SF; system. In the crystal structure of the
[HNCsHs']F «SF, salt, a fluoride is present close to the para-position (C9(H)---F9
=3.290(2) A) of the pyridine rings. The methyl group in the 4-position of
[HNCsH4(CHa)'JF +SF, prevents the formation of an infinite chain with a packing
similar to that of [HNCsHs']F *SF,. The N1(H)---F5 distance (2.404(4) A) is
significantly shorter than the N(H)---F distance (2.4379(13) A) in [HNCsHs']F *SF,.
This is in accord with the weaker Brgnsted acidity of 4-methylpyridinium (pK, =
5.98) compared to that of pyridinium (pKa = 5.23).%°

In the [HNCsH4(CH3)"JHF, salt, the 4-methylpyridinium cation is hydrogen-
bonded to one of the fluorines of bifluoride (see Figure 4.6). The N1(H)---F1
distance (2.533(4) A) is longer than the majority of the structures containing fluoride
bound to SF4 and substantially longer than the N(H)---F contact length (2.405(4) A)
of the [HNCsHs']F SF, salt. The F---F distance in the bifluoride anion is 2.323(5)
A, which is the same as the F---F distance of 2.326 A found in pyridinium

bifluoride.”* The hydrogen atom was located in the difference map and refined. As
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expected, the F1—H5 distance (1.25(3) A) is longer than the F2—HS5 distance (1.07(3)
A), due to the hydrogen-bonding interaction between F1 the 4-methylpyridinium

cation.

F(2)

Figure 4.6 Thermal ellipsoid plot of the [HNCsH4(CH3)'JHF, ion pair. Thermal
ellipsoids are at 50% probability.

4.2.3.2 Raman Spectroscopy

Obtaining Raman spectroscopic data on the [HNCsH4(CHs)JHF, salt was
unsuccessful due to the intense signals of toluene which dominated the spectrum.
The Raman spectrum of [HNCsH4(CH3)*]F *SF4 at —85 °C is shown in Figure 4.7.
The Raman frequencies and tentative assignments are listed in Table 4.8. The
tentative assignments were based on the Raman spectrum of the SF;*NCsH4(CHs)

adduct, previously assigned with the aid of computational chemistry.
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Table 4.8 Raman
[H NC5H4(CH3)+] F_'SF4.

Frequencies (cm™)

and Tentative Assignments

of

[HNCsH4(CH3)'JF *SF,*  SF,° Assignment
3097(36)
3082(49)
3021(15) v(CH)
2967(21)
2931(82)
2879(12) v(CHs)
2736(6)
1632(36)
1595(8) v(C-C)/ v(C-N)
1448(9)
1380(45)°
1336(21) CH3 deformation
1256(11)
1222(26)
1074(32) vs(NCs)
1002(14)
904(32) SF, comb. band
855(17) 888(75)/880(99) Vs(SF2eq)
828(56) 860sh Vas (SFaeq)
815(13) 8out—of—plane(l'lcc)
798(19) 8out—of—plane(l'lcc)
788(19) SF,
770(55) SF,
665(79) 8in—plane(CCC)/ 6in»plane(CNC)
629(7) Vas(SF2ax)
604(8)
562(8)
521(100) 536(92)/532(100) Vs(SF2ax)
524(54) E‘>rock(Serq)
487(9) 515(72)/508(66) 8sc(SFaeq) + Ssc(SF2ax)
445(19) 458(31) U(SF2)
351(31)
294(18)° pr(CHs)
258(6) pr(CH3)
238(21) 243(15) Jsc(SF2eq) — Ssc(SF2ax)

% Signals from the FEP sample tube were observed at: 1513(7), 1380(45) (overlap),

1303(9), 733(47), 382
° Acquired at —97 °C.
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Figure 4.7 Raman spectrum of [HNCsH,4(CH3)"]F *SF,. Asterisks (*) denote bands
arising from the FEP sample tube.

The methyl group increases the complexity of the Raman spectrum significantly
compared to that of the pyridinium salt. An intense signal at 2931 cm™' is indicative
of the C—H stretches on a methyl group. The most intense peak (521 cm™') can be
assigned to the vs(SF2ax) Stretch, which is at a lower frequency than that of neat solid
SF, (536(92) and 532(100) cm ™). The band assigned to the vs(SF2eq) mode is also at
significantly lower frequency and intensity (855(17) cm™') than that of neat solid SF,

(888(75) and 880(99) cm™'), and is no longer split.

4.2.4 2,6-Dimethylpyridine-HF-SF, System

In an attempt to obtain crystals of SF4-2,6-dimethylpyridine adducts, large
plate-like crystals were obtained by recrystallizing the SF4sHNCsH3(CHs), adduct in
toluene between —60 and —80 °C. Instead of the anticipated structure of
SF4+HNCsH3(CHs),, the crystal structure of [HNCsH3(CHa),']o[SFs JF *SF, was

obtained. Similarly to the crystal structure of [HNCsHs']F *SF, (vide supra), traces
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of water in the toluene hydrolyzed SF, producing HF which then solvolyzed
SF4*NCsH3(CH3),.  Using SF, as a solvent and introducing stoichiometric
amounts of H,O, crystals formed which had the same unit cell as the
[HNCsH3(CHa),1o[SFs JF *SF, salt previously obtained. The sample, however,
contained crystals with two different morphologies. A block-type crystal that was
mounted on the diffractometer had different unit cell parameters than the
[HNCsH3(CHa3),12[SFs JF *SF, salt. This crystal contained three extra molecules of
SF4, which formed layers of SF,4, and is discussed in Section 5.2 together with the

solid-state structure of SF,.

4.2.4.1 X-ray Crystal Structure of [HNCsH3(CHs), 12[SF5 ]F *SF;4

Details of data collection parameters and crystallographic information for
([HNCsH3(CHs), T2[SFs JF *SF4) are given in Table 4.9. Important bond lengths,
angles and contacts for [HNCsH3(CHs);']2[SFs JF *SF, are listed in Table 4.10. The
structure of [HNCsH3(CHs), 12[SFs JF *SF, consists of two 2,6-dimethylpyridinium
cations hydrogen-bonded to a single fluoride anion, which is coordinated to one SF,4

molecule, and a separate SFs anion (see Figure 4.8).
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Table 4.9 Crystal Data
[HNC5H3(CH3)2+]2[SF57]Fi'SF4.

Collection  Parameters and  Results

Compound [HNC5H3(CH3)2+]2[SF57]F7°SF4
File Code MG11020

Empirical Formula C14H20F10N2S;

Formula weight, g mol™ 470.44

Temperature, K 153

Wavelength, A 0.71073 A

Crystal System Monoclinic

Space Group P21/n

Unit Cell Dimensions

p(mm )

Volume, A3

z

Density (calculated), g cm™

F(000)

Crystal Size, mm®

Theta Range

Reflections Collected
Independent Reflections
Data/Restraints/Parameters
Goodness-of-fit on F2
Refine Diff Density_max
Refine Diff Density_min
Ry, | > 20(1)®

WR; (F%)?

3

a=7.8081 (16) A
b =18.207 (4) A
c=14.352(3) A
£ =99.917 (2)°
0.36

2009.9 (7)

4

1.555

0.36

0.70 x 0.46 x 0.2
1.8t0 27.5
28424

4590 [Rint = 0.020]
4590/24/305
1.03

0.56

-0.36

0.038

0.111

®Ry = Z||Fo| — [Fe|/Z|Fo|; WR2 = [EwW(Fo” — Fc?)/Zw(Fo )]~
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Table 4.10 Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNC5H3(CH3)2+]2[SF57]Fi'SF4.
Bond Lengths and Contacts, A
FI-SIA 1.506(5) STA-F5A 1.504(17)
F1-S1 1.586(2) S1A-F4A 1.657(7)
S1-F4 1.663(3) S1A-F2A 1.697(8)
S1-F3 1.698(3) S1A-F3A 1.699(7)
S1-F2 1.709(4) S2-F6 1.5415(11)
S1-F5 1.718(5) S2-F8 1.5538(13)
S2-F9 1.6557(12) $2---F10 2.5116(12)
S2—F7 1.6736(12) N2(H2)---F10 2.5308(17)
N1(H1)---F10 2.5396(17)
Bond Angles, deg.

SIA—FI-SI 12.61(14) F4A-SIA—F2A 171.1(5)
F1-S1-F4 84.28(19) F1-S1A-F3A 83.2(3)
F1-S1-F3 87.02(13) F5A-S1A-F3A 172.7(8)
F4—S1-F3 90.67(19) F4A-S1A-F3A 93.7(6)
F1-S1-F2 85.9(2) F2A-S1A-F3A 86.9(6)
F4-S1-F2 170.1(3) F6-S2—F8 97.39(7)
F3-S1-F2 88.03(19) F6-S2—F9 86.60(7)
F1-S1-F5 82.0(2) F8—S2-F9 88.05(7)
F4-S1-F5 91.6(3) F6-S2—F7 86.06(7)
F3-S1-F5 168.5(2) F8—S2—F7 87.65(7)
F2-S1-F5 87.8(3) F9—S2—F7 170.94(7)
F1-S1A-F5A 89.7(7) F6-S2—F10 78.87(5)
F1-S1A-F4A 93.0(3) F8-S2—F10 175.08(6)
F5A-S1A—F4A 85.2(8) F9—-S2—F10 88.54(6)
F1-SIA-F2A 78.2(4) F7-S2-F10 95.23(6)
F5A-S1A-F2A 93.1(8)
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Figure 4.8 Thermal ellipsoid plot of [HNCsH3(CHs),']oF *SF4[SFs]; a) the
[HNCsH3(CHa),']o.F *SF4, moiety and b) the disordered SFs anion. Thermal
ellipsoids are at 50% probability.

The 2,6-dimethylpyridinium cations exhibit long contacts to F (N1(H)---F10 =
2.5396(17) A and N2(H)---F10 = 2.5308(17) A) with an N1(H)---F10---(H)N2 angle
of 146.57(6)°. The sulfur tetrafluoride adopts the expected seesaw geometry and has
a S---F contact (2.5116(12) A) with F10. The S2—F8 bond (1.5538(13) A) in SF, is
slightly longer than the other equatorial S2—F6 bond (1.5415(11) A), as it is located
trans of the Lewis basic fluoride. The SFs anion adopts the expected square
pyramidal structure with similar, but on average slightly longer bond lengths,
compared to the SFs anion in the previously reported RbSFs structure.” The thermal
ellipsoids in the equatorial plane are elongated, suggesting some rotational motion
around the S—F axis, however the actual disorder was modelled by assigning two
separate SF5 anions which are joined by a fixed pivot point, i.e., the axial fluorine.
The axial S—F bond length (1.560(2) A) is much shorter than the equatorial S—F
bond lengths (1.730(2) A). The equatorial F-S—F bond angles range from 87.8(3) to

91.6(3)°.

93



The formation of the SFs anion only occurs with naked fluoride. In
[HNCsH3(CHa),1o[SFs JF *SF4, one fluoride (F10) is not naked, since it is
hydrogen-bonded to two 2,6-dimethylpyridinium cations. The F(10) fluoride does
not form SFs~ with SF,; it forms a weak S---F~ contact of 2.5116(12) A as observed
in the structures containing the pyridinium and 4-methylpyridinium cations (vide
supra). The second fluoride does not have any H-bonds and combines with SF, to
form the SFs anion. The N(H)---F distances are longer than those found in
[HNCsHs"]F «SF4 or [HNCsH4(CH3)*]F «SF,. This longer N(H)---F distance reflects
the lower Lewis acidity of the 2,6-dimethylpyridinium cation. A chain structure is
unlikely to form in the 2,6-dimethylpyridine system, since the two methyl groups
sterically protect the fluoride, preventing the formation of multiple S---F contacts.
The methyl groups also inhibit the formation of discrete dimers, such as the

[H NC5H4(CH3)+] F «SF, dimer.

4.2.4.2 Raman Spectroscopy

The low-temperature Raman spectrum of [HNCsH3(CHa3),']2[SFs JF *SF4 from
toluene could not be obtained due to the intense signals of toluene which dominated
the spectrum. When attempting to obtain the Raman spectrum of
[HNCsH3(CHa),12[SFs JF *SF, by use of SF,4 as a solvent, a mixture of crystals was
obtained, [HNCsH3(CHa), 12[SFs JF *SF4 and [HNCsH3(CH3),']2[SFs JF *4SF,4. No

further attempts were made to isolate the crystals of [HNCsH3(CHa3),]2[SFs JF *SFa.
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4.2.5 The 4-Dimethylaminopyridine-HF-SF, System

The Lewis basicity of 4-dimethylaminopyridine is significantly greater than
that of the other pyridine derivatives. As a result, the conjugate acid, 4-
dimethylaminopyridinium, will be the weakest acid in this series of protonated
pyridinium  derivatives. Slow cooling of a 2-to-1 mixture of 4-
dimethylaminopyridine and water with excess SF4, from 3 to —20 °C, resulted in the
formation of large needles, which were shown to be [HNCsHsN(CHs), ][HF, ]*2SF..
In a different experiment, the SF;,sNCsH4N(CHs), adduct in the presence of excess
SF, was dissolved in dichloromethane to increase the solubility. Volatiles were
removed from —80 to —60 °C which led to the formation of fine crystalline needles.
These needles were [HNCsHsN(CHs), T2[SFs JF *CH:Cl, as determined by Raman
spectroscopy and X-ray crystallography. Apparently, traces of water hydrolyzed SF,

forming HF, which protonated the basic nitrogen atoms on 4-dimethylaminopyridine.

4251 X-ray Crystal Structures of [HNCsHiN(CH3),"'1[HF, J*2SF, and
[HNCsHsN(CHs), 12[SFs ]F *CH,Cl,

Details of data collection parameters and crystallographic information for
[HNCsH4N(CHa3), ][HF2 ]*2SF4 and [HNCsH4N(CHa3),'J2[SFs JF *CH,ClI, are given
in Table 4.11. Important bond lengths, angles and contacts for
[HNCsHsN(CH3), 1[HF2 1+2SFs and [HNCsH4N(CHs), 12[SFs JF *CH,CI, are given

in Table 4.12 and Table 4.13.
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Table 4.11 Crystal Data Collection Parameters and Results of
[HNC5H4N(CH3)2+] [HF27]°ZSF4 and [HNCsH4N(CH3)2+]2[SF51 Fi'CH2C|2.

Compound [HNCsH,N(CHs), 1[HF, ]*2SF, [HNCsH,N(CHs),5[SFs JF *CH,ClI,

File Code MG12071 MG12074

Empirical Formula C;H15F10NLS, Cl5H24C|2F5N4S

Formula weight,g  378.31 477.34

mol !

Temperature, K 153 153

Wavelength, A 0.71073 0.71073

Crystal System Monoclinic Monoclinic

Space Group P2./c P2,/n

Unit Cell a=8.605 (6) A a=7.001(5) A

Dimensions b =20.371 (15) A b = 14.351 (10) A
¢ =16.500 (12) A c=21.647 (15) A
S =190.415 (9)° B =96.742 (8)°

Abs. coeff. 4 0.47 0.46

(mm™)

Volume A3 2892 (4) 2160 (3)

Z 8 4

Density 1.738 1.468

(calculated),

gcm?

F(000) 1520 984

Crystal Size, mm?® 0.52 x 0.22 x 0.20 0.37 x 0.09 x 0.08

Reflections 32789 24526

Collected

Independent 6703 [Rine = 0.046] 5242 [Rint = 0.045]

Reflections

Data/Restraints/Par  6703/0/391 5242/34/297

Gzoodness—of—fit on 1.02 1.15

F

Refine Diff Apomax  0.38 0.64

e A

Refine Diff Apmin ~ —0.32 —0.43

eA?

Ry, I > 26(1)? 0.0325 0.0707

WR, (F2)? 0.0886 0.1930

Ry = X||Fo| — [Fe|[/Z|Fo|; WR, = [EW(F,” — F¢?)/Ew(Fy )] ™.



Table 4.12 Selected Bond Lengths (A), Contacts (A), and Angles (deg.) of

[H NC5H4N(CH3)2+] [H F27]°ZSF4

Bond Lengths and Contacts, A

S1-F14 1.5422(14) S3-F32 1.6497(15)
S1-F13 1.5463(14) S3-F31 1.6726(17)
S1-F11 1.6484(15) S3-F2 2.758(2)
S1-F12 1.6746(16) S3-F4' 2.7668(18)
S1-F1 2.6783(18) N1(H1)---F1 2.638(2)
S1-F3i 2.8703(18) N1A(H1A)---F3  2.632(2)
S2-F23 1.5332(15) F2(H1B)---F1  2.284(2)
S2-F24 1.5414(13) FA(H2B)---F3  2.291(2)
S2-F21 1.6325(15) S4-F44 1.5357(14)
S2-F22 1.6617(16) S4-F43 1.5458(13)
S2-F2 2.7136(18) S4-F42 1.6539(15)
S2-F4 2.799(2) S4-F41 1.6825(16)
S3-F34 1.5414(14) S4-F3 2.6787(19)
S3-F33 1.5434(15) S4-F1 2.8411(17)
Bond Angles, deg.

F11-S1-F12 171.02(8) F41-S4-F3 85.42(6)
F14-S1-F1 168.84(6) F44-S4-F1 77.74(7)
F13-S1-F1 78.26(7) F43-S4-F1 166.18(5)
F11-S1-F1 102.91(6) F42-S4-F1 79.09(6)
F12-S1-F1 81.64(6) F41-S4-F1 106.77(6)
F14-S1-F3' 82.48(8) F3-S4-F1 108.26(6)
F13-S1-F3' 171.01(6) F14-S1-F13 99.25(9)
F11-S1-F3' 84.08(7) F14-S1-F11 87.75(8)
F12-S1-F3' 102.72(7) F13-S1-F11 87.17(8)
F1-S1-F3! 101.69(6) F14-S1-F12 87.36(8)
F23-S2-F24 98.79(8) F13-S1-F12 86.19(8)
F23-S2-F21 87.36(9) F21-S2-F4 87.70(7)
F24-S2-F21 87.23(8) F22-S2-F4 97.97(8)
F23-S2-F22 86.53(9) F2-S2-F4 106.41(6)
F24-S2-F22 86.79(9) F34-S3-F33 99.04(9)
F21-S2-F22 170.71(8) F34-S3-F32 87.34(8)
F23-S2-F2 76.66(7) F33-S3-F32 87.01(8)
F24-S2-F2 174.40(6) F34-S3-F31 86.97(8)
F21-S2-F2 89.28(8) F33-S3-F31 86.93(8)
F22-S2-F2 96.11(8) F32-S3-F31 170.95(8)
F23-S2-F4 174.16(6) F34-S3-F2 77.92(8)
F24-S2-F4 77.84(7) F33-S3-F2 176.83(7)
F44—S4-F43 99.05(9) F32-S3-F2 93.70(7)
F44-S4-F42 88.26(8) F31-S3-F2 91.99(7)
F43—-S4-F42 87.41(7) F34-S3-F4' 179.45(6)
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Table 4.12 continued.

F44-S4-F41 87.51(8) F33-S3-F4' 80.78(8)
F43-S4-F41 86.37(7) F32-S3-F4' 93.17(7)
F42-S4-F41 171.85(7) F31-S3-F4' 92.50(7)
F44-S4-F3 171.82(6) F2-S3-F4' 102.25(7)
F43-S4-F3 76.41(7) S1-F1-S4 115.89(6)
F42-S4-F3 98.25(6) S2-F2-S3 118.61(6)

Symmetry code: (i) x+1, Y, z.

Table 4.13 Selected Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNC5H4N(CH3)2+]2[SF5_]F_'CH2C|2

Bond Lengths and Contacts, A

S1-F5 1.553(5) S1A-F5A 1.452(13)
S1-F2 1.696(3) SIA-F3A 1.690(12)
S1-F3 1.707(4) S1A-F4A 1.700(15)
S1-F1 1.728(5) SIA-FIA 1.719(14)
S1-F4 1.749(5) S1A-F2 1.755(11)
N3(H)---F6 2.511(4) N1(H)---F6 2.517(4)
Bond Angles, deg.

F5-S1-F2 85.5(2) F3-S1-F1 168.0(4)
F5-S1-F3 83.6(3) F5-S1-F4 83.5(3)
F2-S1-F3 90.37(19) F2-S1-F4 169.0(3)
F5-S1-F1 84.5(4) F3-S1-F4 88.5(3)
F2-S1-F1 90.6(2) F1-S1-F4 88.3(3)
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The structure of [HNCsH4N(CHs), ][HF, ]+2SF, contains a double chain
consisting of bifluoride, each anion coordinating to four SF, molecules, and 4-
dimethylaminopyridinium cations hydrogen-bonded to fluorine on the same side of

all bifluoride anions. (Figure 4.9)

Figure 4.9 Thermal ellipsoid plot of the [HNCsH4N(CHa),'][HF, ]*2SF, double
chain. Thermal ellipsoids are at 50% probability.

The structural motif is very similar to that observed for the
[HNCsHs ][HF, ]*2SF, salt as it contains a double bifluoride-SF,4 chain, except that
the protonated nitrogen-base cations are not disordered as the dimethylamino group
prevents rotation of the pyridinium ring while maintaining the overall packing

arrangement. The 4-dimethylaminopyridinium cations are all found on one side of
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the bifluoride chain, which causes polarization of the bifluoride anions. The thermal
ellipsoids of SF, and one fluorine atom of bifluoride, which compose the half of the
double chain that have contacts to the 4-dimethylaminopyridinium cations, are
smaller than the thermal ellipsoids of the other half of the chain, which do not have
contacts with the cations. This reflects the stabilizing effect of the hydrogen-bonded
cations on the chain. The S—F¢q bond lengths (1.5332(15) to 1.5458(13) A) are the
same within 3¢ with those of neat solid SF,4 (1.527(4) and 1.535(4) A).

The N(H)---F contacts (2.632(2) and 2.638(2) A) are much longer than those
in all of the structures containing fluoride and pyridinium/pyridinium derivatives, but
are significantly shorter than the N(H)---F contacts (2.937(5) A) in
[HNCsHs THF, «2SF,4. The N(H)---F distance is significantly longer than the N(H)---
F distances found in other bifluoride salts which do not contain SF4, such as the
[HNCsHs THF, salt (2.508 A) and the [HNCsH4(CH3) JHF, salt (2.534(4) A),
because the 4-dimethylaminopyridinium cation is a weaker Bronsted acid (pKa =
9.5).%° In this structure, it was possible to locate the proton in the bifluoride anion. As
expected, the fluorides (F1 and F3) that are hydrogen-bonded to the cations have
longer F1-H1B/F3-H2B bonds (1.28(3) and 1.25(3) A) than the F2-H1B/F4-H2B
bonds (1.01(3) and 1.05(3) A). The F---F distances in the bifluoride anions are
relatively short (2.284 (2) and 2.291 (2) A), although it is not as short as the F---F
distance of 2.213(4) A found in the tetramethylammonium bifluoride salt that
contains symmetric HF,  anions.”* The S---F contacts (2.758(2) A) are generally
longer than the S---F contacts found in the other salts, particularly the structures that
do not form chains. The F---S---F bond angles range from 101.69(6) to 108.26(6)°,

and span a smaller range than the angles found in the [HNCsHs][HF, ]+2SF; salt.
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The structure of [HNCsH4N(CHa3),']o[SFs JF *CH,Cl, consists of two
protonated 4-dimethylaminopyridinium cations hydrogen-bonded to a fluoride anion,

which in turn has a long contact to dichloromethane (see Figure 4.10), and also a

well separated SFs anion.

Figure 4.10 Thermal ellipsoid plot of [HNCsH4N(CHs),"]2[SFs JF *CH,Cl,,
excluding the SFs anion. Thermal ellipsoids are at 50% probability.

The  structure IS similar  to  the  structure of  the
[HNCsH3(CH3),12[SFs |F *SF, salt (see Figure 4.8), except a dichloromethane
molecule is found in place of an SF4 molecule coordinated to the fluoride. The very
long C---F distance of 3.106(6) A is expected, as the Lewis acidity of CH,Cl, is less
than that of SF,. The well separated SFs anion exhibits a two-fold disorder (see
Figure 4.11). The disorder was modeled using the same method that used for the
SFs anion in the [HNCsH3(CHa),']2[SFs JF *SF, salt, except for in this case the

pivot point happened to be one of the equatorial fluorines, i.e., F(2).
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Figure 411  Thermal ellipsoid plot of the SFs  anion in
HNC5sH4N(CHs), 12[SFs JF «CH,Cl,. Thermal ellipsoids set at 50% probability.

The S—Fa bond lengths (S1-F5 = 1.553(5) A and SIA-F5A = 1.452(13) A)
are shorter than the S—Feq bonds (1.690(12) to 1.755 (11) A). These distances are
similar to the SFs~ anion observed in the [HNCsH3(CHs), 12[SFs JF *SF, salt (SFey =

1.586(2) and 1.594(17) A; SFeq=1.657(7) to 1.718(5) A).

4.2.5.2 Raman Spectroscopy

The Raman spectra of [HNC5H4N(CHa), ][HF2 ]*2SF, and
[HNC5H4N(CHa3),12[SFs JF *CH,Cl, at —85 °C are depicted in Figure 4.12 and
Figure 4.13. The Raman frequencies and tentative assignments are listed in Table

4.14 and Table 4.15.

102



Raman Intensity
*

A

1000 800 600 400 200
Wavenumber cm™

Figure 4.12 Raman spectrum of [HNCsH4N(CHs), ][HF, ]2SF4. Asterisks (*)
denote bands arising from the FEP sample tube.
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Figure 4.13 Raman spectrum of [HNCsH4N(CHs)2 12[SFs JF *CH,Cl,. Asterisks (*)
denote bands arising from the FEP sample tube.
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Table 4.14 Raman Frequencies (cm™) and Tentative Assignments
[H NC5H4N (C H3)2+] [H Fz_] 'ZSF4.
[HNCsH4N(CHs), T[HF, 1°2SF,* Sk, Assignment
3114(21) v(C—H)
3030(9) v(C-H)
2941(28) v(CHs)
2877(10) v(CHs)
2827(11) v(CHs)
1643(30)
1566(29) v (C—C)/ v(C-N)
1524(13)
1487(7)
1469(11) 8:5(CH3)
1446(30)
1419(9) v(C-C)/ v(C-N)
1406(11)
1336(4)
1305(sh)
1250(5) Sin-plane(HCC)
1212(13)
1185(7) pr(CHa)
1108(4)
1060(100) vs(NCs)
1006(13)
DMAP Sin-plane(CCC)/Sip.
988(16) plane(NCC)
943(51) DMAP p,(CH3)
897(19) 904(32) SF, comb.
878(24) 888(75) Vs SFaeq
868(23) 880(99) Vs SFaeq
813(20) 860sh Vas SFZeq
DMAP §;1piane(CCC)/Sin.

751(86)b plane(NCC)
743(60)
647(18) DMAP

629(7) Vas SFaax
609(6) vs (HF)
540(34) 536(92)/532(100) Vs SFoax

524(54) 8rock (Serq)
526(50) 515(72)/508(66) Bsc(SF2eq) + 8sc(SF2ax)

458(31) T(SF,)
410(19) DMAP
248(6) 243(15) SSC(SFZEQ) - SSC(SFZaX)
159(19) p(CH5)

2 Signals from the FEP sample tube were observed at: 1383(16), 1294(12), 1222(sh), 733(48), 578(4), 387(18),

204(13)
® Overlap with FEP signal
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Table 4.15 Raman

[H NC5H4N(CH3)2+]2[SF5_] F_°CH2C|2.

Frequencies

(cm™) and Tentative Assignments

of

[HNCsHsN(CH3), T5[SFs | CH,Cl, CsSFs
F-CH,CI, Assignment
3111(25) v(C-H)
3056(12) CH,Cl, v(CH,)
3025(16) v(C-H)
2986(18) 2987(74) CH,Cl, v(CH,)
2932(32) v(CHs)
2876(18) v(CHs)
2827(1) CH,Cl, comb.
2823(20)
1650(31) v(C-C)/ v(C-N)
1612(14)
1565(30)
1524(13)
1490(6) 8as(CHa)
1459(24)
1446(31)
1423(28) 1419(17) CH,Cl, 8(CH,)
1405(11)
1310(8)
1296(13)"
1265(3) CH,Cl, ©(CH,)
1248(2) Sin-plane(HCC)
1220(12)°
1212(10)
1156(8) CH,Cl, ©1(CH,)
1186(7)
1112(4)
1061(81) ve(NCs)
1005(16)
943(44) DMAP p,(CH,)
896(2) CH,ClI, 8(CHy)
796(40) 796(37) SFs~ v (SFa)
762(23) 785(12) SFs v (SFx)
DMARP &
plane(CCC)/Sin-
750(100)° oiane(NCC)
739(10) CH.Cl,, vas(CCly)
697(21) 701(100) CH,Cl, vs(CCly)
659(18) DMAP
651(20)
609(3) 590 sh/583(7) SFs", vas(SF4)
542(2)
522(6) 522(27) SFs vs (SFy) in phase
487(21) 512(7) SFs 6s(S'F4)out of plane
440(19) 435(100)/469(100) SF5 85(SF4) umbrella
420(28) 435(100)/420(12) SFs~ 8(FaxSF4)
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Table 4.15 continued.

336(7) 342(16)/315(7) SFs  8¢(SF.) in plane
290(19)° 287(53) CH,Cl,, 5(CCl,)
242(2) 241(12)/242(13) SFs 8.(SF4) in plane
168(7) p(CHs)

2 Signals from the FEP sample tube were observed at: 1382(7), 1296(13) (overlap), 1220(12) (overlap), 750(100)
(overlap), 733(30), 387(8), 290(19) (overlap)
® Overlap with FEP signal

The region from 1700 to 50 cm ' of the Raman spectrum of the
[HNCsH4N(CHa),'1[HF2 1°2SF, salt is very complicated. The most intense peak is
found at 1060 cm™' and coincides with different structures containing the 4-DMAP
moiety.  (neat DMAP: 1064 cm ', SF»DMAP: 1063 cm ',
[HNCsH4N(CH3), To[SFs JF *CH,Cl,: 1061 cm™'). The bands assigned to the SF2eq
stretches of SF, are very broad and are found at 878(24)/868(23) cm ! (vs(SF2eq)) and
813(20) cm™' (Vas(SF2eq)). The bands assigned to the vs(SF.ax) stretches of SF, are
broad and found at 540(34) and 526(50) cm . It is possible that the va(SF2a) iS
overlapped with a signal attributable to C—C bending at 647(18) cm™". The v stretch
of the bifluoride anion was assigned to the peaks at 609(6) cm™' based on the Raman
spectrum of the previously reported KHF, salt (vs = 610, 600 cm™').?

The Raman spectrum of the [HNCsH4N(CHa3),'12[SFs JF *CH.Cl, salt
contains signals that can be assigned to CH,Cl,, SFs, and the 4-
dimethylaminopyridinium cation, as well as a few low-intensity peaks associated
with an SF,e4-dimethylaminopyridine impurity. The intense band at 697 cm™' is
assigned to the vs(CCl,) mode of dichloromethane and is not significantly shifted
relative to neat CH.Cl, (701 cm™'). The band at 420(28) cm™' is assigned to the

d(FaxSF4) mode of the SFs anion and agrees well with the Raman spectrum of CsSFs
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(420(12) cm™").° The peaks assigned to the 4-dimethylaminopyridinium cation
coincide with the peaks in the Raman spectrum of [HNCsHsN(CHaz), ][HF, ]*2SF,.
The most intense peak assigned to residual SF;e4-dimethylaminopyridine is at

796(40) cm ™.

4.2.6 The 4,4’-Bipyridyl-HF-SF4 System

Previous attempts at elucidating the structure of the product formed between
4,4°-bipyridyl and SF4 had limited success.?® The solubility of 4,4°-bipyridyl in neat
SF4 is low. It was hypothesized that the solubility of protonated 4,4’-bipyridyl in neat
SF4 could be higher. Slow cooling of a 1-to-2 mixture of H,O to 4,4’-bipyridyl (1:1
HF to 4,4-bipyridyl) in excess SF, caused the formation of large needles
([HNH4Cs—CsH4N"]F *2SF,). Slow cooling of a 1-to-1 mixture of H,O to 4,4’-
bipyridyl (2:1 HF to 4,4-bipyridyl) in excess SF, from room temperature to —80 °C
resulted in the formation of large needles with the composition

[HNH,Cs—CsHsNH?"]2F +4SF,.

4.2.6.1 X-ray Crystal Structures of [HNH4Cs—CsHsN']JF 2SF, and
[HNH4Cs—CsHsNH?" ] 2F +4SF,

Details of data collection parameters and crystallographic information for
[HNH4Cs5—CsHsN*]F +2SF, and [HNH4Cs—CsHsNH*]2F *4SF, are given in Table
4.16. Important bond lengths, angles and contacts for [HNH,Cs—CsHsN"]F *2SF,
and [HNH,Cs—CsHsNH?"]2F +4SF, are listed in Table 4.17 and Table 4.18

respectively.
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Table 4.16

Data  Collection

Parameters and Results of

[H N H4C5—C5H4N+] F «2SF, and [H NH4Cs—CsH4N H2+] 2F *4SF,

Compound [HNH4C5_C5H4N+]F7'ZSF4 [HNH4C5_C5H4NH2+]2F7'4SF4

File Code MG120176 MG12086

Empirical Formula CioHoFgN,S, CioH1oF18N2S,

Formula weight, g mol ™ 392.31 628.44

Temperature, K 153 153

Wavelength, A 0.71073 0.71073

Crystal System Orthorhombic Tetragonal

Space Group P2,2,2, P4,Tc

Unit Cell Dimensions a=7.339(7)A a=16.530 (13) A
b =10.783 (10) A c=8.322(6) A
c=18.641(17) A

Abs. coeff. y, mm™* 0.46 0.57

Volume 1475 (2) 2274 (3)

YA 4 4

Density (calculated), gcm™  1.783 1.836

F(000) 784 1240

Crystal Size, mm?® 0.31x0.15x0.11 0.58 x 0.08 x 0.08

Reflections Collected 17011 25142

Independent Reflections 3418 [Rin; = 0.054] 2620 [Rint = 0.053]

Data/Restraints/Parameters ~ 3418/0/209 2620/0/155

Goodness-of-fit on F? 1.02 1.05

Refine Diff Apmax e A 0.41 0.23

Refine Diff Apmine A~ -0.28 -0.29

Ry, I > 26(1)? 0.0377 0.0324

WR,(F?)? 0.1041 0.0882

R, = 3|[Fo| — [Fe|l/Z[F,|; WR, = [Ew(E,” — F¢?)?/Zw(Fo )™,
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Table 4.17 Selected Bond Lengths (A), Contacts (A), and Angles (deg.) of

[H N H4C5—C5H4N+] F7'28F4.

Bond Lengths and Contacts, A

S1-F1 1.521(2) S2-Fl11 1.510(2)
S1-F2 1.559(2) S2-F12 1.553(2)
S1-F4 1.644(2) S2-F13 1.633(2)
S1-F3 1.650(2) S2-F14 1.651(2)
S1-N1 2.613(3) N2(H)---F5 2.429(3)
F5---S2 2.562(3) S1----F5' 3.005(3)
Bond Angles, deg.

F1-S1-F2  96.06(11) F11-S2-F12  98.75(14)
F1-S1-F4  87.43(15) F11-S2-F13  88.35(15)
F2-S1-F4  88.31(12) F12-S2-F13  87.80(13)
F1-S1-F3  87.88(14) F11-S2-F14  87.68(15)
F2-S1-F3  88.31(12) F12-S2-F14  88.69(15)
F4-S1-F3  173.90(14) F13-S2-F14  174.25(15)
F1-S1-N1  78.09(9) F11-S2-F5 77.98(11)
F2-SI-N1  173.14(9) F12-S2-F5 175.17(10)
F4-S1-N1  87.85(10) F13-S2-F5 88.56(12)
F3-S1-N1  94.99(11) F14-S2-F5 94.69(13)

Symmetry code: (i) —1/2+x, 1.5—y, 1-z

Table 4.18 Selected Bond Lengths (A), Contacts (A), and Angles (deg.) of
[HNH4C5—CsHsNH*]2F +4SE,.

Bond Lengths and Contacts, A

S1-F1 1.512(3) F9----52' 2.695(3)
S1-F2 1.534(3) S2-F6 1.536(2)
S1-F4 1.642(3) S2-F8 1.547(2)
S1-F3 1.643(3) S2-F7 1.653(2)
S1---F9 2.838(3) S2-F5 1.680(2)
S2---F9 2.658(2) N1(H1)---F9 2.427(3)
Bond Angles, deg.

F1-S1-F2 99.83(16) F8—S2—F7 87.67(12)
F1-S1-F4 88.93(15) F6-S2—F5 87.25(10)
F2-S1-F4 88.36(14) F8—S2-F5 86.93(11)
F1-S1-F3 87.19(14) F7-S2-F5 172.39(11)
F2-S1-F3 88.11(16) F6—S2-F9 174.90(10)
F4-S1-F3 174.23(16)  F8-S2-F9 77.42(11)
F1-S1-F9 77.08(12) F7-S2-F9 89.42(9)
F2-S1-F9 174.35(12)  F5-S2-F9 94.63(8)
F4-S1-F9 96.26(10) S2-F9-S2' 126.43(8)
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Table 4.18 continued.

F3-S1-F9  87.03(12) S2-F9-S1 91.12(8)
F6-S2-F8  97.97(13) S2'-F9-S1 112.96(8)
F6-S2-F7  88.19(11) F9---S2---F9 107.11(6)

Symmetry codes: (i) y+1/2, x—1/2, z+1/2; (ii)) —x+2, —y+1, z.

The structure of [HNH4Cs—CsH4N]F «2SF, consists of a 4,4’-bipyridyl
molecule with one protonated nitrogen. The protonated nitrogen is hydrogen-bonded

to a fluoride, which forms a contact to SF4. The other nitrogen is directly coordinated

to an SF4 molecule (see Figure 4.14).

Figure 4.14 Thermal ellipsoid plot of [HNH,Cs—CsH4N"]F *2SF4 Thermal ellipsoids
are at 50% probability.

The torsion angle between the rings in 4,4’-bipyridyl is 14.3(2)°, which
agrees well with the angle in neat 4,4’-bipyridyl of 14.1(8)°.** This structure contains
both F4S---N and F4;S---(F)---HN bonding, and is therefore a link between the
previously characterized SF4-nitrogen-base adducts, and the nitrogen-base-HF-SF,
salts. The S---N contact is 2.614(3) A which is significantly shorter than the sum of
the van-der-Waals radii (3.35 A). The SF, which forms a contact with the nitrogen

also has a weak contact (3.005(3) A) with the fluoride. This contact, however, does
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not distort the square pyramidal geometry of the F;S---N moiety. The S---N
(2.614(3) A) contact is longer than the previous S---N contact in F4S---NCsHs of
2.5140(18) A, reflecting the weaker Lewis basicity of the partially protonated 4,4’-
bypyridyl ligand compared to pyridine. The equatorial SI-F2 bond (1.559(2) A)
opposite of the nitrogen atom is much longer than the other equatorial S1-F1 bond
(1.521(2) A). This increase in bond length is caused by the trans-effect of the
nitrogen donor. The SF,« bond lengths are the same within 30 (1.644(2) and 1.650(2)
A). Similar S—F bond lengths are observed in the SF4 molecule which is coordinated
by fluoride (S---F~ = 2.562(3) A). The trans S2—F12 bond (1.553(2) A) is elongated
compared with the other equatorial S—F bond (1.510(2) A), due to trans-effect of the
fluoride contact. The bipy rings exhibit n-n stacking, in which the proton alternates
sides (C1---C10 3.522(5) A, C2---C9 3.603(4) A).

In the [HNH,Cs—CsH4NH?*"]2F +4SF, crystal structure, both nitrogen atoms
of 4,4’-bipyridyl are protonated and the NH groups form hydrogen-bonds to fluoride,
which is coordinated to three SF, molecules. (Figure 4.15) Two of the three SF,
molecules are related by crystallographic symmetry. The asymmetric unit contains
half of the protonated bipyridyl ring bound to fluoride, coordinated to two SF,
molecules. The SF, and fluoride form an infinite chain, which is different from what
is observed in the previous chained structures in this chapter, i.e., [HNCsHs']F *SF,,

[H NC5H5+][H F27]°2SF4, and [H NC5H4N(CH3)2+] [H ng]'stA,.
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Figure 4.15 Thermal ellipsoid plot of [HNH,Cs—CsHsNH?"]2F +4SF, with thermal
ellipsoids set at 50% probability.

The chain contains two unique SF; molecules. One SF; has two
comparatively short contacts (2.658(2) and 2.695(3) A) with two fluorides and forms
a similar chain to [HNCsHs']F *SF4. The other SF, molecule has a long contact
(2.838(3) A) with fluoride, and a very long contact (3.156(3) A) with the equatorial
fluorine of the first SF4 with short S---F contacts. The thermal ellipsoids of the SF,4
with long contacts are larger, representing the greater degree of thermal motion in
less coordinated SF4. As expected, both the axial and equatorial S—F bond lengths
are longer in the more strongly coordinated SF, molecule than in the less coordinated
SF, molecule. The [HNH4Cs—CsHsNH?**]2F +4SF, salt also exhibits n—n stacking (C-
--C = 3.520(5) and 3.547(5) A) between the aromatic 4,4 -bipyridyl rings, which lies

along the c-axis (see Figure 4.16).
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Figure 4.16 Thermal ellipsoid plot of [HNH4Cs—CsHsNH?"]2F *4SF, packed along
the c-axis. Thermal ellipsoids are set to 50% probability.

Along the c-axis, one can see that the columns of the bipyridyl moieties are
completely surrounded by SF,. The N(H)---F contacts in the partially protonated
4,4°-bipyridyl salt compared to the fully protonated bipyridyl salt are not

significantly different (2.429(3) vs. 2.427(3) A, respectively).
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4.2.6.2 Raman Spectroscopy

The Raman spectrum of [HNH;Cs—CsH4N']JF +2SF; at —85 °C and
[HNH4Cs—CsHsNH*]2F +4SF, at =97 °C, are shown in Figure 4.17. The Raman
frequencies and tentative assignments are shown in Table 4.19 and in Table 4.20.

The Raman spectrum of both salts contain signals associated with the 4,4’-
bipyridyl moiety as well as signals associated with SF4 moieties. The assignment of
the 4,4’-bipyridyl moiety was aided by the previous assignments reported by Topacli
and Akyiiz.2® As expected, the Raman spectrum of [HNH,Cs—CsH;N*]F *2SF,
contains a significantly greater number of bands than that of
[HNH,Cs—CsHsNH?*"]2F +4SF, due to the overall lower symmetry and different
sulfur tetrafluoride crystallographic environments. The frequency of the vs(SF,ax)
(534 cm ') mode does not change between the two salts, although its relative
intensity varies greatly. The Raman spectrum of [HNH4Cs—CsHsN"]F +2SF, contains
two 1(SF>) signals at 452(11) and 445(8) cm™' as well as two signals attributable to
the vas(SF2eq) Stretches at 856(8) and 843(3) cm . It is difficult to assign a signal to
the two different SF4 considering the S—F¢q bond lengths are not significantly
different (N---SF4 S—Feq = 1.559(2) and 1.521(2) A; F ---SF; S—Feq = 1.553(2) and
1.510(2) A). The Raman spectrum of [HNH4Cs—CsHsNH?"]F +4SF, contains only
one signal attributable to the ©(SF,) mode, at 446(6) cm . It is therefore likely that
©(SFy) (N---SF4) = 452(11) cm ' and ©(SF,) (F ---SF4) = 445(8) cm™' for the

[H N H4C5_C5H4N+] F «2SF, salt.
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Figure 4.17 Raman spectra of [HNH4Cs—CsH4N'JF «2SF4 (top) and
[HNH4Cs—CsHsNH*]2F +4SE, (bottom). Asterisks (*) denote bands arising from the

FEP sample tube.
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Table 4.19 Raman Frequencies (cm™) and Tentative Assignments
[HNH4C5—C5H4N+]F_’2SF4.

of

[HNH4C5—C5H4N+]F_'ZSF4 SF4 ASSignment
3125(7)
3107(13) v(C—H)
3089(6)
1654(19) V(C—C)/ v(C—N)
1639(57) Vring
1549(12) v(C—C)/ v(C—N)
1528(13) v(C—C)/ v(C-N)
1394(4) N\
1294(56)
1250(20)"
1243(8)
1231(5) >5(CH)
1122(1)
1107(3)
1086(13) J
1028(4)
1011(46) Vring
973(2)
893(42) 904(32) Vs(SFaeq)
880(29) 888(75)/880(99) Vs(SFaeq)
865(2) Vs(SFaeq)
856(8) 860sh Vas(S FZeq)
834(3) Vas(SF2eq)
824(3)
800(3)
772(10) bipy Yring
752(22)° bipy Yring
667(6)
646(11)

629(7) Vas(S I:Zax)
567(10) bipy Yring

536(92)/
534(100) 532210)0) vs(SFaax)
521(sh) 524(54) Srock(SF2eq)
504(21) 515(72)/508(66) Ssc(SFaeq) + Sse(SF2ax)
460(8)
452(11) 458(31) FS-—-F 1(SF,)
445(8) FsS---N 1(SFy)
404(4)
398(6)
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Table 4.19 continued.

381(11)
352(3)
276(4) bipy 8ring
259(3)
239(12) 243(15) Osc(SF2eq) — dsc(SF2ax)
166(5)
128(29)
108(sh)
98(sh)
% Signals from the FEP sample tube were observed at: 1383(12), 1250(20), 752(22),
733(42), 386(11), 294(9).
® Overlap with the FEP signal.
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Table 4.20 Raman
[HNH4C5—CsHsNH*]2F +4SE,.

Frequencies

(cm™) and Tentative Assignments

of

[HNH4Cs—CsHsNH*]2F «4SE,  SF4 (solid) Assignment
3103(12) C-H
1651(45)
1639(46) v(C-C)/ v(C-N)
1530(30)
1294(100)° Vring
1248(40)
1234(16) 8(CH)
1080(13)
1008(42) 6ring
995(24) Vring
985(24) Vring
897(37) 904(32) comb. band
871(3) 888(75) SF4 vs(SF2eq)
862(3) 880(99) SF4 vs(SF2eq)
836(15) 860sh SF4 Vas(SF2eq)
751(16)° bipy Yring
647(33)
629(7) SF.4 Vas(SFZax)
569(10) bipy Yring
533(42) 536(92)/532(100) SF4 vs(SF2a)
521(31) 524(54) SF4 ESrock(Serq)
515(72)/508(66) SF4 8sc(SF2eq) +
Jsc(SF2ax)
446(6) 458(31) SF4 1(SF)
282(7) bipy Oring
243(15) SF4 85c(SF2eq) —
Jsc(SF2ax)

% Signals from the FEP sample tube were observed at: 1384(14), 1294(100) (overlap),
751(16) (overlap), 733(28), 387(7), 294(6)

® Overlap with the FEP signal.

4.3 Summary and Conclusion

A large range of pyridinium and substituted pyridinium fluoride salts that

incorporate sulfur tetrafluoride have been synthesized and characterized by X-ray

crystallography and Raman spectroscopy at low temperatures. These structures

exhibit a surprising range of bonding modalities and provide an extensive view of
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SF4 in the solid state. The structures offer the first look at F;S---F contacts in
contrast to the known F4;S—F bonds in the SFs anion. In general, weak F;S---F
contacts, exhibit shorter S—F bonds and larger thermal ellipsoids. These structures
represent actual fluorinating agents that have been used to fluorinate organic
compounds containing carbonyl and hydroxyl groups and are only stable at low
temperatures.

The S---F contacts range from 2.5116(12) to 2.8241(9) A and are all
significantly shorter than the sum of the van-der-Waals radii (3.27 A). The shortest
S---F contacts occur when one fluoride is coordinated to one SF4 molecule, e.g., S---
F of [HNCsHs(CHs),']o[SFs JF *SFs (2.5116(12) A) and S-—-F  of
[HNH,Cs—CsHsN']F +2SF, (2.562(3) A). The longest S---F contacts occur when
sulfur has contacts with two fluoride anions, e.g., S---F of [HNCsHs']F *SF4 =
2.6923(9), 2.8241(9) A and S-—-F~ of [HNCsH4(CH3)']F *SF4 = 2.632(6), 2.823(6)
A. The N(H)---F~ distances range from 2.404(4) to 2.5396(17) A. These hydrogen
bonds, except for the hydrogen bonds in [HNCsH3(CHs), T2[SFs JF *SF4, can be
classified as strong, according to the Steiner.?® The N(H)---F~ distances (2.5308(17)
and 2.5396(17) A are significantly longer in the 2,6-dimethylpyridinium
[HNCsH3(CHa),].F moiety due to the steric hindrance of the methyl groups located
at the ortho-positions. These hydrogen bonds can be classified moderate in strength.*

The bifluoride anion formed in three of these reaction systems. The F---F
distances of these bifluoride anions agree well with previously reported F---F
distances. The 4-methylpyridinium bifluoride formed due to the presence of excess

HF, and insufficient SF.. The [HNCsHs [HF, 1°2SF4 and
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[HNCsH4N(CHa3),'][HF, ]+2SF4 salts are the first examples of SF,-bifluoride

interactions in the solid state.
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5 Structure of Sulfur Tetrafluoride in the Solid State

5.1 Introduction

Sulfur tetrafluoride is one of the fundamental binary main-group fluorides and,
since its discovery in 1929, its structure and bonding has been subject to many
studies.? The structure of SF4 has been determined in the gas phase by microwave,®
vibrational,* and nuclear magnetic resonance spectroscopy,® as well as electron
diffraction,® revealing the molecular seesaw geometry (Ca,) which is in accordance
with the VSEPR rules. Vibrational spectra of liquid SF4 have also been assigned in
terms of molecular C,, point symmetry.” Sulfur tetrafluoride in solution is one of
the typical examples for a fluxional trigonal bipyramidal electron-group geometry,
with rapidly exchanging axial and equatorial fluorine environments on the NMR
time-scale at room temperature.® At low-temperature, the exchange can be slowed
down, allowing the observation of two triplets in the **F NMR spectrum for the axial
and equatorial fluorine environments in SF,.

An NMR study of the temperature dependence of the *°F NMR chemical shifts
and 2J coupling constants suggested the presence of labile fluorine bridging.® In the
past, a series of structures in solutions and the solid state have been discussed (see
Figure 5.1).

Structures (1) and (Il) were first proposed but later discarded since the
equatorial S—F bonds are more covalent than the axial S—F bonds. This renders the

equatorial fluorines less fluoro-basic than the axial fluorines. The more ionic nature

123



of the axial fluorines would favour dimers (I11) or chain-type oligomers (1V). (vide

infra).
[l |
AP O N S Y
N S SN
= T
(I |
...... l/ |<
JTS B
/l .

Figure 5.1 Proposed structures of SF4 redrawn from reference 9.

The solid-state structure of SF, has remained elusive considering its low
melting point and highly reactive nature. Raman spectroscopic data of SF, in the
solid state have been interpreted in terms of three different polymorphs.*® Fluorine-
bridged chains were proposed for the solid-state structure of SF4. Using miniature
zone-melting techniques, crystals of SF, were grown, but its crystal structure has
been reported to be severely disordered and no discernible structure could be
determined.™ In the same study, the crystal structures of SOF, and SiF, were
obtained instead, as unintentional reaction products of SF,; with moisture and glass,
respectively.’* The crystal structures of SeF, and TeF, have previously been

obtained.'? Tellurium tetrafluoride exists as TeFs" units bridged by two fluorides,
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whereas SeF, contains distinct distorted disphenoidal SeF, units connected by

contacts involving the axial fluorines.

5.2 Results and Discussion
5.2.1 [HNCsH3(CHs),']o[SFs JF *4SF.

The [HNCsH3(CHa),1o[SFs JF *4SF, salt was synthesized by the reaction of
2,6-dimethylpyridine with half an equivalent of water in the presence of a large

excess of SF,4 (see Equation 1).

6 SF4+ H,O + 2 N(C5H3)(CH3)2 — [HNC5H3(CH3)2+]2F7[SF57]'4SF4 + SOF, (1)

While mounting crystals of [HNCsH3(CHs), T2[SFs JF *SF4 (see Chapter 4),
which have a lozenge-like morphology, a small number of block-shaped crystals
were observed. The majority of these block-shaped crystals were found in the lower
portion of the reaction vessel. The crystal structure of the block-shaped crystals was
found to be related to that of [HNCsH3(CH3)2"]2[SFs JF *SF4, but included layers of
uncoordinated SF,. The use of a very large excess of SF4, along with cooling to
lower temperatures, exclusively yielded thick needles, which easily broke into block-
shaped crystals of [HNCsH3(CHa), ]oF [SFs ]+4SF.. The
[HNCsH3(CHa),'1oF [SFs ]4SF, salt is stable up to —90 °C, above which the crystals
decompose. This compound is the only one in which layers of uncoordinated SF, are

present.
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5.2.1.1 X-ray crystallography

Details of data collection parameters and crystallographic information for
[HNCsH3(CHa),'1oF [SFs ]*4SF, are given in Table 5.1. Important bond lengths,
angles and contacts for [HNCsH3(CHs), ].F [SFs ]*4SF4 are listed in Table 5.2.

This salt contains two 2,6-dimethylpyridinium cations that are hydrogen-
bonded to one fluoride anion, an SFs anion, and four different SF; molecules.
(Figure 5.2)

One SF, molecule exhibits an S---F contact to the fluoride and is located
within a layer of the [HNCsH3(CHa),'] cations and the F~ and SFs anions (see
Figure 5.3). This S---F contact distance (2.487(2) A) is shorter than the S---F~
contact distance (2.5116(12) A) in the salt which does not contain an SF4 layer, i.e.,
[HNCsH3(CHa3),12[SFs ]F *SF4. A second significantly weaker interaction (2.818(2)
A) between sulfur and a fluorine atom from the SFs anion expands the coordination

environment about S(1) to six.
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Table 5.1 Data  Collection Parameters and Results of

[HNC5H3(CH3)2+]2[SF57]F7'4SF4 and SF,.

Compound [HNC5H3(CH3)2+]2[SF57]F7’4SF4 SF,

File Code MG12107 MG12097

Empirical Formula C1aHooF2oN5Ss F,S

Formula weight, g mol-1 794.62 108.06

Temperature, K 133 100

Wavelength, A 0.71073 A 0.71073 A

Crystal System Orthorhombic Orthorhombic

Space Group P2,2,2, P2,2,2,

Unit Cell Dimensions a=7.4597(10) A a=6.773(4) A
b =18.150(2) A b=6.812(4) A

¢ =21.863(3) A

c=13.122(8) A

Abs. coeff. 4 mm™* 0.54 0.98

Volume 2960.2(7) 605.5(6)

z 4 8

Density (calculated), g cm” 1.783 2.371

F(000) 1584 416

Crystal Size, mm?® 0.56 x 0.23 x 0.16 0.17 x0.15x 0.14
Reflections Collected 33934 6874

Independent Reflections 6819 [Rint = 0.033] 1387 [Rint = 0.052]

Data/Restraints/Parameters 6819/0/392 1387/0/92
Goodness-of-fit on F? 1.04 1.18
Refine Diff Apmax e A 0.63 0.85
Refine Diff Apmine A~ -0.43 -0.67

Ry, I > 20(1)? 0.0416 0.0501
WR,(F?)? 0.1166 0.1117

°Ry = X||Fo| — [Fol/Z[Fol; WR, = [Zw(F,” — Fe®)/Zw(Fo )] 7.
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Table 5.2 Selected Bond Lengths (A), Contacts (A), and Angles (deg.) of

[H NC5H3(CH3)2+]2F7[8F57]°4SF4

Bond Lengths and Contacts, A

S1-F1 1.5447(18) S1B---F9 2.937(2)
S1-F2 1.549(2) S1B---F4A™ 3.164(3)
S1-F3 1.6503(18) S1C-F2C 1.502(3)
S1-F4 1.7059(18) SIC-F1C 1.533(2)
S1---F5 2.487(2) S1C-F3C 1.604(3)
S1---F7' 2.818(2) S1C—F4C 1.641(4)
SIA-FIA 1.530(2) S1C---F4" 2.867(2)
SIA-F2A 1.543(2) S1C---F4CY 3.114(4)
S1A-F3A 1.658(2) S2-F6 1.564(2)
S1A-F4A 1.668(2) S2-F10 1.664(2)
S1A---F8 2.755(2) S2-F9 1.719(2)
S1A---F3A" 3.036(3) S2-F7 1.730(2)
S1B-F2B 1.500(4) S2-F8 1.763(2)
SIB-F1B 1.546(3) N1(H1)---F5 2.554(3)
S1B-F3B 1.619(3) N2(H2)---F5 2.553(3)
S1B-F4B 1.640(3)
Bond Angles, deg.

F1-S1-F2 97.43(11) F2B-S1B---F9  75.21(14)
F1-S1-F3 87.09(11) FIB-S1B---F9  172.89(15)
F2-S1-F3 88.27(12) F3B-S1B---F9  86.07(15)
F1-S1-F4 86.05(10) F4B-S1B---F9  100.26(13)
F2-S1-F4 87.32(11) F2B-S1B---F4A"  168.7(2)
F3-S1-F4 171.31(11) F1B-S1B---F4A"  76.38(17)
F1-S1---F5 79.91(9) F3B-S1B---F4A"  102.5(2)
F2-S1---F5 176.53(10) F4B-S1B---F4A"  79.92(14)
F3-S1---F5 89.36(9) F9---S1B---F4A"  107.83(7)
F4-S1---F5 94.69(9) F2C-S1C-FIC  100.49(18)
F1-S1---F7' 171.55(9) F2C-SIC-F3C  87.1(2)

F2-S1---F7' 81.81(10) FIC-SIC-F3C  90.0(2)

F3-S1---F7' 101.29(10) F2C-S1C-F4C  88.2(2)

F4-S1---F7' 85.50(9) FIC-SI1C-F4C  87.69(19)
F5-S1---F7' 101.15(8) F3C-S1C-F4C  174.3(3)

FIA-SIA-F2A 99.76(15) F2C-S1C---F4"  79.99(13)
FIA-S1A-F3A 87.10(15) F1C-S1C---F4"  179.35(14)
F2A-S1A-F3A 87.53(13) F3C-S1C---F4"  90.48(14)
F1A-S1A-F4A 87.31(15) F4C-S1C---F4"  91.89(14)
F2A-S1A-F4A 87.99(13) F2C-S1C---F4CY  171.49(17)
F3A-S1A-F4A 172.15(14) F1C-S1C---FACY  84.89(15)
FIA-S1A---F8 76.09(11) F3C-S1C---F4C"  86.32(19)
F2A—S1A---F8 172.92(11) F4C-S1C---FACY  98.66(11)
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Table 5.2 continued.

F3A-S1A---F8 97.89(10) F4"V---S1C---FAC" 94.68(8)
F4A-S1A-—-F8  86.10(10) F6-S2-F10 86.74(13)
FIA-S1A--F3A"  168.85(12) F6-S2-F9 85.13(13)
F2A-S1A--F3A"  78.66(11) F10-S2-F9 89.98(13)
F3A-S1A--F3A"  103.79(8) F6-S2-F7 85.99(15)
F4A-S1A-—F3A"  81.62(11) F10-S2-F7 90.35(13)
F8-S1A---F3A'" 104.29(7) F9-S2-F7 171.08(13)
F2B-S1B-FIB 101.8(2) F6-S2-F8 83.96(12)
F2B-S1B-F3B 88.5(3) F10-S2-F8 170.70(13)
FIB-S1B-F3B 87.41(18) F9-S2-F8 88.89(10)
F2B-S1B-F4B 88.8(2) F7-S2-F8 89.35(11)
FIB-S1B-F4B 86.03(18) S2-F8---S1A 125.71(10)
F3B-S1B-F4B 172.2(2) S2-F9---S1B 134.86(12)

Symmetry codes: (i) x—1, y, z; (i1) x—1/2, =y+1/2, —z+1; (iii) x+1/2, —y+1/2,
—z+1; (iv) x+1,y, z; (v) x+1/2, =y+1/2, —z.

Figure 5.2 Thermal ellipsoid view along the a-axis of the packing of
[HNCsH3(CHa),1oF [SFs ]*4SF,. Thermal ellipsoids are set at 50 % probability.
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Figure 5.3 Thermal ellipsoid plot of the [HNCsH3(CHs),"]oF ---SF4 moiety. Thermal
ellipsoids are set at 50 % probability.

The 2,6-dimethylpyridinium cations form hydrogen bonds to the fluoride
with N(H)---F distances of 2.553(3) and 2.554(3) A, which are slightly longer than
the distances in [HNCsH3(CHa), T2[SFs JF *SFs (N1(H)---F10 = 2.5396(17) A and
N2(H)---F10 = 2.5308(17) A).

The second fluoride ion in the structure is sufficiently naked to form the SFs~
anion (Figure 5.4). Because three of the four equatorial fluorines of this anion form
F---S contacts, the anion is locked in one position without disorder. As a
consequence of the contacts the anion geometry deviates from an idealized square

pyramid.

F(6)

F(7) /@ F(8)
F(10) 3(2)\@ FO)

Figure 54  Thermal ellipsoid plot of the SFs  anion in
[HNCsH3(CHa),1oF [SFs ]*4SF,4. Thermal ellipsoids are set at 50 % probability.
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The axial S—F bond length (1.564(2) A) is much shorter than the equatorial
S—F bond lengths (1.664(2) to 1.763(2) A). The three equatorial fluorines that have
contacts to adjacent SF4 molecules have significantly longer S—F bonds (1.719(2) to
1.763(2) A) than the bond to the other equatorial fluorine, which does not form
contacts. The average S—Feq bond length is 1.719 A, which is in excellent agreement
with the average equatorial bond length reported for Rb[SFs].** The fluorine of the
longest most ionic bond in SFs forms the strongest contact (F(8)---S and is trans to
the shortest most covalent equatorial bond, i.e., S2—-F10 (1.664(2) A).

Three SF4 molecules form a layer separating two ionic layers (see S1A-C in
Figure 5.5). The SF, molecules in the layer show significantly larger thermal
ellipsoids on fluorine, than those on the SF, coordinated to F. The coordination
environments about sulfur in all SF, molecules include two S---F contacts (Figure
5.5). The S---F contacts of the three SF4, which compose the layer, are with axial
fluorines of other SF, molecules (2.867(2) to 3.164(3) A) and with equatorial
fluorines of the SFs anion (2.755(2) and 2.937(2) A). One of the SF, molecules in
the layer has contacts only with axial fluorines of other SF, molecules. The
observation of the layer of “free” SF, sparked interest in the solid-state structure of

neat SF,4 (vide infra).
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F(3A)

F(3C)

Figure 5.5 Thermal ellipsoid plot of the coordination environment about the SF4
molecules in the X-ray crystal structure of [HNCsH3(CHs), ]2F [SFs ]*4SF,; thermal
ellipsoids are drawn at the 50% probability level.
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5.2.1.2 Raman Spectroscopy

The observed vibrational frequencies and their tentative assignments for
[HNCsH3(CHa), 1oF [SFs ]*4SF, are listed in Table 5.3. The Raman spectrum of
solid SF, at —135 °C exhibits significant splitting as previously observed.™® These
splittings can be explained by the presence of two crystallographically different SF,
molecules and/or by vibrational coupling between SF, molecules in one unit cell.

The Raman spectrum of [HNCsH3(CHs),']oF [SFs ]#4SF4 at —100 °C is
depicted in Figure 5.6 and contains the characteristic signals associated with the
HNCsHs3(CHs)," cation and the SFs~ anion. The latter were assigned based on the
vibrational assignments previously reported for the Cs*, [Cs(18-crown-6),]", and
[N(CHs)s]" salts.***®> The Raman spectrum also shows several bands attributable to
SF,. Interestingly, two sets of bands in the equatorial SF, stretching region can be
distinguished and tentatively assigned to vs(SF2eq) Of SF4 in the layer (880 cm ),
which is close to that of neat SF, (896, 880 cm ™), and that of SF, coordinated by F~
(863 cm ™). A Raman spectrum of solid [HNCsH3(CH3); ].F [SFs ]*4SF, recorded at
—85 °C contains a broadened signal at 884 cm™, which resembles the broad signal
observed in liquid SF,. This observation corroborates the observation of significant
thermal motion within the SF4 layer and suggests the onset of decomposition via

release of SF,.
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Table 5.3 Experimental Raman frequencies and Tentative Assignments for
[HNCsH3(CHa3), 2F [SFs ]*4SF..

[HNC3sH3(CH3), 12F [SF5 ]+4SF,° SF, solid SFs~ in CsSFs*/[Cs(18-crown-6),]SFs
Assignment Assignment Assignment
3111(6)
3082(6) v(C-H)
3015(6)
2981(13)

2940(66) v(CHa)

2861(3)

2757(8)

1657(10)

1626(20) v(C-C)/ v(C-N)
1556(7)

1439(6)

1420(9)

1393(30) CHj; deform
1385(31) CHs deform
1312(4)

1293(27) V(C—C) / v(C—N)
1286sh

1216(3)

1174(9)

1100(16) vs(NCs)

1089(4)
1015(86)
993(5)
Overtone or
904(32) comb. band
SF, (in layer), 888(75)
880063) 1 (SFa) sg0(9)  “s(SFz=a)
SF,--F,
863(32) Vs(SF2eq)
849sh SF,4 (in layer),
844(21) Vo(SF 2 860sh  Vas(SFaeq)
oo
809(19 _
20o9) SFo v (SF,) 796(37)/785(12) v (SFa)
790sh
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Table 5.3 continued.

Sin-plane(CCC)/
725(90 in-plane
( ) 5in-nlane(CNc)
626(3) SF4, Vas(SF2ax) 629(7) Vas(SF2ax)
580(16)° _
280016) SFe va(SF) 590 sh/583(7) vas(SFD)
Sin-plane(CCC)/
561(24 in-plane
( ) 5in-DIane(CNC)
Sin-plane(CCC)/
543sh in-plane
5in-DIane(Ncc)
536(92
535(88) SF4 vs(SF2a) 5325102)) Vs SFoay
SF4) 8sc(SFZeq) +
527sh 5sc(SFZax) 8sc(SFZeq) + H
514sh SF. v(SF,) in 524(54) 5u(SF o) 522(27)/ 512(7) vs(SF,) in phase
phase
SF4> 8rock(SFZeq) -
486(16) SF. v((SF,) out SIS(712) 5 (SFa)  435(100)/d69(100) S5 Ve(SFe)out
e 508(66) of phase
of phase
459(8) SF4, ©(SF,) 458(31)  1(SF,)
SFs5 vs(SF4)
440 sh umbrella 469 sh/435(17) 3s(SF4) umbrella
428(13) 6out-of-plane(CCH)
403(13) SF5, 8(FaSFa) 435(100)/420(12)  8(F4SF,)°©
332(6) [S)I'; : 85(SF4) in 342(16)/315(7)  5(SFs) in plane
297(23)" pr(CH3)
SF4> 6sc(SFZeq) -
244sh 8sc(SF2ax) 35c(SFeq) — 345(SF4) out of
238sh SFe, 5.(SF.) 243(15) 5 (SFon) 269sh/267(20) e
out of plane
SF5_1 6as(SF4) in
gggg% plane 241(12)/242(13)  8,5(SFy) in plane
p(CHs)
153(2)

126(100) Lattice modes

#Signals from the FEP sample tube were observed at 733(21), 387(4) 381(7), and 293sh cm ™.

® From K.O. Christe, E.C. Curtis, C. J. Schack, and D. Pilipovich, Inorg. Chem. 1972, 11, 1679-1682.
¢ From M. Clark, C. J. Kellen-Yuen, K. D. Robinson, H. Zhang, Z.-Y. Yang, K. V. Madappat, J. W.
Fuller, J. L. Atwood, J. S. Thrasher, Eur. J. Solid State Inorg. Chem. 1992, 29, 809-833.

?Overlap with the FEP signal.

¢ Assignment could be reversed.
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| (b)

Raman Intensity

800 600 400 200
Wavenumber cm™

Figure 5.6 Raman spectra of (a) [HNCsH3(CHs), ]oF [SFs ]+4SF, in FEP tubing and
(b) of solid SF,4 in a Pyrex glass 5-mm NMR tube recorded at —100 °C and -135 °C,
respectively, using 1064-nm excitation. Asterisks (*) denote signals arising from the
FEP sample tube. Bands attributed to the 2,6-dimethylpyridinium cation and to the
SFs anion are denoted by (1) and (§), respectively.

5.2.2 Solid State Structure of SF,4
Raman spectroscopy has been reported on solid SF, in the past. Using matrix-
isolation techniques, three different phases were observed.® It may be possible to

obtain different “phases” using low temperature matrix-isolation and annealing
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techniques, yet we observed no indications of different phases in bulk samples. The
Raman spectrum at —135 °C and 1 cm™' resolution exhibited splitting and shoulders
which have been previously reported and assigned by Christe et al.™

Slow cooling of neat SF, results in the formation of a clear solid mass, which
contains striations that suggest a crystalline phase. The suggested unit cell of crystals
grown from neat SF,; was tetragonal P (6.81 x 6.81 x 13.17 A), which is different
than the previously reported unit cell; cubic F: (6.761(5) A).** However attempts at
solving the structure in this unit cell failed. Since the use of a solvent to grow crystals
could provide an ordered structure, SF4 was crystallized from CF,Cl,. Ultimately the
same tetragonal unit cell was obtained for crystals grown from CF,Cl,. The correct
structural solution, however, showed that SF, crystallized in the orthorhombic
system with twinning and two crystallographically unique ordered SF4 molecules in
the asymmetric unit (see Figure 5.7). Details of data collection parameters and

crystallographic information for SF, are given in Table 5.1.

Important bond lengths, angles and contacts for SF, are listed in Table 5.4.

ax F(3)

eq F(6) ax F(4A)
ax F(8A) ax F(7) @ )
@% s(1) g - ‘

eq F(2) , F@)
& eqF(5)
ax F(4)
\ !
T4
ax F(7A)

Figure 5.7 Thermal Ellipsoid Plot of the asymmetric unit of SF,. Thermal Ellipsoids
are set to 50% probability.
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Table 5.4 Bond Lengths (A), Contacts (A), and Angles (deg.) of SF..

Bond Lengths and Contacts, A

S1-F1 1.527(4) S2-F6 1.474(6)
S1-F2 1.535(4) S2-F5 1.553(4)
S1-F3 1.647(5) S2-F8 1.635(4)
S1-F4 1.676(5) S2-F7 1.671(5)
S1---F7 2.954(5) S2---F4" 2.975(4)
S1---F8' 3.031(5) S2---F7" 3.261(6)
Bond Angles, deg.
F1-S1-F2 101.0(2) F6-S2-F8 86.9(3)
F1-S1-F3 88.3(3) F5-S2-F8 88.6(3)
F2-S1-F3 87.7(3) F6-S2-F7 86.6(3)
F1-S1-F4 87.3(3) F5-S2-F7 87.1(3)
F2-S1-F4 87.3(2) F8-S2-F7 171.6(3)
F3-S1-F4 172.6(3) F6-S2---F4" 73.8(2)
F1-S1---F7 170.4(2) F5-S2---F4" 170.1(3)
F2-S1---F7 69.57(18) F8-S2---F4" 83.6(2)
F3-S1---F7 92.9(2) F7-S2---F4" 99.8(2)
F4-S1---F7 90.5(2) F6-S2---F7'" 167.3(2)
F1-S1---F8' 68.4(2) F5-S2---F7'" 71.4(2)
F2-S1---F8' 167.45(19) F8—S2---F7'" 101.5(3)
F3-S1---F8' 85.4(2) F7-S2---F7" 84.01(18)
F4-S1---F8' 98.5(2) F4''---g2-F7" 116.20(13)
F7-S1---F8' 121.21(15) S2-F7---S1 135.9(2)
F6-S2—F5 99.6(3)

Symmetry codes: (i) —x+5/2, -y, z+1/2; (ii) x—1/2, —y+1/2, —z+2; (iii) x+1/2,

—y+1/2, —z+2.

The structure can best be described as a network with weak intermolecular S-
--F contacts. The shortest S---F contact found in the structure is 2.954(5) A. These
contacts are exclusively formed by the more ionic axial fluorines to the sulfur atoms
of adjacent SF4 molecules. The geometry of the SF, molecules agree well with the
seesaw geometry found for the gas phase with two longer, more ionic axial S—F
bonds and two shorter equatorial S—F bonds. None of the equatorial fluorines form
significant intermolecular contacts. This agrees very well with the more covalent

nature of the S—F¢q bonds. Because of the location of the lone pair, the F---S---F
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angles (121.2(2)° and 116.2(1)°) are significantly larger than the Feq---S---F¢q angles
(101.0(2)° and 99.6(3)°). The S2—F6 bond (1.474(6) A) is significantly shorter than
the subsequently shortest S—F bond (1.527(4) A). This can be explained by an
unfavourable steric interaction between F6 and F8, which has a distance of 2.774(1)
A, which is within the sum of the van-der-Waals radii (2.94 A).

The S---F contacts found in solid SF,; (2.945(4) to 3.261(6) A) are
significantly longer than the S---F contact (2.487(2) A) of the fluoride bound SF,
found in the [HNCsH3(CHa), 12F [SFs ]*4SF, structure, but are comparable to the S-
--FeqSF3 contacts found in the layer (2.867(2) to 3.164(3) A). The S—Feq of solid SF4
bond lengths are not significantly different than the S—F¢q bond lengths in the layer.

The structure is very different from that of TeF,, which forms infinite chains

composed of TeF;" units bridged by fluorides (Figure 5.8).

Figure 5.8 Thermal Ellipsoid Plot of the TeF, chain. Thermal ellipsoids are set at
50% probability. (Data from reference 12)

The structure is similar to that of SeF,, except that SeF, only contains one

crystallographically unique molecule and each of the axial fluorines form a contact
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with an adjacent selenium atom (Figure 5.9). In SF4, on the other hand, one of the

axial fluorines (F3) has no significant contacts.

Figure 5.9 Thermal ellipsoid plot of SeF4, showing contacts to adjacent SeF,
molecules. Thermal ellipsoids are set to 50% probability. (Data from reference 12)

5.3 Summary and Conclusion

The [HNCsH3(CHa),1oF [SFs ] *4SF, salt was synthesized and studied at low
temperatures. The structure was found to contain layers of “free” SF4, and was
characterized by X-ray crystallography and Raman spectroscopy. For the first time,
the structure of SF, in the solid state has been elucidated. The structure can best be
described as a network with weak intermolecular S---F contacts formed exclusively
with the axial fluorines that exhibit more ionic character. The structure is different
from TeF, and previous predictions of chain-type or dimeric structures, which
contains two contacts between each SF, molecule.® A similar structural motif is
found in the novel [HNCsH3(CHs), ]oF [SFs ] *4SF, salt which contain SF4 layers.

The latter salt represents the first compound that contains a range of interaction
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motifs between SF,; and F, i.e., F4S—F (1.564(2) to 1.763(2) A), F4S---F (2.587(2)

A), F4S---FSF, (1.755(2) to 2.937(2) A), F.4S---FSF3 (2.867(2) to 3.164(2) A).
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6 Sulfur Tetrafluoride Oxygen-Base Adducts

6.1 Introduction

Recently, Lewis acid-base adduct formation was conclusively shown for SF,
and a number of nitrogen bases, i.e., pyridine,® 4-methylpyridine,® 2,6-
dimethylpyridine,* 4-dimethylaminopyridine,* and triethylamine.? Based on the ‘°F
chemical shift of SF, in THF (OC4H¢) and ethyl acetate, Muetterties suggested that
SF, does not form adducts with these two oxygen bases.® Azeem, on the other hand,
reported that at low temperatures the changes in 8(*°F) and the decrease in 2J
(**F-'°F) coupling of SF, in THF and Et,0 solvents suggest the formation of
SF4+0C;Hg and SF4+O(C,Hs), adducts.* Two new bands in the infrared spectrum of
matrix-isolated SF, with acetone were also interpreted in terms of the formation of a
1:1 adduct.® No conclusive information, however, is available about the Lewis acid-
base interactions between SF, and oxygen bases.

The heavier chalcogen analogue, TeF4, which is significantly more Lewis
acidic than SF,, reacts with various cyclic and acyclic ethers to form the adducts
TeF,1,4-dioxane,® TeF4e(1,2-dimethoxyethane),,® TeF4Et,0,° and TeF,+(THF),,’

which have been structurally characterized by X-ray crystallography.

6.2 Results and Discussion
6.2.1 Synthesis and Properties
The reaction of SF,; with a series of oxygen-bases was studied by low-

temperature Raman spectroscopy and X-ray crystallography. The three oxygen-bases
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which formed isolable adducts with SF, were a cyclic ether (THF), a diether (1,2-

dimethoxyethane), and a cyclic ketone (cyclopentanone) (see Figure 6.1).

O —0/_\0— o—

.05
tetrahydrofuran 1,2-dimethoxyethane cyclopentanone
(OC,Hy) [(CH;OCH,),] (O=C;Hy)

Figure 6.1 Structures of the oxygen-bases that form Lewis acid-base adducts with

SFa.

Unlike the nitrogen-base adducts, mixtures of SF, with oxygen-bases do not
appear to be sensitive to the presence of traces of HF and no solvolysis products
analogous to those described in Chapter 4 were observed. The SF4+O-base adducts
dissociate back into the Lewis acids and bases when warmed above —60 °C or placed
under reduced pressure. Mixtures of SF, and THF in various ratios form clear
colourless liquids, which have lower vapour pressures than neat SF, or neat THF at
temperatures between —60 to —90 °C. A 1:1 mixture of SF4 and THF freezes at —99
°C, forming a clear colourless crystalline solid whereas a 1:2 mixture of SF4 to THF
freezes at a lower temperature of —106 °C. As shown by Raman spectroscopy and X-
ray crystallography, two distinct adducts were obtained from the two reagent ratios

(see Equation 6.1).

SF4 + nOC4Hs = SF4+(OC4Hg)n (wheren =1, 2) (6.1)
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A mixture of 1,2-dimethoxyethane in excess SF, was placed under dynamic
vacuum at —90 °C for several hours. Mass balance measurements indicated that the
mixture obtained after the removal of excess SF,4, corresponded to an approximate
1:1 molar ratio of SF,4 to 1,2-dimethoxyethane. This resulting mixture froze at —105
°C to form a clear colourless crystalline solid which was characterized by Raman
spectroscopy and X-ray crystallography as the SF4+(CH30CHy), adduct. (Equation
6.2) It remains solid at —83 °C, but with vigorous agitation will revert back to the
liquid state.

SF;+ (CH30OCH,), = SF4+(CH30CHy), (6.2)

Cyclopentanone is miscible with an equivalent amount of SF, at —50 °C. It
remains liquid until approximately —100 °C, when it starts to crystallize into a solid
mass, which melts at =63 °C (see Equation 6.3). A crystal suitable for X-ray
crystallography was isolated from the solid mass and was shown to contain a 1:2
molar ratio of SF,4 vs. cyclopentanone. The nature of the solid was also confirmed by
Raman spectroscopy. No evidence of fluorination of the carbonyl was observed in

the Raman spectrum under these conditions.
SF4 + 2 O=CsHg = SF4'(O:C5H8)2 (63)
The reaction of SF, with three other oxygen-bases was studied: diethyl ether,

acetylacetone, and 4-methylcyclohexanone (Figure 6.2).
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o/H\“o
/\O/\ M 0@7

diethylether
acetylacetone 4-methylcyclohexanone

(enol tautomer)

Figure 6.2 Structure of oxygen-bases that were studied and for which no SF, adducts
could be isolated.

The melting point of a 1:1 mixture of SF4 and Et,0O is approximately —145
°C, much lower than the melting point of Et,O (—116 °C) or of SF4 (—121.5 °C) and
attempts at growing single crystals suitable for X-ray crystallography were
unsuccessful. The formation of the proposed SF4*OEt, adduct’ could not be
confirmed.

Large, plate-like crystals formed when a homogenous mixture of excess SF4
with acetylacetone were cooled from —50 °C to —85 °C. A Raman spectrum at —97
°C showed signals attributable to acetylacetone and neat SF4. Furthermore, X-ray
crystallography of the crystals gave the structure of the enol tautomer of
acetylacetone. The Lewis basicity of the enol tautomer is much lower than that of a
ketone since the carbonyl oxygen forms already a hydrogen bond to the hydroxyl
group, which explains the lack of evidence for Lewis-acid-base interactions with SF,.

A 1:1 homogeneous mixture of SF, with 4-methylcyclohexanone had a very
low freezing point of approximately —130 °C. Slow partial removal of SF4 at —80 °C
led to the formation of plate like crystals. Determination of the structure by X-ray
crystallography gave 4-methylcyclohexanone without SF,. Despite the unsuccessful
attempts of isolation of SF, adducts with diethyl ether, acetylacetone, and 4-

methylcyclohexanone, the presence of Lewis acid-base interactions between SF, and
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these oxygen-bases cannot be excluded, but the expected lability and low

dissociation temperatures of the adducts renders the isolation of any adducts difficult.

6.2.2 Crystal Structure of SF;2OC;Hs and SF4+(OC;He)2

Details of data collection parameters and crystallographic information for

SF4+OC4Hg and SF4+(OC4Hs), are given in Table 6.1. Important bond lengths, angles

and contacts for SF4+OC4Hg and SF4+(OC4Hg), are given in Table 6.2 and Table 6.3,

respectively.

Table 6.1 Crystal Data Collection Parameters and Results of SF4+OC;Hg,
SF4‘(OC4H8)2, SF4°(CH30CH2)2, and SF4'O:C5H8.

Compound SF4+*OC,Hg SF4+(OC4Hg), SF,+(CH;OCH,);  SF,+(0=CsHs),

File Code MG12088 MG13029 MG13024 MG13026

Empirical Formula C,HgF,0S CgH16F40,S C4H1oF40,S CyoH16F40,S

Formula weight, 180.16 252.27 198.18 276.29

g mol™*

Temperature, K 133 123 128 123

Wavelength, A 0.71073 0.71073 0.71073 0.71073

Crystal System Monoclinic Triclinic Orthorhombic Monoclinic

Space Group P2,/n P1 Pbcm P2./n

Unit Cell a=11.225(4) A a=11307 (2)A  a=4.6402(12) A a=8.9081(16) A
b =10.798(4) A b=13664(4)A b=13.168(3) A b=16.721(3) A
c=12.4354) A c=17.149(3)A  ¢=13503(3) A c=9.4878(17) A
S =97.074(4)° o=107.28 (4)° £ =116.320(2)°

B=98.74 (3)°
v=107.83 (3)°

Volume, A 1495.7(8) 2320.9(9) 825.1(4) 1266.7(4)

A 8 8 4 4

p (mm ) 0.44 0.31 0.42 0.29

Density (calc.), 1.600 1.444 1.595 1.449

gem?

F(000) 736 1056 408 576

Crystal Size, mm?® 0.50%x0.31x0.15 0.22x0.19%x0.10 0.67x0.20x015 0.27 x0.16 x 0.12

Reflections Collected 16903 21104 8490 14456

Independent Reflections 3481 10599 991 2906

Data/Restraints/ 3481/0/182 10599/0/541 991/0/56 2906/0/154

Parameters

Goodness-of-fiton F?  1.05 0.93 1.13 1.00

Apmax (€ A7) 0.75 0.36 0.30 0.30

Apmin (€ A7) -0.74 -0.28 -0.32 -0.30

Ry, 1> 26(1)? 0.0473 0.057 0.020 0.034

WR, (F2) 2 0.1193 0.133 0.058 0.085

Ry = 3|[Fo| — [Fel/Z|Fo|; WR, = [Ew(Fy> — Fc?)?/Zw(Fo )] ™.
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Table 6.2 Selected Bond Lengths (A), Contacts (A), and Angles (°) of SF4+OC4Hs.

Bond Lengths and Contacts, A

S1-F2 1.5344(17) S2-F6 1.5465(17) S1---06 2.7766(17)

S1-F1 1.5448(16) S2-F5 1.5468(16) S1---01 2.8022(19)

S1-F4 1.6430(17) S2-F8 1.6503(19) S2---06 2.7892(18)

S1-F3 1.6610(18) S2-F7 1.6557(19) S2---01 2.793(2)
Bond Angles, deg.

F2-S1-F1 98.25(10) F6—-S2-F5 98.46(10) C5-01-C2 108.37(18)

F2-S1-F4 88.15(11) F6—-S2-F8 87.18(10) C5-01-S2 116.03(18)

F1-S1-F4 87.93(10) F5—-S2-F8 87.28(10) C2-01---S2 118.26(15)

F2—-S1-F3 88.09(11) F6—-S2-F7 87.28(11) C5-01-S1 110.57(17)

F1-S1-F3 87.68(10) F5-S2-F7 87.33(10) C2-01-S1 123.64(14)

F4-S1-F3 173.77(11) F8-S2-F7 171.62(11) S2---01---S1  77.49(5)

F2-S1-06 79.70(8) F6-S2-06 79.21(8) S1---06---S2  77.97(4)

F1-S1-06 175.99(8) F5-S2-06 176.75(8)

F4-S1-06 88.56(7) F8-S2-06 90.32(8)

F3-S1-06 95.66(8) F7-S2-06 94.81(8)

F2-S1-01 176.04(9) F6—S2-01 178.47(8)

F1-S1-01 79.72(8) F5-$2-01 80.26(9)

F4-S1-01 88.38(8) F8-S2-01 91.92(8)

F3-S1-01 95.20(8) F7-S2-01 93.49(8)

06---S1---01  102.12(6) 06---S2---01  102.03(5)
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Table 6.3 Selected Bond Lengths (A), Contacts (A), and Angles (°) of SF4+(OC4He)s.

Bond Lengths and Contacts, A

S1-F1 1.5275(19) S2-F6 1.5341(18)
S1-F2 1.5350(19) S2—F7 1.5454(18)
S1-F3 1.649(2) S2-F5 1.643(2)
S1-F4 1.658(2) S2—F8 1.653(2)
S1---02 2.687(2) S2---04 2.678(2)
S1---01 2.701(2) S2---03 2.737(2)
S3-F11 1.5316(19) S4-F14 1.5352(19)
S3-F10 1.5438(19) S4-F13 1.5457(18)
S3-F12 1.641(2) S4-F15 1.626(2)
S3-F9 1.641(2) S4-F16 1.641(2)
S3---06 2.662(2) S4---07 2.703(2)
S3---05 2.792(2) S4---08 2.731(2)
Bond Angles, deg.

F1-S1-F2 96.68(11) F6—S2—F7 96.50(10)
F1-S1-F3 87.14(12) F6—-S2-F5 86.20(11)
F2-S1-F3 88.07(12) F7-S2-F5 87.60(11)
F1-S1-F4 87.42(12) F6—-S2-F8 87.93(11)
F2-S1-F4 86.53(11) F7—-S2—F8 86.45(11)
F3-S1-F4 171.84(12) F5-S2-F8 171.12(11)
F1-S1---02 171.09(9) F6-S2---04 174.42(9)
F2-S1---02 76.05(9) F7-S2---04 78.00(9)
F3-S1---02 97.63(11) F5-S2---04 94.41(10)
F4-S1---02 87.00(10) F8-S2---04 90.79(10)
F1-S1---01 76.21(9) F6-S2---03 78.17(8)
F2-S1---01 170.96(9) F7—-S2---03 173.03(9)
F3-S1---01 86.03(10) F5—-S2---03 96.45(10)
F4-S1---01 98.56(10) F8-S2---03 88.85(10)
02---S1---01 111.52(7) 04---S2---03 107.25(7)
F11-S3-F10 96.73(11) F14-S4-F13 97.07(10)
F11-S3-F12 86.29(13) F14-S4-F15 86.99(13)
F10-S3-F12 87.80(12) F13-S4-F15 88.35(12)
F11-S3-F9 88.37(12) F14-S4-F16 88.42(12)
F10-S3-F9 86.94(11) F13-S4-F16 86.48(11)
F12-S3-F9 172.02(11) F15-S4-F16 172.63(12)
F11-S3---06 171.15(11) F14-S4---O7 74.95(9)
F10—-S3---06 75.96(9) F13-S4---07 171.42(9)
F12-S3---06 98.25(11) F15-S4---07 94.29(10)
F9-S3---06 86.28(10) F16-S4---O7 90.09(10)
F11-S3---05 76.16(9) F14-S4---08 171.02(9)
F10—S3---05 168.69(10) F13-S4---08 75.35(9)
F12—-S3---05 100.33(10) F15-S4---08 87.95(10)
F9—-S3---05 84.11(9) F16—S4---08 95.82(10)
06---S3---05 110.24(7) 07---S4---08 112.86(7)
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The SF4+OC4Hg adduct crystallizes in the monoclinic space group P2;/n, with
two SF, and two THF molecules in the asymmetric unit. The structure consists of
(SF42OC4Hs), dimers containing two SF, molecules bridged by the oxygen atoms of

two THF molecules. (Figure 6.3)

F(6) WF@
£3(2)
A

FE

F(1)

F(2) F(3)

Figure 6.3 Thermal ellipsoid plot of the (SF4+OC4Hg), dimer; thermal ellipsoids are
set at 50% probability.

Each sulfur atom has two S---O contacts ranging from 2.777(2) to 2.802(2)
A. The two crystallographically different SF4 molecules have similar bond lengths
and angles. The equatorial S—F bonds range from 1.5344(17) to 1.5468(16) A, which
are significantly shorter than the axial bond lengths, ranging from 1.6430(17) to
1.6610(18) A. The O---S---O angles are 102.12(6)° and 102.03(5)°, which is
significantly higher than 90° as a result of the lone pairs on the sulfur atoms. The S---
O---S angles around the oxygen atoms (S2---O1---S1: 77.49 (5) ° and S1---O6---S2:
77.97(4) °) are much smaller than the coordination angles around the sulfur atoms.
Along the a-axis, the THF rings are stacked, rotated by 180° with respect to the

adjacent rings. The thermal ellipsoids of the carbons on one THF molecule are
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elongated, reflecting a high degree of thermal motion, i.e., puckering of the THF
ring, which is a common occurrence with THF.

The SF4+(OC4Hs), adduct crystallizes in the triclinic space group P1. The
asymmetric unit contains 4 molecules of SF, and 8 molecules of THF. In the
structure, two THF molecules coordinate to one sulfur atom of each SF, molecule,
and the oxygen atoms are essentially in the same plane as the equatorial fluorines of
SF, (see Figure 6.4). The structure contains a large range of S---O contacts and O---
S---O angles. The equatorial S—F have lengths between 1.5275(19) and 1.5457(18)
A, which are significantly shorter than the axial bonds (1.626(2) to 1.658(2) A). The
S---O contact distances lie between 2.662(2) and 2.792(2) A, which is a larger S---O

range of distances than found in the SF4+OC4Hs adduct (2.777(2) to 2.802(2) A). The

than the O---S---O angles in the SF4+OC,4Hg adduct (102.12(6)° and 102.03(5)°).

The coordination of THF to sulfur is very different from that of N-bases to
SF,4. For example, for the SF4*NCsHs adduct, only one pyridine coordinates SFy,
resulting in a square pyramidal geometry about sulfur.* The O---S bridged dimer has
a higher symmetry than the F ---S bridged dimer found in [HNCsH4(CHs)]F *SF,
(see Chapter 4).

To the best of my knowledge, these structures represent the first examples of
THF coordinating to a sulfur atom as well as the (SF4*OC4Hg), dimer represents a
rare structure in which an organic oxygen-base is coordinated to two non-metals. A
search of the Cambridge Crystal Database for coordination complexes of oxygen to

sulfur gave only one result where dioxane is coordinated to SO3.2 The structure of
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(OC4He).TeF, consists of monomeric units with Te---O contacts of 2.448(2) and

2.697(2) A and is different from (SF4*OC4Hg),, but similar to SF4+(OC4Hs),.’

Figure 6.4 Thermal ellipsoid plots of the four crystallographically unique
SF4¢(OC4Hg), moieties within the asymmetric unit.
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6.2.3 Raman Spectroscopy of SF4+OC4Hs and SF4¢(OC4Hp):

The Raman spectra of solid SF;+OC4Hs and SF4+(OC4Hg), were recorded at
—107 °C, (Figure 6.5). The Raman frequencies and tentative assignments of
SF4+OC4Hg and SF4+(OC4Hg); are given in Table 6.4 and Table 6.5, respectively. The
assignment of Raman bands associated with the THF molecule is based on the data
reported by Berthier et al., who used computational chemistry to aid in the
vibrational assignment.? The band at 848(12) cm ™' and several shoulders (2280, 822,
and 513 cm™') in the Raman spectrum of the SF4*OC4Hs adduct can be attributed to
an impurity of SF4¢(OC4Hg),. Most bands attributable to the THF moiety exhibit
shifts relative to those of free THF. For example, for the SF4+OC,4Hg adduct, the most
intense band attributable to the THF moiety (vs(COC)) has been shifted to a higher
frequency (923(53) cm™') compared to that of neat THF (914(100) cm™'). The most
intense band in the Raman spectrum was assigned to the vs(SF2) mode at 859(100)
cm”!, which is at a significantly lower frequency than that of neat liquid SF. (896(65)
cm ') reflecting the increase in ionic nature of the S—Fe¢q bonds upon donation of
electron density from the Lewis base. The second most intense band appears at
527(84) cm™' and was assigned to the vs(SF2a) mode. This stretching mode is only
slightly shifted to lower frequency compared to that of neat SF, (536(100) cm ).
The bands attributable to the equatorial S—F stretching modes (vs(SF2q)) have been
more significantly shifted than the axial S—F stretching modes since they are located
trans to the oxygen donor atom of THF. As expected, the equatorial SF, stretching
bands (vs(SF2eq) 859(100) cm ' and Vas(SF2eq) 828(39)) show a less pronounced low-

frequency shift compared to the SF¢q stretching bands found in the Raman spectrum
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of the SF4*N(C2Hs); adduct (vs 826/816 cm ™' and vas 691 cm™),? since triethylamine

is a much stronger base than THF.

Py
k7]
=
2
£
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=
T
2 d
(c)
1000 800 600 400 200

Wavenumber cm™
Figure 6.5 Raman spectra of a) SF4+OC4Hg (at =107 °C), b) SF4¢(OC4Hg)2 (at —107

°C), and c) OC4Hg (room temperature). Asterisks (*) denote bands arising from the
FEP sample tube.
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Table 6.4 Raman Frequencies (cm™) and Tentative Assignments of SF4+OC,Hs,
OC4Hs, and SF,.

SF4sOC4Hg™* OC4H¢" SF,° Assignment
2996(sh) 2983(sh)
2987(43) 2962(93) vs(CH>)
2975(sh)
2956(31)
2942(30) 2941(88)
2917(13) 2913(sh) Vas(CH>)
2893(56) 2877(64)

2875(98)
2732(1)
2684(1) 2661(5)

2623(1)
2584(2) 2575(2)
1492(12) 3(CHy)
1485(9) 1489(15)
1462(14)
1450(23) 1449(16)
1372(10) 1365(3)
1346(3) 1334(2) (CH2)wag
1308(9)
1246(19)
1239(16) 1228(12) } (CH2)twist
1176(8) 1179(2)
1141(2) 1070(3)
1033(19) 1029(13) } Prock(CH>)
958(4)
923(53) 914(100) vs(COC)
913(11) vas(COC)
894(9) vs(C—C)
880(sh) 880/866 Vas(C—C)
859(100) 896(65) Vs(SF2eq)
828(39) 857(22) Vas(SF2eq)
774(6) 703(5)
663(5) ring bend
621(4)
578(5) ring bend
527(84) 536(100) Vs (SF2ax)
446(8) 461(16) T(SF2)
381(10)
295(11) 286(4) ring pucker
256(6) 237(12) 8sc(SFZeq) - 6sc(SFZax)

% Signals from the FEP sample tube were observed at: 1383(11), 1297(sh), 1216(4),
751(6), 733(40), 386(10), 295(11) cm™. Signals from the SF4+(OC4Hs), impurity
were observed at: 2880(sh), 848(12), 822(sh), and 513(sh) cm™. P The Raman
spectrum was recorded in a ¥-in. FEP tube at —110°C. Signals from the FEP sample
tube were observed at 294(8), 385(12), 733(53), 1216(2), 1306(1), 1382(2) cm™.
Bands at 1382(19), 804(9), 772(11) cm ' were observed for vSS—O) SOF,, v(S-F)
SOF, and v(S—F) SFg respectively. ¢ Acquired at —107 °C. ® Acquired at room
temperature.
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Table 6.5 Raman Frequencies (cm™) and Tentative Assignments of SF4+(OC4He)-,

OC4Hs, and SF,.

SF4‘(OC4H6)2a (OC4H6)2d SF4C Assignment
2983(63) 2983(sh)

2062(93) } vs(CH2)
2940(59) 2941(88)

2913(sh) } Vas(CH>)
2879(70) 2875(98)
2726(8) 2718(12)

2661(5)/
2669(4) 2623(1)
2582(2) 2575(2) 8(CH,)
1493(16) 1489(15)
1462(16)
1448(32) 1449(16)
1369(8)
1342(4) 1365(3) } (CH2)wag
1306(4) 1334(2)
1244(19) 1228(12) } CHoL
1176(7) 1179(2) (CH2)uwist
1056(8) 1070(3)
1033(25) 1029(13) Prock(CH2)
959(3)
923(49) 914(100) vs(COC)
894(10) vs(C—C)
847(100) 896(65) Vs(SF2eq)
826(41) 857(22) Vas(SF2eq)
773(2)
666(3) 703(5)
634(3)
579(5) ring bend
518(91) 536(100) Vs(SF2ax)
445(7) 461(16) 1(SFy)
381(9)
294(9)° 286(4) ring Pucker
266(6) 237(12) Ssc(SF2eq) — dsc(SF2ax)

#Signals from the FEP sample tube were observed at FEP: 1383(8), 751(3), 733(28),
387(9), 294(9) cm*. ° Overlaps with FEP signals. ¢ The Raman spectrum was
recorded in a Ys-in. FEP tube at —110°C. Signals from the FEP sample tube were
observed at 294(8), 385(12), 733(53), 1216(2), 1306(1), 1382(2) cm™. Bands at
1382(19), 804(9), 772(11) cm™ "' were observed for v(S-0) SOF,, v(S—F) SOF, and
v(S—F) SF¢ respectively.  Sample recorded at room temperature in 5-mm glass NMR

tube.
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The most intense band in the Raman spectrum of SF4+(OC4Hs), appears at
847(100) cm ' and was assigned to the vs(SF2eq) mode. The second most intense peak
(518(91) cm ') was assigned to the vs(SF2a) mode. These observations agree very
well with the expected trend for the sequence neat SF,, SF4+OC4Hs, SF4¢(OC4Hs)-.
The more electron density is donated to the sulfur atom on SF,4, the more ionic and
weaker the S—F bonds are expected to become, resulting in lower stretching
frequencies. The vibrational frequencies of the vs(SF2eq) decrease from 896(65) cm’!
(SF4) to 859(100) cm™' (SF4*OC4Hg), and 847(100) cm™' (SF42(OC4Hg)2). The
vibrational frequencies attributable to the vas(SFzeq) mode are also significantly
different from neat liquid SF, (860sh cm™") but the difference between SF4OC4Hs

(828(39) cm ') and SF4+(OC4Hs), (826(41)cm™") is not significantly different.

6.2.4 Crystal Structure of SF;+(CH3;0CHy,),

Details of data collection parameters and crystallographic information for
SF4+(CH30CHy), are given in Table 6.1. Important bond lengths, angles and contacts
for SF4+(CH30CH,), are given in Table 6.6.

The adduct, SF4+(CH30CHy,),, crystallizes in the orthorhombic space group
Pbcm. The structure of SF4+(CH3OCHy), consists of 1,2-dimethoxymethane, in
which one Lewis basic oxygen atom is coordinated to one sulfur atom of SF, and the
second oxygen is coordinated to a second SF; molecule. (Figure 6.6) The sulfur atom
in SF,4 has two equivalent contacts (2.8692(9) A) with oxygen atoms of different 1,2-
dimethoxyethane molecules, which increase the coordination environment around

sulfur to 6.
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Table 6.6 Selected

Bond Lengths (A), Contacts (A), and Angles (°) of

SF4°(CH300H2)2
Bond Lengths and Contacts, A

S1-F1 1.5474(7) S1---0 2.8692(9)
S1-F1' 1.5474(7) S1---01' 2.8692(9)
S1-F2 1.6602(10) C1-01 1.4203(13)
S1-F3 1.6736(10) 01-C2 1.4275(12)

c2-C2" 1.498(2)

Bond Angles, deg.

F1-S1-F1' 99.03(5) F1-S1-O1' 75.69(3)
F1-S1-F2 87.49(4) F1-S1-01' 168.37(3)
F1-S1-F2 87.49(4) F2-S1-01' 81.98(3)
F1-S1-F3 86.94(4) F3-S1-01' 102.93(3)
F1-S1-F3 86.94(4) 01---S1---01' 107.49(4)
F2-S1-F3 171.41(5) C1-01-C2 110.98(8)
F1-S1---01 168.37(3) C1-01--S1 106.59(6)
F1-S1---01 75.69(3) C2-01-S1 126.25(6)
F2-S1-01 81.98(3) o1-C2-C2" 109.98(7)
F3-S1-01 102.93(3)

Symmetry codes: (i) x, y, —z+1/2; (ii) x, —y+1/2, —z+1.

Figure 6.6 Thermal ellipsoid plot of the SF;+(CH30CHy,), adduct; thermal ellipsoids
are set at 50% probability.



These contacts result in infinite chains along the c-axis. The axial fluorine
atoms and the sulfur of SF4 lie in a crystallographic mirror plane, and therefore the
equatorial S—F bonds are symmetry-related. As expected, the axial S—F bonds
(S1-F2 = 1.6602(10) A and S1-F3 = 1.6736(10) A) are significantly longer than the
equatorial bonds (S1-F1 = 1.5474(7) A). The difference in the length of the axial
S—F bonds is likely due to packing effects, since both of the axial fluorines form no
significant contacts. The 01---S1---O1' contact angle is 107.49(4)°, which is much
larger than the Feq—S—Fe¢q angle (99.03(5)°), because of the location of the lone pair
on sulfur. The 1,2-dimethoxyethane molecule lies on a Cy-axis, thus half of the
molecule is related by symmetry and the 1,2-dimethoxyethane molecule adopts the
stable gauche conformation.® The view along the c-axis shows the two different

orientations of adjacent SF4-1,2-dimethoxyethane chains (see Figure 6.7).

Figure 6.7 View along the c-axis of the thermal ellipsoid plot of SF;¢+(CH30CHy,),.
Thermal ellipsoids set at 50% probability.
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It was hypothesized that 1,2-dimethoxyethane could act as a bidentate ligand
towards sulfur, as seen towards metal complexes and TeF,'** A bidentate
coordination may be geometrically disfavoured because of the smaller size of sulfur
compared to tellurium. It is interesting to note that TeF, forms an adduct in which
two 1,2-dimethoxyethane ligands coordinate to Te in a bidentate fashion. The
resulting coordination number of 9 about Te is possible because of its much larger

radius.

6.2.5 Raman Spectroscopy of SF4+(CH30CH,),

The Raman spectrum of SF4+(CH30CHy), at —107 °C is shown in Figure 6.8.
The Raman frequencies and tentative assignments are listed in Table 6.7. The Raman
spectrum at —107 °C contains bands associated with the SF; and 1,2-
dimethoxyethane moieties, and low-intensity signals associated with residual neat
liquid SF,4. The assignment of Raman bands associated with the 1,2-dimethoxyethane
is based on the previous assignments by Yoshida and Matsuura using DFT

calculations.™
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Figure 6.8 Raman Spectrum of SF4+(CH30CH,), (top) and neat 1,2-dimethoxyethane
(bottom). Asterisks (*) denote bands arising from the FEP sample tube.
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Table 6.7 Raman

Frequencies (cm™)

SF4'(CH30CH2)2, (CH30CH2)2, and SF,.

and Tentative

Assignments

of

Vibrational Frequencies, cm *

SF4’(CH30CH2)2a’e (CHgoCHz)zd SF4c ASSignmentS
3000(21) 2984(39)
2960(10) 2945(51)
2934(13)
2916(22) 2922(52)
2903(19) 2890(70)
2884(9) V(C-H)
2855(14) 2842(74)
2824(24) 2818(100)
2811(sh)
2800(sh)
2732(4) 2719(10)
1479(29) 1472(24) CH, «is, CH3 asym def.
1460(15) CHs asym def, CHj scis.
1454(8) CHj; sym def, CH, scis.
1447(6) 1451(30)
1418(4) CH, wag, C-C str, CH; def.
1306(4)
1289(12) 1286(7) CH, twist
1250(3) 1251(3) CHj, twist, CHs rock
1160(3) CHjs rock
1138(10) 1135(7) CH3-0O str, C-O str
1096(4) CH, rock, CH; rock
1036(8) CH, rock, CH3-O str, C-O str
1030(7) 1026(7) CH3-0O str, C-C str

995(5)

984(5)
a3 896(65) vi(SF2e)
gggggé) 849(24) C-O str, CH, rock, C-C Str
835(22) 821(13) 857(22) Vas(SF2eq)
773(1)
610(4)
579(3) 539(1) CCO def, 5(COC) , CH, rock
529(16)
522(12) 536(100) Vs(SF2ax)
512(40)
453(7) 461(16) 1(SF,)
381(6) 398(4)
372(8) 367(12) COC bend, CCO def
308(2) COC bend, CCO def
294(7)° CCO def, COC bend, C—C tor
255(3) 237(12) 6sc(SFZeq) - 6sc(SFZaX)
123(8) C-C tor, CH;-O

# Signals from the FEP sample tube were observed at: 1383(6), 1214(1), 733(24), 751(3), 294(7),
387(6). "Signals overlap with those of FEP. ¢ The Raman spectrum was recorded in a ¥—in FEP tube
at —110°C. Signals from the FEP sample tube were observed at 294(8), 385(12), 733(53), 1216(2),
1306(1), 1382(2) cm . Bands at 1382(19), 804(9), 772(11) cm™' were observed for v(S-O) SOF,,

v(S-F) SOF, and v(S—F) SFg respectively. °

NMR tube.
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The majority of the peaks associated with the 1,2-dimethoxethane remain un-
shifted relative to the neat liquid. The bands in the Raman spectrum of
SF4+(CH30CHy), attributable to the vs(SFq) mode are at lower frequency (877(19)
and 866(31) cm') than that of neat liquid SF4 (896(65) cm™'). The band attributable
to the vas(SF2eq) mode is found at 835(22) cm ' which has also a lower frequency
than that of neat SF4 (857(22) cm™'). The symmetric S—Fay stretch (529(16), 522(12)
cm) are at significantly lower frequencies than that of solid neat SF4 (vs(SFaa) =
536(92), 532(100) cm™'). The shift to lower frequencies of these stretches of the
adduct relative to that of neat SF, is a result of the longer and weaker S—F bonds in

the adduct.

6.2.6 Crystal Structure of SF4¢(O=CsHs),

Details of data collection parameters and crystallographic information for
SF4+(0O=CsHg), are given in Table 6.1. Important bond lengths, angles and contacts
for SF4+(O=CsHg), are listed in Table 6.8.

The structure consists of discrete units of SF, with two long contacts (S1---
01 = 2.7880(12) A and S1---02 = 2.7592(12) A) to the oxygen atoms on two
crystallographically unique cyclopentanone molecules. (Figure 6.9) Both
cyclopentanone molecules have essentially the same bond lengths and angles and are

not significantly different from that of neat cyclopentanone.**
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Table 6.8 Selected Bond Lengths (A), Contacts (A), and
SF4°(O:C5H8)2

Angles (°) of

Bond Lengths and Contacts, A

S1-F1 1.5455(10) 01-Cl1 1.2151(18) 02-C6 1.2157(19)
S1-F2 1.5478(10) C1-C2 1.507(2) C6—C7 1.509(2)
S1-F3 1.6579(10) C1-C5 1.507(2) C6-C10 1.510(2)
S1-F4 1.6674(10) C2-C3 1.527(2) C8-C7 1.525(2)
S1---02 2.7592(12) C3-C4 1.528(2) C8—C9 1.532(2)
S1---01 2.7880(12) C4-C5 1.525(2) C9-C10 1.527(2)
02-Cé6 1.2157(19)
Bond Angles, deg.
F1-S1-F2 98.24(6) C1-01---S1 120.80(10) C6-02---S1  118.73(10)
F1-S1-F3 87.70(6) 01-C1-C2 125.16(14) 02-C6—C7  125.04(14)
F2—-S1-F3 87.24(6) 01-C1-C5 125.92(14) 02-C6—C10 126.08(14)
F1-S1-F4 87.21(6) C2-C1-C5 108.92(13) C7-C6-C10 108.88(13)
F2—-S1-F4 87.19(6) C1-C2-C3 104.91(12) C7-C8-C9  103.93(13)
F3-S1-F4 171.85(6) C2—-C3-C4 103.98(13) C6—C7-C8  105.23(12)
02---S1---01  105.46(4) C5-C4-C3 103.57(13) C10-C9-C8 103.76(13)
C1-C5-C4 104.50(13) C6—C10-C9  104.30(13)
F1-S1---01 177.00(5) F1-S1---02  77.41(5)
F2-S1---01 78.83(5) F2-S1---02  173.57(5)
F3-S1---01 91.51(5) F3-S1---02  87.85(5)
F4-S1---01 93.25(5) F4-S1---02  97.24(5)
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Figure 6.9 Thermal ellipsoid plot of the SF4¢(O=CsHg), adduct; thermal ellipsoids are
set at 50% probability.

As in neat SF, and the other SF4+O-base adducts, the S—F¢q bond lengths
(1.5455(10) and 1.5478(10) A) are shorter than the S—Fq bond lengths (1.6579(10)
and 1.6674(10) A). The lone pair on sulfur resides directly in between both S---O
contacts which form an O---S---O angle of 105.46(4)°. The small size of the carbon
thermal ellipsoids suggests less thermal motion in the carbon ring of cyclopentanone
than that found in the THF ring of the SF4,+OC4Hs adduct. The C=0 lengths of the
cyclopentanone molecules in the SF4 adduct (1.2151(18) and 1.2157(19) A) are not
significantly different from those of the neat cyclopentanone (1.2109(15) and

1.2148(15) A)) reflecting the weakness of the acid-base interaction.**
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6.2.7 Raman Spectroscopy of SF4¢(0O=CsHg),

The Raman spectrum of solid SF4¢(O=CsHg), recorded at —107 °C is shown in
Figure 6.10. The Raman frequencies and tentative assignments are listed in Table
6.9. The Raman spectrum contains peaks associated with the SF, and cyclopentanone
moieties. The assignment of Raman bands associated with cyclopentanone are based
on the previously reported assignments by Cataliotti and Paliani.®® A number of the
peaks associated with the cyclopentanone ring are shifted and exhibit extra splittings
presumably because of vibrational coupling of the two O=CsHg molecules in the
adduct. The signals associated with SF, are significantly shifted and are much
sharper than that of neat SF, at the same temperature. For example, the vs(SFaeq)
mode is a single band shifted to 872(88) cm™' from that of neat liquid SF, (896(65)

cm ).
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Figure 6.10 Raman spectra of SF4+(O=CsHg), (top) and neat cyclopentanone
(O=CsHg) (bottom). Asterisks (*) denote bands arising from the FEP sample tube.
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Table 6.9 Raman Frequencies (cm™) and Tentative Assignments of SF4+(O=CsHs),
(—107 OC), O=CsHs, and SF,.

SF4+(0=CsHg)," 0=C;Hg" SF,° Assignments
2978(100) \

2069(82) 2969(100)

2957(42)

2941(19)

2918(sh)

2914(58) > v(C—H)
2906(53)

2901(55) 2902(84)

2890(sh)

2886(56) 2883(95)

2787(3) 2802(7) )

2616(3) 2606(3)

1724(16) 1743(18)

1712(34) 1728(18) v(C=0)
1507(1)

1474(8)

147003) 1470(11)

1459(25) CH, def.
1453(39) 1455(22)

1403(35) 1410(23)

1319(6) 1309(2)

1286(12) 1278(8) CH, wag
1275(12) 1268(8) CH, wag
1242(22) 1231(9)

1232(10) CHj twist
1198(4) 1197(2) 2
1163(18)

1158(sh)

1152(sh) 1153(9) CH, rock
1030(25) 1023(20)

1021(20)

967(12) Ring mode
961(8) 960(8) Ring mode
922(3) CH, rock
914(4)

895(89) 892(88) Ring mode
872(88) 896(65) Vs(SFzeq)
836(18) Ring mode
831(21) 857(22) Vas(SF2eq)
814(29) 810(27) Ring mode
775(2)

703(23) 711(20) Ring mode
639(5)

ggggg 581(10) Ring mode
561(14) Ring mode
532(41) 538(30)

giggg 536(100) Ve(SFan)
482(36) 461(16) ©(SFy)
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Table 6.9 continued

471(8) 473(15) C-0O def

450(12) 451(sh) C-0O def

401(2)

382(3)

355(1)

260(5) 237(12) 8sc(SFZEQ) - 8sc(SFZaX)

239(3) 236(2)

139(14)

97(21)
# Signals from the FEP sample tube were observed at: 1384(3), 751(1), 733(18), 598(1), 386(3),
294(4) cm™'. ® Sample acquired at room temperature in a 5-mm glass NMR tube. ¢ The Raman
spectrum was recorded in a Ys+—in FEP tube at —110°C. Signals from the FEP sample tube were
observed at 294(8), 385(12), 733(53), 1216(2), 1306(1), 1382(2) cm . Bands at 1382(19), 804(9),
772(11) cm™" were observed for v(S-0) SOF,, v(S-F) SOF, and v(S—F) SFg respectively.
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6.3 Summary and Conclusion

For the first time, SF4e0xygen-base adducts have been synthesized, isolated,
and structurally characterized. Adduct formation was observed with the oxygen
bases: THF, 1,2-dimethoxethane, and cyclopentanone at low temperatures. It was
crucial to handle these adducts at temperatures below —60 °C to avoid dissociation
because of the weakness of their Lewis-acid-base interaction. The adducts were
characterized by low-temperature Raman spectroscopy and X-ray crystallography.
Each structure contains sulfur atoms which are coordinated by two Lewis-basic
oxygens, increasing the coordination environment about sulfur in SF4 from 4 to 6.
This observation is in contrast to SF4*N-base adducts in which only one nitrogen
base coordinates to sulfur tetrafluoride to form a square pyramidal geometry about
sulfur.*® The S---N contacts lengths (2.141(2) to 2.5140(18) A, for F4Se4-
NCsHsN(CHs), and SF4+NCsHs, respectively)! in the SF4sN-base adducts are much
shorter than the S---O contact lengths (2.663(3) to 2.8692 (9) A). The stronger Lewis
acid-base interaction in the SF4*N-base adducts results in donation of electron
density to sulfur and, as a consequence, a lowering of the Lewis acidity of sulfur in
SF,4, and in addition, a closer proximity with the nitrogen base. Therefore, both
electronic and steric arguments likely contribute in preventing further coordination of
another nitrogen base.

Whereas sulfur tetrafluoride exclusively formed hexacoordinated adducts with
oxygen-bases, and pentacoordinated adducts with nitrogen-bases, both types of
coordination geometries are observed for fluorides (see Chapter 4). The contact
lengths between the SF,;+O-base adducts are on average longer than those in the

SF4°F (H)N-base adducts. The S---F contact lengths and the F ---S---F  angles have
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a much larger range than the S---O contact lengths and the O---S---O bond angles in
the SF4+O-base adducts since the basicity of F greatly depends on the strength of the
hydrogen bond to the protonated N-base. In SF4F (H)N-base adducts which form
chain-type structures or dimers, the sulfur atom has a coordination environment of 6,
the same as the SF,+O-base adducts. In other cases, such as the
[HNCsH3(CHa),1o[SFs JF *SF;, salt, only one significant S---F contact (2.5116(12)
A) with SF, is present, yielding a square pyramidal geometry about the sulfur atom.
The sulfur atom in this SF4 has an additional contact (2.900(5) A) with one of the
fluorine atoms on the SFs anion; however, it does not distort the square pyramidal
geometry to a noticeable extent (see Chapter 4). The extreme case, which is most
dissimilar to the SF4+O-base adducts, is when naked fluoride coordinates to sulfur
tetrafluoride to form the square pyramidal SFs anion.

This is the first report of the coordination of oxygen-bases to SF,. Particularly,
the characterization of the SFseketone adduct (SF4*O=CsH,) is of great significance,
since SF,4 can serve as a fluorinating agent towards carbonyl groups. It is, however,
postulated that SF3*<ketone adducts are the intermediates in the fluorination reaction.

These adducts offer the first extensive view of dative O---S(IV) bonds. A
summary of trends in structure and vibrational frequencies of these adducts can be
seen in Table 6.10. All of O---S contacts are within the sum of van-der-Waals radii
(3.32 A). The longest S---O contacts are found in the SF4*(CH3OCH,), adduct
(2.8692(9) A). Despite the fact that THF is the strongest donor, the 1:1 adduct
SF4+OC4Hg has relatively long contacts since one oxygen donor atom bridges two
Lewis acidic sulfur atoms. As expected, the 2:1 adduct (SF4*OC4Hs) has the shortest

contact (2.663(3) A).

171



Quantification of Lewis basicity is difficult, since it depends on the nature of
the Lewis acid.® The most extensive list of Lewis basicity values is that for the BF3
affinity scale.'® Although BFs; is a harder acid than SF4, it was found that the trends
in BF3 affinity values are in agreement with the current observations. The higher
frequencies (877(19) and 866(31) cm ') of the Vs(SF2eq) stretch in the
SF4+(CH30CH,), adduct agrees well with the weak donor properties of 1,2-
dimethoxyethane (74.67(19) kJ mol™" (BFs)) when compared with the stronger donor
properties of THF (90.40(28) kJ mol™" (BF3))."

It is possible that cyclopentanone is not basic enough to act as a donor towards
two SF4 molecules, as observed with THF, but the 1:1 adduct (SF;+O=CsHg) cannot
be excluded based on my results. The oxygen is not sterically confined; therefore,
one would expect it would have the geometrical abilities to interact with more than

one SF, if it were electronically favourable.

Table 6.10 Selected Structural and Vibrational Data in isolated SF,+O-Base Adducts.

Compound SF4'OC4H8 SF4‘(OC4H8)2 SF4'(CH3OCH2)2 SF4'(O:C5H8)2
2.7802(18)  2.662(2) 2.7592(12)
50 A) 2.8022(19)  2.792(2) 2.8692(9) 2.7880(12)
______ o  102.03(5)  107.25(7)
O-5-0C)  Jo212(6)  112.86(7) 107.49(4) 105.46(4)
- 1.5344(17)  1.5275(19) 1.5455(10)
S—Feq (A) 15448(16) 15457(18)  -o47407) 1.5478(10)
5 Fy (A) 1.6430(17)  1.626(2) 1.6602(10) 1.6579(10)
ax 1.6610(18)  1.658(2) 1.6736(10) 1.6674(10)
Vo(SF2eq) (cM™")  859(100)  847(100) 877(19), 866(31) 872(88)
Donor Strength®  90.40(28) 90.40(28) 74.67(19) 77.44(45)

% Donor strength (kJ mol™) using the BF; affinity scale, from 17.
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/7 Summary and Directions for Future Work

7.1 Conclusions

The chemistry of sulfur tetrafluoride was significantly extended in the present
work. The previously known [ReO,F;], [IO;F4], and [IOF, ] anions were
synthesized in one-step reactions of SF, with the oxo-anions ReO, , 104, and 103,
respectively. These reactions gave excellent yields and were easy to separate from
the by-product, SOF;, and solvents (CH3CN or aHF). These reactions are the first
reported use of SF4 as a selective fluorinating agent towards oxo-anions to form
oxide-fluoride anions.

A large range of compounds were synthesized from mixtures of pyridine and
pyridine derivatives with HF and SF,. These compounds exhibit a wide range of
bonding modalities in the solid state, and provide a detailed view into the interaction
between SF, and fluoride.

The solid-state structure of SF, was, for the first time, fully elucidated. The
structure can best be described as a network with weak intermolecular S---F contacts
formed exclusively with the axial fluorines, which are more ionic in nature. A similar
structural motif was observed in the novel [HNCsH3(CHs),']oF [SFs ]*4SF, salt
which contains layers of SF.

For the first time, adducts between sulfur tetrafluoride and oxygen bases were
isolated and structurally characterized. These adducts exhibit two long S---O contacts
per SF, molecule, characteristic of the lower Lewis basicity of the oxygen bases
compared to that of the nitrogen bases or fluoride. These compounds offer the first

look at S(1V)---OR; interactions in the solid state. The SF4+(O=CsHg), adduct proves

175



that carbonyl groups interact with SF4, which could be the first step in mechanism of

fluorination of carbonyl groups by SF,.

7.2 Directions for Future Work

The chemistry of sulfur tetrafluoride with other oxo-anions should be explored.
The reaction of SF4 with main-group oxo-anions such as CIO, ", BrO,, SO4*, PO,
NO; and CO3; could possibly result in clean efficient methods for obtaining oxide-
fluoride species.

The introduction of organic compounds containing carbonyl, hydroxyl and
carboxylic acid substituents to the SF4;-HF-nitrogen base mixtures at low-
temperatures is the next step for elucidating the mechanism of fluorination of these
respective groups by SF, in the presence of nitrogen-bases. For example, addition of
cyclopentanone to [HNCsH4(CHs)']F *SF, in the presence of excess SF4 could
reveal interesting Lewis acid-base interactions in the solid state at low temperature.

Adducts between other oxygen-bases (acetone, dioxanes, esters) should be
characterized by Raman and X-ray crystallography. Computational chemistry should
be used to confirm the geometries and Raman frequencies of these adducts. Also
molecules containing both nitrogen-bases and oxygen-bases should be used, such as
the reaction of SF, with caffeine, in light of the possibility of forming two contacts
between sulfur and two different atoms.

Finally, exploring the chemistry of sulfur fluorides as ligands towards
transition-metal complexes should be further pursued, such as the reaction of sulfur

fluorides with tungsten carbonyl complexes. Although no conclusive evidence was

176



obtained for the formation of these species in this study, it is likely that these species

can be isolated in a variety of systems, and their pursuit is worthwhile.
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