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Abstract

The Lewis-behaviour of WFs towards pyridine and derivatives thereof has been
reinvestigated in detail. The stability of WFe towards main-group donor ligands has been
exploited to develop synthetic routes to numerous complexes of W(NC¢Fs)Fs, [WFs]™,
WFs, and [WF4]" with F~ and/or neutral N- and P-donor ligands. The isolation of such
species has allowed for fundamental explorations of tungsten-based Lewis acids and
weakly coordinating anions, the F-donating and oxidising characteristics of the transition-
metal hexafluorides, and the preparation of robust tungsten(V) complexes derived from
thermodynamically unstable WFs. The investigation of structure, bonding, and chemistry
in these unique systems was undertaken using a combination of crystallographic,
spectroscopic, and computational techniques, exemplifying the structural diversity found

in hepta- and octacoordinate tungsten(V) and (V1) complexes.
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Chapter 1 - Introduction

1.1.  Transition-Metal and Actinide Hexafluorides

The nine transition-metal hexafluorides, MFs (M = Mo, Tc, Ru, Rh, W, Re, Os, Ir,
Pt), together with their actinide congeners, UFs, NpFs, and PuFs, represent a class of
compounds with fascinatingly diverse chemical properties despite their physical
similarities.? The +6 oxidation state of the metal centres, which is unusually high in the
cases of RhFs, IrFs, and PtFe, and the electron deficiency caused by the electron-
withdrawing fluorido ligands result in strong oxidising agents and Lewis-acids. As will be
detailed in this chapter, the earlier transition-metal hexafluorides (WFes in particular) have
been investigated heavily in terms of Lewis acid-base and ligand-substitution reactions
with retention of the +6 oxidation state at the metal centre. However, the chemistry of those
in groups 8-10 is dominated by their immensely oxidising behaviour. For the purposes of
clarity, UFs will be considered together with the group-6 hexafluorides, as its chemical
behaviours tend to be similar to those of MoFs and WFe.
1.1.1. Syntheses and Physical Properties

The transition-metal and actinide hexafluorides are typically prepared via
fluorination of the metal with F», either at high temperatures (> 300 °C) or, in the case of
PtFs, by passing electrical current through a platinum wire in the presence of F, at —196
°C.2 The noteworthy exceptions are RuFs and RhFg, which are best synthesised by
oxidation of [MFe]~ (M = Ru, Rh) with AgFs in the presence of HF/BFs or HF/PnFs (Pn =
As, Sb, Bi),>* and ReFs, which is prepared in high purity upon reduction of ReF7 by
rhenium metal at 250-400 °C.° Selected properties of the transition-metal and actinide

hexafluorides are given in Table 1.1.



Table 1.1. Selected Physical and Chemical Properties of the Transition-Metal and
Actinide Hexafluorides

MoFs TcFes RuFs RhFs
Configuration [Kr] [Krl4d!  [Kr]4d®>  [Kr]4d®
m.p. (°C)? 17.4 37.4 54.0 70.0
b.p. (°C)? 35.0 55.3 ~70 ~70
M-F (A)2 1.813 1.812 1.816 1.821
Eea (V)P 4.23 5.89 7.01 6.80
Ev ([MFg]”~, V)¢ 1.70 3.0° — —
Ey ((MFe] 7%, V)* —0.35 — 0.85 —
Ev ([MFg)? ", V)¢ —2.25 — -1.25 —
FIA (kimol %) 310[82] 320[232] 347[366] 264 [316]
WFs ReFs OsFe IrFs PtFe
Configuration [Xe] [Xe]5d! [Xe]5d®> [Xe]sd®  [Xe]5d*
m.p. (°C)? 1.9 18.5 33.2 44.4 61.3
b.p. (°C)? 17.5 33.7 45.9 53.0 69.1
M-F (A)2 1.823 1.824 1.825 1.835 1.848
Eea (V)¢ 3.16 458 5.92 5.99 7.09
Eyx ([MFs]®, V)¢ 0.70 2.00 2.90 — —
Ex ([MFe]”>, V)¢ —1.30 -0.20 0.25 1.25f 1.80ef
Ex ([MF)??,V)e  — — 23 -1.0f —
FIA (ki mol™t)?  350[-33] 338[112] 345[262] 293[132] 331[353]
UFs NpFs PuFs
Configuration [Rn] [Rn]5ft  [Rn]5f2
m.p. (°C)? 69.2 54.4 50.8
b.p. (°C)? — 552 62.2
M-F (A)2 1.996 1.981 1.971
Eea (V) 5.39 — —
Ev. ([MFg]?", V) 2.4h — —
FIA (kJ mol™?) 222! — —

aFrom reference 2. ®From reference 11. Square brackets denote FIA under formation of
“non-classical” [MF7]". ‘From references 38 and 39, unless otherwise noted. YFrom
reference 12. ®Extrapolated potential. 'From reference 40. 9From reference 13. "From
reference 30. 'From reference 42.



The hexafluorides manifest as gases (M = W), liquids (M = Mo, Re), or highly
volatile solids (M = Tc, Ru, Rh, Os, Ir, Pt, U) under standard conditions, with melting
points ranging from 2 to 70 °C.2 They, UFs notwithstanding, undergo solid-state phase
transitions from a high-temperature disordered, liquid-crystalline cubic phase® to an
ordered orthorhombic phase (Pnma) at ca. 0 °C.%" Their low-temperature crystal structures
reveal regular octahedral structures in which static Jahn-Teller effects are not
unambiguously observed, regardless of the electron configuration of the metal centre.” The
bond lengths are only slightly longer in the 5d species than their 4d counterparts and do
not differ significantly across either period, with the exceptions of slight elongations in
RhFe and IrFg, and more prominent elongation in PtFe. This slight increase in bond lengths
is attributed to increased population of the tyg orbital, which possesses *(d(W)—p(F))
character. However, there is a simultaneous decrease in formula-unit volume across both
periods, which would suggest greater intermolecular F---F interactions in the later
transition-metal hexafluorides, consistent with their elevated melting points. Uranium
hexafluoride prefers the ordered Pnma phase even at ambient temperature, as determined
by neutron diffraction.®

Though static Jahn-Teller effects could not be observed crystallographically,
dynamic Jahn-Teller effects have been observed in the vibrational spectra of MFs (M = Tc,
Ru, Re, Os, Ir) as splitting of the eq and/or toq vibrational modes.! This is noteworthy in the
case of IrFs, which is classically predicted to possess a non-degenerate t® valence shell,
aswell as in the case of PtFs, which does not undergo any observable Jahn-Teller distortion
despite the expectation of a degenerate to¢* valence shell. These anomalies are attributed to

significant spin-orbit coupling, which can be observed in their absorption spectra in the



near-IR to UV regions;® such relativistic effects are not observed for the 4d hexafluorides.
Spin-orbit coupling causes a splitting of the tzg orbitals, resulting in degeneracy for IrFe
and non-degeneracy for PtFs. As such, PtFs exhibits temperature-independent
paramagnetism, resulting in sharp resonances at highly unusual chemical shifts in its *°F
(3927.7 ppm) and %Pt (—4251.3 ppm) NMR spectra (1J(**°Pt-'°F) = 1086 Hz).” The
remaining hexafluorides, with the obvious exceptions of MoFs, WFs, and UFg, exhibit
typical paramagnetic behaviour, though spin-orbit coupling serves to quench the magnetic
moment of ReFs (0.25 ug) in comparison to TcFg (0.45 ug).1°
1.1.2. Redox Chemistry

The transition-metal hexafluorides, as well as UFs, are predicted to be immense
oxidising agents,'** with experimental and calculated Eea values (3-7 eV) that rival, or
even exceed, that of F2 (3.40 eV).! This has allowed for the stabilisation of cations with
elements in unusual oxidation states derived from oxidatively resistant substrates.

Platinum hexafluoride, one of the strongest oxidising agents of the series (Eeca = 7
eV),’2 is famously capable of oxidising Oz to [O,]** and Xe to [XeF]*,'®!’ the latter
reaction being seminal in the field of noble-gas chemistry. The strongly oxidising [O2]*
cation is also stable as its [RuFs]” and [RhFg]™ salts,'® and the parent MFs (M = Ru, Rh) are
expected to possess Eea values close to that of PtFs,!! though their redox chemistry has not
been explored in depth. Platinum hexafluoride has been observed directly to surpass the
oxidising capabilities of F», as reactions with NOF and NO2F have resulted in formation of
F2 along with [NO]* and [NO2]" salts of [PtFs]™ (n = 1, 2) anions,® though it seems to be
stable in aHF.?% Ab initio (CCSD(T)) studies of [MF7]~ (M = Ru, Rh, Pt) correspondingly

reveal their thermodynamic instability towards formation of [MF¢]™ and F* via “non-



classical” anions.*? In fact, only three oxidising agents are known to be stronger than
PtFe: superacidic HF/BF3 or HF/PnFs (Pn = As, Sb, Bi) solutions of AgFs or NiF4,3* and
[KrF]*.20

Whereas IrFs (Eca = 6 €V) is not known to oxidise O, the reaction of Cl, (or
CF2Cly) with IrFe below —78 °C results in [Cla][IrFe], which is susceptible to decomposition
to [Cls][IrFs] as well as oxidation to [Cl.0][HIr2SbF12] in aHF.?! The reaction of Xe with
IrFs to form [XeF][IrFs] only proceeds appreciably upon heating to 45 °C, though it is
facilitated at —78 °C by HF/SbFs, affording [XeF][IrSbF11].22 Osmium hexafluoride (Eea =
6 eV) is incapable of oxidising Xe or Cly, though deeply coloured charge-transfer
complexes occur in solution.?22 The [Br,][OsFs] salt has, however, been isolated upon
reaction of OsFs with Br..2* Hexafluorobenzene was oxidised by OsFs in the presence of
SbFs, yielding [CsFs][Os2F11]; the reaction did not occur in the absence of SbFs.?*
Reactions of PtFg with CsFs resulted in ill-defined oxidative fluorination.*®

The hexafluorides of molybdenum, rhenium, and uranium represent significantly
weaker oxidising agents (Eea = 4-5 eV) than those of the later groups; the chemistry of
TcFe has not explored in as much detail, likely due to its radioactivity. Rhenium
hexafluoride is capable of reversibly oxidising I- to [I2]* in IFs, but not when WFs is used
as solvent.?> While MoFs and UF are regarded as oxidising agents of similar strength, UFs
oxidises Br2 to [Br(N3CsHg)]" and I to [I(NCCHs),2]" in CH3sCN; MoFs oxidises Iz, but not
Br,, under similar conditions.?®?” Uranium hexafluoride has been found to oxidise C2F4Cly,
which typically resists oxidation, in the presence of SbFs, resulting in the formation of

UVFs-2SbFs.28



Tungsten hexafluoride is incapable of oxidising Bro or I, and is such a
comparatively weak oxidising agent that it is, uniquely among the aforementioned
hexafluorides, incapable of oxidising NO° or even Si.?® Metallocenes, such as FeCp:
(Cp = 5°-CsHs) and substituted derivatives thereof,3%* CoCpz,®* NbCp:Cl2,*? and
WCp2Cl,,*® readily undergo one-electron oxidations upon reactions with the group-6
hexafluorides, yielding the corresponding “metallocenium” salts. Interestingly, the
oxidation of WCp,Cl, by WFs led to, alongside [WV'Cp.Cl2][WVFs]2, two-electron
reduction of WFe to afford [WYCp2Cl2]o[W'4Fs], the crystal structure of which reveals a
distorted-tetrahedral cage anion.3*

The group-6 hexafluorides have been subject to numerous cyclic-voltammetric
studies, typically employing [MFe]~ (M = Mo, W, U) salts as the analytes in CH3CN or
CHCl; solvent, though there have been direct voltammetric studies of MoFs and WFs in
aHF.®>% In all cases, reversible [MFs]%~ redox couples (Ex vs. [Ag]*/Ag; M = Mo: ca.
+1.7 V, W: ca. +0.7 V, U: ca. +2.4 V) and [MFe] > (M = Mo: 0.4 V, W: -1.3 V, U: -2.8
V) could be established, as well as the [MoFs]*”*~ couple (—2.25 V).203137-3% These studies
corroborate UFg being the strongest, and WFs the weakest, oxidising agent of the group-6
series.

Heath and co-workers also conducted voltammetric and polarographic studies that
elucidated reversible [MFs]®~ redox couples for ReFs (+2.00 V) and OsFs (+2.90 V) in
CH3CN,*% further establishing the proportional increase of Eea with increasing d-electron
count at the metal centre. Half-wave potentials for the remaining [MFs]%~ couples have not

been reported, though that of TcFs could be extrapolated (+3.0 V).%®



The observed Ex, values and calculated Eea values support the general trend that the
oxidising capabilities of the transition-metal hexafluorides decrease within each group
from the 4d to 5d periods, as well as increase across each period with increasing atomic
number, in increments of ca. 1 V/1 eV. The exceptions to the cross-period trend occur
between OsFs and IrFg, as well as RuFe and RhFg; IrFe is predicted to be 0.2 eV stronger
than OsFe,*? whereas RhFg is predicted to be 0.1 eV weaker than RuFg.!* These phenomena
have been attributed to an interelectronic repulsion energy in low-spin, d* [MFs]~ (M = Rh,
Ir) resulting in a decreased Eea for d® MFg.°® However, spin pairing alone would predict
OsFs to be a stronger oxidising agent than IrFs in the absence of spin-orbit coupling.*
Theoretical energy corrections for spin-orbit coupling in the 5d hexafluorides have been
predicted to simultaneously decrease the E.a of OsFs and increase the Eea of IrFe,'?
reflecting the experimentally observed trend in affinities.

1.1.3. Lewis-Acid Chemistry
1.1.3.1. Towards the Fluoride lon

The transition-metal hexafluorides are invariably predicted to be moderate Lewis
acids on the basis of their FIAs (264—-345 kJ mol™),'12 which are comparable to that of
BF3 (344 kJ mol™),* while UFs is somewhat weaker (222 kJ mol1).42 However, examples
of [MF7]~ or [MFs]* anions are only known for the hexafluorides of groups 6 and 7. Molski
and Seppelt have postulated that this is due to the lower charges on the metal centres of the
hexafluorides of groups 8-10, or their partially filled d orbitals, either of which would serve
to preclude bonding interactions between the metal centre and incoming fluorido ligand.*
This is in addition to the aforementioned instability of [PtF-]” towards oxidation of F~ to

Fo.



Salts of [MF7]~ and [MFs]> (M = Mo, W, Re, U) are readily prepared upon the
direct reaction of MFs with a F~ source, though [Cat][MF7] ([Cat]" = Rb*, Cs"), save for
[UF7]~, were initially prepared via reaction of MFs with [Cat]l in the presence of IFs,*345
and [MFsg]?> salts have been prepared via pyrolysis of [MF7]~.%>4 The stability of [MF7]~
salts towards such decomposition is dependent on the size of the cation, with larger cations
(e.g., Cs") providing more stability than smaller ones (e.g., Rb*, K*).®

Crystallographic studies have determined that the anions of Cs[MoF7] and Cs|[WF7]
adopt ideal monocapped-octahedral geometries,*” whereas the isoelectronic compound
ReF; is a Cs-distorted pentagonal bipyramid.*® Minimal differences in energy are known
to exist between the three model polyhedra of heptacoordinate complexes (the pentagonal
bipyramid, monocapped octahedron, and monocapped trigonal prism). For instance,
multiple studies have concluded that the differences in energy between stereoisomers of
[WF7]~ are within 5 kJ mol1.124%%0 This can be contrasted with the Bailar (On — Dsn)
twists of MoFs (28 kJ mol ) and WFs (46 kJ mol),> illustrating a much greater disparity
in the relative stabilities of the octahedron and trigonal prism. The stereochemical non-
rigidity of [MF7]~ in solution is evidenced in their *®F NMR spectra, which reveal broad
singlets due to intramolecular exchange of the fluorido ligands.*’

The [WFs]*, [ReFs]?, and [UFs]?> anions adopt regular square-antiprismatic
geometries irrespectively of the electron configuration of the metal centre,>>° which is
also observed for d° [ReFs] >3 and the main-group analogues [IFs]>* and [XeFg]?.%%%
1.1.3.2. Towards Neutral Donor Ligands

Tungsten hexafluoride, as a relatively weak oxidising agent, is the only transition-

metal hexafluoride that is known to be stable in the presence of organic donor ligands; the



reaction of UFs with 2,2'-bipyridine (2,2’-bipy) resulted in spontaneous reduction to
uranium(V) and formation of UFs(2,2'-bipy).%® Tebbe and Muetterties originally reported
reactions of WFg with Pn(CHs)s (Pn = N, P) and CsHsN, isolating WFe{Pn(CHs)s} and
WFs(NCsHs)n (n = 1, 2) as thermally stable solids that were characterised by *F NMR
spectroscopy.®” Their ambient-temperature *°F NMR spectra consisted of broad singlets
(with the exception of a broad doublet produced by WFs{P(CH3)s} due to 2J(**F-°'P)
coupling), attributed to the six fluorido ligands undergoing rapid exchange in solution.
Low-temperature *°F NMR spectroscopic studies of mixtures of WFgs and S(CHs)2 revealed
that WFs{S(CH?a)2} still undergoes rapid intramolecular ligand exchange at —75 °C; further
cooling results in precipitation from the vinyl chloride solvent. Meanwhile,
WFs{S(CHz)2}» adopts a rigid bicapped-trigonal-prismatic structure at =160 °C in which
the sulfur atoms occupy the capping positions (though this was not deduced in the original
article).®® It was later determined by low-temperature *°F NMR spectroscopy that the
WFs(NCsHs)n adducts adopt monocapped (n = 1) and bicapped (n = 2) trigonal-prismatic
geometries in solution.®® The similarities between the °F NMR spectra of WFs(NCsHs)2
and WFs{S(CHa)2}. suggest that they share a common geometry.

Due to the fluxional nature of the adducts in solution on the NMR timescale, X-ray
crystallography has been more commonly used to assess their geometries. The ambient-
temperature crystal structures of WFg(2-NCsH4F)®® and WFg(NCsHs)2*° revealed mono-
and bicapped-trigonal-prismatic geometries for the adducts, respectively. Interestingly, it
was determined that, although WFe{P(CH3)3:} adopts the same geometry as the
heptacoordinate N-donor adducts,®® WFe{P(CsHs)(CHs).} prefers a monocapped-

octahedral ligand arrangement,* as observed for the [WF;]~ anion.*’ This further illustrates



the marginal differences in energy between heptacoordinate geometries, as well as the
dependence of the resultant geometry on the chosen ligand.

The reaction of 2,2'-bipy with a molar equivalent of WFs was reported to result in
WFs(2,2'-bipy),5! which was also claimed to arise upon dismutation of WOF4(2,2'-bipy),
the other product of which was WO2F2(2,2'-bipy).®2 However, if WFg is present in excess,
ligand-induced autoionisation occurs and [WF4(2,2'-bipy)2]?* salts are obtained.5%:6
Recently, reactions of WFe with 1,2-bis(dimethylphosphino)benzene (dmpb) and its
arsenic-containing analogue (dmab) were reported to result in ligand-induced
autoionisation and the formation of [WF4(L)2][WF-]2 (L = dmpb, dmab), whereas reactions
of WFs with monodentate AsR3 (R = CHs, C2Hs) yielded WFs(AsRs3).54 Crystal structures
of [WF4(2,2"-bipy)2]?* and [WF4(L)2]*" salts revealed trigonal-dodecahedral geometries
about the tungsten(V1) centres.

1.1.4. Ligand-Substitution Chemistry
1.14.1. Derivatives Containing M—C Bonds

The only isolated derivatives of MFg containing M—C o bonds are M(CHz)s (M =
Mo, W), which have been prepared via reaction of MFg with Zn(CHz),.8>
Hexamethyltungsten(VI) was initially prepared using WCls and LiCH3®" or Al(CHs)s;®®
Re(CHs)g is also known, though it was instead prepared using ReOCI4% or ReO(CH3),%
as rhenium(V1) sources, rather than ReFe. The group-6 complexes adopt Cay-distorted
trigonal-prismatic geometries,®>®% whereas Re(CHs)s prefers a trigonal prism of
approximately Dz, symmetry.5>%® Intermediate WF«(CHs)s x Species were observed in
small quantities by **F NMR spectroscopy during the reaction of WFg with Zn(CHs)2,

though only WFs(CHs) could be assigned.®
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A cyclopentadienyl derivative of WFs, W(Cp*)Fs (Cp* = #°-Cs(CHs)s), was
prepared upon oxidation of WY(Cp*)F; in air.” Its crystal structure reveals regular »°-
coordination of the [Cp*]™ ligand and an octahedral geometry with the centroid of the
[Cp*]" ligand representing one of the octahedral coordination sites. The *H NMR spectrum
gives rise to a quintet as a result of through-space coupling to the fluorido ligands (J(H-
Feq) = 1.1 Hz, J(H-Fa) = 0.7 Hz). The deviations of M(CHs)s (M = Mo, W, Re) from
regular octahedra can be attributed to second-order Jahn-Teller (SOJT) distortions (see
section 8.2.5.2).

Such distortions from octahedra to trigonal prisms are predicted to be ubiquitous
for exclusively c-bonded, high-oxidation-state transition-metal complexes.” Systems with
extensive © bonding, such as MoFe and WFs, do not undergo such distortions. This has
been attributed to increased steric repulsion between the charge-dense fluorido ligands, as
well as n-donation that results in nominal 18-electron complexes,’? though it could also be
explained in terms of the increased HOMO-LUMO gap expected for d° complexes with rt-
donor (weak-field) ligands. The secondary SOJT distortion from Dz to Cay Symmetry in
W(CH?a)e (neglecting slight lowering of symmetry due to rotation of the methyl ligands)
results in further mixing of metal- and ligand-based orbitals, resulting in increased
o(CH)—d=(W) bonding (i.e., agostic interactions).” This secondary distortion does not
occur in Re(CHzs)s as it would result in an unfavourable destabilisation of the SOMO; the
hypothetical [Re(CH3)s]" cation is expected to undergo a more severe Dan, — Cay distortion

than W(CHs)s.”
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1.1.4.2. Derivatives Containing M=N or M=N Bonds

Reactions of WFs with primary amines, RNH, or their silazane derivatives,
RN{Si(CH?3)3}», result in the formation of imido complexes along with elimination of HF
or (CHs)sSiF. It was first determined by °F NMR spectroscopy that the reaction of WFs
with RNHz (R = H, C4Hg) in CH3CN affords W(NR)F4(NCCHs) if the amine is carefully
added in small amounts to the solution, whereas [RNH3][W(NR)Fs] were observed if
additional amine was introduced to the reaction mixture.”

The formation of [RNH3][W(NR)Fs] (R = CH3, C2Hs, C4Ho) salts upon the reaction
of WFs with aliphatic primary amines was also noted by Winfield and co-workers, "’
whereas the reaction of WFs with CH3NHSI(CHs)s generated a mixture of
[CH3NH3][W(NCHs)Fs] and [CH3NH3][W2(NCH3)2Fg].”® Alkylammonium salts were
observed even when an excess of WFe was employed, and it was hypothesised that an
intermediate WFe(NH2R) adduct is initially formed (Eq. 1.1), which eliminates HF to form
W(NHR)Fs as a second intermediate (Eq. 1.2) before the two intermediates react to form
[RNH3][W(NR)Fs] and WFs (Eg. 1.3).”” Meanwhile, neutral W(NCH3)F4 adducts with N-
and O-donor ligands were accessed upon reaction of WFs with CH3N{Si(CH3)3}> in the
presence of excess ligand.”"’® Multinuclear NMR spectroscopic studies of these complexes
revealed J(**N-'H) and J(**F-*N) coupling, suggesting linear R-N-W-X (X = N, F)

skeletons and thus significant W=N character from the imido ligand.

WFs + RNH2 — WFg(NH2R) (1.1)
WFs(NH2R) — W(NHR)Fs + HF (1.2)
WFs(NH2R) + W(NHR)F5s — [RNH3][W(NR)Fs] + WFs (1.3)
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In reactions of MFs (M = Mo, W) with TeFsNHSi(CHs)s, equimolar amounts of
neutral M(NTeFs)F4 and TeFsNH were obtained, rather than ionic products.” This, in

80 corroborates the notion that

addition to the extremely weak basicity of TeFsNHa,
iminolysis proceeds via formation of intermediate MFs adducts (Eq. 1.1).

The reaction of WFe with CsFsNH2 in CF.CICFCl, was studied and several
products, [CeFsNHa]* salts of the [W(NCeFs)Fs]™ , [W2(NCeFs)2Fo] -, and F~ anions, were
observed in admixture.® This mixture was characterised by IR spectroscopy in the solid
state and °F NMR spectroscopy in CHsCN, where the [W2(NCgFs)OFg]™ anion was also
observed due to partial hydrolysis. Recrystallisation of this mixture from CF3COOH
afforded [CeFsNH3][W2(NCsFs)2F9] as the only tungsten-containing product, which was
stuided by ambient-temperature X-ray crystallography, confirming the linear nature of the
imido ligand and presence of W=N bonding.

In addition to the aforementioned syntheses of W(NR)Fs derivatives via
condensation reactions with primary amines and silazanes, chloroimido complexes have
been prepared by Dehnicke and co-workers. Whereas W(NCI)Fs was prepared via
fluorination of WNCI; or W(NCI)Cls with dilute F2/N2,% its molybdenum analogue,
Mo(NCI)F4, could be prepared via fluorination of MoNCI38 Mo(NSCICls® or
Mo(N3S2)Cl3.2% Infrared spectroscopy indicated that M(NCI)F4 (M = Mo, W) adopt ill-
defined oligomeric structures in the solid state.®28 However, they react with CH3CN to
form monomeric M(NCI)F4(NCCHz), which were characterised by IR spectroscopy and
X-ray crystallography.?28 The reaction of Mo(NCI)Fs with NaF and 15-crown-5 in
CH3CN vyielded [Na(15-crown-5)][Mo(NCI)Fs];34 [W(NCI)Fs] ™ salts were instead prepared

via halogen-exchange reactions between W(NCI)Cl4 and alkali-metal fluorides in the
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presence of crown ethers, 2> as well as the reaction of WNCI3 with (CH3)sSnF and KF.8
These salts, like their neutral parent compounds, were characterised by IR spectroscopy
and X-ray crystallography.

Terminal nitrides, MNFs3, have yet to be isolated, though MNF3 (M = Mo, W, U)
were observed by IR spectroscopy in noble-gas matrices upon reaction of laser-ablated
metal with NFs; the heavier MPF3 congeners were also observed when PF3 was
employed.®88° The [As(CeHs)s][MONF4] salt was prepared via reaction of the
corresponding [MoNCls]~ salt with AgF in CHsCN,* whereas [Na(15-crown-
5)][MoNF4]-CH3CN was prepared via fluorination of Mo(NSCI)Cls with NaF in the
presence of 15-crown-5 in CH3CN.*! Interestingly, crystallographic studies revealed that
the former forms columns of infinitely nitrogen-bridged [MoNF4]~ anions,*® whereas in the
latter, the anion instead dimerises to adopt a fluorine-bridged [Mo2N2Fs]>* motif with
terminal nitrido ligands and extensive Na---F contacts.®
1.1.4.3. Derivatives Containing M—N Bonds

There are comparatively fewer examples of MF¢ derivatives containing M—N bonds
than those with M=N or M=N bonds. The reaction of WFe with a slight molar deficiency
of (C2Hs)2NSi(CHs)s or (CFsCH2).NH resulted in formation of WFs{N(C2Hs)2}°*% and
WFs{N(CH,CF3)-},%* respectively. Their ambient-temperature °F NMR spectra indicate
rapid exchange of the fluorido ligands, though the crystal structure of the latter reveals a
regular octahedral geometry about the tungsten centre. The reaction of WFs with an excess
of (CF3CHz2)2NH resulted in deprotonation of WFs{N(CH.CF5).}, rather than the expected

formation of WF4{N(CH:CFs):}2.% This resulted in the formation of
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[(CF3CH2)2NH2][WFs{5*-CH(CF3)N(CH,CF3)}] containing a W-N-C three-membered
metallocycle, as determined by X-ray crystallography.

The reaction of WFe with (CH3)3SiNS(O)(CHz)2 resulted in the formation of
WFs{NS(O)(CHs)2} and cis-WFs{NS(O)(CHs).}2, the structures of which were
determined crystallographically.®® Further substitution to mer-WFs{NS(O)(CHas)2}s was
achieved using Li[NS(O)(CHs).]. Reactions of MoFs and WFg with excess (CH3)3SiNs in
CH3CN led to formations of homoleptic M(N3)s (M = Mo, W), whereas WFs was reacted
with a molar deficiency of (CH3)sSiNs to afford WFs(N3).®” The crystal structures of these
azidotungsten(V1) complexes were reported (despite their observed explosivity in the solid
state), revealing effectively linear N3 moieties. The attempted formation of ReFs(Ns) via
an analogous route resulted in ReV'"NF, and a brown solid of indefinite composition, as
well as numerous detonations. These products could be converted to ReV!"Fs(NX) (X = F,
Cl, Br) after treatment with XeF,, CIFs, or BrFs, respectively;%% treatment with CIF;
resulted in a 1:1 mixture of the chloro- and fluoroimido products. No rhenium(V1) species
were observed directly.

1.144. Derivatives Containing M=0 Bonds

The most commonly observed derivative of MFs is MOF4, whether deliberately or
accidentally as a result of hydrolysis. Oxide tetrafluorides are known for groups 6
(including CrOFs and UOF4) through 8; attempts to prepare RhOF4, IrOF4, and PtOF,
resulted in reduction of the metal centre to afford [H3O][MVFs] or [H30]2[M'VFe] salts,®
revealing instability of the metal centre towards oxidation of the oxido ligand.

The most facile preparations of MOF4 involve direct ligand-substitution reactions

of MFs with H,0,10192 B,051% SjO,/HF (indirect hydrolysis),’0%1041% and in one
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synthesis of OsOF, a reaction with OsO4 to afford OsV'""O,F4-OsV'OF,'% which was then
decomposed in vacuo to yield OsOF4.2%” The non-existence of CrFs precludes analogous
synthetic routes of CrOF4, which is instead best prepared via oxidation of CrO2F, with
KrF..1% Rather than the expected MOF4, WFg is hydrolysed to [HzO][W-02Fs],1% ReFs to
a mixture of ReOF4 and [H3O][Re202Fs],*%? and RuFs to [H3O][RuVFs];**® RuOF, was
instead prepared via fluorination of RuO2 with F2.1%°

Due to the pentacoordination of monomeric MOF,, they are highly prone to fluorine
bridging in the solid state to achieve hexacoordinate (or in the case of UOF,
heptacoordinate) metal centres. The only possible exception is RUOF4, one modification of
which has been described as monomeric (though it is perhaps better described as dimeric,
considering its weak intermolecular Ru---F interactions).’” However, while fluorine-
bridging is common among the various known MOF4 modifications, the structural features
of the resultant aggregate species are diverse. Tungsten oxide tetrafluoride is tetrameric in
the solid state, %! whereas CrOF4,'*2 MoOF,''%!13 and ReOF4''° form zig-zag polymeric
chains. The oxide tetrafluorides of technetium and osmium also adopt similar polymeric
motifs,2"11% though second modifications are known in both cases: for the former, a
trimeric polymorph,!**11> and for the latter, a helical polymer.2®” Ruthenium oxide
tetrafluoride adopts the same helical-polymeric form that was observed for OsOF4.2%” Two
modifications are known for UOF4, both of which possess pentagonal-bipyramidal
uranium centres.1%11° |t has been suggested that the oxido ligand occupies an axial position
in a-UOF41% and an equatorial position in f-UOF4.11® However, these precise descriptions

are dubious based on the quality of the crystallographic data reported.
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The group-6 oxide tetrafluorides exhibit moderate Lewis-acid behaviour, allowing
for the isolation of MOF4 (M = Mo, W) adducts with various neutral main-group donor
ligands.%%1"-119 The adducts tend to be octahedral, in which the donor ligand occupies the
coordination site trans to the oxido ligand, as determined by X-ray crystallography and *°F
NMR spectroscopy. However, in the case of WOF4, heptacoordinate adducts with
CsHsN," as well as the chelating diphosphines 1,2-bis(dimethylphosphino)ethane (dmpe)
and dmpb,*?® have been reported, the crystal structures of which reveal pentagonal-
bipyramidal geometries with axial oxido ligands. In the case of WOF4(NCsHs)2, the donor
ligands occupy non-adjacent equatorial positions, whereas the bite angle of the
diphosphines necessitate adjacent coordination of the phosphorus atoms in their WOF4
adducts.

Similarly, reactions of MOF4 with F~ donors, along with hydrolysis of MFg in
sufficiently basic conditions, have resulted in various [MOFs]~ (M = Cr 1?1122 Mo, 123125
W,123’124'126 Re,127 U128), [MZOZFQ]_ (M = M0,129’130 W102’123), and [MOFG]Z_ (M = MO,123
W21 salts. Crystal structures of [WOFs]~ salts typically reveal disorder of the oxido
and fluorido ligands throughout the octahedral coordination sphere,®4132-13% as did a
combined neutron powder diffraction and °F NMR spectroscopic study of Cs[UOFs].1*°
However, recent examples of ordered [MOFs]~ (M = Cr,13¢ Mo, ¢ W36.137) were reported.
Fluorine-bridged, dioctahedral [M202Fs]~ (M = Mo, 0 We3102138139%) g5 not exhibit such
disorder due to preferential positioning of the oxido ligands trans to the bridging fluorido
ligand. The [WOFs]* anion was found to adopt a pentagonal-bipyramidal geometry with
an axial oxido ligand by '°F NMR spectroscopy,*®* which is consistent with the crystal

structure of isoelectronic [ReV""OFs] .4
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Employment of the covalent F~ donors NgF2 (Ng = Kr, Xe) in reactions with MOF4
(M = Mo, W) resulted in chain adducts of the compositions NgF2-nMOF4 (n = 1-4), in
which M—F-M bridges were observed for n > 1, as well as increasing [NgF][MnOnFan+1]
character with increasing n.}%142 Recently, NgF2-nCrOFs (n = 1, 2) were reported,
representing the first neutral CrOFs adducts.'*? Unlike the heavier analogues,
NgF.-2CrOF4 do not exhibit Cr—F—Cr bridging nor [NgF]* character, but rather symmetric
coordination of NgF2 by two CrOF4 molecules.

Pure transition-metal dioxide difluorides, MO2F», are comparatively much rarer.
Only CrO2F, and MoO2F> are known, and neither are prepared via ligand substitution of
the parent transition-metal hexafluoride; CrO.F; has been prepared by fluorination of CrOs
or CrO2Cl, using a variety of fluorinating agents (HF,** MoFe,** WFg,** etc.), whereas
MoO-F, was prepared via pyrolysis of Na;[MoO2F4] at 300 °C.* In contrast, UO.F; can
be generated in admixture with UO2F2(OH2), upon hydrolysis of UFg.146 The structure of
MoO2F> was ascertained from Rietveld refinement of the X-ray powder diffraction data,
revealing cyclic, fluorine-bridged (MoOF2); moieties that are oxygen-bridged along the b
axis. This results in infinite columns in which the terminal oxido and fluorido ligands are
disordered.**

Despite their elusive natures, MoO2F, and WO2F, are readily synthesised as
complexes with neutral donor ligands upon reactions of MFe with {(CH3)3Si}.O and/or
H.0 in the presence of mono- or bidentate N- or O-donor ligands.1!311° In these complexes,
the metal centres prefer octahedral coordination environments, cis-oriented oxido ligands,

and donor ligands positioned trans to the oxido ligands. Meanwhile, UO2F, reacts with
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NHjs to afford pentagonal-bipyramidal UO2F2(NHs3)s3, in which the oxido ligands adopt a
mutually trans orientation, occupying the axial positions.4’

Numerous cis-[MO2zF4]* (M = Cr,**® Mo,*® W%) salts are known and the crystal
structures of the molybdenum and tungsten compounds reveal static and/or dynamic
disorder of the oxido and fluorido ligands. *® The hypothetical [MO2Fs]~ anions are found
to dimerise in [M0204Fs]? 12°1% and [W,04Fs]*" salts, ™! resulting in structures similar to
valence-isoelectronic [Moz2N2Fs]?~.%* The structural characteristics of [CrO2Fs]~ have yet
to be elucidated but IR spectra of its [NO]* and [NO-]* salts were analysed assuming cis-
dioxo arrangements and fluorine-bridged structures.®™? Anionic derivatives of UO2F, with
various stoichiometries of F~ (JUO2Fs]", [UO2F4]%, [UO2Fs]*, etc.) are known.'*® Among
these anions, the ubiquity of the pentagonal-bipyramidal trans-UOzFs coordination sphere
is evidenced; the trianion is monomeric'®® whereas the dianion dimerises to form
[U204Fg]*.1>41% Monoanionic derivatives of UOF, are subject to polymerisation to
achieve local pentagonal-bipyramidal geometries, which was exploited by O’Hare and co-
workers,*¢1% as well as Albrecht-Schmidt and co-workers, %1 in the development of
variable-dimensional frameworks.

1.145. Derivatives Containing M—O Bonds

The group-6 hexafluorides are capable of undergoing reactions with a variety of
main-group alkoxides or phenoxides, typically alcohols/phenols or siloxanes, yielding
complexes of the general form MFy(OR)e.n (M = Mo, W, U), which have been
characterised primarily by *°F NMR spectroscopy. The first example of such a species was
WF5(OCHs), synthesised by Noble and Winfield via reaction of WFg with SO(OCHs),%?

though Si(CH3)x(OCHs)4x (x = 0-3),16316° P(OCH3)3,'%* B(OCHs3)3,%% and Nb(OCH3)s®
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have been similarly employed as [OCH3]™ sources in its formation. It is susceptible to slow
decomposition at ambient temperature and behaves as a [CH3]* source in the presence of
P(OCHs); or CsHs.1%* The ethoxo and phenoxo derivatives can be similarly prepared; while
WFs5(OC2Hs) is unstable under ambient conditions, WFs5(OCe¢Hs) is stable up to
180 °C.1%41%° Though UFs(OCHs)s was readily formed upon reaction of UFs with
CH3OH™" or (CHs)sSiOCHs,'®  MoFs(OCHs) could not be observed, and
MoFs/Si(CH3)x(OCHz)ax (x = 0-3) mixtures were found to be explosive if warmed too
hastily.6°

Higher substitutions of MFy(OCHs)en could be prepared using increased
proportions of Si(CH3)x(OCHa)ax (x = 0-3) with respect to MFs. In the tungsten series, all
intermediate species up to WF(OCHs)s could be synthesised,'®® whereas W(OCHz)s could
only be observed in admixture with the lesser substituted species unless NaJ[OCH3] was
employed.t’® Meanwhile, in the uranium series, U(OCHas)s could be prepared readily
without the harsher [CH30] source,!”® though Na[OCHs] was used in one preparation.®
Despite the instability of MoFs(OCHz3), MoF,(OCHz3)s-n (n = 0-2) could be prepared as
involatile liquids (n = 1, 2)! or a crystalline solid (n = 0).17° Fully substituted Re(OCHs3)s
was also prepared via reaction of ReFs with Si(OCHz3)4;17 lesser substituted derivatives
have not been reported.

Lesser substituted derivatives of MoFe could be stabilised by the more electron-
withdrawing ligands, as evidenced by the synthesis of the complete MoF,(OCH2CF3)6-n
(n = 0-6) series upon reaction of MoFs with (CH3)3SiOCH2CFs3,1"! as well as MoFs(OCgFs)
using (CH3)3SiOCsFs/CsFsOH (ca. 13:1).% The tungsten analogues WFs(OCH2CF3),% cis-

WF4(OCH,CF3)s,** and WFs(OCsFs)® were also prepared similarly, whereas
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WFs{OC(CFs)3} was instead formed using Li[OC(CFs)3].>* The crystal structures of
MoFs(OCgFs)°! and cis-MF4(OCH2CFs), (M = Mo, W*%) establish octahedral geometries
and, in the case of the disubstituted species, exclusive retention of the cis stereochemistry
in the solid state. Like WFgs, WFs(OCH2CFs3) is F~ accepting, forming Cs|[WFs(OCH2CFs3)]
upon reaction with CsF, the crystal structure of which reveals a monocapped-octahedral
anion.%

Reactions of MFe with B(OTeFs)3 allowed for the identification of MF,(OTeFs)s-n
(M =W, n=1-5 M = U, n = 1-6) by **F NMR spectroscopy.}’>!® In similar reactions
with MoFs, formation of MoOF3(OTeFs) was observed with concomitant evolution of
TeFs,1* whereas members of the tungsten series were found to decompose via Te=0, rather
than W=0, bond formation.'’? The persubstituted compounds were accessed via oxidation
of MoCls with TeFsOCI and disproportionation of W(OTeFs)s, respectively.!” Their
crystal structures, as well as that of U(OTeFs)s,1® reveal regular octahedral geometries
about the metal and tellurium centres.

The geometries of MFs(OR) are invariably octahedral, in which the fluorido ligands
give rise to an AXa spin system in their °F NMR spectra corresponding to the
environments trans (Fa) and cis (Fx) to the oxygen atom. Brinckman and co-workers
investigated the inductive and resonance effects of the R group, specifically in terms of the
cis and trans influences of OR on the chemical shifts of the fluorido ligands, by **F NMR
spectroscopy. Series of haloalkoxo!’” and fluorophenoxo!’®’® derivatives of WFg were
employed, establishing linear relationships between the electronic properties of the R group
and the chemical shifts of the Fa and Fx resonances. From these studies, it was concluded

that changes in the cis and trans influences of the OR groups arises almost entirely due to
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changes in their 7-bonding character. In addition, MF5(OR) (M = Mo, W) complexes were
employed as surrogates in variable-temperature °F NMR studies concerning the
stereochemical non-rigidity of MoFs and WFg.>* Their lower symmetries allowed for
observation of intramolecular exchange between the Fa and Fx environments at increased
temperatures and experimental estimation of the Bailar-twist enthalpies.

1.1.4.6. Derivatives Containing M=S, M-S and M=Se Bonds

Sulfide tetrafluorides are known for molybdenum, tungsten, and rhenium. They
have been synthesised reactions of MFg with inorganic sulfides (Sh2Ss, B2S3, etc.) or Ss,
either neat at high temperatures (ca. 300 °C) or in aHF at ambient temperature.'® The
heavier group-6 analogues MSeFs (M = Mo, W) have been similarly prepared via high-
temperature syntheses using Sb»Ses or Se.’8118 The crystal structures of MSFs (M =
Mo, 18 W, 18318 Rel®) reveal fluorine-bridged polymeric structures similar to those of
MoOF4 and ReOF4. Although all three crystallise in the orthorhombic space group Pca2;,
WSF4 (Z = 8) is crystallographically distinct from MoSF4 and ReSF4 (Z = 24); preliminary
X-ray photographs indicated that WSeF is isotypic with WSF,.18!

Like the oxide tetrafluorides, WSF4 is known to behave as a Lewis acid and F~
acceptor. The WSF4(NCCH3)'8318 and WSF4(NCsHs)®® adducts have been isolated, as
well as [WSFs] 18718 and [W,S2Fo] 188 salts, the crystal structures of which reveal nearly
identical geometries to the analogous oxido complexes. It has been observed, however, that
WSF4 is a demonstrably weaker Lewis acid than WOF4 in competitive reactions with F188
and the inability to isolate WSF4(NCsHs),.18 Hydrolysis of WSF; or its derivatives results

in initial loss of the sulfido ligand, as evidenced by the formation of [W202S,Fs]***! and
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[W20SFq] ;28 the crystal structure of the former reveals that it is isostructural with
[W204F]%.

Derivatives of WFg containing W-S bonds have only been reported in a mixture of
WFs and S2(CHs)2 in CH3CN, with tentative assignments of WFs(SCH3), WF4(SCHs)2,
WSF3(SCH3)(NCCH3), and WSF3(SCH3){S2(CHs)2} in its F NMR spectrum.”
Evidently, like WFs(OCHs), WFs(SCH3) is susceptible to decomposition via W=S bond
formation and evolution of CHsF. Theoretical investigations of MFs(SCX3) (M = Mo, W,
X = H, F) predicted highly distorted octahedral geometries with very low differences
between the energies of the octahedral ground state and trigonal-prismatic transition state
(7-23 kJ mol1).189
1.1.4.7. Derivatives Containing M—CI Bonds

Tungsten chloride pentafluoride was initially prepared via reaction of WFs with
TiCls, manifesting as a yellow liquid that decomposes slowly at ambient temperature to
WFs, WCIsF2, WCIsF, and WCIe. %9191 An alternative synthesis involved the fluorination
of WCls with F2, which was also employed in the preparation of WCI.F4.2% Unlike
WF4(OR)., WCI2F4 exists as an inseparable mixture of the cis and trans isomers that are
also subject to decomposition at ambient temperature. Monitoring the reaction of WFs with
excess (CHs)sSiCl by °F NMR spectroscopy revealed formation of mixtures containing
WClnFs-n (n = 0-4) with eventual precipitation of a material that was presumed to contain
WCIsF and WCle.2%

Members of the UCIFe_n (n = 0-5) series were also observed by IR'%31% and/or 1°F
NMR%1% gpectroscopy upon reactions of UFs with various main-group chlorides

((CHBa)sSiCl, BCls, HCI, etc.), TiCls, or UCls below —60 °C. However, no species were
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isolated, save for the matrix isolation of UCIFs in admixture with UFg,'% and it was
observed that UCIFs and UCI,F4 decompose above —60 °C with evolution of Cl2.1%%%" In-
situ generated UCIFs, in the presence of excess UFs, behaves as an oxidative chlorinating
and/or fluorinating agent.*

Neat reactions of MoFe and ReFe with excess BCls below —20 °C serve as the only
preparative routes to MoCls and ReCls.'% Their crystal structures reveal isotypicity with
a-WClg and regular octahedral geometries; the expected Jahn-Teller distortion of ReClg is
not observed. Rhenium chloride pentafluoride has been prepared via fluorination of ReCls
with F2 and like WCIFs, slowly decomposes under ambient conditions with deposition of

a black precipitate.1%
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1.2.  Transition-Metal and Uranium Fluorides as Fluoride-lon Donors

The transition-metal and actinide hexafluorides do not exhibit discrete F~-donor
properties, though their increased oxidative capabilities in the presence of SbFs could
suggest some degree of [MFs]* or polarised FsM—F---ShFs character. The pentafluorides
and various oxide fluorides, however, are well understood to exhibit discrete F~-donor
properties in the solid state. This occurs commonly even in the parent compounds, in which
fluorine-bridging interactions occur to satisfy octahedral coordination spheres about the
metal centres (or in the case of uranium, even higher coordination numbers). Furthermore,
addition of a strong F~ acceptor, principally SbFs, allows for the generation of fluorine-
bridged species with increased cationic character at the metal centres. Finally, in rare cases,
ionic species free of extensive fluorine-bridging interactions can be generated by
introducing stabilising donor ligands.
1.2.1. MVFs

The solid-state structures of the binary transition-metal and actinide pentafluorides
have been reviewed previously,?® though improved crystallographic data for CrFs,%
MOoFs,2%2 and TaFs2% have since been published. They are typically found to adopt zig-zag-
polymeric (VFs structure type; M =V, Cr, Tc, Re), planar-tetrameric (NbFs structure type;
M = Nb, Mo, Ta, W), or distorted-tetrameric (RhFs structure type; M = Ru, Rh, Os, Ir, Pt)
structures resulting in cis-fluorine-bridged MFes octahedra. The notable exceptions are
AuFs, which is a cis-fluorine-bridged dimer,?** and UFs, which adopts either a linear chain
polymer with trans-fluorine-bridged UFs octahedra (a-UFs)?®?% or an extensively
fluorine-bridged three-dimensional network structure with octacoordinate uranium

centres.?%>297 While CrFs was originally thought to be crystallographically isotypic with
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VFs, TcFs, and ReFs, it was later determined to be distinct, though still highly similar in its
structure.?®* In all cases, the fluorine-bridging interactions are such that [MF4][MFe]
character is not apparent; bridges are either completely symmetric, or asymmetric such that
the coordination spheres of the metal centres are 5(+1), rather than 4(+2). However, the
group-5 pentafluorides exhibit a small degree of autoionisation in the melt on the basis of
conductimetric experiments, VFs (o = 2.4 x 102 S m™)?% more so than NbFs or TaFs (c =
1.6 x 102 S m™);2%° MoFs is known to exhibit autoionisation to a considerably smaller
extent (6 = 1.6 x 10° S m™).210

It is known that VVFs, CrFs, NbFs, TaFs, and UFs react with SbFs under formation
of fluorine-bridged adducts. The VFs-SbFs adduct was characterised by vibrational
spectroscopy and formulated as [VF4][SbFs] on the basis of its blue-shifted VV—F stretching
modes (Raman, incm™: 852, 839, 814, 8052'1) with respect to VFs (833, 788, 780, 738%'2).
It was described as “strongly reactive against organic compounds”, though less so than
CrFs-2SbFs (vide infra).?!

The CrFs-SbFs adduct has been isolated as a polymer comprising alternating cis-
fluorine-bridged CrFs and trans-fluorine-bridged SbFs octahedra.?’! The bridging Cr—F
bonds of the adduct (2.065(2)—2.078(2) A) are significantly elongated with respect to those
of CrFs (1.9515(5) A), suggesting partial ionic, i.e. [CrF4][SbFs], character. A CrFs-2SbFs
adduct was reported and formulated as [CrF4][Sb2F11] on the basis of its vibrational
spectra,?!3 but could not be reproduced; it was instead suggested that mixtures of CrFs with
excess ShFs are of indefinite nature.?** Mixtures of CrFs and SbFs were found to oxidise
02, Xe, and CgFe, but not NF3;2*214 a mixture of CrFs and AsFs was also found to oxidise

O,, whereas neat CrFs does not react with Q.24
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Both NbFs and TaFs react with SbFs in neat mixtures or SO.CIF solutions, and their
F NMR spectra revealed increasing deshielding of the F-on-NbV/TaV resonances with
increasing proportion of SbFs, suggesting more cationic character at the transition-metal
nuclei.?® Conductimetric studies on such mixtures/solutions, however, indicated lower
overall conductivity (6 < 1 x 10 S m™) than in liquid NbFs and TaFs, and the Raman
spectra of MFs-SbFs did not reveal significant changes in the v(MF) nor v(SbF)
frequencies.’® The crystal structure of NbFs-ShFs revealed an infinite polymer with
alternating, asymmetrically cis-fluorine-bridged NbFs and SbFg octahedra,?!® in contrast to
the tetrameric structures of the parent compounds, NbFs?'" and SbFs.?'® The bridging Nb—
F bond lengths do not differ significantly between NbFs (2.06(2), 2.07(2) A) and
NDbFs-SbFs (2.16(2), 2.18(2) A), though this could be due to the low quality of the data.
Niobium and tantalum pentafluoride are also known to form mixed nNbFs-(4—n)TaFs (n =
1-3) adducts that are crystallography indistinguishable from pure NbFs or TaFs.2%

Reactions of NbFs and TaFs with mono- (B) and bidentate (B") main-group donor
ligands result in the formation of [MF4(B)n][MFs] (n = 2, 4) and [MF4(B’).][MFe] salts,

which have been reviewed extensively.?*24

Numerous crystal structures of
[MF4(B)4][MF¢] and [MF4(B')2][MFs] have been reported, all of which comprise well
separated trigonal-dodecahedral cations and octahedral anions, as opposed to the strong
fluorine-bridging interactions in NbFs-SbFs. Niobium and tantalum pentafluoride have
been employed in the selective one-electron oxidation of arenes to form [M2F11]™ salts of
their radical cations;??2-22* the reaction of [TaF4{(OCHs3).C2H4}][TaFs] with CoCp2 to

form [CoCp;][TaFe] could tentatively suggest that arene oxidation proceeds through

transient [MF4]* as the active oxidising agent.?%®
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Gold pentafluoride is the strongest known F-accepting binary fluoride and one of
the strongest known Lewis acids with a calculated FIA2% (in kJ mol™; AuFs: 591, [AuFs],:
539) higher than that of SbFs (ca. 5001%226), As such, it would be expected that in any
adducts with other fluorine-containing compounds, it would behave as the F~ acceptor,
which was corroborated via computational prediction of asymmetric fluorine bridging in
favour of the gold centre in the hypothetical [AuSbF11]~ anion.?%

Unlike the transition-metal pentafluorides, UFs forms distinguishable 1:1 and 1:2
adducts with SbFs, the former being prepared upon thermal decomposition of the latter.?
The crystal structure of UFs-2SbFs reveals an extensively fluorine-bridged three-
dimensional network that is superficially similar to s-UFs.??” The uranium centres adopt
trigonal-dodecahedral geometries with three terminal and two bridging fluorido ligands, as
well as three further contacts from the SbFs octahedra, which are either cis or mer fluorine-
bridged. There is no evidence for U-F-U nor Sb—F-Sb fluorine-bridging (i.e., formation
of [Sb2F11]7). The presence of [SbFs]™ anions in the 1:1 adduct could not be determined
unambiguously via IR spectroscopy.?®
1.2.2. MVIOF4

Upon reaction with a large excess of SbFs, MoOF, was found to form a stable 1:1
adduct with SbFs, as well as a possible 1:2 adduct that was unstable towards loss of SbFs
in vacuo.??® The MoOF;-SbFs adduct is structurally similar to CrFs-ShFs, with alternating
cis-fluorine-bridged MoOFs and trans-fluorine-bridged SbFs octahedra in which the
bridging Mo—F bonds (2.145(6), 2.210(6) A) are significantly elongated with respect to the
intramolecular bridging Mo—F bonds of MoOF4 (1.961(3) A). Correspondingly, the Raman

spectrum of MoOF4-SbFs exhibits a v(MoO) band (in cm™; 1047) that was slightly blue-
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shifted with respect to MoOF4 (1042). The analogous reaction of WOF4 with SbFs was
inconclusive, and once an equimolar ratio of WOF4 and SbFs had been achieved, SbFs
could still be removed in vacuo at ambient temperature. The WOF4-SbFs adduct could not
be unambiguously identified from Raman spectra or unit-cell parameters, which were
equally as suggestive of superimposed WOF, and ShFs.?

In contrast to MoOF4 and WOF4, UOF4 forms multiple stable adducts with SbFs,
UOF4-nSbFs (n = 1-3).2%° Their Raman spectra exhibit blue shifts in the v(UO) bands (in
cm; n=1:906, n=2,912, n = 3, 921) with respect to UOF, (895, 889, 882), indicative
of stepwise withdrawal of electron density from the uranium centre as increasing
equivalents of SbFs are introduced. However, bands attributable to discrete [SbFe]~ or
[Sb2oF11] anions were not observed. The crystal structure of UOF4-2SbFs was found to be
crystallographically isotypic with UFs-2SbFs, though the metal centre of the UOF4 adduct
does not obviously possess the long U---F contact required for octacoordination. Instead,
the structure was described as a highly distorted UOF¢ pentagonal bipyramid with axial
O/F disorder, as in a-UOF4.1% The bridging U-F bonds (2.322(14)-2.360(15) A) are, on
average, substantially longer than in a-UOFs (2.25(2)-2.29(2) A). The reactions of
UOF4-nSbFs (n =1, 2) with CH3CN and (CeHs)3PO were reported to result in ionic species
([SbFs]™ salts) on the basis of their IR spectra.?®® While [UOF3(NCCHa)2][SbFs] was
suggested as a logical formulation of UOF4-SbFs-2CH3CN, the precise nature of the solids
with empirical composition UOF4-2SbFs-6L (L = CH3CN, (CsHs)3PO) could not be

ascertained.
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1.2.3. MY'OzF2 (M = Cr, U)

The only transition-metal or actinide dioxide difluorides for which F-donor
properties have been investigated are CrOzF, and UO2F.. Chromium dioxide difluoride
forms 1:1 and 1:2 adducts with SbFs, as well as CrOzF,-TaFs, which were formulated as
[CrO2F][SbFe], [CrO2F][Sb2F11], and [CrO2F][TaFe] on the basis of the v(SbF) and v(TaF)
stretching regions of their Raman spectra.’* In superacidic HF/MFs (M = As, Sb, Ta)
solutions of CrO,F,, ionic species were observed by Raman spectroscopy.?!
Computational studies later suggested that the product was [CrO2F(FH)]*, as opposed to
[CrOF2(OH)]" or free [CrOzF]", on the basis of relative energies of the optimised
geometries as well as the calculated vibrational frequencies.?3

The uranium analogue has been found to react with AsFs and SbFs, forming
UO2F2-AsFs2®2 and UO2F2-nSbFs (n = 2, 3),2% respectively. Their IR spectra reveal blue
shifts of the vas(UO) band (in cm™; 1000, 1004, 1012, respectively) with respect to UO2F>
(990), similarly to the UOF4:nSbFs (n = 1-3) adducts.??® The crystal structure of
UO2F,-3SbFs reveals that it is best formulated as [UO2][SbFe][Sb2F11] and contains trans-
UOzFs pentagonal bipyramids with strong interionic U---F contacts (2.33(2)-2.45(2) A)
and U=0 bonds (1.66(3), 1.69(3) A) that are insignificantly different from those of UO2F
(1.74(2) A).%* The dissolution of UO2F; in HF/AsFs results in the formation of HF-
solvated [UO2]*, likely trans-[UO2(FH)s]?*, as determined by Raman and vibronic
spectroscopy.®®
1.2.4. ReF7

Rhenium heptafluoride, ReF, acts as a discrete F~ donor towards SbFs to form

[ReFe][SbnFsn+1] (n = 2, 3),2% but does not react with AsFs; [ReFs]" salts have been
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alternatively prepared via oxidation of ReFs with [KrF]*.2®" The Raman spectra of
[ReFs][SbnFsn+1] (n = 2, 3) suggest a regular Ox-symmetric cation, consistent with the ionic
formulation.?®

An attempt to prepare [TcFs][AsFs] upon oxidation of TcOFs by [KrF]* was
unsuccessful, instead producing [Tc202Fs][AsFs] (vide infra);?® [TcFs]" and TcF7 remain
unknown.

1.2.5. MV"OFs (M = Tc, Re)

Though TcOFs exhibits negligible intermolecular interactions in the solid state,?3
both TcOFs and ReOFs react with PnFs (Pn = As, Sb) to form ionic products. Whereas the
reaction of ReOFs with AsFs was found to produce a solid formulated as [ReOF4][AsFs]
on the basis of its Raman spectrum,?® TcOFs reacts with AsFs in aHF to form
[Tco02F9][AsFs].28 Reactions of MOFs with equimolar amounts of SbFs yielded
[M202F¢][Sb2F11] containing well separated ions, as determined by X-ray
crystallography.?®6238 |n the cations, the oxido ligands are positioned trans to the bridging
fluorido ligands. The [TcOF4]* cation could only be observed in situ via ®Tc and 1°F NMR
spectroscopic studies of HF/SbFs and SbFs solutions of [Tc,02F]* salts.?3®
1.2.6. MV!"OzF3 (M = Tc, Re)

Technetium and rhenium dioxide trifluoride exhibit dissimilar properties in the
solid state. The technetium analogue could be obtained in crystalline form upon
decomposition of [XeFs][TcO2F4] in aHF, and consists of polymeric chains of cis-fluorine
bridged (2.071(6)-2.106(6) A), cis-TcO2F4 octahedra.?*® Meanwhile, ReO,F; crystallises
in four separate polymorphs, two of which are polymeric chains (I and 11, both obtained

from aHF; 11 is metastable), one of which is a cyclic trimer (I11; obtained from CFCl3 or

31



SOCIF), and the last of which is a cyclic tetramer (1V; obtained from SO,CIF).24° All four
modifications consist of cis-fluorine-bridged, cis-ReO2F4 octahedra. However, the fluorine
bridges are symmetric in | (2.082(7)-2.109(6) A), 11 (2.114(5), 2.116(5) A), and 1V
(2.087(6), 2.090(5) A), whereas they are asymmetric in 111 (2.030(11), 2.108(11) A).

Both TcO2F3 and ReOzFs interact with PnFs, yielding MO2F3-PnFs polymers with
alternating cis-fluorine-bridged cis-MO2F4 and trans-fluorine-bridged PnFes octahedra.?
The crystal structures of the SbFs adducts reveal that the bridging M—F bonds (M = Tc:
2.217(4)-2.222(4) A; M = Re: 2.200(5)-2.210(5) A) are significantly longer than in the
parent MO2F3 compounds. In superacidic HF/PnFs media, MO.Fs-PnFs undergo
protonolysis to form [cis-MO2zF2(FH)2][PnFs], as observed by Raman and °F NMR
spectroscopy. In the TcO.Fs-XeOzF, adduct, TcO2Fz and XeO2F» form independent
polymeric chains without notable Tc—F—Xe bridging interactions; the fluorine-bridging in
the TcO2F3 chain (2.057(11)-2.093(13) A) is similar to TcO2Fs. Interestingly, XeOzF» was
found to undergo fluorine bridging in the co-crystal, whereas neutron-diffraction studies of
solid XeOF; revealed an oxygen-bridged, two-dimensional network structure.?*? Lastly, it
was found by °F NMR spectroscopy that ReO2Fs-SbFs is ionised in SO,CIF and CHsCN
to [Re204Fs][Sb2F11] and [ReO2F2(NCCHz3),][SbFe], respectively.?4
1.2.7. MV"OsF (M = Mn, Tc, Re)

The trioxide fluorides, MO3sF, are also structurally divergent in the solid state, as
MnOsF is monomeric and subject to complete disorder of the oxido and fluorido ligands,?*3
TcOgsF is dimeric with asymmetric fluorine bridges (2.039(1), 2.133(1) A),?** and ReOsF
is a polymer of cis-ReOsF, octahedra undergoing simultaneous asymmetric oxygen

(1.865(7), 1.908(7) A) and symmetric fluorine (2.141(6), 2.142(7) A) bridging.2*°
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Unlike the aforementioned transition-metal and actinide oxide fluorides, TcOsF is
capable of acting as a monomeric O- and F-donor ligand, coordinating to K* in
K[TcsOgF4]-1.5TcOsF.2* The [TcOs]* cation was originally reported to exist in aHF
solutions of TcO3F on the basis of their ®*Tc NMR spectra.?*® However, attempts to procure
[TcOs]* salts via F~ abstraction from TcOsF by PnFs (Pn = As, Sb) in aHF were
unsuccessful, instead resulting in TcO2F3-PnFs-2HF as a result of solvolysis.?** One HF
molecule is coordinated to the technetium centre, suggesting that it is best formulated as
[TcO2F2(FH)][PnFs]-HF in which there are significant cation-anion contacts. Strongly
associated [TcO3][O3SF]*® as well as octahedral fac-[MOs]" (M = Tc, Re) complexes of
scorpionate ligands have been accessed, however, typically using oxides such as [MV"O,]
and ReV";07 as metal sources.?*” Manganese trioxide fluoride exhibits no reactivity
towards F~ acceptors such as AsFs and SbFs,2*® and attempted F~ abstraction from ReOsF
has yet to be reported.

1.2.8. 0sY'"OzF4 and OsV'"'OsF»

While OsF7 and OsFg have been reported, it is now understood that the highest-
oxidation-state binary fluoride of osmium is OsFe.2*® Osmium(VIII) fluorides are,
however, accessible in the forms of OsOsF, and OsO,Fs; OsOFs was reported as well, %4
but it was revealed to have been misidentified OsO2F4.2%° The trioxide difluoride adopts a
polymeric structure in a low-temperature monoclinic phase (a-OsOsF2) with symmetrically
cis-fluorine bridged (2.108(1), 2.126(1) A), fac-OsOsF3 octahedra. In contrast, OsO2F; is
monomeric in the solid state with cis-configured oxido ligands,?%?! as observed in the

isoelectronic [Re¥""OF4] anion.?2%3
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Dissolution of OsOsF2 in HF/PnFs (Pn = As, Sb) resulted in the formation of HF-
solvated [OsOsF]" salts, from which the solvent could only be removed completely in the
case of [OsO3F][AsFs] without decomposition.?>* Meanwhile, OsOsF. reacted with SbFs
under formation of [OsOsF][ShaF1e]. The crystal structures of [OsO3sF(FH)][AsFe]-HF and
[OsOsF(FH)][SbFe] reveal simultaneous Os:--F contacts with the anions and solvent to
satisfy octahedral coordination at the osmium centres. In the absence of solvent,
[OsOsF][AsFs] dimerises to achieve octahedral fac-OsOsFz moieties via Os---F-As
contacts, whereas the extremely weakly coordinating [ShsF1s] anion stabilises tetrahedral
[OsOsF]". The attempted redissolution of [OsOsF][AsFs] in aHF effected loss of AsFs and
the generation of fluorine-bridged [0s;OsF3]", which was only stable under the aHF
supernatant. Whereas differences in Os=0 bond lengths could not be observed in the
crystal structures, the Raman spectra revealed gradually increasing blue shifts in the
v(0OsO3) bands of [0s;06Fs]* (in cm™; 944-967), [OsOsF(FH)]* (945-981),
[OsOsF][PnFs] (984-996), and finally [OsOsF][SbsFis] (992, 1002), consistent with
increasing Os=0 bond strengths across the series.

It was determined by X-ray crystallography that the hypothetical osmium(VIlI)
compound OsO.Fs; actually exists as the mixed osmium(VI,VIIl) compound
0sOsF2-0sOF4.1% It was found to crystallise in asymmetrically cis-fluorine-bridged
polymeric and dimeric modifications, both of which consist of alternating fac-OsOsF3 and
OsOFs octahedra. Interestingly, despite the higher oxidation state of the osmium(VIII)
centre, the bridging OsV'"'-F bonds in both the polymeric (2.140(8), 2.142(7) A) and
dimeric (2.178(4), 2.201(4) A) modifications are longer than the complementary OsV'-F

bonds (1.988(5)-2.044(8) A). The related osmium(V,VIII) compound OsO3F,-OsFs,
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which is crystallographically isotypic with dimeric OsOsF2-OsOF4, possesses even more
pronounced asymmetry in the OsV!"'-F-Os¥ moieties (2.223(5), 2.252(5) vs. 1.952(5),
1.955(5) A). This serves as a testament to the strongly electron-withdrawing nature of the
fluorido ligand, which renders OsOF4 and OsFs stronger F~ acceptors than the less fluorine-
rich OsOsF, despite the lower oxidation states of their metal centres.

Finally, OsOsF, forms a 1:1 adduct with XeOF, in which a dimeric (OsOzF2)2 unit
is observed.?* One fluorido ligand symmetrically bridges the two osmium atoms (2.107(4),
2.117(5) A), and the second coordinates weakly to xenon, resulting in an elongation of this
bridging Os—F bond (1.927(5) A) with respect to the terminal Os—F bond of a-OsO3F»
(1.879(1) A).?* The adduct could be decomposed in vacuo at 0 °C, resulting in the removal
of XeOF4 with retention of the dimeric structure of (OsOsF2)2, as determined by Raman
spectroscopy.?>®

There are similar reports of OsO2F4 behaving as a F~ donor in HF/PnFs (Pn = As,
Sb) media, affording [Os,04F7][AsFs] and [OsO4F7][Sb2F11],% rather than the HF solvates
observed for [OsOsF]*. The crystal structure of the [ShoF11]™ salt revealed a symmetrically
fluorine-bridged cation with the oxido ligands lying cis and trans to the bridging ligand.
Interestingly, it was observed that the Os=0 bonds cis to the bridging fluorido ligands
(1.750 A) were elongated with respect to cis-OsOzFs (1.674(4) A),! despite the
expectation of increased positive charge density at the osmium centre and, thus, contracted
bonds. The overall strengthening of Os=0 could, however, be realised by significant
increases in the vs(OsO.) stretching frequencies in the Raman spectra of
[0s204F7][AsFs]?® (in cm™; 986) and [OsO4F7][Sb2F11]%°° (984) with respect to OsO2F4

(943).%° The neat reaction of Os