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Abstract

Most high and medium oxidation state (O.S. 2 3) metal and non-metal fluorides and oxide fluorides have
Lewis acidic properties although detailed exploration of their chemistry with neutral ligands, which differs
significantly from that with chloride, bromide or iodide co-ligands, has only been undertaken in recent years.
The previous review (Benjamin et. al. Chem. Soc. Rev. 42 (2013) 1460) covered work published up to ~ 2011,
and the present article covers new work up to early 2019, a period which has seen many new contributions
to the field. This article describes work on the coordination chemistry of d, f and p-block fluorides and oxide
fluorides with neutral ligands containing donor atoms drawn from Groups 15 (N, P, As or Sb) and 16 (O, S, Se
or Te) and including N-heterocyclic carbenes. The incorporation of the radionuclide *®F into neutral metal
complexes and their use in medical diagnosis via positron emission tomography (PET) is described, along with
briefer coverage of other potential applications.
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Abbreviations: those which appear only once are defined in the text, more common abbreviations are: py =
pyridine, 2,2’-bipy = 2,2’-bipyridyl, 4,4’bipy = 4,4’-bipyridyl, 4,4’-Me;-2,2’-bipy = 4,4’-Me,-2,2’-bipyridyl, 1,10-
phen = 1,10-phenanthroline, terpy = 2,2°,6',2”-terpyridine, PMDTA = N,N,N’N’N"-
pentamethyldiethylenetriamine, tacn = 1,4,7-triazacyclononane, Mes-tacn = 1,4,7-trimethyl-1,4,7-
triazacyclonane, BnMes-tacn = 1-benzyl-4,7-dimethyl-1,4,7-triazacyclonane, Rpy = substituted pyridine, e.g.
3-Mepy = 3-methylpyridine, 4-Mea:Npy = 4-dimethylaminopyridine, pyNO = pyridine N-oxide, 2Meimid = 2-
methylimidazole, en = 1,2-ethanediamine, tmeda = tetramethylethylenediamine, acacH = acetylacetone, 12-
crown-4 =1,4,7,10-tetraoxacyclododecane, 15-crown-5 = 1,4,7,10,13-pentaoxacyclopentadecane, 18-crown-
6 = 1,4,7,10,13,16-hexaoxacyclooctadecane, [18]aneQ.S; = 1,10-dithia-4,7,13,16-tetraoxacyclohexadecane,
[15]ane0sS; - 1,4-dithia-7,10,13-trioxacyclopentadecane, [18]ane0sSe; = 1,10-diselena-4,7,13,16-
tetraoxacyclohexadecane, dmso = dimethylsulfoxide, dmf = N,N-dimethylformamide, thf = tetrahydrofuran,
AHF = anhydrous hydrogen fluoride, 2,3,2-tet = 1,4,8,11-tetraazaundecane, 2,2,3-tet = 1,4,7,11-
tetraazaundecane, BIMEt; = tris(1-ethyl-benzoimidazol-2-ylmethyl)amine, NHC = N-heterocyclic carbene

(specific formulae of NHC’s and other carbenes are shown below).
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1. Introduction and Scope

The coordination chemistry of metal fluorides and oxide fluorides has traditionally developed separately from
that of the heavier halides, and, until the last twenty-five years, the characterisation of the complexes was
often poor and the properties were not investigated in any detail [1,2]. Recent years have seen much
renewed interest in this area of chemistry, which results both from the recognition that the chemistry of
metal fluoride complexes is fundamentally different to that of other halides [3,4,5,6,7] and from applications
such as the use of F in radiochemical diagnostics (PET imaging) [8,9,10]. Metal fluorides are also popular
building blocks for molecular magnets, although only in a small minority of these cases are neutral ligands
involved. This work is reviewed elsewhere [11,12] and is therefore not discussed in detail in the present
article. Metal fluoride complexes in catalysis have been receiving increased attention [13,14]. In a review
published in 2013 [7], we discussed the chemistry of metal and non-metal fluoride and oxide fluoride
complexes containing neutral donor ligands with the metal/non-metal Lewis acid in oxidation states > 3.
Complexes in the higher oxidation states demonstrate the very significant differences imposed by the
fluoride ligands on the metal/non-metal centre and result in quite different stabilities and reactivities
compared to complexes containing the heavier halides, alkoxides, amides, etc. The unique ability of fluorine
to stabilise very high oxidation states results, in many cases, in complexes that have no chloride or bromide

analogues.

There has been significant new work in this area and the present article is an update covering the literature
published from late 2011 to early 2019; earlier work is only discussed where needed to place recent results
in context. The current article excludes organometallic or low-valent compounds, specifically compounds
with M-C bonds, metal carbonyls, metallocenes, etc., that are dealt with in other articles. Relevant neutral
ligands are those with donor atoms from Group 15 (N, P, As or Sb) and Group 16 (O, S, Se or Te) and we also
include N-heterocyclic carbenes (NHCs). The aim is to showcase the new work published in this period, rather
than provide fully comprehensive coverage, although we aim to include all new compounds and significant
new studies of existing complexes. Fluoride complexes containing the softest donor ligands are very rare, but
the recent characterisation of tertiary arsine complexes of WFs [15] and a telluroether complex of TaFs [16],
demonstrate that some complexes of this type are obtainable. Other recent reviews covering aspects of
fluorine chemistry are: Crystal Chemistry and Selected Physical Properties of Inorganic Fluorides and Oxide-
Fluorides [17]; Molecular Hexafluorides [18]; A survey of titanium fluoride complexes, their preparation,
reactivity and applications [14]; and Highly reactive carbenes as ligands for main group element fluorides
[19]. Reviews covering relevant aspects of the chemistry of single elements are listed in the appropriate

sections below.

2. Synthesis



All the elements in the periodic table, except He, Ne and Ar, form fluorides and many also form oxide
fluorides, so a wide variety of synthesis routes for their complexes are possible, although often only one or
two will be suitable for a specific complex. The Lewis acidity of these metal/non-metal fluorides is most easily
demonstrated by their formation of the corresponding fluoroanions, which form for almost all examples [17].
Typically fluoroanions are formed from aqueous or anhydrous HF, or alkali metal fluorides in water or in
melts, none of which are generally suitable routes for the synthesis of neutral ligand complexes. The few
cases where fluoroanions do not form are mostly associated with “coordinatively saturated” fluorides such
as SFs. For complexes with neutral donor ligands a number of other factors need to be considered in addition
to the Lewis acidity of the metal. A key factor is that fluorine forms very strong bridges between metal
centres, often of type M-(u?-F)-M, and competition between coordination of an MF, fragment to a neutral
ligand and polymerisation to form (or reform) the binary fluoride via such fluorine bridges is competitive in
many systems. For the heavier halogens the generally weaker bridge bonds makes this competition much
less important. Neutral ligands containing the heavier (soft) donor atoms, are reducing agents in the free
state, and may promote reduction of the metal if readily dissociated from the metal centre in solution or if
present in the synthesis in excess. Many of the parent fluorides and the complexes described are sensitive to
water; in some cases water competes with the neutral ligand for the metal centre, in others trace water
causes hydrolysis of the M-F bonds and decomposition. In marked contrast, in a limited number of cases,

complexes may be prepared in water, sometimes using hydrothermal methods.

In the previous review [7] we suggested a pragmatic “classification” of the metal fluoride/oxide fluorides

from the viewpoint of synthesising their metal complexes, and an updated version of this is shown below
o No Lewis acidity — examples are NF; or CFs;

e Probably incompatible with neutral organic ligands due to their extremely strong

oxidising/fluorinating power, e.g. IrFs, RuFs, BiFs CrOF,, CrFs, PbFy;

e Molecular fluorides or oxide fluorides that may react directly with neutral ligands, sometimes

dispersed in an inert solvent or even in the absence of solvent, e.g. SiFs4, GeF,, AsFs, BFs, PFs WFg;

o  Weakly polymerised fluorides or oxide fluorides, which may react directly in a suitable non-polar

or weakly polar solvent, e.g. TaFs, NbFs, VOFs, SbFs;

e Strongly polymerised fluorides that may be converted into a suitable (molecular and soluble)
synthon — examples are SnF, (as [SnFi(MeCN);]), TiF4 (as [TiFa(thf),]); the synthon here contains

a readily substituted neutral co-ligand;



e Very strongly polymerised, but may form synthons of more limited utility — examples are
[ZrF4(dmso),] or [HfF4(dmf),]; the strongly coordinating dmso or dmf are necessary to break up

the parent fluoride polymer, but are consequently more difficult to substitute by other ligands;

e Sometimes the anhydrous binary metal fluoride is inert, but a hydrated form may provide an
entry into the coordination chemistry, e.g. MF3:3H,0 (M = Al, Ga), often using hydrothermal

routes.

e Inert polymers where no suitable molecular synthons are known, e.g. WO,F,, VO3F, ScFs.
Complexes of these metal fluorides may be accessible via Cl/F exchange from the corresponding

chloro-complex or, for oxide fluorides, via O/F exchange from the binary fluoro-complex;

e |nert and intractable, e.g. BiFs, PbF,, and the 4f-block trifluorides, for which there are no reports

of successful complex formation with neutral ligands.

e For complexes stable to water and dilute acid, addition of an alcohol solution of the ligand to the

metal ion in dilute aqueous HF may be possible, e.g [MO;F,(L)2] (M = Mo or W).

The majority of the complexes discussed in this article are prepared from the parent fluoride or oxide fluoride
directly, by reaction with the neutral ligand, or via use of an intermediate synthon. The latter is often a
discrete, molecular nitrile or ether complex, formed by dissolution of the fluoride in the appropriate solvent.
The solution may be reacted directly with the new ligand, or after isolation of the solvent adduct. The latter
can be reacted subsequently with other neutral ligands in a non-coordinating solvent, which avoids

competition between the donor nitrile or ether solvent present in large excess and the incoming ligand.

As indicated above, some metal fluoride hydrates, including MFs-3H,0 (M= Al, Ga, In), can be complexed with
N-donor ligands using hydrothermal vessels (180°C, 15h) [20]. The same approach fails with MF3:xH,0 (M =
Sc, Y, La), when the reagents are recovered unchanged [21]. The differences may result from the different
constitution of the trifluoride “hydrates”. Whilst those of Group 13 contain water coordinated to the metal
centre, the Group 3 compounds were shown by PXRD to have the extensively polymerised structure of the
anhydrous trifluorides with the water on the surface or interstitial [21]. The hydrated tetrafluorides of Zr
and Hf, in which the water is also coordinated to the metal, dissolve in refluxing dmso or dmf to form
[ZrF4(dmso),] or [HfF4(dmf),], which are useful synthons [22]. The anhydrous tetrafluorides appear to be
completely inert. A variant on this approach is the synthesis of complexes of VOF, from VF; and O- or N-

donor ligands under hydrothermal conditions [23].

An alternative approach is CI/F exchange from a pre-formed chloro-complex with the neutral ligand(s)
already installed. Since many of the highest oxidation state fluorides do not have isolable chloride analogues,

this limits the systems for which CI/F exchange is possible. Typical fluoride sources are MesSnF [24], [RsN]F,
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[PPh4]F, or [K(18-crown-6)]F. A rare and unexpected result of using MesSnF as fluorinating agent was the
coordination of the MesSnCl formed (as a weak Lewis acid) to the M-F unit formed, as in [Sc(Mes-tacn)F(u-
F)SnMesCl] [21]. Fluorinating agents such as XeF, or SF, may work in some systems, but may be too aggressive
in others. AHF has been used to fluorinate chloro-complexes, but requires metal or fluoroplastic equipment
and can result in unwanted bond cleavage. Displacement of F~ from a fluoroanion by a neutral ligand is
seldom used, as it requires breaking of the strong M—F bond, and separation of the [cation]F by-product. A
rare example is the formation of [VO,F(2,2’-bipy)], from [PhiAs][VO.F,] and 2,2’-bipyridyl in refluxing MeCN
[25].

Oxide fluorides can also be intractable and therefore growing use is being made of O/F exchange from the
binary fluoride complex and (MesSi),0, since the volatile by-product, MesSiF, is easily removed, e.g. the
synthesis of [WOF4(MeCN)] from WFs and (MesSi);0 in anhydrous MeCN. The [WOFs(MeCN)] can then be
reacted with other ligands (L) to generate [WOF4(L)] [26]. WO,F; and NbOF; are intractable polymers and do
not react with neutral ligands, but [WO;F,(L).] complexes can be made from [WOF4(MeCN)] + 2L and a further
equivalent of (MesSi),0 [26], whilst [NbOF3(L),] are obtained from NbFs, (MesSi),0 and 2L in MeCN [27].

Some very aggressive systems require fluoroplastic or metal equipment (e.g. the higher fluorides of the
platinum metals) or systems using (or generating) HF, but in many cases borosilicate glass vessels fitted with
PFTE taps that are common in modern organometallic laboratories are adequate, along with glass vacuum
lines and high quality glove box facilities. For the most reactive systems the key requirement is to use
rigorously anhydrous conditions, thoroughly dried glassware, dried solvents and purified/dried ligands.
Water not only competes successfully with many ligands for the metal fluoride, but also may initiate a
downward spiral of attack on the glass, formation of HF, SiF4, and in some cases, ready protonation of the
ligand (especially with N-donor functions). It can also introduce HF;™ or fluorosilicate anions into the products.
One benefit of the hydrothermal reactions (above) is that the fluoroplastic vessels used mean any HF that is

generated is not a problem.
3. Structural and Spectroscopic Characterisation

The species described in this article are mostly molecular coordination complexes, and their characterisation
uses the usual suite of structural and spectroscopic techniques. We have discussed the key features of their

application to metal fluoride complexes elsewhere [7]. Some new points to consider are mentioned here.

Single crystal X-ray diffraction: The continuing improvements in diffractometers and computing power means
that the main challenge in the area is now the growth and handling of often very reactive and moisture
sensitive crystals. One should also bear in mind that particularly with very reactive systems the species found

in the single crystal X-ray structure may not be characteristic of the bulk. Often spectroscopic data on the



bulk sample may provide the required assurance, while PXRD can be used to confirm whether the bulk sample
is (or is not) the same as that found in the single crystal structure [23]. Examples of the problems in very
reactive systems are the W(VI) complexes [WF4(L-L):][WF7]. (L-L = 2,2’-bipy, 0-C¢Hs(PMe3),), where the
microanalysis and spectroscopic data on the bulk samples clearly identify them as the
heptafluorotungstate(VI) salts, but whilst the few crystals grown from batches of these complexes in MeCN
show the expected dodecahedral cations, the anions present in individual crystals were [WOFs]~, [W,0F,],

or [WFg)?, clearly resulting from trace hydrolysis during the crystal growth [15,28].

NMR and EPR Spectroscopy: **F NMR spectroscopy (I = %, 100%) provides a very sensitive specific probe in
diamagnetic complexes; the other halogens have only quadrupolar nuclei that are not observable in the low
symmetry environments of coordinated halide groups. °F NMR spectroscopy is also very useful in identifying
decomposition products or impurities formed by fluorination of the neutral ligands. For example, the reaction
of Me,;Te and TeFs produced Me,TeF, and elemental tellurium rather than a complex of TeF, [29].
Triphenylarsine oxide forms complexes with some metal fluorides, but in other systems it is converted to
PhsAsF,, which is most easily identified by the characteristic °F NMR chemical shift [30]. Although usually
not identified, the other product is probably the corresponding metal oxide fluoride (i.e. the arsine oxide is
functioning as an O/F exchange reagent rather than a ligand). Many of the complexes described in this
review, especially those of weakly bound soft donor ligands, are labile and undergo rapid reversible
dissociation at ambient temperatures in non-donor solvents. In order to resolve the resonances of
inequivalent fluorines or spin-spin couplings, it is often necessary to record NMR spectra at low
temperatures. CH,Cl,/CD,Cl, (m.p. —97°C) is particularly useful in this respect and under anhydrous conditions
often reacts only slowly, even with highly reactive fluorides. Very little work has been reported using solid
state 1°F NMR spectroscopy, which presumably reflects limited access to the appropriate hardware (a specific
solid state probe is necessary to observe °F NMR resonances). For paramagnetic complexes, for which NMR
spectroscopy is unavailable, EPR may provide an alternative. Depending upon the d" configuration, EPR
spectroscopy can prove very useful. One possible problem in very reactive systems is the very high sensitivity
of the EPR technique, which may produce credible resonances from minor species/impurities. A good
example of this is in the (non-fluoride) vanadium(1V) systems where the EPR signals attributed to [VCl4(PRs);]
species were in fact due to phosphine oxide impurities with the major constituent being the V(llI)

[VCl4(PRs)2]", which are EPR silent [31].
4. f-block complexes

There appear to be no known simple adducts of lanthanide(lll) fluoride complexes containing neutral ligands.
The “hydrate” LaFs;'xH,O does not react with neutral ligands, including Mes-tacn or terpy, even under

hydrothermal conditions (180°C). PXRD showed the “hydrate” had the same polymeric structure as
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anhydrous LaF; indicating that the water is interstitial or surface and not coordinated to the lanthanum,
which accounts for its lack of reactivity [21]. Treatment of [LaCls(Mes-tacn)(OH,)] with [NMeg4]F in MeCN

resulted in displacement of the Mes-tacn and precipitation of LaFs [21].

Cerium(lV) fluoride dissolves sparingly in liquid ammonia to form [CeF4(NHs)4]-NHs, which has a distorted
square antiprismatic structure [32] and is isomorphous with [MF4(NHs)4]-NH3; (M = U, Zr, Hf) [33]. CeF4:xH,0
does not dissolve in or react with MeCN or dmf even on prolonged reflux, but dissolves slowly in refluxing
dmso to give a yellow solution from which yellow crystals [CeF4(dmso).] were isolated [34]. The structure
(Fig. 1) reveals a distorted square antiprismatic cerium environment with two cis disposed O-coordinated
dmso molecules, linked into a zig-zag chain by fluorine bridges. Attempts to use this complex as a synthon
for other complexes were unsuccessful, the dmso was not displaced by phosphine oxides or diimines in dmf

solution.

Fig.1  The structure of [CeFa(dmso)2], showing part of the fluoro-bridged chain structure (including the next Ce

neighbours), redrawn from reference 34. The dmso groups were disordered and only the major component is shown.
[Hydrogen atoms are omitted for clarity from this and subsequent structures unless needed to identify ligands]

Actinide fluoride complexes with neutral donor ligands are more numerous, but mostly limited to uranium.
Attempts to produce thorium complexes from ThFs-xH,O were unsuccessful, the hydrate proved to be
insoluble even in refluxing dmso [34]. The reaction of UF; with K;Th(NOs)s in liquid ammonia gave the large
cluster [Thio(p-F)16(-0)s(NHs)32](NOs)s-19-6NH3, which has a Thig(p-0)s core with edge-bridging fluorides
[35].The reaction of [Th(SPh)«(SCesFs)ax] with AgF in pyridine solution gave colourless crystals of [Tha(u-
F)sF2(py)7(SCsFs)s]-2py (Fig. 2) containing nine-coordinate thorium [36].



Fig. 2  The structure of [Tha(p-F)sF2(py)7(SCsFs)s] redrawn from Reference 36.

The reaction of UF¢ with liquid ammonia gave a mixture of green crystals, identified as [NH4]3[UF7(NHs)]-NHs,
and [UF4(NHs)4]-NHs in an approximate ratio of 2:1, which could be separated manually [33]. [UF4(NHs)4]-NH3
could also be made from UF; and liquid ammonia and loses the ammonia solvate molecule at room
temperature. The structure of [UF4(NHs)s]-NHs is a square antiprism like the Ce, Zr and Hf analogues [33]
whilst the [UF;(NHs)]” anion is a bicapped trigonal prism. The tricapped trigonal prismatic cation in
[UF(NHs)s]Clsis formed from the reaction of excess TiCls with UF4 in liquid ammonia [37]. Dissolution of UO,F;
in liquid ammonia produces the yellow [UO,F;(NH3)3]:2NH3 the structure of which shows a pentagonal
bipyramidal geometry with a trans UO; group [38]. The [UO2F2(NHs)s]-2NHs loses the solvated NH; below
room temperature to form yellow [UO;F,(NHs)s] of unknown structure. Uranium pentafluoride dissolves in
liqguid HCN to produce turquoise [UFs(HCN),] which is a 1D polymer with the uranium coordinated to four

terminal and two bridging fluorides and two N-coordinated hydrogen cyanide molecules [39].

The reaction of uranium metal, iodine and AgF, in pyridine solution gives green [UF.l2(py).]-2py (Fig. 3) which
is soluble in pyridine and thf and is potentially a useful synthon to prepare other U(IV) fluoride complexes
[36]. The corresponding [UF,Clx(py)s] was obtained as a by-product from reaction of a uranium pincer
carbene with PhCOF [40]. The hydrothermal reaction of UO,(NOs),, 1,10-phen and HF gave yellow crystals of
[{UO2(1,10-phen)(u-F)F}.], which contains a dimer structure with edge-sharing pentagonal bipyramidal
molecules [41]. Extensive DFT calculations on [{MOy(L-L)(u-F)F}.] (M = U, Np or Pu, L-L = 1,10-phen, 2NHjs, 2F)

exploring the predicted structures and electronic properties were also reported [41].
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Fig. 3  Structure of [UFal2(py)s] redrawn from reference 36.

Trimethyltin fluoride converts the uranocene halides, [U(n>-MesCs).X,] (X = Cl, Br) in toluene solution
containing RsPO (R = Me, Ph, Cy), to the phosphine oxide complexes [U(n°>-MesCs),F,(OPRs)], which have the

structure shown in Fig. 4 [42].

Fig. 4  Structure of [U(n°-MesCs)2F2(OPMes)] redrawn from Reference 42.
5. d-block complexes
Group 3

The “hydrates”, ScFs-xH,0 and YFs-xH,O do not react with neutral N- or O-donor ligands even under
hydrothermal conditions, and like the LaFs-xH,O discussed above, PXRD shows them to have the same
structures as the anhydrous trifluorides, explaining their inert nature [21]. Although a few examples of Sc-F
bonds are known in complexes with charged C or N donor co-ligands, the first examples of neutral N-donor
complexes have been obtained only very recently [21]. These are [ScFs(Rs-tacn)] (Rs = Mes or BnMe;) and

[ScFs(terpy)], which were made from the corresponding chloro-complexes and either [MesN]F or MesSnF in
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anhydrous MeCN. The MesSnF route results in isolation of adducts with the MesSnCl formed, viz [Sc(Mes-

tacn)Fz(p-F)SnMesCl] and [Sc(terpy)F(u-F)2(SnMesCl),]; the structure of the former is shown in Fig. 5.

Fig. 5  Structure of [Sc(Mes-tacn)F2(u-F)SnMesCl] redrawn from Reference 21. Carbon atoms in the macrocycle and
MesSnCl were disordered and only one component is shown.

The terpy complex decomposes in solution, but although *F{*H} and **Sc NMR spectra show the [Sc(Mes-
tacn)Fz(u-F)SnMesCl] is dissociated in solution, it reforms on evaporation [21]. Using a deficit of [MesN]F in
the Cl/F exchange reaction shows the intermediate formation of [ScFs.Cly(Mes-tacn)] (x = 2,1,0) (Fig. 6), and
the structure of [ScF,Cl(Mes-tacn)] was determined. Although they must be prepared under anhydrous
conditions, multinuclear NMR studies show that once formed, the [ScFs;(Rs-tacn)] are stable in water at pH =
7 for many weeks, are not decomposed by neutral water at 80°C or by chloride or acetate. They are however
decomposed by water at high pH and by excess F~. Attempted CI/F exchange using [YCls(Mes-tacn)] or
[YCls(terpy)] and [MesN]F or MesSnF found that loss of the N-donor ligand and precipitation of YF; occurred
and neutral ligand complexes of YFs are still unknown [21]. Similarly, reaction of [Sclzs{o-CsHa(PMe3),},] with

[MesN]F in anhydrous CH,Cl; solution resulted in liberation of the diphosphine and precipitation of ScFs [43].
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Fig. 6 Left: F{*H} NMR spectra of [ScFCl(Mes-tacn)] (77.2 ppm), [ScF2Cl(Mes-tacn)] (40.1 ppm) and [ScFz(Mes-
tacn)] (7.7 ppm). ~ 2.5 mol. equiv. (A), <3 mol. equiv. (B) and >3 mol. equiv. (C) of Me3SnF were added to a CDsCN
solution of [ScCls(Mestacn)]; Right: *Sc NMR spectrum of fac-[ScFs(Mes-tacn)]. [**Sc is 100% abundant and has 1 = 7/2,
Z=29.24 MHz, Dc = 1710, Q = -0.22 x 10728 m2, Reproduced from Reference 21 with permission from the Royal
Society of Chemistry.

Group 4

The coordination chemistry of TiF, is relatively well developed [7,14] and little new work has appeared. The
excellent review by Nikiforov et.al. [14] provides a very detailed account of the synthesis, reactivity and
applications of complexes derived from TiF,. It also uses DFT calculations to probe the structures and relative
stability of isomers of types [TiFs.nClnL;] (n = 1-3), [TiCls.nFnLs]* (n = 1-3), [TiCls.nFn(L)]” (n = 1-4), and compares
the results with experimental data where available. In general, a linear L-Ti-F arrangement is the most stable

in each case, which maximises the Ti-F prt-drt bonding [14].

The colourless Ti(IV) carbene [TiF4(NHCD'PP,),] was prepared in good yield from TiF; and the carbene in thf
solution [44]. The structure (Fig. 7) shows an octahedral titanium centre with the bulky carbenes in a trans

arrangement. The Ti-C bonds are shorter (2.26 A) than those in the corresponding [TiCls(NHCD'PP.),] (2.32

o

A).
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Fig. 7  Structure of [TiF4(NHCD'PP2).] redrawn from Reference 44.

19F NMR spectroscopy has been used to identify the formation in MeCN solution of complexes with picolinic
acid and picolinic acid esters - [TiF4(k2:-CsHsNCOOEt)], [TiF4(k’:-CsHsNCOOH)], trans-[TiF4(CsHsNCOOEt),] and
[TiFs(CsHsNCOOEt)]~ [45]. The ligands, Ph,P(O)CH,C(O)Me and Ph,P(O)(CH;).C(O)NMe,, (L-L), behave as
chelating 0,0 donors producing six-coordinate [TiF4(L-L)] [46,47]. In solution excess ligand produces some
[TiF4(L-L)2], which on the basis of their °F and 3P NMR spectra, contain monodentate L-L coordinated
through the phosphoryl group. The X-ray structure of [TiF4{Ph,P(O)(CH,),CONMe,}] confirmed the presence
of a seven membered chelate ring [48]. The chemistry of lower oxidation state titanium fluorides with neutral

ligands remains unexplored.

The coordination chemistry of ZrF, and HfF, is less extensive than that of TiF,, but the structures of known
compounds have been reviewed in detail [49]. The majority of the structural work described concerns fluoro-
zirconate(lV) and -hafnate(IV) anions, but the limited structural data on complexes with neutral ligands were
also included. The structure of the monoclinic form of ZrF,;-3H,0 has been shown to be a polymer with
ZrFe(H,0), groups [50], which contrasts with the known structure of the triclinic form, which is a discrete
dimer. The structure of monoclinic HfF4-:3H,0 has a similar polymer unit to the zirconium [50]. A new hafnium
anion obtained with a 4-amino-1,2,4-triazolium cation is [C;HsN4][HfFs(H20),]'H.0O which has a pentagonal
bipyramidal geometry with axial fluorides and a donor atom sequence of FFOFO in the equatorial plane [51].
The solution speciation of ZrF, complexes with PhsPO, "BusPO and (Me;N)sPO (L) has been explored by
variable temperature °F NMR spectroscopy in CH,Cl, [52]. The species identified were cis-[ZrFa4(L),], [ZrFs(L)]”

and mer- and fac-[ZrFs(L)s]*, although the relative amounts of the different species varies with L.
Group 5

Vanadium
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High valent vanadium fluoride chemistry is unusual in that whilst complexes of the oxide fluorides VOF; and
VOF are well established [7], and that of VOF;, has recently been explored (see below), neutral ligand
complexes of VFs and VF, are restricted to work in a few very old reports, although some data on VF; adducts

is available [7].

The first carbene complex of VOF; has been obtained very recently. The [VOF3;(NHCDPP;)] was made by
combining VOF3; and NHCD'PP; in thf and the X-ray structure showed a square pyramidal geometry with the
oxido group occupying the apical position [53]. Attempts to convert this complex into [VO,F(NHCD'PP;)] by
reaction with O(SiMes), was unsuccessful, with the starting materials recovered unchanged. Combination of
[(NHCD'PP,)H]F and VOFs; in MeCN gave the salt [[NHCD'PP,)H][VOF4], which contains a discrete square
pyramidal anion (salts containing smaller cations are oligomeric in the solid state), and this hydrolyses in
solution to [[NHCD'PP;)H][VO2F,] [53]. The mixed fluoride-alkoxide complex, [VOF,(O'Pr)('PrOH),], crystallised
from a CDCls solution of the product from reacting [VO(O'Pr)s] with HF in a H,O/'PrOH mixture [54]. The

structure is shown in Fig. 8.

Fig. 8  Structure of [VOF2(OPr)(PrOH);] redrawn from Reference 54.

A popular synthesis of extended lattice structures or frameworks containing vanadium oxide-fluoride anions
is to combine polydentate amines or nitrogen heterocycles, a vanadium source, and aqueous HF, in
hydrothermal or solvothermal vessels. The majority of products contain protonated organonitrogen cations,
but in some cases the base is also incorporated into the framework. An example is the pyrazine complex
[V2(N2C4H4)O2F4], made hydrothermally from pyrazine, VOF; and aqueous HF [55]. The structure is a 2D
polymer with zig-zag chains of VV,0,F, linked to adjacent dimers by fluorine bridges and with coordinated
pyrazine linking the chains to form a sheet structure. Hydrothermal syntheses were also used to prepare a

series of Ag-VY MOFs with [Ag:(VO,F2)a(triazole)s] building blocks [56]. Several mixed valence (VYVV)
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polyoxofluorovanadate clusters containing coordinated pyridine or imidazole have been prepared and their

structures determined [57].

Although vanadyl (V) oxide fluoride complexes were described in the older literature, characterisation was
mostly sketchy and syntheses rather haphazard. Now two series, one containing neutral VOF, complexes
[23], and the second, VOF* cations [58], have been described and characterised in detail (Scheme 1).

[VOF(terpy)]
[VOF(Mesz-tacn)]

ter H,0, 140°C
PY:1 0, Me,-tacn | MeCN

L = bipy, phen Py :
A [VOF2(L)(OH2)] = VF, — = [VOF(py)(OH2)]H,0
H,0, 80°C H,0, 80°C
H,o. 80°C
PYNO : ©
H,0, 80°C

VOF(H,0),] H,0
[V202F4(pyNO)2(OH2):] [VOFa(HzO)21 H,

HF and/or KF, Y
VOSO, + L

Y

[VOF(L)2]Y
H,0

L = bipy, 4,4'-Me2-2,2"-bipy, 4,4'-'BU,-2,2'-bipy, phen;
Y =BF,, ClO, , SbF,

Scheme 1 Synthesis of the VOF, and VOF* Complexes.

The dissolution of VF4 in hot water followed by allowing the blue solution formed to evaporate in air, gave
blue crystals of [VOF,(H20),]-H,0 [23]. The structure consists of square pyramidal molecules with disordered
F/H,0 in the basal plane, weakly linked into chains via the apical V=0 with asymmetric V---:O-V bridges. A
different hydrate, [V.0,F4(H20),]-H20, isolated serendipitously during hydrothermal synthesis of vanadium
selenites, has a 2D layered structure [59]. Heating VF, with a variety of nitrogen donor ligands either under
reflux or in a hydrothermal vessel (80°C) is a convenient way of making VOF, complexes (Scheme 1) [23].
Isolated examples include [VOFy(terpy)]-:3H,0, [VOFy(2,2’-bipy)(H20)], [VOF;(1,10-phen)(H:0)],
[VOFy(py)2(H20)] and [VOFi(py)2(H20)]-H,O0. The complex, [VOF,(Mes-tacn)], was produced from
16



[VOF1(py)2(H20)] and Mes-tacn in MeCN. The pyridine N-oxide complex, [V202F4(pyNO)2(H20):], was obtained
by the hydrothermal route, but attempts to form complexes with phosphine oxides or MeOCH,CH,OMe
failed. The complexes have magnetic moments ~ 1.7-1.9 B.M., consistent with d*V!" and strong IR absorptions

in the range 945-975 cm™ assigned as v(V=0). The structures of three examples are shown in Figs. 9-11.

Fig. 9  Structure of [VOF:(terpy)] redrawn from Reference 23.

Fig. 10 Structure of [VOF2(2,2’-bipy)(H20)] redrawn from reference 23.
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Fig. 11 Structure of [V202F4(pyNO)2(H20)2] redrawn from reference 23.

Using hydrothermal methods at higher temperature (or extended reaction times) produced mixtures,
including some V¥ compounds, and to confirm that the single crystal structures were characteristic of the
bulk products, PXRD data were collected on bulk samples and compared with patterns simulated from the
single crystal data [23]. The six-coordinate [VOF(diimine),]Y (diimine = 2,2’-bipy, 4,4’-Me,-2,2’-bipy, 4,4’-'Bu,-
2,2’-bipy, 1,10-phen; Y = BF4, ClO4, SbFs) were obtained by combining VOSO,, the diimine, HF or KF and the
appropriate anion in aqueous solution [58]. The structures of [VOF(diimine),]Y (diimine = 2,2’-bipy, 4,4’-'Bu,-
2,2’-bipy) revealed distorted octahedral vanadium centres with cis O,F ligands (Fig 12). The reaction of
[VOF(4,4’-'Bu,-2,2’-bipy),]* with MesSiCl resulted in exchange to form MesSiF and [VOCI(4,4’-'Buy-2,2"-bipy).]*
[58].

Fig. 12 Structure of the cation [VOF(2,2’-bipy)2]* redrawn from Reference 58.

Lilac mer-[VF3(NHs)3] is formed by dissolving VFs in liquid ammonia [60]. The reaction of [V(acac)s], LiO'Bu

and HF in an organic solvent, followed by pyrolysis under N,, has been used to form LisVFsfor use in batteries
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[61]. Dissolving the product (before pyrolysis) in pyridine, followed by crystallisation gave a variety of V"-py
complexes: red [V(acac)Fi(py):], blue-green trans-[VFi(py)s]BFs, purple mer-[VFs(py)s], blue [pyH][trans-
VF2(py)alSiFs, and green-black [pyH][trans-VF4(py):] (the reactions were carried out in glass vessels and the
[BF4]) and [SiFs])* arise from HF attack on the glass) [61]. The structures of all five complexes were determined;
all are octahedral with typical bond lengths, but they do provide a significant addition to the list of known

VF; derived complexes.
Niobium and Tantalum

There has been significant new work on the pentafluorides of both elements, including the first NHC
complexes, and the first characterisation of phosphine and arsine complexes, which add a second group of
soft donor ligands to the thioether and selenoether complexes reported a few years ago [7]. The first
complexes of NbOF; have also been prepared, but those of TaOF; have proved elusive. Complexes of fluorides
in lower oxidation states, or of other oxide fluorides, also remain unknown. Table 1 lists the new reports of

Nb(V) and Ta(V) fluoride complexes.

Table 1 Complexes of NbFs and TaFs

Complex Comments Reference
[TaFs(NHs3)s] Square antiprism 62
[MFs(NCCsHap-F)] M =Nb and Ta 63
[MF4(py)al[MFe] M = Nb and Ta; square antiprismatic cations 64
[MFs(OPR3)] M = Nb and Ta (R = Me, Ph) 27
[MFs(OAsPhs)] M = Nb and Ta 27
[TaFs(MeNCO)] N- and O-coordinated isomers in solution 65
[NbFs(L)] L = Et20, thf, MeOH, EtOH 66
[NbFa(MeCN)4][NbFe] 66
[(MFs)2{u-1,3-CsHa(OMe)2}] M =Nb and Ta 67
[MF4(Ph2CO)2][MFe] M = Nb and Ta 63
[TaF4(2-HOCeH4PPh2)][TaFe¢] Ligand is O,P-coordinated 63
[MF4(diimine)2][MFs] M = Nb and Ta; diimine = 2,2’-bipy, 1,10-phen 27,64
[MFa(2,2’-bipy2][M(N3)e] M =Nb and Ta 68
[MFs(PRs)] M = Nb and Ta; R = Me, Ph 69
[MFs(AsRs)] M = Nb and Ta, R = Me, Et 69
[MFa(PMes3)2][MFe] M = Nb and Ta; six-coordinate cations 69
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[MF4(diphosphine)2][MFe] M= Nb and Ta; diphosphine = R2P(CH2)2PR2 R = Me, Et, 64,70
Ph; 0-CsHa(PR2)2 R = Me, Ph
[MF4{o-CsHa(AsMe2)2}2][MFs] M = Nb and Ta 70
[NbFs(k-L-L)] L-L = OCsHaCH=NHCsH3(CHMe2)2 71
[NbFa(k!-L-L)2][NbFe] L-L = ONH=CHCsH4OH 71
[TaF3(NMez)2(NHC)] NHC = NHCMes;, SNHCMes; 72
[MFs(NHCPP,)] M = Nb and Ta 73
[TaFas(Me2NCesHs)2][TaFs] 74
[NbFa(L-L)2][NbFs] L-L = a-diimines (1,4-diaza-1,3-dienes) 76

As can be seen from Table 1, the complexes are of three main types, six-coordinate neutral [MFs(L)], eight-
coordinate cations [MF4L4]* and [MF4(L-L).]* and more rarely, six-coordinate cations [MF4L,]*. The [NbFs(L)]
type are often rather unstable and only one example has been structurally authenticated, the [NbFs(k* -

OCsH4CH=NHC¢H3(CHMe3),)], where the structure (Fig. 13) is stabilised by intramolecular hydrogen bonding

[71].

Fig. 13 Structure of [NbFs(k'-OCsHsCH=NHCsH3(CHMe2)2)] redrawn from Reference 71.

The white [TaFs(NHs)s], which appears to be the first ammine complex of TaFs, was isolated from the reaction
of [Sr(HF)s;(TaFs)2] with liquid ammonia over several months; it is surprisingly unstable and decomposes below
room temperature [62]. The [MFi(py)s][MFs] have square antiprismatic cations established by X-ray
structures of both [64] (Fig. 14). The diimine complexes [MF4(diimine),][MFs] (2,2’-bipy, 1,10-phen) were
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originally assumed to be seven-coordinate neutral species, but although poorly soluble in most solvents,
which seems to have prevented crystal growth for X-ray studies, the IR and *F{*H} NMR spectra clearly show

they contain the familiar [MFg]™ anions and hence eight coordinate cations [27,64].

Fig. 14 Structure of the cation [NbF4(py)a]* redrawn from Reference 64.

Phosphine and arsine complexes of the pentafluorides have also finally been identified (Scheme 2).
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PMe,
[MFs(PMe3)] ——— [MF4(PMes)2][MFe]
PMe, | Et,0
AsMe,

[MFs5(AsMe3)] «—— MFg
Et,0 PPh,

[MFs(PPh3)]

[MF4{R"2As(CH2)2ASR 2}, [MF¢]
R*As(CH2)2AsSR’; | MeCN

OER, 0-CgHy(PR2)2
CH,CI, ° MeCN

[MF5(OER3)] < > [MF4{%-CsH4(PR2)2}2][MFe]

MeCN or CH,Cl, R',P(CH2):PR",

L MeCN
[MF4(L)2][MFe] [MF4{R"2P(CH2)2PR'2}2][MFe]
M =Nb, Ta
L = bipy, phen
E=p, As
R = Me, Ph
R'=R, Et

Scheme 2. NbFs and TaFs complexes of phosphorus and arsenic ligands.

The [MFs(L)] (L = PMes, PPhs, AsMes, AsEts) are obtained as colourless solids by reaction of the MFs with the
ligands in anhydrous Et,0 [69]. Attempts to obtain analogues with SbMe; were unsuccessful. The complexes
are decomposed by MeCN and are extremely moisture sensitive, hydrolysing rapidly on exposure to air. They
are unstable in solution and the formulation as six-coordinate neutral complexes is based upon the °F{H}
NMR spectra [69]. The reaction of MFs with excess PMejs in Et,0, initially forms the [MFs(L)], but using longer
reaction times, white complexes, identified as [MF4(PMes)2][MF¢] precipitate from solution, confirmed by
microanalysis and multinuclear NMR spectroscopy. The arsine ligands do not form similar cations. The
diphosphine complexes [MF4(diphosphine),][MFs] (diphosphine = R,P(CH,),PR2; R = Me, Et, Ph; 0-CsHa(PR2)2

R = Me, Ph) are robust although moisture sensitive, and form by combining a 1:1 ratio of MFs and the ligands
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in anhydrous MeCN [64,70]. The NMR spectra show that unlike the PRs complexes, the diphosphine
complexes do not dissociate the ligand in solution in MeCN or CH,Cl, and both the °F{*H} and 3!P{*H} NMR
spectra show binomial quintet couplings in the cations, demonstrating the equivalency of the P and F atoms
(Fig. 15). This was confirmed by X-ray crystal structures determined for five of the complexes, all of which
reveal dodecahedral cations [64,70] (Fig. 16). The corresponding reactions of the MFs with 0-CsHa(AsMe;):
produced analogous [MF4(0-CeHas(AsMe3),)21[MFe] [70] (Fig. 17), which are partially decomposed in MeCN
solution, but stable in CH,Cl,. The formation of these diarsine complexes with Nb and Ta contrasts with the

case of TiF4 [75], where diphosphine complexes form, but no diarsine analogue could be obtained.
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Fig. 15 3P{*H} P (A) and °F{'H} (B) NMR spectra of [TaF4(o-CsHa(PMe2)2)2]*. Reproduced from Reference 70 with
permission from the Royal Society of Chemistry.

Fig. 16 Structure of the cation [TaFs(o-CsHa(PMez)2)2]* redrawn from Reference 70.
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Fig. 17 Structure of [NbF4(0o-CeHa(AsMe2)2)2]* redrawn from Reference 70.

The reaction of TaFs with TeMe; in CH,Cl; at 0°C gave an unstable yellow solid identified spectroscopically as
[TaFs(TeMey)]; this is the first telluroether complex of a high valent d-block fluoride [16]. It decomposes in a
few hours at room temperature, forming Me,TeF, among other products. The corresponding reaction with

NbFs gives only a black sticky decomposition product.

NHC complexes of type [MFs(NHCD'PP,)] have been prepared from toluene solution [73]. They contain an
unusually high metal oxidation state for carbene complexes. Tantalum amido carbene complexes
[TaF3(NMe3)2(NHC)] (NHC = NHCMes;, SNHCMes;) are formed by reaction of [Ta(NMe;)s] with NHC-HBF,, the
fluoride ligands coming from degradation of the fluoroborate [72]. The crystal structure (Fig. 18) of

[TaFs(NMe3)2(SNHCMes;)] shows mer-fluorine and cis-amides.

Fig. 18 Structure of [TaF3(NMe2)2(SNHCMes:z)] redrawn from Reference 72.

Niobium oxide trifluoride, NbOF;, is an inert polymer that does not react with neutral ligands, although it
does hydrolyse slowly in air. However, reaction of [NbFs(L)] (L = OPPhs;, OPMes;, dmso) with a further
equivalent of L and the siloxane, O(SiMes),,in CH,Clo/MeCN solution produced white [NbOF;(L),] complexes
[27] (Scheme 3). Treatment of NbFs with 2L or L-L (L-L = Me;N(CH;);NMe,, Ph,P(O)CH,P(O)Ph,, 2,2’-bipy, 1,10-
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phen) in the same solvent mixture, followed by addition of O(SiMes),, gave the complexes [NbOF;(L)] or

[NbOF3(L-L)] directly.

[NbOF3(R3PO),]
R,PO

O(SiMes)2 CHACl

Ph,p(0)CH2P(O)Ph NBE Me,N(CH_).NMe,

O(SiMes)2 > O(SiMes)2
CH,CI, CH,CT,

[NbOF3{Ph2P(O)CH2P(O)Ph2}] L [NbOF3{Me2N(CH2)2NMe,}]
O(SiMes)2| CH,CI,

[NbOF3(L)]

L = bipy, phen
R = Me, Ph

Scheme 3 Synthesis of NbOF3; complexes.

However, attempts to make complexes with thf, MeOCH,CH,OMe, PMes; or MeSCH,CH,SMe failed, with
NbOF; precipitating, indicating that these ligands do not bind sufficiently strongly to the oxide fluoride to
prevent dissociation and polymerisation [27,69]. In contrast, the diphosphine complexes
[MF4(diphosphine);][MFg] (diphosphine = R,P(CH2):PRz; R = Me, Et: 0-C¢Hs(PMe3)z) did not react with
O(SiMes), in CH,Cl,/MeCN [70]. The reason for this failure is unclear. X-ray structures of [NbOF3(OPR3),] (R =
Me, Ph) and [NbOF3;{Ph,P(O)CH,P(O)Ph,}] show mer-fluorines with the neutral donor ligands trans to O/F
(Fig. 19).
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Fig. 19 Structure of [NbOF3(OPMes);] redrawn from Reference 27.

In contrast, the product formed by slow hydrolysis of a mixture of NbFs and the carbene, NHCD'PP,, in toluene
in moist air, is the dinuclear complex, [(NbOFs),(NHCD'PP,),] (Fig. 20) [77]. All attempts so far to obtain
complexes of TaOF;, either from TaFs-O(SiMes); and a variety of ligands, or from Ta;0s in aqueous HF (cf

NbOF; [78]) have failed [27].

Fig. 20 Structure of [(NbOF3)2(NHCD'PP,);] redrawn from Reference 77.
Group 6
Chromium

There are no complexes of chromium fluorides or oxide fluorides in oxidation states >3; it seems possible
that N-bases could coordinate to CrF, or CrOFs if an appropriate synthetic entry can be found. Chromium(lIl)
fluoride complexes, especially [CrFs(py)s], are useful building blocks for the synthesis of heterobimetallic

magnets, particularly those containing lanthanide ions. The work has been reviewed [11] and some exemplar
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reports [79-81] should be consulted for details. A different system making molecular magnetic refrigerants
with fluoride bridged Cr",-Gd"; cores used fac-[CrFs3(Mes-tacn)] as the source of chromium [82].
Chromium(lll) fluoride is of technological interest in solid state lasers, and in connection with this work, the
crystal structures have been reported for several complexes using synchrotron data — trans-
[CrFa(py)al2[ZnCls]-Na[ClO4] [83], trans-[CrF,(py)s]ClO4 [84] and trans-[CrF,(py)al[ZnCls(py)]-H.0 [85], with
emphasis on the intermolecular hydrogen bonding and the crystal packing. The X-ray structure and
spectroscopic properties of the tetra-aza macrocyclic complex, trans-[CrF3(2,2,3-tet)]ClO4, has been reported
[86]. The complex, fac-[CrFs(Mes-tacn)]-3.5H,0, was explored as a potential carrier for *®F for PET imaging
(see Section 7), but although it has the necessary stability to water and towards common anions, the CI/F
exchange from fac-[CrCls(Mes-tacn)] and F~ is incomplete after 24 h and thus it is not a viable route for

radiolabelling [87].
Molybdenum

In contrast to WFg (below), no neutral ligand complexes of MoFs have been isolated, and Mo(VI) complexes
are limited to those of the two oxide fluorides. The first neutral ligand complexes of MoOF, have been made
from trans-[MoOF4(MeCN)], which is conveniently obtained from MoFs and O(SiMes), in anhydrous MeCN as
a white extremely moisture sensitive solid [88]. Reaction of [MoOFs(MeCN)] in anhydrous MeCN with OPPhs,
OPMes, dmso and dmf resulted in the corresponding trans-[MoOF,(L)]. Dissolution of [MoOFs(MeCN)] in thf
and removal of the volatiles in vacuo produced unstable [MoOF,(thf)] which decomposed in ~24 h, turning
blue. The complexes are all very moisture sensitive, hydrolysis producing the [MoOF;(L),] complexes (and
other products, see below). All exhibit strong v(Mo=0) vibrations in the IR spectra in the range 990-1020 cm"
1 and binomial quintet Mo NMR resonances due to coupling with four equivalent fluorines, showing the
structures have trans-O=Mo-L units. This was confirmed by the X-ray structure of trans-[MoOF4(OPPhs)] (Fig.
21). [MoOF4(MeCN)] fluorinates Ph3sAsO to Phs;AsF,. The reaction of [MoOF4(MeCN)] with 2,2’-bipyridyl gave
an insoluble white solid, [MoOF4(2,2’-bipy)], which was air stable and is probably seven-coordinate [88]. In
contrast to the behaviour of the tungsten systems (below), the reaction of [MoOF4(MeCN)] with soft ligands,
including PMes, Me,PCH,CH,PMe,, AsMe; and SMe; in Et;0 or MeCN immediately produced deep red or

brown paramagnetic species, indicating reduction of the molybdenum on contact.

27



Fig. 21 Structure of [MoOF4(OPPhs)] redrawn from Reference 88.

Complexes of MoO,F; have long been known and can be prepared from MoOs-nH,0 in aqueous HF and
ethanolic solutions of the ligands [89], or by CI/F exchange from [Mo0,Cl,(L),] and MesSnF [90]. The reaction
of [MoOF,4(L)] with O(SiMes), and a further equivalent of L also produces [MoOF;(L),] (L = OPPhs;, OPMes,
dmso), and indeed the reaction of [MoOF4(MeCN)] with 2L in “wet” solvents also generates [MoO,F;(L);]
demonstrating the great contrast between the highly moisture sensitive [MoOF4(L)] and the much more
robust [MoO,F,(L);] [88]. Attempts to isolate [MoO;F;(MeCN);] by reaction of [MoOFs4(MeCN)] with
O(SiMes); in MeCN solution, produced white solids which turned blue over time and appeared to be mixtures
of MoO,F; (polymer) and [MoO,F,(MeCN);]. Serendipitously, one attempt to grow crystals of [MoOF4(MeCN)]
by evaporation of an MeCN solution, gave a few colourless crystals of [MoO,F,(MeCN);] (Fig. 22), no doubt a
result of trace hydrolysis. It appears that [MoO,F,(MeCN)] is unstable and loses MeCN to form MoO;F,
polymer, even in MeCN solution [88]. The structure of [MoO;F,(OPPhs),] shows the OPPh; ligands trans to
the oxido groups. Three structures of minor by-products from the [MoOFs(OPMes)] synthesis were

[MoO,F;(0OPMes)(0OH,)], [M0204F;(u-F)2(OPMes),] (Fig. 23) and the anion in [MesPOH]2[Mo;04F4(u-F)2].

The products of solvothermal syntheses (MoOs, aq. HF, ethylenediamine and ethylene glycol) of
molybdenum oxide fluoride species include an unusual dimer [Mo0,04F>(en),] (Fig. 24) with the terminal O/F

disordered (assigned by bond valence analysis) [91].

The complexes of molybdenum fluorides in lower oxidation states remain largely unexplored. Recently
characterised complexes include the seven-coordinate, purple-black [Mo'"F(4,4’-Me;-2,2’-bipy)(4,4’-Me,-
2,2'-bipy*).2][PFs¢] (4,4’-Me;-2,2’-bipy* is the radical anion of the diimine) obtained by [Cp2Fe][PFs] oxidation
of [Mo(4,4’-Me;-2,2’-bipy)s] in thf [92]. The structure of the Mo(lll) complex [MoF;(Ph,PCH,CH,PPh,),;]BF4 has

also been reported [93].
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Fig. 22  Structure of [MoO2F2(MeCN):] redrawn from Reference 88.

Fig. 23 Structure of [M0204F2(p-F)2(OPMes).] redrawn from Reference 88.

Fig. 24 Structure of [Mo0204F2(en)2] redrawn from Reference 91. Note the terminal O/F disorder.
Tungsten

Tungsten hexafluoride is the only one of the metal hexafluorides known to form complexes with neutral

organic ligands. The structures of [WFs(Rpy)] (Rpy = py, 4-Mepy, 4-Me;Npy) are all capped trigonal prisms
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with identical W-N bonds for the first two and a slightly shorter bond for the last [94]. With 4,4’-bipy the
complex formed is [FsW(u-4,4’-bipy)WFe] [94]. Curiously, whilst the other WFs adducts of pyridyl bases are
white, [WFes(4-Me;Npy)] is dark red. Seven-coordinate tertiary phosphine complexes, [WFs(PR3)] (Rs = Mes,
Me,Ph), were characterised in 2010 [95], and the tertiary arsine analogues [WFs(AsRs)] (R = Me, Et) have
been obtained very recently [15], the former as an orange-red powder, the latter an orange oil. Neither AsPh;
nor SbEt; formed similar complexes. The [WFs(AsRs3)] are extremely sensitive to moisture and decompose on
standing at room temperature. The F{*H} NMR spectra in CD,Cl, are singlets down to 180 K, indicating
fluxionality even at low temperatures. The orange-red colour was assigned as a As(o)->W(d) charge transfer
band. More unexpectedly, the reaction of WFs with 0-CsHs(EMe3), (E = P, As) in anhydrous CH,Cl; solution
gave very moisture sensitive orange [WFi{0-CsHa(EMe3),}2][WF7]2. Crystals of both were grown from CHCl,
solution by evaporation, and the structures revealed dodecahedral cations (Fig. 25) [15]. The cations are
surprisingly robust, but trace moisture converts some of the [WF]™ anions into [WOFs]~ or [WFs]?", found in
the crystals studied. The cations are stable in solution under anhydrous conditions with both the **F{*H} and
31p{IH} NMR spectra of the diphosphine complex showing binomial quintet patterns (Fig. 26). The flexible
diphosphine Me,PCH,CH,PMe; produced an inseparable mixture of [WF4(Me;PCH,CH,PMe;),][WF]> and
[FeW(u-Me,PCH,CH,PMe;)WFs]. Reaction of the dithioethers RSCH,CH,SR (R = Me, 'Pr) with WFg in CH,Cl; at
180 K gave orange-brown solutions indicative of adduct formation, but the colour faded on warming and

removal of the volatiles in vacuo led to recovery of the dithioether [15].

Fig. 25 Structure of the cation [WF4{o-CeHa(AsMe2)2}2]** redrawn from Reference 15.
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Fig. 26 3'P{H} (A) and °F{*H} (B) NMR spectra of [WFa{o-CsHs(PMe2):}]>*]*, Reproduced from Reference 15 with
permission from the Royal Society of Chemistry.

A number of complexes of WOF, and WO,F; are described in the earlier literature [7], but a new versatile
route from WFs and O(SiMes), has been developed [26]. The reaction of WFs and O(SiMes); in a 1:1 molar
ratio in anhydrous MeCN solution produces [WOF4(MeCN)], which reacts with various ligands (L= OPPh;,
OPMes, dmso, dmf, py, thf) to form [WOF4(L)]. Attempts to synthesise [WO;F,(MeCN),] by reaction with a
further equivalent of O(SiMes), failed, with only (polymeric) WO,F, precipitation (cf [MoOzF2(MeCN);]
above). However, treatment of [WOF4(MeCN)] with 2L and O(SiMes), gave [WO,F,(L)2] (L = OPPhs;, OPMes,
pyNO, dmso) (Scheme 4) [26].

[WOF4(L)]
I-l
MeCN
O(SiMe3)2 O(SiMes)2
WFy, — 5 [WOF4(MeCN)]J L,
MeCN MeCN
O(SiMe3)2
O(SiMe3)2 L,
MecN / L-L MeCN v

[WO2F(L-L)] [WO2F2(L)2]

L, = OPPh;, OPMeg, py, dmso, thf
L, = OPPhg, pyNO, dmso

L-L =2,2"-bipy, 10-phen, PhoP(O)CH2P(O)Ph:

Scheme 4 Synthesis of the tungsten oxide fluoride complexes.

The IR and NMR spectroscopic data, together with the X-ray structure of [WOF4(OPPhs)], show all of the
[WOF4(L)] have the expected octahedral structures with L trans to W=0. The structures of [WO,F,(L),] (L =

pyNO, OPPhs) also show the presence of an octahedral geometry (Fig 27), again with L trans to W=0.
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Fig. 27 Structure of [WO2F2(pyNO)2] redrawn from Reference 26.

The [WOF, (L)] are moisture sensitive in solution and as solids, but the [WO,F,(L).] are air stable. The
complexes [WO;F,(L-L)] (L-L = 2,2’-bipy, 10-phen, Ph,P(O)CH,P(O)Ph,) were also obtained from reaction of
[WOF4(MeCN)], L-L and O(SiMes),in a 1:1:1 molar ratio. Attempts to react [WOFs(MeCN)] with soft donors
including Me.S, Me,Se, MesAs, MeSCH,CH,SMe and MeSeCH,CH,SeMe in MeCN solution, failed with the
ligands unable to displace MeCN, whilst on standing the solutions decomposed becoming blue or green,
probably due to reduction of the tungsten. The corresponding reactions with phosphine ligands proved to
be very sensitive to the phosphine and the solvents used [96]. Addition of PMes; to a suspension of
[WOF4(MeCN)] in a 1:1 molar ratio in anhydrous Et,O precipitated white [WOFs(PMes)]; use of excess
phosphine produced a blue paramagnetic oil, indicative of reduction of the tungsten. The microanalysis, IR
and NMR spectra identified the white complex as [WOF4(PMes)], but it proved too unstable in solution to
grow crystals for an X-ray study. Use of other phosphines, including P"Prs;, PPhMe;, initially produced white
solids, which are probably the analogous complexes, but these rapidly turned yellow and then brown and
appear to be too unstable to isolate in a pure state [96]. The use of alkyl diphosphines was more successful
and [WOF4(L-L)] (L-L = 0-CgHa(PMe3),, Me,PCH,CH,PMe;) were isolated from Et,0 solution as very moisture
sensitive powders. The structures of both were determined and revealed pentagonal bipyramidal geometries

(Fig. 28) with the axial O/F disordered [96].
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Fig. 28 Structure of [WOF4(Me2PCH2CH2PMez)] redrawn from Reference 96.

The F{*H} and 3'P{*H} NMR show the structures are retained in solution, and the complex second order
spectra were successfully modelled. Analogous complexes did not form with 0-C¢Ha(PPh,),, 0-CsHa(AsMes),,
or 0-C¢Hs(SMe), [96]. No reaction occurred between the [WOF4(L-L)] (L-L = 0-CsHa(PMe3),, Me,PCH,CH,PMe,)
and O(SiMes), in Et,0 or Et,0/MeCN and phosphine complexes of WO,F, remain unknown, although would
probably be relatively stable if an entry can be found. Little is known about complexes of WSF4, with only
[WSF4(MeCN)] [97] and [WSF4(py)] [98] being known; both have the expected octahedral structure with the
neutral ligand trans to W=S. In contrast to the [WOF4(py)2] [99], there was no evidence for a 2:1 adduct for

WSF, [98] which is probably due to its slightly decreased Lewis acidity.

Oxidation of [W(terpy).] with Ag[PFe] in CH,Cl; produces diamagnetic [WF(terpy).][PFs], with the cation
having a distorted pentagonal bipyramidal geometry with an equatorial fluorine. The formulation is
uncertain, [WY'F(terpy?).]*, [W'VF(terpy*),]*and [W"(terpy)(terpy?)]* (terpy* is the radical monoanion, and

terpy? the dianion) all being possible [92].
Group 7

There appear to be no new reports of neutral ligand complexes of Tc or Re fluorides in oxidation states >3.

In part this probably reflects the difficulties in accessing the metal fluorides.
Manganese

When Li;MnFs was suspended in neat pyridine in a glass vessel for several days, orange brown crystals of
trans-[MnF,(py).][SiFs(py)] formed and mer-[MnFs(py)s] was isolated from the mother liquor; both were
identified by the X-ray crystal structures [61]. The direct reaction of MnF; with a range of diimines (L-L =
2,2’-bipy, 1,10-phen, 6-Me-2,2’-bipy, 4,4’Me,-2,2’-bipy, 5,5'-Me,-2,2’-bipy, 5-Cl-1,10-phen) in methanol gave
[MnFs(diimine)(H,0)]-xH,0 [100]. The structures of all six have mer fluorines and the water trans to one

nitrogen atom (Fig. 29); detailed magnetic and EPR measurements were reported.
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Fig. 29 Structure of [MnFs(phen)(H20)] redrawn from Reference 100.

Orange [MnFs(terpy)]-2.5H,0 [7] and red fac- [MnF;(Mes-tacn)]-2H,0 were obtained from reaction of MnF3
with the ligand in MeOH [87]. The structure of the latter (Fig. 30) shows a distorted octahedron as expected
from the Jahn-Teller effect on a high spin d* complex. If the reaction of MnFs and Mes-tacn in methanol was
carried out with added [NH4]PFs, the product was the dimer [Mn,F4(u-F)(Mes-tacn);]PFs with the two
manganese centres linked by a single fluorine bridge [101]. Detailed theoretical studies of the superexchange

mechanism in this dimer have been reported [102].

Fig. 30 Structure of [MnFs(Mes-tacn)] redrawn from Reference 87. Carbon atoms in the ring were disordered and
only one component is shown.

A rare Mn(V) carbene complex is [(TIMENxyl)Mn(N)(F)]BPhs (TIMENxyl = tris[2-(3-xylylimidazol-2-
ylidene)ethyl]-amine), obtained by oxidation of the Mn(IV) nitride [(TIMENxyl)Mn(N)]BPh, with AgF [103]. It
has an octahedral geometry with the three carbene donors and the fluoride in one plane (Fig. 31) and is

diamagnetic.
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Fig. 31 A ligand TIMENxyl and B the structure of the cation [(TIMENxyl)Mn(N)(F)]* redrawn from Reference 103.
Group 8

There appears to be no new work on complexes of ruthenium or osmium fluorides, which probably reflects
the difficulty of accessing the fluorides and the need for metal or fluoroplastic vessels to handle these

aggressive species.
Iron

The reaction of FeFs-3H,0 with terpy, Mes-tacn or BnMe;-tacn in "BuOH gave purple mer-[FeFs(terpy)]-2H0,
yellow fac-[FeFs(Mes-tacn)]-H.O and yellow fac-[FeFs;(BnMe,-tacn)]-3.5H,0. The structures of the three
complexes were determined [81,87]. The fac-[FeFs(Mes-tacn)] is stable in water and fac-[FeCls(Mes-tacn)]

can be rapidly fluorinated in aqueous or anhydrous MeCN [87] (Section 7).

Most of the other work involving nitrogen base complexes of FeFs; involves the syntheses and studies of
magnetic materials [11,12]. Green crystals of [FeFs(4,4’-bipy)] were obtained by a hydrothermal method from
a mixture of Fe;0s, 4,4’-bipy and aqueous HF [104]. The structure is built from FeF4N, octahedra sharing trans
fluorine atoms to form chains and with the chains cross-linked by the diimine; the compound is a 1D
antiferromagnet. The reaction of Fe(BF4),:6H,0 with 2-amino-4-(2-pyridyl)thiazole (H,apt) in MeCN in air,
gave a red Fe(lll) complex [(H.apt).FFe(u-O)FeF(H.apt),][BF4]. the fluoride being extracted from the

fluoroborate ions [105].

Under slightly different conditions from MeOH a mononuclear [FeF,(H.apt),]BFs was isolated. The structures
of both complexes reveal the thiazole ligand coordinated as a chelate through the heterocyclic nitrogens (Fig.

32).
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Fig. 32 The ligand H.apt (top) and structures of cations [(H2apt).FFe(u-O)FeF(H2apt)2]?* (A) and [FeF2(H2apt).]* (B)
redrawn from Reference 105.

Magnetic and Mdssbauer data show both complexes contain high spin Fe(lll), the dimer with strong
antiferromagnetic coupling. Triazole and tetrazoles have been used to assemble MOFs based upon iron(lll)
fluoride or mixed valence Fe(lll)/Fe(ll) fluorides [106,107,108,109]. In some systems the organic moiety is
present only as a cation linked to the iron fluoride anions by hydrogen bonding, but in others Fe-N
coordination is present. A new dinucleating ligand (Susan®"€) (Fig. 33) reacts with Fe(BF4):6H,0 and NEt;
under argon to give a green Fe(ll) dimer, but in air the mixed valence brown [(Susan®™¢)Fe''F(u-F)Fe"F][BF,],
was obtained, which contains a single fluoride bridge with each iron NsF, coordinated; magnetic and
Mossbauer data confirm the mixed valence description [110]. Magnetic materials containing FeFs in

combination with Gd [81] or a range of 3d metal fluorides [111] have also been described.
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Fig. 33 A: the ligand Susan®V¢; B: Structure of the cation [(Susan®™¢)Fe'F(u-F)Fe"F]* redrawn from Reference 110.
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Group 9
Cobalt

Although cobalt(lll) amines with fluoride co-ligands were first reported over 100 years ago, complexes with
other ligand types are very rare and little new work has appeared in recent years. Two new compounds are
[CoFs(terpy)]‘MeOH-2H,0 and [CoFs(Mes-tacn)]-2H,0, obtained by air oxidation of a mixture of the ligand,
CoF; and NaF in MeOH solution [87]. Neutral trihalocobalt(lll) complexes are much rarer than the cationic
mono- or di-halocobalt(lll) cations with any of the halogens. Both complexes are low spin d® systems and
exhibited very broad resonances in the **Co NMR spectra (w% > 15000 Hz) due to the large quadrupole
moment of *Co (I = 7/2) which rule out observation of e couplings. The [CoFs(Mes-tacn)]-2H,0 is

isomorphous with the manganese(lll) complex (Fig. 34).

Fig. 34 Structure of [CoF3(Mes-tacn)] redrawn from Reference 87. The carbon atoms in the ring were disordered,
only one component is shown.

Rhodium and Iridium

There are no reports of the direct reaction of rhodium or iridium fluorides with neutral ligands, and the
relatively few examples of complexes with Rh"F or Ir'"'F bonds are organometallic species often derived from

oxidation of Rh' or Ir' compounds [112,113,114,115] which fall outside the scope of the present article.
Group 10
Nickel, Palladium and Platinum

High valent nickel species have been suggested as intermediates in some nickel catalysed organic

transformations, but only very rarely has the species been experimentally identified or isolated. One example

is the surprisingly stable yellow (formally) Ni(lV) complex [NiFz(py)2(CFs);] obtained by oxidation of
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[Ni(py)2(CFs)2] with XeF; [116]. The crystal structure shows an octahedral nickel environment with trans
fluorines, and cis pyridines (Fig. 35). Two Ni(lll) complexes were isolated under slightly different conditions
— [NiF(py)s(CFs)2] and [(CF3)2(py)Ni(p-F)2Ni(py)2(CFs).], the first octahedral, the dimer with unusual five- and

six-coordinate nickel centres (Fig. 36).

Fig. 35 Structure of [NiF2(py)2(CF3)2] redrawn from Reference 116.

A B

Fig. 36 Structure of [NiF(py)s(CF3)2] (A) and [(CF3)2(py)Ni(u-F)2Ni(py)2(CF3)2] (B) redrawn from Reference 116.

Similarly, Pd(ll) catalysed conversions of aryl-H bonds to aryl-F have been suggested to involve Pd(IV)
intermediates, but only in a few cases have the latter been isolated and/or characterised [117,118]. The

strong ligand field produced by Ni-C o or Pd-C ¢ bonds and the presence of bulky ligands help to stabilise the
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high oxidation states, but it seems quite unlikely that simple coordination complexes of the metal fluorides
with neutral ligands will be isolable. The possibility of obtaining complexes of N-donor ligands with PtF, does

not seem to have been examined.
Group 11
Copper, Silver and Gold.

Complexes of copper and silver in oxidation states >3 are not expected to form, but gold(Ill) complexes with
N-donor ligands have been described. The use of gold catalysts in the synthesis of fluoro-organics has been
reviewed very recently [119] and this article should be consulted for details. The dissolution of AuFs in
anhydrous MeCN at low temperatures gave [AuF3(MeCN)], which decomposed > —25°C, whilst dissolving
Cs[AuF,] in pyridine gave three complexes [AuFs(py)], [AuFa(py).]* and [F(py)Au(u-F)AuF(py)]** identified
spectroscopically in solution (although not isolated) [120]. The first trifluoro-gold complex isolated was the
carbene, [AuF3;(SNHCMes;,)], which was formed, along with some [AuF,(SNHCMes,).]*, by reaction of
[NMes][AuF4] with SNHCMes; in CH,Cl; [121]. The structure of [AuFs(SNHCMes,)] (Fig. 37) shows a square

planar gold centre.

Fig. 37 Structure of [AuF3(SNHCMes:)] redrawn from Reference 121.

Treatment of [AuFs(SNHCMes;)] with MesSiCl or MesSiOTeFs cleanly replaces the fluoride trans to the
carbene to form [AuCIF(SNHCMes;)] or [AuF;(SNHCMes;)(OTeFs)] [122]. Difluorogold(lll) cations are
somewhat more easily prepared by XeF, oxidation of Au(l) precursors [123]. The reaction of [Au(Rpy)2][Y]
(Rpy = py or 4-Me;Npy; Y = BF4 or OsSCF3) with XeF; in CHCl; gave yellow trans-[AuF:(Rpy).][Y], whilst the
same reaction using the 2-methylimidazole complex [Au(2Meimid),;][03SCFs] gave [AuF,(2Meimid),][0sSCFs],

which was sufficiently stable for crystallographic analysis (Fig. 38).
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Fig. 38 Structure of the cation [AuF2(2Meimid).]* redrawn from Reference 123.
An alternative synthesis is from [Au(L)4][03SCFs]s (L = 4-MexNpy, 2Meimid) and KF in the presence of 18-
crown-6 in MeCN [123]. Alkylgold(lll) fluorides [AuRF2(NHC)] (NHC = SNHCMes,, NHCD'PP,) are also made by
XeF; oxidation of the gold(l) [AuR(NHC)]; in solution they are present as an equilibrium mixture with the
dimers [R(NHC)Au(p-F);AuR(NHC)]F, and the structure of [Me(NHCD'PP,)Au(u-F),AuMe(NHCDPP,)]F, was

determined [124]. Reductive elimination of RF from some of the [AuRF,(NHC)] complexes has been

examined, the products depending upon the R group [125].
6. p-block complexes
Group 13

Boron trifluoride is a reactive gas, but the anhydrous trifluorides of aluminium, gallium and indium are inert
polymers containing octahedrally coordinated metal ions. No complexes of TIF; have been described. Boron,
aluminium and gallium fluoro-complexes have been developed as potential carriers for the radioisotope 8F

in medical diagnostics (PET imaging), and this is discussed in Section 7.
Boron

BFs, or its more conveniently handled, commercially available adducts, including [BFs;(OEt;)], [BF3(SMe3)],
[BF3(MeOH)] and [BFs(thf)], are widely used Lewis acids in organic synthesis [126]. Many other similar adducts
are known [7]; all are distorted tetrahedral monomers. Although the Lewis base involved is also important,
in most cases the Lewis acidity of the boron halides falls Bls > BBr; > BCl; > BF3, which was for many years
attributed to m-backbonding from the halogen lone pairs into the empty boron p-orbital. Considerable effort
using DFT methods has led to the view that the order arises from o-bonding effects and sometimes a steric
component [126,127], and the n-backbonding explanation has been discarded. Whilst further examples of
BF3; adducts with N- or O-donor ligands continue to be reported, with a few exceptions discussed below, they
are not much different to known examples. More notable has been the recent detailed studies of BF; adducts

with the heavier donor ligands of Groups 15 and 16 and with various types of NHC.
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Detailed electrochemical and spectroscopic studies have been carried out on a range of BFs; adducts with
nitrogen heterocycles, with the aim of understanding how the heterocycle structures affect the
electrochemical properties [128,129]. Adducts of this type have been examined as electrolyte additives to

increase the lifetime of Li-ion batteries [130,131,132].

Phosphine complexes of BF; are less stable than analogues with the other three boron halides. The complex
[BF3(PMes)] was prepared some years ago and characterised spectroscopically [7], and its structure has
recently been obtained. It shows the expected distorted tetrahedral arrangement about boron with an
eclipsed conformation [133]. The bond lengths are identical with those found in [BF;(PEts)], the only other
reported structure of a tertiary phosphine-BF; adduct [134]. Whilst [BF3(PMes)] is stable as a solid and in
solution in anhydrous non-coordinating solvents, solid [BF3(AsMes)] has a significant vapour pressure at
ambient temperatures, and in solution shows only singlets in the 1B and **F{*H} NMR spectra, with no g
couplings, indicating fast reversible arsine exchange [133]. The tertiary stibine complexes are even less stable,
and although [BFs(SbRs)] (R = Et, 'Pr) have been isolated by reaction of BFs with n-hexane solutions of the
stibines, the complexes fume in air and lose BFs rapidly on standing at room temperature [135]. They were

identified by multinuclear NMR spectroscopy (*H, *C{*H}, 1B and °F{*H}) in anhydrous CD,Cl, solution.

Ditertiary phosphine complexes are more stable. The reaction of R,PCH,CH,PR; (R = Me, Et) with BF; in n-
hexane or with [BF3(SMe;)] in CH,Cl;, produced white [F3B(u-R.PCH,CH2PR2)BF3] (Fig. 39). Comparison of the
structure with those of the other [XsB(u-Et,PCH,CH,PEt;)BXs] (X = Cl, Br, 1), shows the B-P bond is ~ 0.06 A
longer in the fluoride complex, consistent with weaker B-P bonding in the fluoride. Both complexes were also

characterised by multinuclear NMR spectroscopy [133].

Fig. 39 Structure of [F3B(u-Et2PCH2CH2PEt2)BF3] redrawn from Reference 133.

In contrast, the more rigid diphosphine 0-CsH4(PMe,), produced the first phosphine containing example of a

difluoroboronium cation in [BF2{o-C¢Hi(PMe3),}][BFs]. The white complex is insoluble in CH,Cl, and
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decomposed by dmso, or MeCN. Multinuclear NMR spectra (1H, **F{*H} and 'B) were obtained from freshly
prepared MeNO; solutions, but slow decomposition prevented growth of crystals for an X-ray study [133].
The constitution follows from the NMR data (Fig. 40) and by comparison with the structures of more stable
[BX2{o-CeHa(PMe3),}]" (X =Cl, Br, I). The diarsine ligand 0-CsHa(AsMe;), also formed a difluoroboronium cation
[BF2{o-CsHa(AsMe;),}1[B2F7], which appears to be partially dissociated in solution in MeNO,.
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Fig. 40 3'P{*H} (A) and F{H} (B) NMR spectra of [BF2{o-C¢Hs(PMe2):}]*. Reprinted with permission from Reference
133. Copyright (2016) American Chemical Society.

The ambidentate HN(P'Pr,), reacts with BFs in Et,O to form [BFs{N(P'Pr2)(P'Pr,H)}] in which the BFs is
coordinated to the nitrogen and the proton has been switched onto one phosphorus (Fig. 41) [136], which

contrasts with the phosphine donor coordination by this ligand found with most heavier Group 13 centres.

Fig. 41 Structure of [BF3{N(PPr2)(P'Pr2H)}] redrawn from Reference 136.

The reaction of the diphosphine dioxide, Ph,P(O)CH,P(O)Ph,, with BFs; gave both [(BFs){u-
Ph,P(O)CH,P(0)Ph,}] and [BF{Ph,P(O)CH,P(O)Ph,}][B2F]; an X-ray crystal structure of the latter showed it to
contain a chelating diphosphine dioxide and a rare crystallographically authenticated example of the [B.F;]~
anion [133]. The structure of the secondary phosphine oxide complex, [BF3(OPHMe'Bu)], has also been
determined [137].
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The weaker Lewis acidity of BF; compared to the heavier boron trihalides is also evident in the complexes
with thio-, seleno- and telluro-ethers [138,139]. Whilst the heavier halides form solid complexes [BX3(EMe3)]
(E=S, Se, Te; X =Cl, Br, 1), which are stable in the absence of moisture for E =S or Se and slowly decomposed
on standing in the case of E = Te, the [BFs(SMe3)] and [BFs;(SeMe;)] are moisture sensitive liquids that fume
in air and have a significant vapour pressure of BF; at room temperature. Passing BFs; into neat TeMe; or a
solution of TeMe; in CH,Cl, at 0°C, afforded a yellow liquid and some red solid. The yellow oil was identified
as [BFs(TeMe;)] by multinuclear NMR spectroscopy, but could not be obtained pure and decomposed in a
few hours [138]. Similarly, the complexes [BFs(u-L-L)BFs] (L-L = EtSCH,CH,SEt, MeSeCH,CH,SeMe,
MeTeCH,CH,CH,TeMe, 0-Ce¢Hs(SMe), and 0-CsHa(SeMe),) are viscous oils which lose BF; at ambient
temperatures [139]. Their identity was confirmed by H, 1B, *F{*H}, 7’Se, *°Te NMR spectroscopy. The
complexes with MeSeCH,CH,SeMe and MeTeCH,CH,CH,TeMe decompose in solution by C-Se/Te bond

fission.

NHC complexes of BF3 have attracted significant effort [140]. They can be viewed either as boron trifluoride
adducts of a neutral carbene, or as zwitterionic imidazolium trifluoroborates. The air and moisture stable
complex, [BF;(SNHCMe;)], is conveniently made from [SiCls(SNHCMe;)] and [BF;(Et;0)] [141]. Unexpectedly,
thermolysis of the corresponding imidazolium tetrafluoroborates yields [BF3(NHC)] (NHC = NHCMekEt,
NHCMes;), rather than eliminating RF as might have been expected; the complexes hydrolyse only very slowly
in water and can even be recrystallised quickly from hot water without significant decomposition [142,143].
Functionalised derivatives have been used to generate potential ¥F carriers (Section 7). The N,N’-
diamidocarbene complex [BF3(DAC)] (DAC = N,N’-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene) has
also been synthesised and structurally characterised [144]. DFT calculations on B, Al and Ga complexes with
both normal and abnormal NHC’s have shown that the carbene-Lewis acid bond is strongly influenced by the
substituents on the acceptor atom and that the covalent character increases Al < Ga < B [145]. Boron

trifluoride-carbene adducts have also been investigated as electrolyte additives for Li-ion batteries [146].
Aluminium

As indicated above, AlFs is an inert polymer that neither dissolves in nor reacts with neutral ligands, and entry
into its complexes is either via CI/F exchange from corresponding chloro-complexes or from the hydrate
AlF5-3H;0. Aluminium trifluoride hydrate exists in two crystalline forms, the a-form made by precipitation of
an aqueous solution of an aluminium salt with HF contains discrete octahedral molecules [AlIF3;(H;0)s], whilst
the more stable B-form, into which it transforms on heating, is a chain polymer [{AlIF;(H,0)2(u-F)}n]-nH20. Use
of the more reactive a-[AIFs;(H.0)s] is preferable in making complexes. Using hydrothermal vessels (180°C, 15
h), a range of N-donor complexes were made in high yields from a-[AlF3(H20)s] and the ligands [20,147].
Complexes made in this way include mer-[AlFs(terpy)]-3H.0, mer-[AlF3(2,2’-bipy)(H,0)]-2H,0, and mer-
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[AIF3(1,10-phen)(H20)] [147]. The structure of [AlFs(terpy)]-3H,0 is shown in Fig 42, which also shows the -

stacking and the extensive H-bonding typical of these metal fluoride complexes.

Fig. 42 Structure of [AlFs(terpy)]-3H20 redrawn from Reference 147 (A) and H-bonding (B) and m-stacking (C) present
in the lattice.

Using the same hydrothermal conditions with the open chain triamine PMDTA, resulted in cleavage of the
amine and ring closure to form the 1,1,4-trimethylpiperazinium cation, isolated as the [c-
Me;N(CH),NMe(CHz),][AlzFs(H20)2]-2H,0 salt [147]. The aza-macrocycle complex, fac-[AlF3(Mes-tacn)]-xH0,
was obtained by the hydrothermal route and also by CI/F exchange from [AICl3(Mes-tacn)] and KF in aqueous
solution; fac-[AlF;(BnMex-tacn)]-xH,O was also made by CI/F exchange in water, whereas the [AICI3(Rs-tacn)]
fail to react with [R4N]F in MeCN solution [20]. The fluorination of fac-[AlCl3(BnMe,-tacn)] by [*®F]KF in water

at pH = 4 has also been used to incorporate the 8F radionuclide (Section 7) [148].

Use of the hydrothermal approach to make complexes with oxygen donor ligands, including phosphine
oxides, pyNO, dmso and crown ethers, failed, with the reactants being recovered unchanged, indicating that
the ligands cannot compete with the excess water present for the aluminium centre [149]. However,
[AIF3(H20)3] dissolved in hot dmso to form [AlFs(dmso)(H20),] [149]; curiously, further dmso is not
incorporated even after prolonged heating. Reaction of [AlFs;(dmso)(H,0).] with pyNO in MeOH generated
[AIFs(pyNO)(H,0),], but a similar reaction failed to produce phosphine oxide adducts probably reflecting the

lower basicity of the phosphine oxides [149].
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The [AIF5(H,0)s] or [AlIFs(dmso)(H20):] also fail to react with soft donor ligands such as phosphines or
thioethers and attempted Cl/F exchange from preformed chloro-complexes containing the soft donor results
in liberation of the soft donor ligands and precipitation of AlF; polymer [149]. Further studies of the reaction
of [AlX3(py)s] (X = Cl, Br, I) with MesSiF confirmed the products as [AlF,(py)s]X [150]. X-ray structures for all
three show the expected trans-difluoro structure for the cations and the presence of the same cation in each
was also confirmed by solid state Al NMR spectroscopy. Hydrolysis in dilute HCI-MeOH converted
[AIF;(py)a]Cl to trans- [AIF;(H20)4]*.

Gallium

Hydrated gallium fluoride, GaFs-3H,0, prepared by dissolving Ga(OH)s in aqueous HF, has the a-[AlF;(H,0)s]
structure [149]. It reacts with N-donor ligands under hydrothermal conditions in a generally analogous
manner to the aluminium systems described above. In this way, mer-[GaFs(terpy)]-3H,0, mer-[GaFs(2,2’-
bipy)(H20)]:2H,0 (Fig. 43), mer-[GaFs(1,10-phen)(H.0)] [147] and fac-[GaFs;(Mes-tacn)]-3H,0O [20] were

isolated.

Fig. 43 Structure of [GaFs(2,2’-bipy)(H20)] redrawn from Reference 147.

The fac-[GaFs(Mes-tacn)], fac-[GaFs(BnMej-tacn)] and mer-[GaFs(terpy)] were also made by CI/F exchange
from the corresponding chloro-complexes and KF in H,O/MeCN or [NMey]F in CH>Cl,. The reaction of mer-
[GaFs(terpy)] with [NH4][PFe] in MeCN/H,0 generated orange crystals of [{GaF(terpy)}(u-F)2][PFe]2-4H,0 with

the structure shown in Fig. 44.
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Fig. 44 Structure of the cation [{GaF(terpy)}2(u-F)2]** redrawn from Reference 147.

The hydrothermal reaction of PMDTA with GaFs:3H,O resulted in the formation of the [c-
Me;N(CH;),NMe(CHz),][GazFs(H20),]:2H,0 salt [147,149], exactly analogous to the aluminium system.
Refluxing GaFs-:3H,0 in dmf results in a complex mixture of products (largely unidentified), but a few crystals
isolated from this reaction were identified as [NMe;H.][trans-GaF4(H20),], the cation derived from cleavage
of the solvent [149]. As with the aluminium system, GaFs;-3H,O dissolved in hot dmso to form mer-
[GaFs(dmso)(H,0),] [Fig. 45] [149] and this is a useful synthon for making other gallium trifluoride complexes
(Scheme 5); it also avoids the harsh conditions of the hydrothermal syntheses. Attempts to convert
[GaFs(dmso)(H;0);] to phosphine oxide complexes failed, but with pyNO crystals of composition
GaFs(pyNO),(H,0); formed; the structure of these crystals revealed two geometric isomers of

[GaFs(pyNO)(H20);] linked by strong H-bonds, along with lattice water and lattice pyNO [Fig. 46] [149].

® o

Fig. 45 Structure of [GaFs(dmso)(H20):] redrawn from Reference 149.
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[GaF3(Mes-tacn)]
CH,CI, | Mes-tacn

pyNO PMDTA
[Gc’:lFs(OHZ)Z(lOyNO)]<W [GaF3(dms0)(OH2)2] ———— [GaF4(PMDTAH)]

py MeOH bipy
[GaF3(OH2)(py)2] [GaF3(OH2)(bipy)]

Scheme 5 Reactions of the synthon [GaFs(dmso)(OH2)2].

Fig. 46 Structure of [GaFs(pyNO)(H20)2] showing the two geometric isomers and H-bonding interaction between the
two. Figure redrawn from Reference 149.

The reaction of PMDTA, with [GaFs(dmso)(H.0).] formed the zwitterionic [GaF4(PMDTAH)]-2H,0 with the
PMDTA coordinated k* and with the free Me;N- group protonated to balance the charge [149]. Like the
analogous aluminium systems, attempts to prepare phosphine or thioether complexes by Cl/F exchange

failed with gallium fluoride polymer formed.

[GaFs(Mes-tacn)]-Gd" species have also figured as a component of single molecule magnets [82]. Electrospray
(ES*) mass spectrometry studies found that fac-[GaFs;(BnMe»-tacn)] behaved as a metalloligand towards Na*,
K*, and [NH4]* cations in aqueous solution, and crystals grown from such solutions revealed a supramolecular

array of Na/K:--F-Ga and H3N-H-:-F-Ga coordination, for example as shown in Fig. 47 [151].
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Fig. 47 Structure of [GaFs(BnMez-tacn)] acting as a metalloligand. From Reference 151.

The [GaFs(BnMe;-tacn)] undergoes fast ¥F/*°F isotopic exchange in MeCN/H,0 or EtOH/H,0 at 80°C, making
it a promising species to develop as a PET imaging agent (Section 7) [152]. The substituted Rs-tacn compound,
1-benzyl-1,4,7-triazacyclononane-4,7-dicarboxylic acid functions as a dianionic pentadentate (N3O,) ligand

towards a [GaF]?** centre, which can also be easily radiofluorinated (Section 7) [153].

The gallium carbene complex [GaCls(NHCD'PP,)] reacted with AgY (Y = BFs or PFs) to form
[GaCly(NHCD'PP,)(k-Y)] with the fluoroanion coordinated to the gallium centre, confirmed by the X-ray

crystal structures [154]. If three equivalents of Ag[BF4] were used the product was [GaF3(NHCD'PP,)] [154].
Indium

Indium trifluoride hydrate, InF33H,0 has the polymeric B-aluminium trifluoride hydrate structure [149].
Analogous hydrothermal preparations to those used for Al and Ga systems resulted in mer-[InFs(terpy)], mer-
[InF3(2,2’-bipy)(H20)]-2H20, mer-[InF3(1,10-phen)(H,0)] and fac-[InF3(Mes-tacn)]-4H,0 [20,147]. Fluorination
of [InCl3(Rs-tacn)] (Rs = Mes or BnMe;) with [NMe4]F in CH,Cl, also proves a successful route to the trifluoride
complexes. Both of the white aza-macrocycle complexes were characterised by X-ray crystallography [20].
There is clearly great similarity between the metal trifluoride N-donor diimine and aza-macrocycle complexes
of Al, Ga and In: all the hydrated complexes are stable to water and show extensive hydrogen bonding and
ni-stacking (of the diimines) interaction in the crystals. Variable temperature *H and **F{*H} NMR spectroscopy
show that in CDs0D solution reversible dissociation occurs in some of the gallium and indium complexes,
suggesting the stability is Al > Ga > In as would be expected based upon the relative Lewis acidity of the metal

centre [147]. InF3-3H,0 dissolved slowly in hot dmso to give a poor yield of [InFs(dmso)(H20),] [149].

Group 14
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The coordination chemistry of SiFs, GeF, and SnF, is well developed [7,155] and only a modest amount of

new work has appeared.
Silicon

NHC complexes have attracted considerable interest and the area has been recently reviewed [140]. The new
carbene complex trans-[SiF4(NHCIP3),] was isolated during attempts to make SiF, adducts. The structures of
this complex and its toluene solvate were determined [156]. In the former the carbenes are arranged parallel
whilst in the solvate the carbenes are perpendicular to each other; this is presumably a packing effect and
makes no difference to the bond lengths. The carbene NHCAAC reacted with SiF, in thf to form the five
coordinate [SiF4(NHCAAC)] (Fig 48 C) [157]. Reduction of [SiF4(NHCAAC)] with two equivalents of KCs in thf in
the presence of NHCAAC produced the dark purple Si(ll) complex [SiF,(NHCAAC),] (Fig. 48 B) , whilst using
one equivalent of KCs generated the yellow radical [SiFs(NHCAAC)] (Fig. 48 A )[157] (Fig. 48).

Although extremely moisture sensitive six-coordinate phosphine complexes, trans-[SiXs(PMes);] and
[SiXa(diphosphine)] (diphosphine = Me,PCH,CH,PMe;, Et,PCH,CH,PEt,, 0-CeHa(PMe3)2; X = Cl, Br), have been
thoroughly characterised [158], attempts to prepare SiFs adducts have failed [159]. The failure to isolate

phosphine complexes contrasts with the stability of the NHC complexes.
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Fig. 48 [SiF3(NHCAAC)] (A), [SiF2(NHCAAC):] (B) and [SiFa(NHCAAC)] (C). Dip = 2,6-PraCsHs.

Low temperature IR spectroscopy and DFT calculations were used to explore the stability of nitrile and
substituted pyridine complexes of SiF4[160]. The calculations and the IR data showed no significant adduct

formation between SiF; and nitriles.
Germanium

Carbene complexes of GeF, and SnF, are included in recent reviews [19,140]. Oxidative addition of the
appropriate bis(dialkylamino)difluoromethylenes to [GeCl;(dioxane)] gave the carbene complexes
[GeF4(CAMe)] and [GeFs(SNHCMe;)] [161]. The structures of both were determined and show trigonal

bipyramidal geometries with equatorial carbene [161] (Fig. 49).
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Fig. 49 Structure of [GeF4(CAMe)] redrawn from Reference 161.

The acyclic carbene complex has a significantly longer Ge-C bond, but there is no difference in the Ge-F bond
lengths between the two complexes. If excess of the cyclic difluoromethylene is used, the product is a six-

coordinate anion [GeFs(SNHCMe3)]™. The structure of [GeF4(FCH,CN):] has been determined [162].

A new route to cationic germanium(lV) fluoride complexes is through oxidation of the corresponding
germanium(ll) adducts. The tetradentate N-donor, tris(1-ethyl-benzoimidazol-2-ylmethyl)amine (BIMEts)
forms the Ge(ll) complex [Ge(BIMEts)][OsSCFs], on reaction with [GeCly(dioxane)] and MesSiOsSCF;, and
subsequent treatment with XeF; or Selectfluor produced [GeF,(BIMEts)][03SCFs], (Fig. 50) [163]. The X-ray
structure reveals a distorted octahedron with cis fluorines. Treatment of [GeF,(BIMEt3)][03SCFs], with
MesSiO3SCF; generates [GeF(BIMEt3)][03SCFs]s in which a coordinated triflate completes the six-coordination

at germanium [163].

3%

Fig. 50 A: the ligand BIMEts; B: Structure of the cation [GeF2(BIMEt3)]?* redrawn from Reference 163.
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Tin

Oxidative addition of the bis(dialkylamino)difluoromethylenes to SnF, in MeCN gives the salts [LF][SnFs(L)] (L
= CAMe, SNHCMe;) directly and the neutral SnF, adducts could not be obtained (contrast with the germanium
system above) [161]. Tin tetrafluoride reacts with the carbene NHCMe,Pr; in benzene to form trans-
[SnF4(NHCMe,'Pr,),] [164]. Pentafluoroethylstannane adducts, including [SnF3(C,Fs)a(thf)]~, [SnF2(CaFs)2(1,10-
phen)], [SnF5(C2Fs)(1,10-phen)] and [SnF(C;Fs)s(1,10-phen)], have been prepared by cleavage of the phenyl
groups from SnPh,(CFs)a.n (n = 1-3) with HF, followed by addition of the neutral ligand [165].

In contrast to the germanium systems, attempted XeF;, oxidation of [Sn(BIMEt3)][0sSCF3], results in a complex
mixture, but reaction of SnF,, BIMEts; and MesSiOsSCF3 in a 1:1:1 molar ratio in MeCN gave
[SnF3(BIMEt3)][0sSCF3], from which addition of one or two further equivalents of MesSiOsSCF; gave
[SnF>(BIMEt3)][0sSCF3]> and [SnF(BIMEts)][OsSCFs]s, respectively [166]. Excess MesSiOsSCFs generated the
fluoride free cation [Sn(BIMEts)][0sSCFs]s. All four complexes were characterised by *Sn NMR spectroscopy
and X-ray diffraction. The Sn-N bonds shorten along the series from [SnF3(BIMEts)][OsSCFs] to
[Sn(BIMEt3)][03sSCF3]4; the cations also interact either with triflate anions or in the case of the dication a dimer

structure with fluorine bridges is present (Fig. 51) [166].

A B
AN
C D

Fig. 51 Structures of the cations [SnF3(BIMEts)]* (A), [SnF2(BIMEts)]** (B), [SnF(BIMEts)(0sSCFs)]** (C) and
[SnF(BIMEt3)(O3SCF3)2]* (D) redrawn from Reference 166.
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Tin(IV) fluoride adducts with a range of fluoroalkylphosphoryl ligands (RzN),P(O)(OCH:CF3)3.n (n=0-2; R=Me
or Et) and P(O)(OCH,CF3)3 have been prepared from [SnFs(MeCN),] and the ligands in CH,Cl; solution [167].
F{*H} NMR studies show the complexes exist as a mixture of cis and trans isomers in solution. Similar

complexes of (MezN)sPO, (R;N)2FPO and (R2N)F,PO have been described [168].
Group 15

Carbene adducts of phosphorus(V) fluorides have received considerable attention and the area has been
reviewed recently [19,140,169]. In this section we have focussed on the synthesis and structures; the
applications in organic synthesis are covered in these reviews. Some carbene complexes have been
developed as possible BF carriers for PET imaging (Section 7). New work on antimony fluorides has also been

reported, but no complexes of highly inert bismuth trifluoride are known.
Phosphorus

Addition of 4-dimethylaminopyridine to PF(C;Fs)s produces the six-coordinate adduct
[PF2(CaFs)s(MezNCsH4N)] whose structure reveals mer-C,Fs groups with the pyridine trans to CyFs [170].
Treatment of the complex with Bronsted acids (HX) (X = OH, OPh, OEt, OCH,CFs) leads to the corresponding
anions [PF,(CaFs)sX] ™.

Thermolysis in vacuo of the corresponding imidazolium hexafluorophosphate salts gave the NHC complexes
[PFs(NHC)] (NHC = NHCMe;, NHCEtMe) [142]. Similar thermolysis of the bis(imidazolium) salt (Scheme 6)
rather than generation of the corresponding carbene complex, gave a mixture of [PFs(1-methylimidazole)]

and the N-vinyl substituted carbene complex [171].

{
()~ / /

Scheme 6 Thermolysis of bis(imidazolium) hexafluorophosphate.
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A convenient route to (amino)(aryl)carbene adducts of PFs is the fluorination of a-aroylphosphinic acids with

morpholinesulfur trifluoride [172] (Scheme 7).
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Scheme 7 Fluorination of a-aroylphosphinic acids with morpholinesulfur trifluoride
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Xenon difluoride oxidation has been used to oxidise phosphine cations to difluorophosphorane cations (Fig.
52) [173]. Similar oxidation of [PPh,(SNHCMes;)][B(CsFs)a] produced [PF,Ph(SNHCMes3)][B(CsFs)4] which has
a tbp geometry with axial fluorine [174]. Treatment of this with [Et3Si][B(CsFs)s] removes one fluorine as EtsSiF

to generate the very unusual dication [PFPh(SNHCMes;)]** which is highly Lewis acidic.
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Fig. 52 Difluorophosphorane cations obtained from XeF: oxidation.

The high stability of some PFs-NHC adducts towards hydrolysis means that they may have some potential as
carriers for the ®F radioisotope in PET imaging [175]. The new complex [PF4sPh(NHCMe;)] was synthesised
from PhPCl,, which, on bromine oxidation in the presence of KF, forms K[PFsPh]; treatment of this with the
imidazolium salt and "Buli, afforded the carbene complex [176]. New carbene complexes of P(V) containing
fluoroalkyl groups have been prepared by oxidative addition of bis(dimethylamino)difluoromethylene to
PX,CF3, PX2C3Fs and PX(CyFs). (X = F, Cl) which produce [PF4R(SNHCMe3)] and [PF3(CFs).(SNHCMe,)] [177].
The complexes are air stable and can be recrystallised from boiling water, but anhydrous HF in CH,Cl; cleaves
the P-carbene bond to form imidazolium hexafluorophosphates. Similar oxidative addition to PFs;, PMeCl,
and PPhCl; has been reported [178]. (Difluoroorganyl)dimethylamines RCF,NMe; (R = H, Ph, 'Bu) also
oxidatively add to PF; to give sterically non-demanding asymmetric carbene complexes [178]. Phosphorus(V)

fluoro-complexes containing carbenes with liquid crystal chains have been obtained [179].

Phosphorus(V) carbene complexes have been examined as additives to improve the function of Li-ion battery

electrolytes [146].
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The tetradentate BIMEt; (Fig. 50) cation in [P"(BIMEts)][OsSCFs]s is oxidised by XeF, to
[PYF2(BIMEt3)][03SCFs]s, which is the first example of a phosphorus(V) trication; it has an octahedral

phosphorus centre with cis fluorines [180].
Arsenic

Neutral ligand complexes of AsFsor AsFs are few [7] and merit further investigation. A series of adducts of
HCN and various nitriles with AsFs, [AsFs(L)] (L = HCN, PrCN, c-CsHsCN, 'BuCN, PhCN, NCCH,CN) and
[(AsFs)2(NCCH,CN)] has been prepared from AsFs and the nitrile in liquid SO, at low temperatures [181]. The
adducts are colourless solids at low temperatures, but decompose slowly turning brown when warmed to
room temperature. They were characterised by IR, Raman, F{*H}, N NMR spectroscopy, and X-ray
structures were reported for four examples: [AsFs(HCN)], [AsFs(PrCN)], [AsFs(c-CsHsCN)] and [AsFs(PhCN)]
(Fig 53).

Fig. 53 Structure of [AsFs(NCH)] redrawn from Reference 181.

The As(V) carbene complex [AsF,Phy(NCPr,)][BF4] was made by XeF, oxidation of [AsPhy(NC'Pr4)][BF4]; it has

a trigonal bipyramidal geometry with axial fluorines (Fig. 54) [182].
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Fig. 54 Structure of the cation [AsF2Ph2(NC'Prs)]* redrawn from Reference 182.

Antimony

The nitrile complexes [SbFs(L)] (L = HCN, PrCN, c-CsHsCN, '‘BuCN, PhCN, NCCH,CN) and [(SbFs)>(NCCH,CN)]
were made from SbFs and the nitriles in liquid SO, and similarly characterised to their arsenic analogues (qg.v.)
including X-ray structures of [SbFs(HCN)] and [SbFs(PrCN)] [181]. Comparison of the spectroscopic data

suggests that the nitriles interact more strongly with AsFs than SbFs.

The reaction of SbF; with Me3SiOsSCF3 in the molar ratios 1:1, 1:2 and 1:>3 in MeCN in the presence of 2,2’-
bypyridyl results in evolution of MesSiF and formation of [SbF(2,2’-bipy):][0sSCFs], [SbF(2,2’-
bipy).]1[03SCFsl,, and [Sb(2,2’-bipy).][0sSCFs]s, respectively [183]. The structure of [SbF;(2,2’-bipy).][03SCFs]
reveals a four-coordinate (SbNyF2) unit with contact to a triflate oxygen and a fluoride ligand from a
neighbouring molecule completing a distorted octahedral geometry, whilst in [Sb(2,2’-bipy).][0sSCF3]s the

SbN,4 core has three long Sb---O contacts to triflate anions (Fig. 55).
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Fig. 55 Structures of the cations [SbF2(2,2’-bipy)]* (A) and [Sb(2,2’-bipy)2]3* (B) redrawn from Reference 183. Triflate
oxygen atoms and a fluoride ligand from a neighboring molecule complete the coordination environment around Sb.

New deep red complexes [SbF(°PPBIAN)][OsSCFs], and [SbF»(°PPBIAN)][OsSCFs] (PPPBIAN = 1,2-bis(2,6-
diisopropylphenyl)imino)acenaphthene (Fig. 56) are formed by reacting SbF,(03SCFs3)s.n (n =1,2) with the
ligand in CHCl, [184].

Dipp—, N— DiPP

A B

Fig. 56 A: the ligand PPPBIAN; B: Structure of [SbF(®PPBIAN)][03sSCF3]2 redrawn from Reference 184.

The reaction of SbF(O3SCF3), with tris(2-pyridyl)phosphine in MeCN produces [SbF{tris(2-
pyridyl)phosphine}][03SCFs], (Fig. 57) from which the fluoride can be abstracted with MesSiOsSCF; to give
[Sb{tris(2-pyridyl)phosphine}][0sSCFs]s [185].
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Fig. 57 A: the ligand tris(2-pyridyl)phosphine; B: structure of [SbF{tris(2-pyridyl)phosphine}][03SCFs], redrawn from
Reference 185.

Tricyclohexylphosphine oxide forms 1:1 and 2:1 complexes with SbXs (X = F, Cl, Br) [186]. The structure of
[SbF3(CysP0O)] reveals a distorted square pyramidal environment at antimony composed of an OFs donor set
and a weak association to the F of a second molecule, with a vacant vertex presumed to be occupied by a

lone pair (Fig. 58) [186].

Fig. 58 Structure of [SbF3(CysPO)] redrawn from Reference 186.

The structure of [SbF;(Cy3;P0O),] was not determined, but it is likely to be a square pyramidal monomer with
apical halide like [SbCl3(CysP0O);] [186] or [SbF3;(MesP0Q),] [187]. Attempts to prepare SbF; complexes with

CysPS were unsuccessful, although the phosphine sulfide complexes with SbXs (X = Cl, Br).

Four crown complexes [SbFs(crown)] (crown = 18-crown-6, [18]aneQ.S;, [15]ane0sS; and [18]ane0.Se;)
were made by reaction in MeOH. The structure of [SbFs;([15]ane0sS;)] shows a pyramidal SbFs unit

interacting with all five macrocyclic donor atoms (Fig 59) [188].
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Fig. 59 Structure of [SbF3([15]ane03S2)] redrawn from Reference 188.

The reaction of BIMEt; (Fig. 50) with SbFs; and two equivalents of MesSiOsSCF; gave the dication
[SbF(BIMEt3)][MesSiOsSCFs],, which has a tetragonal pyramidal geometry with two triflate anions interacting

on the open face, forming a bridge to a second cation [180].

The direct reaction of SbFs with NHCD'PP; in thf or MeCN gave the salt [[NHCD'PP,)H][SbF4]. However, from
reaction with [SbFs(tmeda)] in toluene, the product was [SbFy(NHCDPP,),][SbF4] [189]. The X-ray crystal
structure shows the cation to have a disphenoidal (“saw-horse”) geometry with axial fluorines, and most
unexpectedly, one carbene has rearranged and coordinated in the mesoionic form (Fig. 60). The structure of

the 2:1 SbFs-glycine complex has been determined [190].

Fig. 60 Structure of the cation [SbF2(NHCD'PP2),]* redrawn from Reference 189.
Group 16

Thermally unstable adducts of SF, with pyridines [SF4(Rpy)] (Rpy = py, 4-Mepy, 2,6-Me,py, 4-Me;Npy) were

made by condensation of excess SF; onto the neat ligand at -45°C [191]. The structures show a square
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pyramidal geometry with basal pyridines and long S-N bonds (~ 2.5 A). [SF4(NEts)] which is only stable below
-45°C has also been characterised by an X-Ray structure determination [192]. Weak adducts between oxygen
ligands and SFs have been characterised more recently and include [{SFa(thf]}.], [SFa(thf),],
[SFa(cyclopentanone),;] and [SFi(MeOCH,CH,OMe)] all of which contain distorted six-coordinate sulfur
centres and decompose > -60°C [193]. The nature of the S-N and S-O bonds in these complexes [191-194]
has been explored computationally. Unstable adducts of Se(CN):F,, including [Se(CN);F,(L)z] (L = MeCN, EtCN,
thf) and [Se(CN).F;(L')] (L” = diglyme, 12-crown-4, 18-crown-6) have been synthesised and the structures
determined (Fig. 61) [195]. They are unstable to air, moisture and temperature and the bonding is viewed as

weak secondary bonding based upon the long Se-donor bonds and the results of DFT studies.

A B

Fig. 61 Structure of [Se(CN)2F2(thf)2] (A) and [Se(CN)2F2(12-crown-4)] (B) redrawn from Reference 195.
Group 17

The first (and so far only) adduct of BrF; with a neutral ligand, [BrFs(py)] has been isolated as a white solid by

combination of the reagents at low temperature [196]. The X-ray structure revealed a distorted square planar
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Fig. 62 Structure of [BrFs(py)] redrawn from Reference 196.
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Group 18

Neutral ligand adducts of xenon fluorides are very rare, but include [XeOFs(MeCN)] [197,198] and
[CeFsXeF;][BF4]-xMeCN (x = 1, 2) [199], which are only stable at low temperatures and have weak Xe:--NCMe
contacts. A considerable tour de force is the isolation of the shock-sensitive [XeF¢(MeCN)] and
[XeFs(MeCN),]-MeCN [200]. The structures of both adducts were determined and detailed Raman
spectroscopic characterisation reported. The Xe-N distances are long but significantly shorter than the sum

of the appropriate Van der Waals radii; the bonding has been discussed in detail [201].
7. Complexes for 8F Radiopharmaceutical Applications.

The increased amount of research into the coordination chemistry of metal/non-metal fluorides in recent
years is tangible in the field of *®F radiochemistry for PET imaging applications, in which several new systems
have appeared as possible alternatives to organofluorine radiopharmaceuticals. Boron-, aluminium-, gallium-
, silicon- and very recently, sulfur, phosphorus- and iron-fluoride compounds have all been investigated.
Although many of these new systems have anionic ligands coordinated to the metal/non-metal fluoride, and
hence formally fall outside the scope of this review, they will be presented, but not discussed in detail as they
are already discussed in depth in several recent reviews [8,9,10,202,203,204,205,206,207,208]. These
systems have attracted much interest due to their comparable or higher bond dissociation energies with
fluorine compared to the C-F bond (Table 2), and their ability to incorporate [®F]F" under milder
“physiologically friendly” conditions (e.g. agqueous solution, neutral/close to neutral pH and room
temperature/moderate heating) and in the last step of the process. Moreover, given the increasing
importance of targeting specific diseases through the use of biomolecules that deliver the radioactivity to
the part of the body of interest, the mild reaction conditions also mean that the ®F-labelling reactions can
often be performed following bioconjugation, instead of first attaching [*8F]F to the organic molecule and
then conjugating it to a biomolecule, resulting in a decrease of the total reaction time and of the number of

steps of the process.

Table 2 Bond dissociation energies [209].

Bond type Bond Dissociation
Energy (kJ mol™)
C-F 536
B-F 766
Al-F 664
Ga-F 577
Si-F 540
P-F 439
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The most prominent alternatives to C-'8F radiopharmaceuticals comprising anionic ligands are:

e Silicon-fluoride-acceptors (SiFA) systems.
The SiFA chemistry has been developed by the Schirrmacher Group with the first example reported in 2006
[210]. In these molecules, the silicon atom has a tetrahedral coordination in which a single fluoride atom is
present, along with a phenyl and two tert-butyl groups. The tert-butyl groups protect the silicon fluoride from

hydrolysis and the aromatic group can be functionalised for biomolecule conjugation (Fig. 63).

/‘Bu
biomolecule—Linker Si—18F

\
‘Bu
Fig. 63 SiFA system.

The [*®F]F is incorporated into the system through isotopic exchange of the nonradioactive *°F with [*F]F in
water or in agueous solution and it is usually followed by a simple solid-phase extraction (SPE) purification
method (reagent and product are chemically identical and do not require HPLC purification). SiFA has been
conjugated to several biomolecules [210, 211,212,213]. However, the need to have bulky groups around the
hydrolytically unstable silicon atom have the major drawback of increasing the lipophilicity of the molecule,
leading to very high liver uptake observed through in vivo studies [210]. The problem was overcome by
introducing lipophilicity-reducing groups between the SiFA moiety and the biomolecule, such as an
acetylated amino-sugar group attached to the amino acid asparagine, and making the system cationic overall

[214,215].

e Organotrifluoroborate (RBF;7) systems.
The formation of the radiolabelled [*®F]RBFs™ is achieved either by converting a boronic ester moiety into the
trifluoroborate species [216, 217,218] or by an isotopic exchange reaction in acidic solution or aprotic
solvents [218]. Isotopic exchange reactions sometimes require the use of a Lewis acid promoter (e.g. SnCl,)
[8]. Two main organotrifluoroborate species have been developed and successfully *F-fluorinated: aryl-

trifluoroborate and the zwitterionic onium-trifluoroborate [8] (Fig. 64).
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Fig. 64 Aryl-trifluoroborate (A) and zwitterionic ammonium-trifluoroborate (B) systems.

Since RBF;™ anions also suffer from hydrolysis, forming the corresponding boronic acid, modifications to the
aryl groups were explored. It was concluded that electron-withdrawing groups in the phenyl ring, such as F,
confer the required stability to the trifluoroborate moiety. The development of the zwitterionic species is
also related to the effort of improving the stability in water of the trifluoroborate unit; in this case the
presence of a cationic group (e.g. ammonium, phosphonium) enhances the fluoride ion affinity of the
borates, acting as an electrostatic anchor for the oppositely charged anion [219,220]. Both systems have

been conjugated to biomolecules and their stability in vivo investigated [218,219,221,222,223].

e Aluminium ([*®F]AIF-NOTA) systems.
This chemistry was first reported by McBride et al. who investigated the possibility of attaching [*®F]F to the
Group 13 metal aluminium, exploiting their high bond dissociation energy [224,225,226,227].
Thermodynamic and kinetic stability is ensured by the presence of the anionic macrocycle, NOTA (Fig. 65).
Despite the ligand being anionic, this chemistry is quite different from the other two examples presented
above; this was the first metal-based chelate used for PET application, and the coordination environment
does not involve C atoms, making the system and its chemistry quite different from the organo-B/Si chemistry
discussed above. In this methodology, [®F]AIF?* is first produced through CI/*F halide exchange reactions,
from AICls and [*®F]KF, and then reacted with the NOTA ligand (one carboxylic pendant arm is conjugated to
a biomolecule), in water at pH 4 (CH;COONa buffer) and T >100°C. The resulting product has the aluminium
metal centre octahedrally coordinated with a N3O;F environment around the metal. Various modifications

of the linker group and/or in the macrocycle backbone have been reported [228,229].
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Fig. 65 [*®F]AIF-NOTA system (A) and HsNOTA ligand (B).

The N3O3F coordination environment around the metal was confirmed by an X-ray study on [AIF(NODA-
MPAA)] (NODA-MPAA = 1,4,7-triazacyclononane-1,4-diacetic acid-methylphenylacetic acid) [230]. Three
nitrogen atoms of the ring and two oxygen atoms of the pendant carboxylate groups of the macrocycle

complete the coordination around the metal along with a fluoride ion (Fig. 66).

Fig. 66 Structure of [AIF(NODA-MPAA)] redrawn from Reference 228.

The high temperature required for complexation is a drawback when conjugating heat sensitive
biomolecules, however, clinical in vivo studies of peptide conjugated [*¥F]AIF-NOTA systems show the validity
of this approach [231]. The use of open chain ligands has also been explored and allow for close to room

temperature radiolabelling conditions and heat sensitive biomolecules to be employed [232,233].

Other systems successfully F-radiolabelled include [*®F]BF,~ [234,235,236], [*®F]SOsF™ [237] and [*®F]PFs
[238] for imaging of the sodium-iodide symporter, the ®F-fluorination of BODIPY dyes for PET/fluorescence
dual modality imaging agents [8,239], and the Ga(lll) complex with a dianionic N3O, pentadentate ligand,
[GaF(1-Bn-4,7-(CH3COOQ),-tacn)] [153]. The latter was obtained from the chloride analogue in a one-step
reaction through Cl/®F halide exchange under aqueous conditions (pH 4) at 80°C for 30 minutes. This system
reported good stability to at least pH 6 but defluorinates in phosphate buffered solution (PBS) and human
serum albumin (HAS) at pH 7.4 [153]. [GaF(1-Bn-4,7-(CH3COQ),-tacn)] could also be obtained by reaction of
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Ga(N03)3-9H,0, [1-Bn-4,7-(CH3C0O0),]* and non-radioactive KF in water. The crystal structure of the fluoride
complex is shown in Fig. 67. The X-ray structural characterisation shows a distorted octahedral coordination

at gallium, through the pentadentate ligand and one terminal F~ ligand.

Fig. 67 Structure of [GaF(1-Bn-4,7-(CH3COO)>-tacn)] redrawn from Reference 153.

8F-radiolabelling of systems with neutral ligands

BE-fluorination of metal/non-metal fluorides coordinated to neutral ligands is less common. N-heterocyclic
carbene boron trifluoride (NHC-BFs) systems were successfully radiofluorinated by ®F/*°F isotopic exchange

reaction in one labelling step with azeotropically dried [*3F][BusN]F (Scheme 8) [143,240].

{ F
F][BusN]F
L%W[M] o Lt
B|omolecule4& 0°C N \ i

0
Biomolecule
MeCN

Scheme 8 Radiolabelling conditions of NHC-BFs.

The exchange requires the presence of an excess of the Lewis acid promoter SnCl, and proceeds in anhydrous
MeCN at 70°C, giving the desired product in good radiochemical yield (RCY) ~ 20-30%. The carbene was
functionalised with a maleimide group to attach bioactive molecules prior to the radiolabelling reaction. The
radioactive biomolecule-functionalised [*®F]NHC-BFs, showed good in vitro and in vivo stability. Previously, a
two-step radiosynthesis of an NHC-BF3 adduct in which the biomolecule was attached following ®F-labelling,
was reported [143]. The same approach was employed for the F-labelling of the analogue NHC-PFs (Scheme

9) [175].

64



N F F o [FIBuNIF NEE

N EF
[APT:R;F zo‘)ccl 4 EN\>_F>¥€18F or ER\P-F/\(;F

MeCN
\

Scheme 9 Radiolabelling conditions of NHC-PFs.

The RCY were rather poor (6.5%), a problem attributed to the stability of the P-F bond in the system which
hinders the ®F/*°F isotopic exchange. However, the purified radioproduct showed very good stability in vitro

and in vivo [175].

The use of neutral triazacyclononane macrocycles with the Group 13 metal trihalides (M = Al, Ga) was also
investigated. [MCls(BnMe,-tacn)] were successfully 8F-radiolabelled through CI/¥F halide exchange
reactions in which the M-F bonds being formed undoubtedly provide a significant thermodynamic driving
force for rapid introduction of [*8F]F". The reactions were carried out in the presence of a slight deficit of non-

radioactive KF, although in rather different reaction conditions (Scheme 10) [20,148].

Y =
CJ/\‘QN 2.99 eq KF, 18F C\l/\lQ

A N7 SN : 5 N7 SN
RO NES pH 4,60 min 80 "C et Y
Cl/i\u = ) ~F
| 18|:

l/© 18 //@7

ﬁ'\‘/ﬁ 2.99 eq KF, ~°F (\N/ﬁ

B N NN MeCN/H,0, r.t. >30min TN
s Ga™™" ~ o Ga" N

c" l\u = | NF

| 18F

Scheme 10 Radiolabelling methods for [AICI3(BzMe»-tacn)] (A) and [GaCls(BnMea-tacn)] (B).

While the Ga system was radiolabelled in agueous MeCN solution at room temperature, the AlCls-chelate
required a buffered pH 4 solution and 80°C to give a good RCY (30% and 24%, respectively) [20,148]. The
RCYs were measured from the radio-HPLC chromatograms of the crude reactions and the product identified
by comparison with the retention time (R:) in the UV-chromatogram of the equivalent non-radioactive
product used as reference standard (Fig. 68). The products from both reactions showed good stability in vitro

(EtOH/PBS solution pH 7.4) with a radiochemical purity (RCP) >90% after 2/3 hours (Fig. 69).
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Fig. 68 Radio- (red) and UV-chromatogram (blue) of the crude from the reaction to form [AI'®F*°F,(BzMe»-tacn)]. Peak 1
= [*8F]F7; peak 2 = [AI'®F1%F;(BzMez-tacn)]. Reproduced from Ref. 148 with permission from the Royal Society of
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Fig. 69 Radio-chromatogram of the SPE purified [AI*®F*°F2(BnMe>-tacn)] after 20 minutes (A) and 3 hours (B) in 50%
EtOH/PBS pH 7.4 (RCP 99%).

Both chloride complexes were radiolabelled using 1 mg per mL (2.63 umol), however attempts to reduce the
amount of the metal precursor complex employed were unsuccessful. This was attributed to hydrolysis,
which competes with [*F]F ions at lower concentration. Likely factors contributing to the differences
observed are the higher Al-F bond dissociation energy compared to Ga-F (Table 2) and the higher Lewis

acidity and oxophilicity of the Al system. In consideration of the high stability of the [MF3(RMe,-tacn)] (R =
66



Bn, Me) complexes (they can be obtained in hydrothermal conditions, 180°C 15h) [20], ®F/*°F isotopic
exchange reactions were investigated. Indeed, [GaFs;(BnMe;-tacn)] was radiolabelled starting with 0.1 mg per
mL (268 nmol) and also 0.01 mg per mL (27 nmol) in aqueous MeCN or EtOH solution at 80°C for 10 minutes,
with good RCY (6614% and 37+5% respectively) (Scheme 11and Fig. 70) [152].
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Scheme 11 8F/*°F Isotopic exchange method for [GaF3(BnMez-tacn)].

18-
NL | N
F— Gia‘*-r

: 1BF

!

SO = s - —- —— s e e e e e IS

Retention time/min

Fig. 70 Radio-chromatogram of the crude from the ¥F/1°F isotopic exchange reaction starting with 0.01 mg of
[Ga'°F3(BnMe>-tacn)] to form [Ga'®F*°F2(BnMe>-tacn)] (38%).

The same method was successfully employed for the radiolabelling of [FeFs(BnMe>-tacn)] which could be
radiolabelled using 1 mg, 0.1 mg per mL (2.31 umol, 230 nmol) in ~ 40% RCY and 0.01 mg per mL (23 nmol)
in ~15% RCY [87].

The investigation of other transition metals in the 3+ oxidation state (Sc, Y, La, Cr, Mn, Co) with RMe;-tacn (R
= Me, Bz) was also reported [21,87]. The stability of the [M*°F3(RMe,-tacn)] was firstly investigated in the

presence of common anions present in physiological conditions (phosphate, chloride, acetate, carbonate),
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fluoride anions, pH and temperature range by means of °F{*H} NMR, or UV spectroscopy in the case of the
paramagnetic systems. The Y and La fluoride complexes were not obtained [21] and the Mn and Co systems
did not show sufficient stability; the CI/F exchange was too slow to be useful in the Cr system [87].
[ScF3(BnM,-tacn)] was stable in water over a range of temperatures and up until slightly basic pH (<8), as well
as towards chloride and acetate anions. [ScF3(RM,-tacn)] could be formed from [ScCls(RM;-tacn)] with
[MesN]F in anhydrous MeCN, representing a promising system worth further examination [21]. The
complexes of MF; (M = Al, Ga, In, Sc, Cr, Mn, Fe, Co) with the tridentate acyclic ligand terpy were also
reported, however these systems are generally less stable and are not considered to be suitable complexes

for future PET applications [20,21,87].

It seems obvious that the possibility of using metal coordination complexes as *¥F PET radiotracers will be
strongly dependant on the properties of the metal centre, which ultimately influence the reaction conditions
to form the fluoride complexes and their stability. The main metal properties to consider are its size (dictating
the coordination number), its redox chemistry and oxophilicity (the fluoride complex must be stable in water
or in the presence of anions such as phosphates), its Lewis acidity and lability (allowing rapid CI/F or 8F/*°F
substitution). Considering that stability tests and ClI/F halide exchange reactions on the non-radioactive
complexes are usually performed using between 15-100 mg of material, whereas 8F radiolabelling reactions
require very small quantities of precursor and the amount of [*¥F]F is also extremely low, stability and
reactivity of the complexes in the two regimes may be very different. At very low concentration, trace
impurities, the vast excess of water and °F in the mixture can compete with [¥F]F" or disrupt the
coordination around the metal, resulting in low RCY or a decrease in RCP over time. The use of neutral ligand
systems is of recent origin and many other possibilities for suitable metal/ligand combinations for 8F

incorporation are conceivable, and will no doubt attract further studies.
8. Applications

It is evident from the work described in Sections 4-6, that the synthesis and study of metal and non-metal
fluoride complexes containing neutral donor ligands is an area of significant current investigation. In addition
to their inherent chemical interest, a number of potential applications of the complexes are beginning to
emerge. A good example is the use of metal complexes as binding sites for ®F in the drive towards new
generations of PET imaging agents (Section 7). Examples now include complexes involving direct bonds from
18F to P, Al, Ga, and Fe, as well as other inorganic anions based upon B and S. The next stages of this work are
likely to focus on bioconjugation of peptides and PET imaging studies. A completely different application is
the possible use of main group boron and phosphorus fluoride-carbene complexes as electrolyte additives

to increase the stability and lifetime of Li-ion batteries [131,132,140,146,169].
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The longest established use of non-metal fluorides is in organic and organometallic synthesis. For example,
boron trifluoride or its more easily handled adducts, [BFs(L)] (L = Et,O, MeS, MeOH, etc.) are very widely
used as Lewis acids for many organic transformations [126]. More recently, carbene complexes of boron and
phosphorus fluorides have attracted much interest as active Lewis acids [140]. Many other fluoride systems
have been investigated as possible Lewis acids or catalysts for organic transformations, including olefin
polymerisation and C-F bond formation. The different properties conferred on the central element by
fluoride ligands usually results in clearly different behaviour compared to corresponding complexes with
other anions. Species based upon Ti(lV) fluoride have numerous applications for stoichiometric or catalytic
transformations, as described in a recent review [14]. These are typically metallocene based or contain
anionic pincer co-ligands, with the catalyst or pre-catalyst prepared in situ; usually the active catalyst is not
identified. Thus far neutral ligand complexes feature only as precursors to introduce the metal fluoride in a
soluble form, e.g. as [TiF4(thf),], but further work can be expected to identify complexes that are themselves
active. The specific effects of fluoride ligands are illustrated by olefin polymerisation using the pincer ligand
in (Fig. 71) [241]. This complex, prepared from [TiF4(thf);] and the pincer by HF elimination, and activated
with MAO (methylaluminoxane), produces ultra-high molecular weight polyethylene. The corresponding

chloro-complex is also highly active, but gives a different molecular weight distribution. Other metal systems,

including for example, simple complexes of NbFs, achieve ethylene polymerisation, but the activity is low

[66].

ipr

Fig. 71 The (anionic) pincer ligand pre-catalyst for olefin polymerisation [241].

Late d-block fluoride complexes, including those of nickel, palladium and gold, have also been investigated
in connection with C-C coupling, C-H activation or C-F bond formation, and described in recent reviews
[119,242,243]. The active species are often proposed to be M-F compounds in higher oxidation states, but it
is rare for these to be identified and they have been isolated in only a few cases — see for example
[116,117,118].
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9. Conclusions and Outlook.

Over the approximately eight years covered by this article, there have been many advances in the
coordination chemistry of metal fluorides, including the first N-base complexes of AuFs, phosphine and arsine
complexes of the highest oxidation states of the heavy group 5 and 6 elements, NbFs, TaFs and WF, and an
impressive number of carbene (NHC) complexes with many element fluorides across the Periodic Table. In
the p-block, several series of fluorocations with mostly N-donor or NHC ligands have been described,
including for P(V), Sb(lll), Sn(lV) and Ge(IV), as well as neutral complexes of Group 13 metal fluorides, nitrile
adducts of XeFs and a pyridine complex with the violently oxidising BrFs. However, many other significant
areas await development. Whilst lanthanide chemistry remains very limited, the chemistry of uranium
fluoride complexes is developing, and there are sufficient examples to indicate that a substantial
coordination chemistry with N- and O-donor ligands will exist for Pa, U, Np, Pu and Am, although the need
for high level radioactivity facilities obviously greatly limits work on the post-uranium elements. In the early
d-block, in addition to the absence of detailed study of vanadium(V) and (1V) fluorides, virtually nothing has
been reported on complexes of the lower fluorides, including TiFs, NbFs, MoFs and MoF, The binary tri- and
tetra- fluorides are intractable polymers, but many chloride complexes are known, and CI/F exchange may
provide a route to some fluoride complexes, although it is likely that in some cases Cl/F exchange from the
chloride complexes will promote loss of the neutral ligand and formation of the metal fluoride polymer. The
existence of complexes of ZrF, and HfF, with some neutral N- and O-donor ligands (the parent tetrafluorides
are inert polymers), suggests that some further complexes may be accessible and this area merits careful
investigation. The platinum metal hexafluorides are too oxidising to co-exist with neutral ligands (and also
do not generally form fluoroanions), and no examples with MoFs are known, but ReFs and possibly ReF;
appear worth investigation. The tri-, tetra- and possibly penta-fluorides of the platinum metals may complex
with nitrile or pyridyl ligands, although this will require elemental fluorine to produce the binary fluoride
precursors, as well as fluoroplastic or metal equipment, which limits such studies to a small number of
laboratories. Even the complexes of the 3d metal trifluorides were little studied until late, but this has
changed as a result of their potential applications in molecular magnets and as F carriers for PET

applications, and it seems that a wider range of ligand types could be incorporated.

Within the p-block, areas worthy of investigation include cationic fluoro complexes of the Group 13 metals
which will have enhanced Lewis acidity compared to the neutral analogues, and detailed studies of the NHC
complexes of AsFsand SbFs to compare with the large amount of work on PFs systems. Sulfur tetrafluoride
forms only a few thermally unstable adducts, but complexes of TeF, have been little studied, and SeF, does

not seem to have been examined. Nitrile and pyridyl complexes of Group 17 are also possible — while this is
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hazardous chemistry, the recent synthesis of [BrFs(py)] may lead to further examples (some complexes of

iodine fluorides were reported over 40 years ago, but lack structural authentication).

Oxide fluoride chemistry is more limited, but recent work has included systematic studies of vanadium,
molybdenum, niobium and tungsten oxide fluoride complexes with N- and O-donor ligands, and even for
tungsten, some phosphine examples. A significant number of oxide fluorides exist for Re and Os and isolated
examples of nitrile complexes have been characterised, but most have not been explored; again the need for
fluorine and specialised equipment is a significant barrier. Molecular oxide fluorides in the p-block are mostly

with the lighter non-metallic elements, and these appear to have little or no Lewis acidity.

It seems likely that the next few years will see some at least of this new chemistry attempted and a number

of exciting new developments are to be expected.
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