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Abstract

Krypton is the only noble gas other than xenon to give rise to isolable compounds in macroscopic amounts, although the
chemistry of krypton is presently limited to the +2 oxidation state. The strong oxidant-fluorinator properties and thermal
instabilities of krypton(II) compounds have posed considerable challenges to determining the extent to which the chemistries of
krypton(II) and xenon(II) are analogous. Krypton(II) compounds possessing Kr—F, Kr—O and Kr—N bonds have been prepared
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and structurally characterized by X-ray crystallography, spectroscopic means (NMR, vibrational, Md&ssbauer), and electron
structure calculations. The strong oxidative fluorinators, KrF, and KrF*, have found application in the syntheses of new examples
of fluorides and oxide fluorides of main-group, transition metal, lanthanide, and actinide elements in their highest oxidation states.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Canadian contributions to noble-gas chemistry span
the discovery of noble-gas reactivity to the present. The
chain of events leading to the discovery of krypton
reactivity and its chemistry, the subject of the present
Review, was inaugurated at the University of British
Columbia on March 23, 1962 when Neil Bartlett
demonstrated that the reaction of xenon gas with PtFq
vapor at ambient temperature instantaneously gave a
stable yellow-red solid, then formulated as Xe ™ PtFg
[1]. The discovery of the first noble-gas compound made
folklore of the preexisting dogma that the rare or noble
gases should be referred to as ‘inert’” and served to
rewrite chemistry textbooks by confronting the doctrine
that held the valence electron octet to be inviolate [2].

Over the ensuing years since the discovery of noble-
gas reactivity, a considerable body of the known
chemistry of krypton has evolved at McMaster Uni-
versity in the laboratories of Ronald J. Gillespie and
Gary J. Schrobilgen, where it presently remains a highly
active research area and where the majority of known
krypton compounds have been synthesized and char-
acterized structurally. The present overview of krypton
chemistry also seeks to represent the equally important
and considerable contributions of non-Canadian labora-
tories to this challenging and fascinating field of
chemistry and is the first comprehensive review of the
subject since that of Bartlett and Sladky in 1973 [3].
Various aspects of krypton chemistry also appear in
several general reviews of noble-gas chemistry [4—11].

2. Discovery of krypton reactivity

In 1924, A. von Antropoff published a paper in
Zeitschrift fiir angewandte Chemie in which he elo-
quently argued for the placement of the noble gases in
group VIIIb of the periodic table [12,13]. Accordingly,
he pointed out that noble gases are potentially reactive
and that such positioning would give them a maximum
valence of eight, except in the case of helium where it is
two. In his words he noted that ‘one should not forget
that as the valence number increases from one group to
the next, the intensity of the valence forces decreases’
and that ‘placement in Group VIIIb leaves them the
possibility to form bonds with the most negative
elements, oxygen and fluorine’. Several years later he

and his coworkers were motivated to validate these
concepts by attempting the preparation of the first noble
gas compounds, and krypton was chosen [14]. It may be
speculated that the choice was determined because
krypton was then the heaviest noble gas that was
available in sufficient quantities and because it should
have a greater tendency to react than the lighter noble
gases. Moreover, an earlier attempt by Henri Moissan
[15], the discoverer of elemental fluorine, to react
fluorine gas and argon at room temperature and under
the action of an induction spark had failed. Von
Antropoff and his coworkers attempted to react krypton
with chlorine and bromine under intense electric dis-
charges while circulating the Kr/Cl, and Kr/Br, mix-
tures through a liquid air trap [14]. The observed
pressure drops and formation of a dark red solid, in
the case of the Kr/Cl, discharge experiment, in the cold
trap were taken as evidence for compound formation.
The red compound was noted to be volatile and stable in
the gas phase, and heating with calcium was reported to
give a violent reaction and only krypton was reported to
remain. With the permission of von Antropoff, Otto
Ruff and Walter Menzel [16] conducted similar experi-
ments with argon/fluorine and krypton/fluorine mix-
tures, but without success. A year later in 1933, von
Antropoff’s group showed that the red solid they had
originally isolated was not a krypton compound, but an
already known compound of NO and HCI [17]. The
retraction article, however, notes that they were not able
to account for certain losses in krypton pressure. The
next mention of the plausibility of forming krypton
compounds was also in 1933. Based on a consideration
of univalent radius ratios, Linus Pauling [18] reasoned
that KrFg, along with H4XeOg, AgsXeOs, AgH3XeOg,
XeFg, and XeFg should be capable of existence,
suggesting that XeFg might be unstable. It was also at
about this time that Don Yost and Albert Kaye [19]
reported on their failed attempts to synthesize xenon
fluorides by means of electric discharges through xenon/
fluorine mixtures.

Efforts to prepare krypton compounds lay dormant
until Neil Bartlett revived interest in noble-gas chemistry
with the synthesis of the first noble-gas compound, a
xenon compound resulting from the reaction of xenon
gas with the powerful oxidant and fluorinator, PtFg.
The resulting compound, then formulated as Xe " PtFg
[1], was subsequently shown to be a mixture of
XeFtPtFg, XeFtPt,Fi; and PtFs [20]. Bartlett also
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attempted to react krypton with PtFs and RhF¢ at
temperatures below 50 °C without success [21].

The first synthesis of a krypton compound was
reported by Grosse et al. [22,23], who claimed to have
prepared KrF,4 by use of a high voltage glow discharge
through a mixture of krypton and fluorine at —78 °C.
Subsequent independent attempts to repeat the glow
discharge synthesis of KrF, verified the formation of a
krypton fluoride [24], however, the vapor pressures and
F-NMR spectrum were very similar to those reported
in the meantime for KrF, [25]. Other workers have since
failed to synthesize KrF, by the method of Grosse et al.
or by any other method, producing only KrF,. Turner
and Pimentel [26,27] prepared KrF, by irradiation of
K1/F, mixtures at 20 K in an argon matrix using focused
light from a medium pressure mercury lamp, and were
the first to correctly identify KrF, and characterize it by
infrared spectroscopy. Bands were observed at 580 and
236 cm ! and these were assigned to the vi(Z.) and
vo(I1,) vibrational modes of the linear centrosymmetric
KrF, molecule.

Streng and Grosse [28] reported that hydrolysis of
what they claimed was ‘KrF,’ produced aqueous solu-
tions having an oxidizing strength equivalent to a 2-3
mol% yield of ‘KrO3;’. When the hydrolysis was carried
out in a Ba(OH), solution, 90% of the Kr was recovered
and the precipitated BaF, contained an oxidizing
strength equivalent to a 9 mol% yield of ‘KrOj’,
equivalent to the retention of 7% of the original krypton
in the precipitate. The authors concluded that ‘KrOs’
was present as the stable salt, ‘barium kryptate
(BaKrOy,)’. Like KrF,, these findings have never been
substantiated and cannot be considered as proof for the
existence of aqueous krypton compounds or Kr-O
bonded species. Attempts to observe KrO; by tracer
and Mossbauer techniques after B-decay of ®*Br in
BrO3;  have been unsuccessful [29,30], suggesting that
KrO; may be too unstable to be synthesized. Indeed,
XeO; and XeOy4, which are expected to be more stable
than their krypton analogues, are both highly endother-
mic and kinetically unstable.

The neutral fluorides of krypton are presently limited
to KrF,, which is isolable in gram quantities. The violet-
colored KrF* radical has been obtained by y-irradiation
of single crystals of KrF, with a ®°Co source at —
196 °C [31]. The entrapped radical was detected in the
KrF, host crystal by ESR spectroscopy and identified
from the '°F hyperfine interaction. The radical is stable
indefinitely at —196 °C, but decomposes upon warm-
ing to —153 °C, and can otherwise be considered a
transient species. Because of the transient nature of
KrF*, its chemistry is not discussed at length in this
Review, however, the role the excited state species,
KrF** [32-34], plays in the synthesis of KrF, by UV
photolysis will be briefly discussed. The formation of the
KrF ™ anion has been studied in the gas phase by using a

Penning ion source with radical extraction [35]. The
existence of KrF ™~ has been confirmed by observing the
negative ion mass spectrum of KrF,.

3. Krypton difluoride

Other than xenon, krypton is the only noble gas that
forms isolable chemical compounds in macroscopic
amounts, with the simplest of these compounds being
KrF,. The importance of KrF, is emphasized by the fact
that all krypton chemistry is currently derived from
KrF,. Consistent with its thermodynamic instability,
KrF, is a potent oxidative fluorinating agent that is
capable of oxidizing xenon to XeF¢ [36] and gold metal
to AuFg [37,38] below room temperature and has
consequently found use as a low-temperature oxidative
fluorinating agent (see Section 8).

3.1. Synthesis of krypton difluoride

The preparation of KrF, in synthetically useful
amounts is technically challenging and difficult to scale.
Because the heat of formation of KrF, is endothermic
(AH;=60.2 kJ mol ', gas at 93 °C) [39,40], KrF,
cannot be synthesized by the standard high-pressure,
high-temperature methods used to prepare the thermo-
dynamically stable xenon fluorides, XeF, [41], XeF,
[42], and XeFg [43] which have standard enthalpies of
formation of —162.8, —267.1 and —338.2 kJ mol !
[44], respectively. In addition to the thermodynamic
instability of KrF,, its preparation is further compli-
cated by the difficulty of atomizing fluorine at the low
temperatures required to stabilize the product. Four
methods, which overcome these obstacles, have been
developed for the preparation of macroscopic quantities
of KrF,, and use high-energy particle beams (e,
protons, o) [45,46], electric discharges [24,47,48], UV
irradiation [27,49-52], and hot wires [52—54] as means
to generate fluorine atoms at low temperatures (Eq. (1)).
Of these methods, the latter two are currently the
preferred methods of preparation based on reproduci-
bility of yields and relative experimental simplicity. In
each method, the highly reactive fluorine radicals react
with krypton at low temperatures to form the meta-
stable KrF* radical (Eq. (2)). Although the process for
the conversion of KrF* to KrF, has not been thor-
oughly investigated, it is presumed that the reaction
proceeds through Eq. (3) and/or Eq. (4) [55]. All of these
methods are energetically demanding as a result of F,

F,— 2F* (1)
F* + Kr —» KrF* (2)
KrF* + KrF* — KrF, + Kr 3)
KrF* + F* - KrF, 4)
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atomization, but vary considerably depending on the
technique that is used. For example, the process of
atomization using UV irradiation requires 1.1 to 2.5 eV
per fluorine atom produced, but is significantly higher
for the electron impact (5 eV/F*) and electric discharge
(7.0+0.8 eV/F*) methods [55-57].

3.1.1. Small particle bombardment

The preparation of KrF, using a 1.5 MeV electron
beam was reported by MacKenzie in 1963 [45]. This
method uses an electron beam which is introduced into a
nickel reaction vessel through a thin (0.013 cm) nickel
window. Bombardment of an F, rich Kr/F, mixture at
—150 °C produced visible amounts of KrF, (ca. 100
mg), however, optimization of the electron impact
synthesis has not been pursued, and little data regarding
product yields or production rates are available.

Proton beams, with energies of 10 MeV and currents
of 5 pA, have also been utilized in the preparation of
KrF, from gaseous mixtures of Kr and F, at tempera-
tures ranging from —60 to —140 °C [46]. The rate of
KrF, production can reach 1 g h~! at the lower end of
this temperature range. High-energy o-particles (40
MeV) from cyclotron sources also produce KrF, under
similar reaction conditions [46]. Although proton and o-
particle bombardments are capable of producing gram
quantities of KrF, in relatively short time periods, the
operating expenses and relative scarcity of cyclotron
facilities strongly dissuade experimentalists from using
these methods.

3.1.2. UV photolysis

The synthesis of bulk quantities of KrF, by UV
irradiation was first reported in 1965 by Streng and
Streng, who exposed Kr and F, (or OF;) mixtures to
sunlight for 5 weeks in a Pyrex vessel cooled to —78 °C
[49]. The synthesis was later improved by the use of a
medium pressure mercury discharge lamp as the UV
source and by carrying the reaction out at —196 °C
[50]. The effect of modifying the incident UV spectral
range has also been investigated with the general
consensus that harder UV radiation is detrimental to
product yields [52,55,58]. Although there is considerable
discrepancy with regards to the near UV absorption
spectrum of KrF, [52,59], (see Section 3.3), the reduced
yields observed when hard UV radiation is not filtered
out has been attributed to these absorptions, which are
suspected to initiate product dissociation. The strong,
broad absorbance in the mid-UV region (158 nm) has
been extensively characterized because it can be used to
produce KrF**, which emits UV laser lines at 222 and
248 nm upon relaxation to KrF*, and could also be a
competing factor in the production of KrF, [34]. The
effects of product photodissociation have been shown to
be minimized if Pyrex (UV cutoff, 280 nm) apparatus or
filters are used in the place of Vycor (UV cutoff, 210 nm)

or quartz (UV cutoff, 170 nm) [52]. At high light
intensities, the highest KrF, yields are obtained with
irradiation in the 303-313 nm region [58].

The photochemical immersion wells currently used in
this synthesis were primarily developed at the Jozef
Stefan Institute, Ljubljana, Slovenia and are described
by these researchers [50,51], with detailed descriptions
also provided by Kinkead et al. [52]. A typical photo-
chemical reactor is depicted in Fig. 1 and utilizes a
medium pressure mercury arc lamp located in the center
of the reactor to irradiate solid Kr/liquid F, mixtures
contained in a quartz or Pyrex outer compartment
cooled to —196 °C, which surrounds the UV source.
The complexity of the reactor design is primarily the
result of the large temperature gradient required be-
tween the cryogenic Kr/F, mixture and the UV source.
The mercury arc lamp is not functional at these
cryogenic temperatures, and is located in the center of
the apparatus within a water-cooled Dewar jacket to
prevent cooling of the lamp. Photolysis has been shown
to be most efficient at —196 °C, at which temperature
Kr is a solid and F» is a liquid. The lower yields obtained
from the irradiation of gas-phase Kr/F, mixtures at 0, —
78, and —183 °C have been attributed to the thermal
instability of the KrF* radical in the gas phase where
translational energies are considerable [55,60]. Addi-
tional stabilization of the radical in the solid state has
been postulated to occur by means of electron sharing,
i.e. KrF*—Kr [55]. Although the KrF*® radical is
unarguably unstable, the significance of a translational
energy contribution to its dissociation should be re-
garded with some skepticism because it appears to
contradict the high yields of KrF, obtained for proton
and a-particle bombardments at —140 °C (see Section
3.1.3). Such a photochemical reactor is capable of
producing in excess of 1.22 g h~! of KrF, [52], making
it one of the highest yielding methods reported to date.
This method requires the handling of liquid fluorine in a
quartz apparatus, and introduces the risk of over
pressurization and F, release in the event of accidental
warming of the apparatus above the boiling point of
fluorine (—188.14 °C).

3.1.3. Hot wire reactor

The hot wire reactor was originally designed for the
synthesis of highly thermally and kinetically unstable
species such as O,F, (AHg, 19.8(1.2) kJ mol ~') [61] and
KrF, (AH?, 60.2 kJ mol ~ ") [39,40]. The preparation of
KrF, by this method was first described by Bezmel'nit-
syn et al. [53], and further commentary with regards to
the optimization, design and operation of hot wire
reactors has been provided by Kinkead et al. [52] (Fig.
2) and by Schrobilgen et al. [54]. The hot wire reactor
technique relies on the thermal dissociation of F» upon
contacting a resistively heated (ca. 700 °C) nickel
filament, which extends down the axis of a cylindrical
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Fig. 1. Small photochemical immersion well for low-temperature KrF, synthesis. The immersion well and reaction chamber are of quartz; the lamp
well is of quartz, Vycor, or Pyrex, as desired. The lamp well is sized for a 450 W or smaller medium pressure UV lamp (37 mm O.D.) Reproduced

with permission from Ref. [52].

reaction chamber whose external walls are cooled to —
196 °C. The rate of KrF, production is not only
dependant on the rate of F* production at the surface
of the nickel filament, but also on the mean free path of
the fluorine radicals through the residual gaseous F,
reagent to the solidified krypton on the reactor walls.
These factors have been addressed both theoretically
[53] and experimentally [52] and optimized conditions
have been reached for reactors with diameters of 2—4 cm
operating with residual F, pressures of 40 Torr.
Pretreatment of the nickel filament with O, at 800—
900 °C has been reported to catalyze the dissociation
of F, and increase KrF, yields by a factor of two,
however, some experimentalists have failed to see
significant increases in yield with this treatment [63].
Yields for hot wire reactors under these conditions can
reach up to 6 g h~!' [53]. Most modern reactors are
fabricated from 316 stainless steel (Fig. 2), however,
KrF, produced using reactors fabricated from stainless
steel is frequently discolored light pink because of small
amounts of chromium-containing species [63], which
likely include CrFs, CrOF4, and KrF,-CrOF, (see

Section 4.2). These contaminants can be easily removed
by flash distillation of the crude product at 0 °C [54].
The low gas pressures and rugged stainless steel designs
of these reactors substantially reduce the chemical
hazards associated with the preparation of KrF, when
compared with the liquid F>-UV photolysis method.
The high current (30 A at 6 VDC [53], 60 A at 16 VDC
[54]) required to resistively heat the nickel filament is
cautioned, and utmost care should be taken in the
design and operation of the power supplies associated
with these devices.

3.1.4. FElectric glow discharge

The preparation of KrF, using electric discharge
methods has also proven to be a viable, although
generally less common, method for producing gram
quantities of KrF,. Despite the low vapor pressure of
krypton at liquid nitrogen temperature (P (—
196 °C)=1.9 Torr), which is unfavorable for maintain-
ing near stoichiometric 1:1 F,:Kr ratios under ideal
operating pressures, the optimized discharge conditions
at this temperature have been established by Sessa [48].
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The low krypton pressure can be overcome by use of the
more hazardous coolant, O,(1), at which temperature (—
183 °C), solid krypton has a vapor pressure of 20 Torr
[24]. The electric discharge is generated between two
copper electrodes, roughly 20 mm in diameter and 75
mm apart, with a current of 20 mA and a net potential
of 3—4 kV (Fig. 3). The net pressure in the system is
generally regulated between 40 and 60 Torr, correspond-
ing to F,:Kr ratios of ca. 1:1 to 2:1 in the gas phase at
—183 °C. High-voltage electric glow discharges
through mixtures of krypton and fluorine over a period
of several hours results in product deposition on the
cold walls of the discharge tube between the electrodes.
The method is less reliable with respect to product yields
on a routine basis than either the UV photolysis or the
hot wire methods, however, rates of 0.05 [64] and 0.25 g
h ="' (75% yield based on Kr) [24] have been reported. A
method for producing KrF, by means of electric
discharges through Kr and CF,Cl, has also been
patented, but has not found widespread use [65].

3.2. Physicochemical properties of KrF>

Krypton difluoride is a colorless crystalline solid,
which decomposes to its elements at ambient tempera-
ture over the course of several days [24], and melts
(sublimes) with rapid decomposition at 77 °C [66]. The

thermal decomposition of KrF, has been studied at 20—
100 °C and 5-70 Torr initial pressure [67]. Between 50—
100 °C, the decomposition of KrF, proceeds as a
homogeneous monomolecular first-order reaction hav-
ing k=2 x 10" exp(—99580/RT) s ' for R=8.314 J
mol ~! K~ !. At temperatures below 50 °C, the reaction
is heterogeneous in nature and depends on the specific
surface area of the reactor.

The thermodynamic properties of KrF, have already
been discussed in the context of its synthesis (see Section
3.1) and are summarized in Table 1. The solid can be
stored indefinitely at —78 °C at which temperature its
vapor pressure is negligible [24]. Because of its strong
oxidizing properties, thermal instability and significant
vapor pressure at 0 °C (29+2 Torr) [39,47], the
preferred method for transferring KrF, is by sublima-
tion under static or dynamic vacuum. Although KrF,
reacts explosively with water and organic materials, it
can be handled and stored in vessels fabricated from
fluoroplastics (FEP [54], Kel-F [64], PTFE [64], PFA
[68]), metals (nickel [45], Monel [39,40], stainless steel
[39,40], aluminum [67]), and Pyrex glass [24,49] or
quartz [52] that have been well dried under dynamic
vacuum and thoroughly passivated with fluorine.

The high solubilities of KrF; in anhydrous HF and
BrFs (Table 1) and the resistance of these solvents to
oxidation by KrF; have resulted in their wide spread use
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Fig. 3. Glow discharge apparatus for the preparation of KrF,. (A) Kel-F container for the collection and storage of the compound, attached to the
glass apparatus by compression fittings. (B, C) U-tubes of Pyrex glass with break-seals. (D) Electrical discharge reaction vessel made of Pyrex glass
(diameter 60 mm; height of wide portion 200 mm) is immersed in liquid O, during the glow discharge. Two copper discs of 20 mm diameter and 5 mm
thickness, spaced 75 mm apart, serve as electrodes. The leads to the electrodes are silver-soldered into Kovar to glass seals. (E) Valve manifold to
convert push—pull operation of magnetic piston pump into unidirectional gas circulation as indicated. Each individual valve consisted of a 10-mm
glass tube ground flat at the end, protruding into a wider tube and closed with a thin square piece of glass held in place by gravity. Application of a
small pressure head from below (0.1 mm) permits gas to flow upward. Downward flow is inhibited by the closure of the ground end of the glass tube
by the square piece of glass. Arrangement of four valves in the way indicated in the figure permits use of the pumping action of each half stroke of the
piston. (F) Magnetic piston pump after Brenschede (Z. Physik. Chem. A178 (1936) 74). (G) Piston of pump suspended from stainless steel spring. (H)
Solenoid. V1, V2, V3: Monel valves. With the reaction in progress valve 1 is kept closed while valves 2 and 3 are open. During the purification and
sublimation of the product, first to tube C and then into tube B, valves 2 and 3 are closed to separate the pump from the rest of the system, and valve
1 is open to establish a connection to the vacuum line. Reproduced with permission from Ref. [24].

in synthetic applications involving KrF, (see Sections
4.1, 5.1, 8.2, 8.3 and 8.4). The KrF,-BrFs binary phase
diagram has been studied [66]. The incongruently

melting solvates KrF,-9BrFs and KrF,-2BrF5 and the
congruently melting solvate KrF,-BrFs (the distectic
point is at —17 °C) are formed in the system. Sulfuryl-
chlorofluoride (SO,CIF) has also proven useful as a low
temperature solvent medium for KrF, (see Sections 3.3,
4.2 and 6) [69].

Table 1
Physical properties of KrF,

3.3. Structure and spectroscopic properties of KrF>

Thermodynamics
AHgy * 41(+4) kJ mol ! L . .
A H?Z 60F2_( +)3_4) «J mol ! Despite its chemically aggressive nature, KrF, has

been extensively studied using a wide variety of spectro-
scopic techniques to investigate its electronic (UV—vis
[33,34,52,59], UV-PES [70], X-ray PES [71], XANES
[72]), vibrational (IR [27,73], Raman [73-75]), rota-
tional (high resolution IR) [76—78], and nuclear (*’F-
NMR [24,79,80], Mossbauer [81,82]) properties. In

A[—[zltomizaliun ! 979 kJ 1'1'10171

Mean Kr—F bond energy ®  48.9 kJ mol !

Vapor pressure ° log(P) = 8.814—(2000/T)

Solubility 16 mol KrF, per kg of HF at 20 °C ©
16.5 mol KrF, per kg of BrFs ¢

@ Refs. [39,40].

® P in Torr, T in Kelvin.
¢ Ref. [24].
4 Ref. [66], temperature not specified.

addition to the structural information accumulated by
these spectroscopic methods, the structure of KrF, has
been determined in its two known crystallographic
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Table 2
UV absorbance spectra of KrF,

Absorption energy (nm) Region (nm) Ref.

115-190 (max at ca. 162) 120-200 [33]
120-200 (max at ca. 159) 120200 [34]
220-320 * (max at ca. 220) 210-320 [59]
218, 188190 (max at ca. 188—190) 185-218 ® [86]

% Broad absorption.
® The upper limit is not given but is > 218 nm.

modifications by X-ray crystallography [54,83,84] and in
the gas phase by electron diffraction [85]. The results of
all of these studies are consistent with a linear triatomic
molecule having D, point group symmetry as pre-
dicted by VSEPR rules.

The electronic structure of KrF, has been studied
using UV absorption, photon electron (PES) and X-ray
absorption near edge (XANES) spectroscopies and
theoretical methods. The UV absorption spectrum
(Table 2) is well defined in the hard-UV region (120—
200 nm) where KrF, exhibits a single intense absorption
maximum at 158-162 nm [33,34]. This absorption
results in the cleavage of a Kr—F bond and the
formation of KrF** in either its D or B excited states,
which relax spontaneously to the ground state radical,
KrF*, with the emission of 222 and 248 nm laser lines,
respectively [34]. The soft UV region (185-320 nm) has
been investigated by several researchers and the reported
spectra exhibit considerable variation both with regards
to absorption energies and optical densities. The PE
spectrum of gaseous KrF, (Table 3), obtained by using
He(I) and He(Il) irradiation, was found to be analogous
to that of XeF, [70]. Additional information regarding
the orbital energies of KrF, has been obtained by means
of PES shake-up experiments using Mg—K,, irradiation

to probe transitions from lower lying energy levels, with
predominantly Kr-3d and F-1s characters, to unoccu-
pied molecular orbitals [71]. The structure of the
unoccupied orbitals of KrF, has also been investigated
using XANES, which monitored X-ray absorptions
originating from Kr-1s orbital [72].

The vibrational selection rules for the centrosym-
metric KrF, molecule predict that the symmetric KrF,
stretching mode, vi(£g), is Raman active, and those of
the asymmetric stretching, v»(I1,), and bending, v3(Z.),
modes are infrared active [90]. The vibrational frequen-
cies for KrF, have been determined experimentally in
the gas phase [73,74], in an argon matrix [27], and in the
solid state [73,75] and are compared with the values
calculated at a number of levels of theory in Table 4.
Factor-group analyses of the Raman spectra of KrF,
have been used to distinguish between its two crystal-
lographic modifications (vide infra) [75]. Although the
vibrational frequencies are comparable to those of XeF,
Vi(Zg), 514.5; vy(T,), 213.2; vy(Z[), 555 cm ™)
[93,94], the lower frequency of the symmetric stretch in
KrF, is noteworthy because it reflects the weaker Kr—F
bonding interaction. The stretching force constants, f;,
for KrF, (246 N m ') and XeF, (284 N m~ ) [73]
confirm this trend (Table 4). A striking feature of the
force constants for KrF, is the negative value of its
bond—bond interaction constant, f;, = —20 Nm~'. The
negative value indicates that it is easier to lengthen or to
shorten both bonds simultaneously than it is to lengthen
one bond and shorten the other. The opposite is true for
XeF, with f,, =13 N m~'. The absence of a Fermi
resonance splitting of v3(Z;) by the v,(I1,) overtone has
been justified by the small value of f; and the negative
value of f;; [95]. This serves to reduce the magnitude of
the Fermi resonance operator to 2.40 cm ', which is
small when compared with the energy difference be-
tween v3(Z, ) and 2v,(I1,) in the gas phase (15 cm ).

Table 3
Photoelectron spectrum of KrF,
Orbital Adiabatic I.P. * Vertical L.P. # Calculated
STO © STO © STO ¢ Xo-Sw ©

4, <13.16 13.34, 13.47 10.5 14.44 15.43 13.56
8o, 13.75 13.90 7.9 12.72 14.71 14.57
21, 14.0 14.37 12.6 16.30 17.64 14.53
3, 16.25 16.92 15.0 18.40 19.36 16.11
56, - 17.7 16.1 19.88 20.85 18.80
70, 22.0 23.0 29.0 33.08 33.77 28.56
4o, 33.51
60, 33.94

& Ref. [70].

® Ref. [87].

¢ Ref. [88].

4 Ref. [89].

© Ref. [71].
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Table 4

Experimental and calculated vibrational frequencies and force constants for KrF,

Experimental (cm )

Calculated (cm ™)

Assignment Force
constants *

KrF, (g)  KrF, (matrix) KrF, (s) HF/3-21G* ® MP2/SBK +(D) ¢ CCSD(T)/SBK+(D) ¢ LDFT ©
449 © 462.3 ¢ 558 448 400 504 Vi, Z; sym. fr, 246 ¢
stretch R
465.5 2
469.5, 468.6
588¢,590 1 580 649 626 589 623 vo, Iy asym.  fi, —20 ¢
stretch IR
232.6 ¢ 236 9 267 233 225 228 vi, ZF bend IR £, 21 ©
1032 ¢ Vi + Vs, comb.
band IR
@ Stretching constants, N m ™~ I: deformation constants, N m rad ~'.
® Ref. [91].
¢ Ref. [54].
4 Ref. [92].
¢ Ref. [73].
f Ref. [75].
& o-Phase; space group, I4/mmm.
b B-Phase; space group, P4/mnm.
! Ref. [74].
§ Ref. [27].
Table 5 Table 6
Experimental and calculated Kr—F bond lengths for KrF, Rotational constants for MKrF(g)
State Bond length (A) Method Ref. MK r B, (cm ™)
Gas 1.889(10) Electron diffraction [85] 82Ky @ 0.125149(4)
1.875(2)-1.867(2) ? High resolution IR [77] 8Ky 8 0.125143(4)
1.882821(9) * High resolution IR [76] Bk @ 0.1251493(10)
1.882766(8) ° High resolution IR [76] 86Ky @ 0.125154(3)
Solid 1.894(5) © X-ray diffraction [54] 8K ® 0.12626 or 0.12728
1.89(2) ¢ X-ray diffraction [83]
1.881(4)-1.887(4) © X-ray diffraction [54] # Obtained from the rotational fine structure of the v,(IT,) bending
1.868(4)—1.888(4) " X-ray diffraction [54] vibration in the high-resolution FT infrared spectrum, Ref. [76].
Theory  1.822 Hartree—Fock [54] ® Obtained from the rotational fine structure of the vy(ZJ)
1.826 Hartree—Fock [91] asymmetric stretching vibration, Ref. [77].
1.910 LDFT [54]
1.919 MP2/SBK + (D) [92] . o .
1933 CCSDJ/SBK + (D) [92] 191t1a} value of 1.?(1) A [7.3], wh1clééwas later refined,
1.88 NDDO-2 (o) [96] yielding two possible solutions for *°KrF,, 1.875(2) or
1.91 Xo-Sw [71] 1.967(2) A [77]. A more recent study of the vi(Z;)

% Calculated from the rotational substructure of the v, vibration of
8K1F,.

® Calculated from the rotational substructure of the v; vibration of
8K 1F,.

¢ a-Phase; space group, I4/mmm; —125 °C.

d B-Phase; space group, P4,/mnm; —80 °C.

N (I{I'ng;+ Sng)zKer

T Kr,F3 SbFs -KrFs.

The Kr—F bond length was first estimated from
rotational fine structure on the v;(Z,") vibration of the
gas-phase infrared spectrum. Although distinct rota-
tional transitions were not originally resolved, the
energy gap between the P and R branches provided an

rotational structure of *KrF, suggests that these values
are in error and has provided a precise value of
1.882821(9) A (r = 1.876930(23) A) [78] for the Kr—F
bond length. This revised value is consistent with the
value determined from the rotational fine structure of
the vo(IT,) bend (1.882766(8) A) [76] (Table 5). The
rotational constant, B,, has been determined for 4 KrF,
(4 =82 [76], 83 [76], 84 [76], 86 [76,77]) by gas phase
rotational spectroscopy and these values are summar-
ized in Table 6.

The F-NMR spectrum of KrF, has been obtained in
HF, BrFs and SO,CIF solvents [79] and the respective
chemical shifts are given in Table 7 along with those of
other krypton(II) compounds. The secondary krypton
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Table 7
NMR chemical shifts and coupling constants for krypton containing compounds
Noble gas species Solvent T (°C) 5 (*F) (ppm) J(L) (ppm) J(F-L) * (Hz) Ref.
KrF, HF 26 55.6 [79]
KrF, BrFs 27 77.7 [79]
KrF, BrFs —50 67.9 [79]
KrF, SO,CIF —10 82 [68]
KrF, SO,CIF —15.6 89.5 [63]
KrF, SO,CIF —118 63 [68]
KrF+ HF —40 —22.6 [79]
Kr,F3 (SbFg) BrFs —65 73.4 (F) 2JIF 347 [79]
18.8 (Fy)
KroFi (AsFg) BrFs —65 73.8 (F) 2JIYF 347 [79]
19.0 (Fy)
KroF3 (SbFg) BrFs —66 73.6 (F) 2J/YF 351 [79]
19.0 (Fy)
Kr(OTeFs), SO,CIF —90 —42.1 (Fy) 170952 2J/"F 181 [69]
—47.2 (Fep)
HCNKrEF* ® BrFs —57 99.4 N —200.8 2J/'5N 26 [97]
3C o985 371C 25.0
'H 6.09 ‘JI'H 4.2
HCNKrF* HF —60 81.0 [97]
CF;CNKrF* BrFs —58 93.1 (FKr) [98]
—53.9 (CF3)
C,FsCNKrF+ BrFs —58 91.1 (FKr) [98]
—83.8 (CF5)
—108.6 (CF,)
C;F,CNKrF+ BrFs —58 91.9 (FKr) [98]
—81.1 (CF5)
—105.7 (CF,)
—125.2 (CF,CN)
FKrFMoOF, © SO,CIF —121 70.4 (FKr) 2JI"Fy, 296 [99]
—12.4 (KrFy) 2J/F, 44
148.6 (F;Mo)
FKrF(MoOFE,), © SO,CIF —121 64.9 (FKr) 2JIYF, 314 [99]
—28.8 (KrFy) 2JIVF, 48
2JIF, 44
2JIYF{ 52
190.8 (F;Moy) 2JIYF¢ 92
2J/"F{ 100
208.5 (F{Moy) 2J1YF¢ 110
—34.8 (Mo,F{Mo,) 2JI"F, 44
150.1 (FzMOz)
FKrF(MoOF,); © SO,CIF —121 65.4 (FKr) 2JIYFy, 326 [99]
—31.1 (KrFy)
0.0 (F,Moy)
0.0 (F]MO])

14.6 (Mo, F{Mo»)
10.8 (MOngMOﬂ
10.8 (FsMos)

FKrFWOF, © SO,CIF —121 67.7 (FKr) 2J1YF, 311 [99]
—26.1 (KrFy) 2JIYF, 48
67.9 (F;W)

% Only the magnitude of the coupling constant is given.

b 17(13C-"N) =312 Hz, 2J('*>N-'H) = 12.2 Hz.

¢ The numerical subscript, x, of the metal atom, M (M = Mo, W), and the fluorines, F,, attached to MX in the compounds FKrF(MOF,),
(x = 1-n) increases with distance from the krypton atom. In the case of M;, where the fluorines cis to the oxygen atom are non-equivalent, these
atoms are denoted F; and F;, and are cis and trans to the Kr—Fy,—M; fluorine bridge, respectively.

isotope effect on the '°F chemical shift of KrF, has been proportional to their natural abundances (given in
resolved in SO,CIF solvent at —15.8 °C for krypton parentheses), namely, *Kr (0.35%), 3°Kr (2.25%), ¥*Kr
isotopes having nuclear spins /=0, the isotopically (11.56%), 3*Kr (56.90%), and *°Kr (17.37%) [80]. The
shifted components (Fig. 4) that have intensities are YF resonance arising from ®KrF, is not detectable
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%

84K
86Kr
82kr
SOK"
78}({
T v T M T T Lf M T
0.00 0.10
o (ppm)

Fig. 4. High-resolution '>F-NMR spectrum showing the secondary
isotope effect of krypton on the "’F-NMR spectrum (470.599 MHz, —
15.8 °C) of KrF, dissolved in SO,CIF. Lines assigned to individual
krypton isotopes are denoted by the mass number of the isotope.
Reproduced with permission from Ref. [80].

because the decet arising from spin—spin coupling of '°F
with the only NMR active krypton isotope, ¥*Kr (I =9/
2, 11.55% natural abundance), is severely broadened
and collapsed into the spectral baseline as a result of
quadrupolar relaxation. Because krypton does not
possess an NMR-active nuclide that is observable in a
chemically bound state or that gives rise to observable
spin—spin coupling to '’F in the ""F-NMR spectrum,
the observation of the secondary krypton isotope shift is
an important tool in verifying the existence of a Kr—F
bond (see Section 3.3).

The structure of KrF, has been determined for both
of its known crystallographic morphologies. An early
single crystal study by Siegel and Gerbert [84] at an
unspecified temperature indicated a primitive tetragonal
cell with @=6.533 A and ¢=5.831 A, however, the
quality of the diffraction pattern was noted to be poor
and prevented the determination of the space group and
the metric parameters of KrF,. Subsequent studies have
shown that the B-phase of KrF, crystallizes at tempera-
tures above ca. —80 °C in the space group P4,/mnm
(D4, unit cell point symmetry) with a =4.585 A, ¢ =
5.827 A and Z =2 [83], while at lower temperatures
the a-phase with the space group I4/mmm (D, unit cell
point symmetry) with a =4.1790(6) A and ¢ = 6.489(1)
A (=125 °C) and Z =2 (Fig. 5) is more stable [54]. The

=

an-—cag o 4
—a
f—tg5 g

N/~

S>
l E
Fig. 5. Packing diagram of a-KrF, along the a-axis. Reproduced with
permission from Ref. [54].

/M /M AT
NV

Raman-active vl(Zg ) vibrational band of the D,
molecule appears as a single band in the low tempera-
ture a-phase of KrF,, but is factor-group split into two
broad bands (A, +B,) in the B-phase [75]. The change
in crystallographic morphology appears to be reversible
and can occur without loss of the crystallinity of KrF,.
The Kr—F bond lengths in the low-temperature a-phase
and high-temperature B-phase are 1.894(5) and 1.89(2)
A, respectively, and are in excellent agreement with the
bond lengths derived from rotational spectroscopy [76—
78], gas-phase electron diffraction [85], and those
estimated by theory [54,71,91,92,96] (Table 5).

3.4. Bonding in KrF,

The bonding in KrF; has been interpreted in terms of
a three-center four-electron model in which the primary
interaction between the Kr and F atoms is through the
valence Kr-4p and F-2p orbitals (Fig. 6), similar to that
described for the Xe-5p and F-2p overlap in XeF, [100].
This gives rise to c—p type bonding with formal Kr—F
bond orders of one-half and is consistent with the
valence bond description of KrF, (structures I and
III). Detailed descriptions of the valence

F—Kr'F~ < F Kr—F
I 11

molecular orbitals of KrF, have been determined
computationally by Collins et al., confirming the strong



12 J.F. Lehmann et al. | Coordination Chemistry Reviews 233-234 (2002) 1-39
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g

F Kr F

Fig. 6. Molecular orbital diagram of KrF,.

3c—4e o-interactions between the Kr-4p orbitals and the
F-2p orbitals, and minimal contributions from m-type
orbitals [88]. The degree of negative charge localization
on the terminal fluorine atoms is expected to be related
to the electronegativity of the central noble gas atom
(xxr =2.58 [101], 2.99 [24], yxe=2.24 [101], 2.65 [24])
and by this rationalization KrF, is anticipated to have
more covalent character than XeF,. The charge dis-
tribution in KrF, and XeF, has been investigated using
YF.NMR and Méssbauer spectroscopies.

On the basis of the '’F-NMR chemical shifts of KrF,
(55.6 ppm) [79] and XeF, (—199.6 ppm) [102] in
anhydrous HF, the fluorine nuclei are considerably
more deshielded in KrF,. The charges on the fluorine
atoms in KrF, and XeF, have been estimated to be —
0.445 and —0.73 e [24], respectively, based on the
assumption that the chemical shifts are dominated by
the paramagnetic term.

The nuclear quadrupole interaction energy deter-
mined for KrF, (960 [82], 978 [81] MHz) by M&ssbauer
spectroscopy has been compared with that of the °P,
excited state (4p°5s') of krypton (452.2 MHz) deter-
mined by atomic beam magnetic resonance [103]. The
interaction energies in these species are the result of non-
zero electric field gradients arising from non-spherical
electron densities around their krypton nuclei. The ratio
of the interaction energies of these species has been
interpreted, to a first approximation, to represent the
transfer of —0.94 e from krypton to fluorine in KrF,,
predicting a charge distribution of —0.47 e per fluorine
atom [82]. The smaller electronegativity of xenon is
reflected by the larger charge transfer in XeF, (—0.71 ¢
per fluorine atom) [104] and is in good agreement with
the trends observed by '"F-NMR spectroscopy (vide
supra). Although the difference in charge distribution is
already compelling, it has been speculated that it may be
necessary to take into account the Kr-4d contribution in
order to determine the charge distribution in KrF, more
precisely from the Mossbauer spectroscopy data [3].

At the local density functional level of theory, the
charge on each fluorine atom has been calculated to be
—0.36 e [54], which is significantly smaller than the

estimates provided by "F-NMR and M&ssbauer spec-
troscopies, but consistent with a more covalent model of
bonding for KrF,. By comparison, this level of theory
predicts a charge of —0.53 e on the fluorine atoms of
XeF, [105]. Local density functional theory predicts a
formal Kr—F bond order of 0.67, which is slightly larger
than the value of 0.5 arrived at using the valence bond
model, but also identifies a significant F—F interaction
with a bond order of 0.22 [54].

The covalent 3c—4e bonding of KrF; is also consistent
with the ability of KrF, to act as a source of fluorine
atoms, because cleavage of a Kr—F bond results in the
formation of KrF* and F*. Homolytic cleavage in this
fashion suggests that KrF* and F* have similar electron
affinities, and contrasts with the ionic model, which
would require F* and Kr** to be produced as a result
of dissociation of the more strongly bound species
KrF* (Eq. (5)). The isolation of KrF* upon y-irradia-
tion of

KrF,— KrF* + F~ > *Kr* + F* + F~ (5)

crystalline KrF, [31] and the production of F* under jet
conditions from KrF, at 170-310 °C [106] were both
detected by ESR spectroscopy and provide further
evidence that dissociation of KrF, to form F* proceeds
by the former mechanism.

4. Fluoride ion donor properties of KrF,
4.1. Krypton(II) fluorocations, KrF™* and Kr,F;

4.1.1. Syntheses of KrF" and Kr,F;3 salts

Krypton difluoride exhibits fluoride ion donor prop-
erties that are analogous to those established for XeF,.
Xenon difluoride reacts with pentafluorides of strong
and moderate fluoride ion acceptor strengths to form
adducts having the general formulations XeF,-2MFs,
XeF,-MFs, and 2XeF,-MFs, which are best formulated
as salts of the XeF' and Xe,F; cations; i.e.
XeFt*M,F;; (M =Nb [107-114], Ta [107,109-116],
Ru [107,117], Pt [20,107], Ir [117,118], Sb [102,110—
112,115,119-127], Bi [128]), XeF,-VFs [129,130],
XeF"MFg (M =Nb [107-113], Ta [107-113,122], Ru
[107,117,131,132], Os [107,117], Pt [20,117], Ir [117,118],
Au [38], As [102,114,117,118,133—135], Sb [102,109—
112,114,123,125-127], Bi [122,128]), and Xe,F3 MFg4
M =Ta [109-111], Ru [117,131], Os [117,131], Pt
[117,136], Ir [117,118], Au [37,38], As
[102,114,117,118,122,135,137-139], Sb  [102,109-
111,114,126,127], Bi [122,128]). The pentafluorides of
the group 5 and 15 elements and those of platinum and
gold form KrF* and/or Kr,F5 salts: KrF™M,F;
(M =Nb [36,64], Ta [36,64], Ru [140], Pt [140], As
[75], Sb [64,66,79,75,141-143]), KrF,-VFs [144],
KrF*MFs (M =Ta [36,64], Ru [140], Rh [140], Pt
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[79,142], Au [37,38,145], As [54,75,79,142,146], Sb
[54,64,79,142,147,148], Bi [54,128]), Kr,F3* MFs (M =
Ta [64], Au [38], As [79,142,146], Sb
[64,75,79,142,146,147)).

The corresponding KrFt and Kr,F; salts are
formed by low-temperature reaction between KrF,
and the fluoride ion acceptor either neat (Schemes 1
and 2) or in the oxidatively resistant solvent media, HF
and BrFs (Schemes 3 and 4). Salts of the KrF™ and
Kr,Fi cations are extremely potent oxidizers [79,146]
when compared with their xenon analogues. The use of
fluorine passivated apparatus constructed from FEP or
sapphire tubing and equipped with stainless steel valves
is essential. Apparatus fabricated from Kel-F is to be
avoided because KrF* and Kr,F; salts aggressively
attack this polymer by oxidatively fluorinating the C—Cl
bonds, instantaneously causing the material to crack
and possibly rupture at the point of contact with solid
salts or their solutions [63].

Unlike their xenon(II) analogues, all krypton(II)
compounds are thermodynamically unstable with re-
spect to redox decomposition. The salts of KrF* and
Kr,F5" display a range of thermal stabilities. Solutions

KrF,

2SbF; 25°C

KTF+Sb2F1 1-

KrF, 25°C

KrF 2

—_——

-78°t0 0°

KrF'SbFy

-KI'FZ

of KrF *SbF¢ and KrF T PtF¢ in anhydrous HF, KrF,
in liquid SbFs (KrF*Sb,Fs, 1), and Kr,F5f MF4 and
KrF*MFs (M =As, Sb) in BrFs are unstable and
decompose rapidly at room temperature according to
Egs. (6) and (7) [79]. In the case of

Kr,Ff MF; - KrF*MF, +Kr+F, (6)
KrF*MF, - MF, + Kr + 1/2F, (7)

BrF; solvent, some BrFs is oxidized to the BrF¢ cation
at room temperature by KrFt*MF4 (As [142,146], Sb
[142,146], Au [38]; also see Section 7). It is possible that
the instability of KrF* in anhydrous HF is caused by
reduction of the cation by (HF),F ™~ according to Egs.
(8) and (9) [140].

(n+2)HF = H,F* + (HF), F~ (8)
KrF* + (HF),F~ - nHF + F, + Kr )

In contrast, KrF " AuF4 , which has a very low solubi-
lity in HF and is stable either as the dry compound or
under HF, room temperature for indefinite periods of
time [149].

The relative kinetic stabilities of KrFt and Kr,F3
salts show considerable variance, with the majority of

Kr + F, + KrF'SbFs

0 °C, dynamic vacuum

25°C slow
Kr2F3+SbF6'
KrF, -78t0 0 °C

A

Kr,F3 " SbF¢ -xKrF»

25°C rapid, exothermic

\
Kr + F, + KroF3'SbFy

Scheme 1. The formation of KrF " and Kr,F3" salts derived from the reaction of KrF, with SbFs. Reproduced with permission from Ref. [79].
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excess AsFs

KrF,

25°C, 1.7 atm

AsFs heads
removed

KrzF 3+ASF 6_

KrF, | -78 t0 0 °C

KroF5 " AsFg xKrF,

a-KrF"AsFg

excess AsF;
25°C, 1.7 atm

-78 °C
—_——
24 h
B-KrF"AsFg
25°C

e
15 min

liquid AsFs
-63°C,48 h
25°C
— » Kr + F, + o-KrF'AsFs
slow

Scheme 2. The formation of KrF* and Kr,F;3" salts derived from the reaction of KrF, with AsFs. Reproduced with permission from Ref. [79].

-40 °C
_—

BrFs

excess (> 4:1) KrF, + BrF, SbyFy

remove solvent at -50 °C

2KrF*SbFs (soln)

under dynamic vacuum

-30 °C under

Kr,F5"SbFg (solid) KrF"SbFs + KrF,

dynamic vacuum

> 35 °C under
dynamic vacuum

KI‘FQ + KTF+Sb2F1 ]_
(and some Kr + F»)

Scheme 3. The formation of KrF* and Kr,F3" salts derived from the
reaction of KrF, with SbFs in BrFs solvent. Reproduced with
permission from Ref. [64].

the solid salts decomposing below room temperature.
The solid KrF *MF¢ (M = Sb [64,79,142,147], Bi [128],
Pt [79,142] and Au [37,38]) and KrF7'Sb,Fj;
[64,79,142,147] salts can be handled and stored at

room temperature for appreciable periods of time with-
out significant decomposition. The KrFtSbFs salt
undergoes slow redox decomposition at 35 °C to
KrF " Sb,Fi;, Kr and F,, [64] with the latter salt being
stable to dynamic pumping at room temperature
(Scheme 3). In a related study [150], the thermal
decomposition of KrF*Sb,F;; was studied in connec-
tion with the development of a technique for fixing
radioactive krypton emitted during the nuclear fission
process. The decomposition rate of the complex was also
shown to be slow, but detectable at 30 °C and increased
markedly with increasing temperature. In contrast,
KrF*AsFg is rapidly converted to Kr,Fi AsFg
upon removal of static heads of AsFs at 25 °C (Scheme
2), whereas Kr,F5 SbFs slowly decomposes to
KrF*SbFg , Kr and F, when pumped on dynamically
at 25 °C (Scheme 1). The KrF, adducts of weak
fluoride ion acceptors, TaFs and NbFs, have been
isolated from BrFs solvent and have correspondingly
much lower thermal stabilities with respect to dissocia-
tion under dynamic vacuum (Scheme 4). When com-
pared with KrF " SbF¢ and KrF " Sb,F;;, the observed
trend in thermal stability is KrF*Sb,Fj; >
KrF*SbFs > KrF* Ta,F;; > Kr,F5 SbFg >

KrF " TaFs > KrFtNb,F;; [64]. No KrFt*NbFg or
Kr,F5 salts of TaFs and NbFg could be isolated and
characterized as solids, although tentative Raman
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-55°C
excess (~3:1) KrF, + TaFs ——
BrF;

remove solvent at -45 °C

KrF TaFg (soln)
under dynamic vacuum

-35°C
KrF TaFs (solid)

under dynamic vacuum

-25 °C under
(KrF'TayF), intermediate) —— = TaFs + KrF,
dynamic vacuum

-30°C
excess KrF, + TaF; ——
BrF;

-50°C

KiF' Ta, Fyy (soln)

under dynamic vacuum

>-20 °C under
KrF'TayF; (solid) ———— =
dynamic vacuum

TaF5 + KI'FZ

-30°C
excess (> 2:1) KrF, + NbFs
BrF;
-50 °C

KrF'Nb,F,;” (soln)

under dynamic vacuum

>-50 °C under

KrF'Nb,F,," (solid) NbFs + KrF,

dynamic vacuum

Scheme 4. The formation of KrF* and Kr,F5 salts derived from the
reaction of KrF, with TaFs or NbFs in BrFs solvent. Reproduced with
permission from Ref. [64].

spectroscopic  evidence has been obtained for
Kr,F5 TaFg in frozen BrFs solutions [36,64]. Thermal
decomposition of KrF, mixtures of TaFs and NbF;s
derived from dynamic pumping of their BrFs solutions
at —55 and —50 °C, respectively, have produced
evidence for intermediate adducts which have been
tentatively formulated as KrF*Ta,F;;-nKrF, and
KrF " Nb,F;;-nKrF, [64]. Attempts to prepare
KrFtCrFgy from KrF, and the weak fluoride ion
acceptor CrFs in either the presence or absence of HF
as a solvent have proven unsuccessful [151].

The KrF"PtF; and KrFtAuFg salts have been
synthesized by direct reaction of KrF, with PtFs [140],
AuF; [38], and PtF¢ (Eq. (10)) [79,142], or excess KrF,
with gold powder (Eq. (11), also see Section 8.3)

[37,38,149] in anhydrous HF. The solid salts are both
stable indefinitely at room temperature.

KrF, + PtF,— KrF* PtF, + 1/2F, (10)
7KrF, + 2Au — 2KrF* AuF, + 5Kr (11)

In the absence of HF, KrF, ignites Au powder, causing
it to burn with a bright white flame [63], demonstrating
the necessity of providing an adequate heat sink when
reacting this potent oxidative fluorinator with metal
powders. Evolution of F, in Eq. (10) indicates that the
electron affinity of PtFg is greater than that of the KrF*
cation [79,142] and contrasts with a claim that
KrF*PtFs decomposes at 0 °C according to Eq. (12)
[140]. Recent attempts to prepare KrFt by reaction

2KrF*PtFy — KrF, + Kr + 1/2F, + PtF( (12)

of krypton with the highly reactive and thermally
unstable NiF;~ cation in anhydrous HF (prepared
from the reaction of the NiFz~ anion with AsFs in
HF) failed, although the NiF5" has proven capable of
oxidizing CIFs and BrFs5 to the previously known CIF"
and BrF¢ cations [152] (see Sections 8.1 and 8.2).

The low-temperature X-ray structures of KrF * MF¢
(M =As [54], Sb [54], Bi [54], Au [149]) have been
recently determined (see Section 4.1.3). The X-ray
structure of the double salt, Kr,F5 AsFs -KrF* AsFg
has also been obtained [54]. Several Kr,F5™ salts have
also been synthesized which have been ascertained by
Raman spectroscopy to contain undetermined amounts
of weakly associated KrF,, namely, Kr,F; MF -
nKrF, (M =P [54], As [79,142], Sb [79,142]) and
Kr,F5 BF; -nKrF, [153]. The X-ray crystal structures
of two of these salts, Kr,Fi SbF; -KrF, and
(Kr,F3 SbFg ),-KrF,, have recently been determined
[54] and confirm that KrF, is weakly associated in these
structures (see Section 4.1.3). Thus far, no X-ray
structure of a simple Kr,F5~ salt has been determined.
Anhydrous HF was used as the synthetic and crystal-
lization medium in the aforementioned cases.

There are several KrF, adducts which remain struc-
turally ill-defined. The adduct, KrF,-VFs, is reported to
form at low temperatures in liquid VFs and melts at
5.0+0.5 °C[144]. The adduct was identified by infrared
spectroscopy and the stoichiometry was established by
determining the melting points as a function of KrF,:
VF;5 ratio. Infrared spectra of a mixture having a KrF»:
VF;5 ratio of 1:2 at —196 °C consisted of the spectra of
KrF,-VFs and VFs, with no evidence for KrF,-2VFs.
Unlike the KrF™* salts discussed above, and like its
xenon analogue [129,130,144], the KrF,-VFs adduct
appears to be predominantly covalent in character. This
assessment is based on the differences in the frequency
separations between v,(KrF,) and vy(KrF,) of adducted
KrF,, which can be used to assess relative degree of
covalency (see Section 4.2). The adducts, KrF,-MnF,
and KrF,-2MnF,, have been prepared by reaction of
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MnF, with KrF, in anhydrous HF and their stoichio-
metries inferred from their weight loss versus time
pumping curves, but no spectroscopic data is available
for either adduct [154]. The 2:1 adduct decomposes at —
45 °C yielding the 1:1 adduct, which is stable to —
25 °C (see Section 8.3). The adduct, KrF,-XeFs has
been prepared by dissolution of KrF, (2:1 excess) and
XeFg in BrFs or anhydrous HF followed by removal of
the solvent and excess KrF, under vacuum at —25 °C
[155]. The adduct is reported to have a vapor pressure of
ca. 1 Torr at —10 °C and 11 Torr at 20 °C, subliming
under vacuum in a molar ratio of 1:1. The formation of
KrF*XeF; has been excluded on the basis of a
comparative study of the infrared spectra of KrF,-
XeFg, KrF,, XeFg, and CsF-XeF (Cs* XeF; ). Rather,
weak association of KrF, and XeFg in the form of a
molecular compound is suggested.

4.1.2. Vibrational, Méssbauer and "’ F-NMR
spectroscopic studies

Structural characterization of the KrF* and Kr,F3
salts in the solid state using Raman spectroscopy has
been most extensive (KrF+ [36—
38,64,75,79,128,140,142,147], Kr,Fsi
[36,38,54,64,75,79,142,153]) whereas studies using infra-
red spectroscopy have been limited (KrF™* [64,141]).
Because of difficulties in sample preparation arising
from the strong oxidant properties of both cations (see
Sections 8.1 and 8.2), as exemplified by the oxidation of
chloride in AgCl windows to CIF; and CIF5[73]. Raman
spectra of the salts are generally readily obtained in a
variety of sample vessel materials such as FEP, Pyrex
glass, and quartz.

The Raman spectra of KrF* salts and the crystal
structures of KrF " MFg (M = As [54], Sb [54], Bi [54],
Au [149]) indicate that the KrF*' cation strongly
interacts with the anion by formation of a fluorine
bridge between krypton and a fluorine of the anion, as is
the case for XeF" in the crystal structures of
XeF"MF¢ (M =Ru [132], As [134,156], Sb [156], Bi
[156]), XeF*Sb,Fy; [120,121,156] and XeF " BiyFy;
[156]. Consequently, fluorine bridge modes and vibra-
tional modes resulting from symmetry lowering of the
octahedral anion have been reported and tentatively
assigned [64,79,128]. Most recently, the Raman spectra
of the fluorine bridged KrF * MF4 (M = As, Sb, Bi) ion
pairs have been reassigned by comparison with vibra-
tional spectra calculated for the gas-phase ion pairs [54].
The Kr—F stretch in KrF*1 salts uniformly occur at
higher frequency (597-627 cm ™!, Table 8) than the
symmetric stretch of KrF, (Table 4). The Raman
spectroscopic studies indicate that the fluorine bridge
interactions between the NgF ' cations and anions
derived from pentafluorides are weakest for the Sb,Fq;
anion. The NgF* cations in the Sb,F; salts exhibit the
highest Ng—F stretching frequencies (KrF* 619, 627

[64] and 624 [79] cm~'; XeF™, 619 cm ' [114]) and
therefore most closely approximate free NgF* cations.

The Raman spectra of Kr,F3 salts have been
assigned on the basis of an essentially V-shaped fluorine
bridged geometry (C,, point symmetry) for the cation
[54,64,79,142,147] (Table 9), consistent with that deter-
mined by X-ray crystallography for the Kr,F5~ [54] and
Xe,F3" [137,139] cations. Recently, calculated vibra-
tional frequencies of Kr,F3 [54] have allowed the
differentiation of the terminal symmetric and asym-
metric Kr—F, and bridging symmetric and asymmetric
Kr---Fy, stretching modes, which were not explicitly
assigned previously. The analogous assignment has also
been made recently for Xe,F5  in light of theoretical
calculations [139]. In contrast with the KrF* salts, the
cation—anion interactions in the Kr,F3MFg salts
appear to be weak, as indicated by retention of
octahedral symmetry by the anion in the Raman
spectrum and by insensitivity of the cation frequencies
to the nature of the anion [54,64,79,142,147]. A Raman
spectroscopic study of the KrF,/PF5 system at —78 °C
in the presence of excess PFs indicates that the only
species present is Kr,F5 PFg -nKrF, [54]. The Raman
spectrum of this compound is characteristic of other
Kr,F5"MFg -nKrF, (M = As, Sb) adduct-salts [79,142],
which exhibit vibrational modes that are consistent with
weakly bound KrF, molecules in their crystal lattices.
Failure to synthesize KrF*PFs in the presence of
excess PFs at —78 °C reflects the lower fluoride ion
affinity of PFs (397 kJ mol ') [157] and conforms with
the theoretical results, which predict an adduct in which
PF5 is weakly fluorine bridged to KrF, and the KrF,
bond lengths exhibit little distortion from the bond
lengths of free KrF, [54].

The Kr—F, stretching frequencies of the Kr,F3" cation
are intermediate with respect to those of KrF, and
KrF* salts. The order of terminal Kr—F symmetric
stretching frequencies for KrF, < Kr,Fi <KrF* (Ta-
bles 4, 8 and 9) correlates well with the terminal Kr—F;
bond length order KrF,>Kr,Fi >KrF" obtained
from the crystal structure determinations and from
theory (Tables 5 and 10) [54]. The Kr---Fy, bonds of
Kr,F5™ are significantly shorter than their counterparts
in KrF ™" salts, but appear to exhibit symmetric and
asymmetric Kr---Fy, stretching frequencies that are
lower than the Kr- - -Fy, stretching frequencies of KrF ™
salts. The discrepancy presumably arises because the
Kr- - -F, modes of the KrF * salts couple with the Kr—F,
stretching mode and/or the stretching modes of the MF5
moiety in F—Kr---F,—MFs (M = As, Sb, Bi) [54].

The Mossbauer spectra of KrF, [81,82], - and B-
KrF " AsFg , and KrF " SbF4 [82] have been measured
using the 9.4 keV transition of ®*Kr produced in the
decay of an ®*RDbF source. The values of the quadrupole
constant strengths and isomer shifts indicate that the
Kr—F bonding in the compounds studied is very similar.
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Table 8
Vibrational frequencies (cm ') of the fluorine-bridged F—Kr- - -F moieties in KrF * salts *
v(Kr—F) v(Kr---F) O(F—Kr---F) Ref.
KrF *Nb,F; R® 613 (56) 372 (6) 194 (100) [64]
606 (66) 189 (27)
597 (100) 181 (17.3)
167 (9.4)
KrF*Ta,Fy; R?® 609 (100) 337 (12) not obsd. [64]
600 (100)
594 (27)
KrF*SbyFp; R ¢ 627 (100) 298 (6)? 150 (3) [64]
619 (20) 270 (5)
260 (5)
IR. ¢ 616 m [64]
R ¢ 624 (100) 262 (6) 145 (4) [79]
KrF *TaFg RP 603.5 (100) 343.5 (10) 192 (18) [64]
599 (97) 339 (9) 179 (12)
325 (8.1)
KrF*PtFg R 606 (50) 338 (3) 169 (3) [79]
599 (60) 139 (8)
KrF* AuFg R*® 597 (82) 346 (2) 163 (2) [37]
o-KrF AsFg R ¢ 607 (100) 328 (12) 173 (8) [79]
596 (100)
B-KrF+AsF¢ R ¢ 619 (72) 338 (16) 173 (10) [79]
615 (100) 162 (11)
KrF T SbFg R 621 (85) 348 (2.7) 174 (3.5) [64]
618 (100) 344 (2.7) 166 (4.8)
149 (2.7)
ILR. ¢ 607 s [64]
R 619 (74) 338 (4) 169 (5) [79]
615 (100) 162 (7)
145 (3)
KrF * BiFq R?® 610 (100) 316 (6) 173 (7) [128]
604 (11)
600 (25)

# Abbreviations denote Raman (R), infrared (I.R.), medium (m), strong (s). Numbers in parentheses are relative intensities.

® Spectra recorded at —196 °C.

¢ Spectra recorded at room temperature.
4 Spectra recorded at —90 °C.

¢ Spectra recorded at —80 °C.

A slight increase of the quadrupole coupling in going
from KrF, to FKr---FMF;5 can be interpreted in terms
of a shortening of the terminal Kr—F bond length and
an elongation of the bridge bond length which lead to an
increase in the electric field gradient at the **Kr nucleus.
The trend is in the correct direction, the experimental
error is too large to attach significance to the difference
between quadrupole splittings observed for KrF © AsFg
and KrF " SbF¢ . In retrospect, it is not surprising that
the quadrupole splittings of KrF'AsFs and
KrF tSbF4 are similar because the Kr—F, and Kr- - -Fy,
bond lengths have been found to be identical with +3c
(Table 3) in both salts.

Fluorine-19 NMR spectroscopy has also been used to
study the KrF ' cation in HF solution and the Kr,F3"
cation in BrFs solution (Table 7). The '"F-NMR
spectrum of KrF*SbFs in HF at —40 °C comprises
a singlet at —22.6 ppm assigned to KrF*, which is

shifted to lower frequency with respect to its parent
compound, KrF, (55.6 ppm; HF solvent, 26 °C)
[79,142]; a similar but more pronounced shift is observed
for XeF " (—289.8 ppm; SbFs solvent, 26 °C) relative
to XeF, (—199.6 ppm; HF solvent, —68 °C) [102,142].
Bromine pentafluoride solutions of Kr,F3;AsFg and
Kr,Fi SbFs give AX, spectra at low temperatures
[79,142] (Fig. 7), and have provided the first unambig-
uous characterization of the structure of the fluorine
bridged Kr,F3" cation (Fig. 7), which is similar to that
previously established for Xe,F5 in BrFs solution by
F [102] and '**Xe [158]-NMR spectroscopy and in the
solid state by X-ray crystallography [137,139]. Unlike
Xe,Fi (F, —252.0 ppm; F,, —184.7 ppm in BrFs
solvent at —62 °C) [102], the '’F terminal (F,) reso-
nance of Kr,F3" occurs at higher frequency than that of
the bridging fluorine (Fy). The 2J(*’F.—"°F}) coupling in
Kr,F5" (347-351 Hz) is significantly larger than those



Table 9

Experimental Raman and calculated vibrational frequencies, assignments and mode descriptions for Kr,F5"

[Kr,F3][AsFg] *° [KroF5][SbF] #°  [KroF5][PEg]- nKrF, ®9  [Kr,F3][AsFg]-nKrF, #°  [Kr,F5][SbFg]- nKrF, #®  LDFT ¢ Assignments for Kr,F5~ in C,, point group %f

610(43), 600(80), 594(100)  603(100), 594(89) 605(100) 602(100) 599(100) 628(12) vi(Ay) Vv(KrF+ KrFy)

570(4), 567(31) 555(34) 555(52) 575(23), 553(50) 557(50) 608(273)  vs(B)) v(KrF,—KrF,)

437(5) 456(4) 462(11) 462 466(60) 441(212)  v4«(By) Vas(KrFy)

347(sh), 336(17) 330(18) 358(19) 355(19) 340(14) 313(11) va(Ay) vs(KrFy)

183(15) 186(16) 191(11) 190(10) 200(2) 196(14)  vo(By)  8(F—Kr---Fy) oop antisym comb

174(13) 180(sh) 185(7) 184(sh) 188(10) 163(1) vi(A)) 8y(F—Kr- - -Fyp) ip sym comb

158(2) 176(sh) 176(5) 177(sh) 122(46) 159(0) vs(As) S8(F(—Kr- - -Fy,) oop sym comb
155(0) vs(B)) 8(F—Kr- - -Fy) ip antisym comb
41(0) va(A7) 8(Kr- - -Fp- - -Kr) bend

% From Ref. [79]; anion modes are also given in this reference. The abbreviation, sh, denotes a shoulder.

® Values in parentheses denote relative Raman intensities.

° Frequencies observed for PFq : 748(7) vi(A1p); 581(7) and 572(13), va(Ayy); 475(12), 469(35) and 464(11), vs(T»,). Spectrum recorded on a powder in a 1/4-in. FEP sample tube at —80 °C using
514.5 nm excitation. Values in parentheses denote relative Raman intensities. Additional weak bands were observed at 1859(0.20) and 1863(0.15) cm ! that were associated to O5".

9 From Ref. [54].

© Infrared intensities, in km mol ~!, are given in parentheses.

 The abbreviations oop and ip denote out of plane and in plane, respectively.

81

661 (2002) PEC—EET Smaay AuSUUdYD UOHDUIPIO0D [ |1 12 UUDUYIT o [
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Table 10
Metric parameters derived from X-ray structures and theoretical calculations for NgF* and Ng,F;™ (Ng = Kr, Xe)

Ng-F, (A) Ng---Fy, (A) L F—Ng---Fy (°) [/ Ng---Fyp--M (°) * T (°C) Ref.
B-KrF " AsFg 1.765(2) 2.131(2) 176.8(1) 133.7(1) —120 [54]
LDFT 1.867 1.998 177.7 120.0
HF 1.746 2.002 178.3 128.3
Kr,Fi AsFg - KrF* AsFg 1.783(6) 2.106(6) 177.3(3) 124.6(3) —120  [54]
KrF " SbFg 1.765(3) 2.140(3) 177.9(2) 139.2(2) —113  [54]
LDFT 1.857 2.017 177.4 114.1
HF 1.739 2.038 178.6 124.9
KrF *BiFg 1.774(6) 2.090(6) 177.0(4) 138.3(3) —130 [54]
LDFT 1.859 2.012 177.2 113.8
HF 1.745 2.003 178.7 131.2
KrF " AuFg 1.76(1) 2.15(1) 175.4(7) 125.3(7) —130  [149]
XeF+ AsFg 1.888(3) 2.208(3) 179.1(2) 133.6(2) —173  [156]
XeF* AsFg 1.873(6) 2.212(5) 178.9(7) 134.8(2) 24 [134]
XeF " SbF4 1.885(2) 2.278(2) 177.9409) 136.9(1) —173  [156]
XeF *BiFs 1.913(7) 2.204(7) 178.4(3) 156.1(4) —173  [156]
XeF*SbyFy; 1.884(4) 2.343(4) 179.3(2) 148.1(2) —173  [156]
XeF *Sb,Fi; 1.82(3) 2.34(3) 176.0(1) 149.02) ~° 6,121
XeF*RuFg 1.87(2) 2.18(2) 177.0(1) 137.2(5) -® 32
KryFi AsF; -KrFt AsFg 1.780(7)-1.803(6)  2.049(6)-2.061(6)  178.2(3)-178.6(3) 127.5(3) —120  [54]
Kr,Fi SbFg -KrF, 1.790(5)—1.800(5) 2.027(5)—2.046(5) 175.1(2)-176.8(2) 142.5(3) —113  [54]
[Kr>F5 1o[SbFg 1o KrF> 1.787(4)-1805(5)  2.041(4)-2.065(4)  177.8(2)-178.7(2) 126.0(2)-128.0(2) —125  [54]
Kr,F5" LDFT 1.826 2.081 177.4 135.2 [54]
Kr,F; HF 1.730 2.082 180.0 180.0
Xe,F3 AsFg  (monoclinic) 1.908(6)—1.929(6) 2.142(7)-2.157(3) 177.3(4)-177.7(3) 148.6(4)—149.5(4) —127  [139]
Xe,F; AsFg (trigonal) © 1.907(11) 2.09(2)—2.26(2) 167.7(6) 139.8(8) —116  [139]
Xe,Fi AsFg [137]
Xe,Fi SbFs 1.918(9)-1.922(9)  2.141(8)-2.146(8)  176.9(3)-178.6(4) 160.3(3) —125  [139]
Xe,F3~ LDFT 1.963 2217 177.7 149.0 [139]

& M = As, Sb, Bi, Au or Kr.
® Ambient temperature.
¢ The Xe,F3" cation is positionally disordered in the trigonal case.

observed for xenon fluoride cations such as Xe,F5~ (308
Hz) [102], XeF5™ (174 Hz) [159], XeFs" (176 Hz) [160],
and XeOF; (103 Hz) [159]. In the Ng,F5" cations, the
F—Ng- - -Fy, angle is ~ 180°, whereas the bond angles in
the other cations are ~ 90°.

4.1.3. X-ray crystal structures and electron structure
calculations of KrF™" and KroF3 salts

While the strong oxidant characters of KrF,, KrF*
and Kr,F;~ provide clean, low-temperature synthetic
routes to a number of novel high-oxidation state species
(see Sections 8.2, 8.3 and 8.4), they have served as a
significant impediment to their detailed structural char-
acterization by single crystal X-ray diffraction, and until
recently, only KrF, (see Section 3.3) had been structu-
rally characterized in detail by diffraction techniques.
The low-temperature X-ray crystal structures of several
KrF* (Figs. 8 and 9) and Kr,F5 (Figs. 9-11) salts
show bond length and bond angle trends among
[NgF "][MFg ] ion pairs, NgF, and Ng,F;" salts that
are analogous for krypton and xenon.

Single crystal X-ray structure determinations of
KrF " salts [54] and theoretical calculations show (Table
10) that the solid state and gas-phase [KrF "][MF¢ ] ion

pairs are strongly fluorine bridged as originally pro-
posed on the basis of their vibrational spectra. With the
exception of theoretically predicted KrF,-PF5 adduct,
the Kr—F, bond length is essentially unaffected by the
MF¢ anion. Although the fluoride ion affinities of AsFs
(443.1 kJ mol ~ ") and SbFs (503.3 kJ mol ~ ) differ by
significant amounts, no significant difference in the
Kr- - -Fy, bond length is observed in the low-temperature
structures of the AsFq and SbFy salts, although this
bond length is found to be significantly shorter in the
BiFg salt, in accord with the higher covalent character
associated with the weaker fluoride ion acceptor
strength of BiFs. An interesting feature not previously
noted in the X-ray structures of XeF* salts is the small,
but significant, deviation in the F,—Kr- - -Fy, angle from
linearity (Table 10). The angle ranges from 175.4(7) to
177.9(2)° in the crystal structures that have been
determined. Although there are longer weak contacts
between krypton and fluorines in the lattice, ranging
from 2.980 to 3.480 A compared with the sum of the
krypton (2.02 A) [161] and fluorine (1.47 A [161], 1.35 A
[162]) van der Waals radii, which may be responsible for
these distortions, density functional theory (DFT)
calculations reproduce these small angle distortions for
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Fig. 7. YE.NMR spectrum (58.3 MHz, —66 °C) of the Kr,F3" cation (~ 0.5 M Kr,F3" SbF4 in BrFs solvent): (A) bridging fluorine; (X) terminal
fluorines. The chemical shift scale must be multiplied by —1 to conform with the present IUPAC convention. Reproduced with permission from Ref.

[79].

the gas-phase ion pairs (Table 10). Recent reinvestiga-
tions of the low-temperature crystal structures of several
XeF ™ salts [156] have provided more precise metric
parameters than obtained for the previously published
ambient temperature structures and reveal similar F—
Xe- - -Fy, angle distortions (Table 10).

The covalency of the Kr---Fy, bonds in Kr,F5 is
reflected in the Kr---Fy---Kr bridge angle, which is
significantly bent in all crystal structures of its salts [54]
(Table 10). The bent angles are consistent with AX,E,
VSEPR arrangements at their respective fluorine bridge
atoms, but are more open than the ideal tetrahedral
angle. The Kr,F5~ cation is highly deformable in the
solid state with regards to the Kr---F, bond distances
and the Kr---Fy,- - -Kr bridge bond angle. These defor-
mations have been attributed to long contacts between
the krypton atoms in the cation and fluorine atoms of
the anion. Moreover, the solid state Kr- - -Fy- - -Kr angles
differ significantly from that arrived at by DFT
calculations of the gas-phase Kr,F5 cation geometry
(Table 10). The upper limit of the Kr---Fy---Kr bond
angle (range, 126.0(2)—142.4(3)°) is in good agreement
with the Xe---Fy,---Xe bond angles observed in the
monoclinic (148.6(4)°) and trigonal (139.8(8)°) phases of
Xe,F3 AsF¢ , but is considerably smaller than the angle
observed in Xe,F3"SbFg (160.3(3)°) [137,139]. In all of
the crystal structures of Kr,F3 salts that have been

determined thus far, the F,—Kr---F, angles are non-
linear and range from 175.1(2) to 178.7(2)°. Both angles
lie in the cation plane and are bent away from the C,-
axis of the cation, giving rise to a shallow W-shaped
cation. Recent low-temperature crystal structures of
Xe,Fi salts reveal very similar F,—Xe---F, angle
distortions [139]. The optimized gas-phase geometries
of Kr,F5~ and Xe,F5™ reproduce the F,—Ng- - -F,, angle
distortions from linearity at the DFT level of theory
(Kr,F3 s expt. 3.2(1)-2.1(2)°, theor., 2.6° [54]; Xe,F5 :
expt., 2.4(3)° [As] and 1.4(4)° [Sb]; theor., 2.3° [139]).
The importance of high level calculations in accurately
reproducing the angles in these cations is illustrated by
the linear geometries predicted at the HF level [54,139].

The Kr—F, bond exhibits a considerable variation in
length among the solid state krypton fluoride structures
that are now known and increases in length in the order
KrF* <Kr,F5 <KrF, [54]. This trend is consistent
with the valence bond (structures I and II) and 3c—4e
descriptions of KrF, (see Section 3.4), which predict a
formal Kr—F bond order of one-half for KrF, and one
for the free KrF ™ cation. The Kr—F; bond length in
Kr,F5~ which is intermediate with respect to those of
KrF, and KrF™, consistent with the dominant roles
KrF* and KrF, play in the resonance description of
Kr,F5~ (structures III-V) and with a description that
invokes a significant
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Fig. 8. Structures of (a) [KrF][AsFg], (b) [KrF][SbFg], (c) [KrF][BiF];
thermal ellipsoids are shown at the 50% probability level. Reproduced
with permission from Ref. [54].

F-Kr—F'Kr—-FoF—-Kr*F~ "Kr—F
11T v

<—>F—Kr+1~;—Kr—F

contribution from the fully ionic resonance structure IV.
Although the Kr---Fy bond (2.027(5)-2.065(4) A) of
Kr,F3" is significantly longer than that of KrF,, it also
has substantial covalent character and is ca. 1.4 A
shorter than the sum of the krypton [161] and fluorine
[161,162] van der Waals radii.

The Mayer bond orders, Mayer valencies and atomic
charges for KrF,, KrF*, KrFi, and the
[KrF*][MFg ] ion pairs have been estimated using the
electronic structures derived from LDFT calculations
[54]. The calculated values for KrF,, KrF*, and Kr,F5
are in semiquantitative agreement with the simple
valence bond descriptions of NgF ™", NgF, (structures
I and II) and Ng,Fi (structures III-V). The atomic
charges of KrF, were calculated to be 0.72 on krypton
and —0.36 on each of the fluorine centers. For KrF ™,
the full positive charge resides on krypton with zero
charge on the fluorine atom. The Mayer bond order for
uncoordinated KrF* is 1.09 and the valence at Kr is
1.09 compared with the Kr—F bond order of KrF,,
which is reduced to 0.67 with a Kr valence of 1.35 in
KrF,. There is a considerable residual bond order of
0.22 between the terminal fluorine atoms which may be
interpreted in terms of the 3c—4e bond that may be used
to describe the bonding in KrF, (Fig. 6). This bonding
model leads to build up of electron density on the
terminal fluorine atoms that are linked through the 3c—
4e bond. The bond orders are similar for both Ng,F5"
cations [54,139], however, the charges and valencies
(Xe,F5 values taken from ref. [139] are given in square
brackets), show some noteworthy variations. The
Kr- - -Fy, bridge bond order of Kr,F5" is 0.38 [0.40] while
the Kr—F, bond order of 0.86 [0.92] is intermediate with
respect to that of free KrF " and KrF,. The valence at
the krypton atoms in Kr,F3" is 1.28 [1.37], and is slightly
reduced with respect to that of KrF,. The valencies for
F;, 1.04 [1.03], and Fy, 1.03 [0.94], are also similar, but
the fluorine charges; F, —0.37 [—0.24] and F,, —0.16
[—0.46]; and Ng atom charges, 0.85 [0.96], indicate that,
relative to Xe,F3, a significant amount of charge has
shifted from the bridge fluorine onto the Kr—F, groups.
The calculated bond orders, charges and valencies
suggest that the bonds in Xe,F; are more covalent
that those in Kr,F; . The charge on F, (—0.37) of
Kr,F5 is very similar to those on the fluorines of KrF,
and that of Fy, (—0.16) is intermediate with respect to
that of KrF* (0.00) and KrF, (—0.36). The charge
distributions indicate that the bridge fluorine of Kr,F3
is, next to the fluorine of KrF ™, the most electrophilic
fluorine in the series under discussion. There is, again, a
significant bond order for F,---F}, (0.14) in the Kr,F5
cation, which is reduced with respect to that of KrF,
(0.22), but significantly greater than that in Xe,F3
(0.08) [163]. The 5c—6e bond can be used to qualitatively
describe the bonding in Kr,F5 and accounts for the
interaction between Fy, and F, atoms. Furthermore, the
smaller number of electrons involved in the 5c—6e bond
when compared with the 3c—4e bond in KrF, is
consistent with a decrease in the Mayer bond order
between F, and F, in Kr,F5 . This is consistent with the
5¢—6e model superimposed on an ionic model of Kr,F3
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Fig. 9. Structure of [Kr,F3][AsF¢]-[KrF][AsF¢]; thermal ellipsoids are shown at the 50% probability level. Reproduced with permission from Ref.

[54].
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Fig. 10. Structure of [Kr,F3][SbF¢]-KrF,; thermal ellipsoids are
shown at the 50% probability level. Reproduced with permission from
Ref. [54].

in which F~ interacts with two KrF* cations. A similar
set of results is found for XeF, and Xe,F5 [163].

The Kr-F, bond orders for the optimized
[KrF "][MFg ] ion pairs show little dependence on the
MFg4 anion despite the strong fluorine bridge between
the two ions, and are in agreement with the constancy of
the Kr—F, bond lengths observed among the crystal
structures of KrF"MFg; (M = As, Sb, Bi) and their
calculated values [54] (Table 10). Little variation and no
clear pattern are apparent among the atomic charges of
the F,—Kr- - -Fy, groups of the [KrF *][MF; ] ion pairs.
The negative charges on the axial and equatorial
fluorine atoms of the MF5 groups increase on descend-

ing group 15, a trend that is consistent with a
corresponding increase in fluoride ion acceptor strength.
Thus, the [KrF *][MF¢ ]ion pairs containing the heavier
pnicogens are shown to be more ionic from their M- - -Fy,
bond orders [0.23 (P), 0.37 (As), 0.42 (Sb), 0.18 (Bi)],
their valencies at M [5.36 (P), 5.60 (As), 5.14 (Sb), 3.15
(Bi)] and their Kr- - -Fy, bond orders [0.54 (P), 0.50 (As),
0.47 (Sb), 0.48 (Bi)]. The valencies at Kr remain nearly
constant at 1.31-1.32 over the series. The Kr—F; bond
orders [0.74 (P), 0.76 (As), 0.79 (Sb), 0.79 (Bi)] and
F; - -Fy, bond orders [0.19 (P), 0.18 (As), 0.17 (Sb), 0.18
(Bi)] are intermediate with respect to those of Kr,F3
(0.86 and 0.14, respectively) and KrF, (0.67 and 0.22,
respectively). The most significant increase in M- - -Fy,
bond order and in pnicogen valence occurs on going
from P to As with a smaller decrease in the Kr---Fy
bond order. Similar changes are noted for the transition
from As to Sb, but no significant changes in the
aforementioned parameters occur in going from Sb to
Bi except that the Bi- - -Fy, bond order is smaller by 0.24.
The anomaly seen for bismuth likely arises from the core
potential used in the calculations [54]. These results
show that the degree of F~ complexation increases as
the size of the central atom increases and the coordina-
tion sphere around the pnicogen atom becomes less
crowded, allowing MFs to more effectively compete
with the KrF* cation for the bridge fluorine. This is
consistent with the gas phase fluoride ion affinities of
PFs, AsFs, and SbFs [157] and failure to prepare
KrF"PFs [54] (see Section 4.1.3). A comparison of
the P- - -F,, bond order in the [KrF " J[PF¢ ] ion pair with
the Kr- - -Fy, bond order in Kr,F5 indicates that KrF



J.F. Lehmann et al. | Coordination Chemistry Reviews 233-234 (2002) 1-39 23

F(7)

Fig. 11. Structure of [Kr,F3]5[SbFg),- KrF,; thermal ellipsoids are shown at the 50% probablility level. Reproduced with permission from Ref. [54].

has a greater F— affinity than PF5 and accounts for the
inability to synthesize KrF " PFg .

4.2. Molecular adducts of KrF, with MOF, (M = Cr,
Mo, W)

Adducts with the weak fluoride ion acceptors CrOF,
[68], MoOF, [99], and WOF, [99] are known in which
KrF, interacts with the metal center by formation of
asymmetric Kr—F- - -M bridges (M = Cr, Mo, W). In the
case of molybdenum and tungsten [99], the KrF,-metal
oxide fluoride adducts have been prepared by reaction
of KrF, with MOF,; (M =Mo, W) in SO,CIF solution
at —100 to —80 °C (Eq. (13)). Solutions of KrF, and
WOF, in SO,CIF are highly unstable above —100 °C,
and Kr and O, gases are rapidly evolved according to
Eq. (14). These decompositions are

KrF, + "MOF,—> F-Kr-F - --MOF,(MOF,), , (13)
M=Mom=1-3); Wn=1)

KrF, + WOF, - Kr + 1/20, + WF, (14)

particularly vigorous when a stoichiometric excess of
WOF, is used, and go to completion within a few
seconds at —80 °C. In marked contrast, SO,CIF
solutions of the F—Kr—F---MoOF4MoOF,),_; ad-
ducts could be briefly warmed to room temperature in
SO,CIF. The YF-NMR spectra of KrF,-nMoOF, (n =
1-3) and KrF,-WOF, at —121 °C in SO,CIF show
that they are best formulated as essentially covalent
structures containing Kr—F.---M bridges and mono-
nuclear or polynuclear molybdenum oxide fluoride
moieties in which the Kr—F bonds are little perturbed
with respect to the free KrF, molecule (Table 7). The

KrF, molecules in KrF,-2MoOF, and KrF,-3MoOF,
coordinate cis to the oxygen and bridging fluorine of a
terminal MOF, group. Unlike the xenon(Il) system
[164,165], polynuclear metal oxide fluoride ligands are
not observed for WOF, in the krypton(II) system [99].
Whereas isomerization leads to stable Xe—O-W lin-
kages when n > 2 [164,165], the analogous isomerization
from the Kr—F---W bridged species to the Kr—-O-W
species for n >2 does not yield stable KrF,-nWOF,
(n > 1) adducts, but likely initiates the rapid decom-
position at low temperatures [99]. The decomposition
behavior is consistent with the formation of kinetically
unstable Kr—O bonded intermediates (see Section 6).
Raman spectra of the solid KrF,-MOF, (M = Mo, W)
adducts isolated from SO,CIF at —48 °C are similar to
those of the xenon(II) analogues [99] and are also
interpreted in terms of F-bridged structures in which
KrF, is weakly coordinated to the metal center. These
structures are analogous to that determined by single
crystal X-ray diffraction for F—Xe—F- - -WOF,, in which
the bridging fluorine coordinates trans to oxygen [166].
Isolation of solid F—Kr—F---WOF,; could only be
accomplished by reaction of a 25% molar excess of
KrF, with WOF, at —80 °C followed by warming to —
48 °C and removal under vacuum of SO,CIF solvent as
well as O,, WFg, and Kr, resulting from the competing
decomposition reaction (Eq. (13)) [99]. An excess
amount of KrF, apparently suppresses the formation
of highly unstable Kr—O—-W species that are present in
equilibrium with Kr—F---W bridged species when n > 2
for KrF,-nWOF,.

The reaction of CrO,F, with KrF, in anhydrous HF
solution at room temperature provides a high-purity
synthesis of CrOF, (see Section 8.3). Chromium oxide
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tetrafluoride forms a 1:1 adduct with KrF, in HF
solution at —78 °C which decomposes upon warming
to Kr, F, and CrOF,. The adduct, formulated as KrF5-
CrOF,, is predominantly covalent containing a Kr—
F---Cr bridge [68] that is analogous to those of F-—
Kr—F---MoOF, and F-Kr—F---WOF,. The stretching
frequencies associated with the KrF, part of the KrF,-
MOF,4 (M = Cr, Mo, W) adducts serve as a qualitative
measure of the relative ionic characters of the adducts
[68,99]. The frequency separations between v,4(KrF,) or
v(KrF)) and vyi(KrF,) or v(Kr---F) can be used to
assess relative degrees of covalency and decrease with
increasing covalency. The frequency separations for
KrF,-MOF, increase in the order Cr <Mo <W, in-
dicating that the covalency of KrF,-MOF, increases in
the order W < Mo < Cr. Unlike the molybdenum and
tungsten analogues, the chromium adduct has been
shown to be completely dissociated in SO,CIF solution
between —118 and —10 °C [68]. The finding is
consistent with the increased covalency of the chromium
analogue relative to its molybdenum and tungsten
analogues, which show unequivocal ?"F-NMR evidence
for fluorine bridged adducts in SO,CIF solution at low
temperatures [99] (vide supra).

5. Krypton—nitrogen bonded compounds

5.1. Syntheses of RCNKrF* AsF5 (R=H, CF; C,Fs,
n-Cs;F;)

The Lewis acid properties of KrF* that lead to
fluorine bridging in KrF ™ salts (see Section 4.1.1) are
further manifested by the formation of donor—acceptor
bonds between KrF* and the nitrogen electron lone
pairs of oxidatively resistant nitriles [97,98]. Numerous
examples of the XeF™ cation coordinated to organic
nitrogen base centers have also been synthesized and
structurally characterized [7] in which the XeF* cation
coordinates to HCN [167-169], a variety of alkyl- [167]
and perfluoroalkylnitriles [98], perfluoropyridines [164],
perfluorodiazenes [170] and s-trifluorotriazene [98].
Despite the strong oxidizing properties of the KrF™
cation, a limited number of nitriles having first adiabatic
ionization potentials that are comparable with or exceed
the estimated electron affinity of the KrF " cation (13.2
eV), are resistant to oxidation by the KrF* cation at
low temperatures. These KrF*' adduct-cations are
currently limited to HCNKrF*+ [97], CF;CNKrF ™,
C,FsCNKrF*, and n-C3F,CNKrF*t [98]. All are
thermally and kinetically unstable above ca. —40 °C
and are currently the only examples of krypton bonded
to nitrogen. The synthetic strategies that lead to HCN
and perfluoroalkylnitrile adduct-cations are largely
determined by the strong oxidant properties of the
KrF* cation. Unlike XeF™, the reaction of HCN

with the more potent oxidizer, KrF T, in HF has not
been attempted. Rather, reaction of HCNH ™ AsFg
with KrF, in HF has been employed (Eq. (15)) [97],
resulting in the deposition of solid white
HCNKrF*AsFg at —60 °C.

KrF, + HCNH" AsF; - HCNKrF* AsF; + HF (15)

Warming the compound above —50 °C results in rapid
evolution of Kr, NF; and CF,4 gases which may be
accompanied by violent detonation. The detonation
problem is overcome by carrying the reaction out in
BrFs solvent at —58 °C where both reactants and
products are soluble, thus avoiding the establishment
of radical chain reactions in the solid that lead to
explosion. The HCNKrF* cation is stable in BrFs to at
least —55 °C for several hours with only minor
decomposition. The syntheses of the RpCNKrF*
cations (Rg = CF3, C,F5, n-C3F;) have also been under-
taken at low temperatures in BrFs solvent using the
general synthetic approach given in Eq. (16) [98]. All

three ﬂuoro(perﬂuoroalkylnitrile)kgpton(II) cations
KrF, + ReCNAsF;— RLCNKrF"AsF, (16

are thermally less stable with respect to redox decom-
position than HCNKrF™ or their xenon(II) analogs,
preventing their isolation and characterization in the
solid state. Decompositions have been monitored by
YF-NMR spectroscopy and occur over ca. 1-2 h at —
57 to —61 °C. The major decomposition products
consist of Kr, CF,, C;Fs, and NF; for all three
RECNKrF* cations, as well as n-C;Fg for
C,FsCNKrF* and n-C3Fs and n-C4F;, for n-
C;F,CNKrF .

5.2. Multi-NMR studies of the solution structures of the
RCNKrF™ cations

The solution structure of the HCNKrF " cation has
been unambiguously established by low-temperature
'H-, "F- and ""N-NMR studies of 99.5% '°N enriched
HCNKrF *AsFg in BrFs solvent [97] (Table 7). The
YF and 'H resonances exhibit doublet splittings attrib-
uted to >N coupling (Fig. 12a,b). The two-bond spin-
spin coupling, 2J(*’F-'°N) =26 Hz, compares favor-
ably in magnitude with values for FXeN(SO,F),
CJ(PF-""N)=392 Hz) and CH;CNXeF"
(CJ(F-"°N) =25 Hz; calculated from 2J("’F-'*N) =
18 Hz). Krypton isotopic shifts arising from *?Kr
(11.56%), 3*Kr (56.90%) and ®°Kr (17.37%) have been
resolved on the '°F resonance (0.0138 ppm amu ~ ') (Fig.
12a) and serve as an added confirmation that the
fluorine resonance arises from fluorine directly bonded
to krypton. The doublet fine structure (12.2 Hz) on the
"H resonance of the '°N enriched cation (Fig. 12b) is
assigned to 2J(*?’N—"H) (cf. 2J("’N-"H) =19.0 Hz for
HCNH ™ in HF solvent). The ""N-NMR spectrum
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Fig. 12. NMR spectra of the HCNKrF * cation enriched to 99.5% '°N, recorded in BrFs solvent at —57 °C. (a) YF.NMR spectrum (235.36 MHz)
depicting 2J("*F-'°N) and “J("’F-"H) and krypton isotope shifts. Lines assigned to fluorine bonded to ¥*Kr (11.56%), 3*Kr (56.90%), and %*Kr
(17.37%) are denoted by the krypton mass number. The innermost lines of the 8’Kr and **Kr doublets overlap their corresponding **Kr doublets. The
isotopic shift arising from %*Kr (11.53%) is not observed because of quadrupole collapse of the 'J(3*Kr—'°F) coupling; those of "®Kr (0.35%) and
80Kt (2.27%) are too weak to be observed. (b) "H-NMR spectrum (80.02 MHz) depicting 2/ (*>’N-"H) and *J(*’F-'H). (c) '’N-NMR spectrum
(50.70 MHz) depicting 2J (*’F-'°N) and 2J("’N-"H). Reproduced with permission from Ref. [97].
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Table 11

Calculated and experimental vibrational frequencies (cm ~') and IR intensities (km mol ~') for HCNKrF ™

Vibrational assignment Symmetry Vi) HF *  V(scatea) HF * Vicacy HF b V(caley MP2d b Vicaley MP2 € V(caie) MP2/DZV * d Viexpy) - Licaley

v(C-H) T 3556 3253 3588 3467 3446 3424 133
V(CN) T 2446 2128 2461 2130 2100 2121 2158 221
3(H-CN) o 935 760 940 762 752 751 43
V(Kr—F) z 782 620 782 644 562 589 560 66
3(CN-Kr—F) o 253 228 256 271 244 282 63
V(Kr—N) T 217 195 222 287 267 256 72
3(CN—-Kr—F) o 115 104 120 116 117 111 28

2 Ref. [175].

® Ref. [172].

© Ref. [171].

4 Ref. [173].

© Ref. [97].

comprises a doublet of doublets (Fig. 12¢) arising from
2J(PF-"N) and %J(!>N-'H), which simplifies to a
doublet (26 Hz) upon broad-band 'H decoupling,
confirming the aforementioned coupling.

The RECNKrF ™ cations have been characterized in
BrFs by low-temperature (—57 to —61 °C) "F-NMR
spectroscopy [98] (Table 7). The spectra consist of two
sets of signals: a singlet in the F—on-Kr(II) regions, and
resonances in the F-on-C region with characteristic
3J(*F-"F) and 'J(*’F-"2C) couplings having chemical
shifts to high frequency of the parent base molecules.
The F-on-Kr(II) resonance of CF;CNKrF™' displays
the 3?Kr, ¥Kr and ®Kr isotopic shifts (0.0105 ppm
amu '), which compare favorably with values for
HCNKrF* (0.0138 ppm amu~ ') and KrF, (0.0104
ppm amu ') [80]. The ’F-on-Kr(II) resonances of the
RECNKrF* and HCN-KrF " cations occur to higher
frequencies of KrF, and KrF ™ while the '"F-on-Xe(II)
resonances of the xenon analogues [98] occur to lower
frequency of XeF, and to higher frequency of XeF ™.

5.3. Theoretical studies of the HCNKrF™ cation

The discovery of the first example of a Kr—N bond
has generated considerable interest in the nature of
bonding in HCNKrF ¥, resulting in several theoretical
studies on the HCNKrF™ and its neon, argon, and
xenon analogues [171-175]. The results of each theore-
tical study are consistent with an ionic and a covalent
component in the bonding of KrF ™ with HCN, i.e. the
fragments are o-bonded with a high degree of ionic
character. The Kr—N bond is the result of a donor—
acceptor interaction between the sp-lone pair on N and
the empty o* orbital on KrF*.

Theoretical investigations of HCNKrF*t and
HCNXeF* at the SCF level using the theory of atoms
in molecules (AIM) [174], which circumvents the use of
orbitals to describe chemical bonding, indicates that the
ability of KrF* and XeF T cations to act as Lewis acids
is related to the presence of holes in the valence shell

charge concentrations of the noble-gas atoms which
expose their cores. The mechanism of formation of the
Ng—N bonds in the adducts of KrF* and XeF* with
HCN is similar to the formation of a hydrogen bond, i.e.
the mutual penetration of the outer diffuse non-bonded
densities of the Ng and N atoms is facilitated by their
dipolar and quadrupolar polarizations, which remove
density along their axis of approach, to yield a final
density in the interatomic surface that is only slightly
greater than the sum of the unperturbed densities. Thus,
the KrF " and XeF " cations are best described as hard
acids. The energies of formation of these adducts are
dominated by the large stabilizations of the Ng atoms
that result from the increase in the concentration of
charge in their inner quantum shells. The Ng—N bonds
that result from the interaction of the closed-shell
reactants KrF */XeF ™ and HCN lie closer to the closed
shell limit than do bonds formed in the reaction of
KrF*/XeF" with F~. The calculated gas-phase en-
ergies of the reaction between the closed-shell species are
—136.0 and —144.3 kJ mol ! for Ng=Kr and Xe,
respectively, for Eq. (17) in the gas phase and —874.5
and —886.6 kJ mol ! respectively, for Eq. (18).

NgF*+ + HCN — HCNNgF* (17)
NgF* + F~ > NgF, (18)

The molecular structure and force field of HCNKrF*
have also been calculated at higher levels of theory
(Table 11) [171-173,175] and the cation is predicted to
be linear. The incorporation of electron correlation is
necessary to describe satisfactorily the structures, stabi-
lities and vibrational frequencies. Reasonable agreement
with the two observed vibrational Raman bands in the
solid has been found at the HF and MP2 levels of theory
[171-173,175]. The Kr-N stretching mode leading to
dissociation into KrF* and HCN was calculated to
occur at 217 [175], 267 [171] and 287 [175] cm '
Despite the greater mass of the XeF group, the
calculated Kr—N stretching frequency is notably lower
than the experimental Xe—N stretching frequency of
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Table 12
Bond distances (A) and atomic charges (e) for the optimized geometries of KrF*, HCN and HCNKrF*
Species r(C-H) r(CN) r(Kr-F) r(KrN) Level of theory Ref.
KrF+ 1.697 MP2 [175]
1.725 MP2 [172]
1.752 [176]
1.778 MP2/DZV* [173]
1.727 HEF/DZV* [173]
HCN 1.057 1.126 MP2 [175]
1.064 1.156 [177]
HCNKrF™* 1.065 1.122 1.709 2.320 MP2 [175]
1.068 1.128 1.748 2.307 SCF [174]
1.067 1.168 1.707 2.313 HF [172]
1.073 1.129 1.772 2.183 MP2 [172]
1.076 1.175 1.831 2.281 MP2 [171]
1.082 1.169 1.823 2.231 MP2/DZV* [173]
1.066 1.129 1.733 2.335 HF/DZV* [173]
H C N Kr F
KrF* +1.15 —0.15 MP2 [175]
+1.10 —0.10 HE/DZV* [173]
+1.00 0.00 LDFT [54]
HCN +0.24 —0.04 —0.20 MP2 [175]
+0.31 +0.07 —0.38 HF/DZV* [173]
HCNKrF™* +0.31 +0.21 —0.23 +1.00 —0.29 MP2 [175]
+0.38 +0.33 —0.53 +1.06 —0.24 MP2 [172]
+0.42 +0.27 —0.53 +1.09 —0.25 HEF/DZV* [173]

HCNXeF ™ (328, 335 cm ™~ ') [168], suggesting that the
Kr—N bond is significantly weaker than the Xe—N bond
of the xenon analogue. A normal coordinate analysis
would be required to confirm this supposition. The KrF
and HCN fragments in the complex have geometries
similar to those of KrF™ and HCN (Table 12) and, in
accord with its low Kr—N stretching frequency, the Kr—
N bond distance is predicted to be 2.18—2.32 A, which is
considerably longer than the highly polar single-bonds
between fluorine and third-row atoms, e.g. 1.894 A in
KrF, [54], 1.756 A in BrF [177], 1.712 A in AsF5 [177],
and 1.689 A in GeF, [178], and is comparable with that
of the Xe-N bond (2.235(3) A) in HCNXeF * [179]. The
Kr—F distance in the adduct is predicted to increase by
only 0.0-0.13 A relative to that of KrF*. The
HCNKrF* cation is predicted to be more stable by
130.1-176.1 kJ mol ~' [172,173,175] with respect to
KrF* and HCN at higher levels of theory (cf. 126.4
[175] and 136.1 [174] kJ mol ~' at the SCF level) with
Zero-point energy corrections.

The charge distributions reported for HCNKrF " in
all theoretical studies (Table 12) show some transfer of
electronic charge from the carbon to the KrF™ region,
consistent with a contribution from the resonance
structure VL

H-*C=N-Kr—F
VI

The shift of ligand charge towards krypton is also
evident from a determination of the centroids of charge

for the localized molecular orbitals [175]. The lone pair
centroid on nitrogen is 1.22 au from the nitrogen atom
as compared with the lone pair in HCN, which is only
0.70 au from the nitrogen atom. Whereas the nitrogen
lone pair is essentially localized on the N atom of HCN,
the lone pair is delocalized by 0.24 ¢ onto the Kr atom in
HCNKrF ™. This is reflected in the hybridization of the
lone pair on N in HCN (sp””) [175]. The nitrogen p
character in HCNKrF* increases to give a hybridiza-
tion of sp”® and is also consistent with charge
delocalization onto the Kr atom.

The molecular orbitals for KrF*, HCN, and
HCNKrF* have been derived by Dixon and Arduengo
[175]. The bonding in HCNKrF* has been analyzed in
terms of three-center and four-center hypervalent bonds.
The analysis indicates that the bonding between Kr and
N is not a simple covalent 6-bond between two centers.
Both three center (F—Kr—N based) and four center (F—
Kr—N-C based) hypervalent bonds best describe the
covalent o-bonding in HCNKrF ™.

High-level ab initio calculations [173] predict that the
argon-nitrogen bonded HCNArF " cation is also stable
with a gas-phase heat of association (Eq. (17)) of —160
kJ mol !, which, as noted above, is comparable with
that calculated for the krypton analogue. These results,
together with another recent high-level theoretical
calculation, which estimates the electron affinity for
ArF™" to be 13.66 eV [180], suggest that HCN, with its
high first ionization potential (13.80 eV) [181], may be
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oxidatively resistant enough to withstand the formidable
electron affinity of the ArF™ cation. At the correlated
level, the HCNNeF * cation is predicted to be unstable
towards dissociation to HCNNe ™ and F, where the
HCNNe™* fragment is itself a weakly bound species
having a binding energy of only 6 kJ mol ~' with respect
to loss of neon and the formation of HCN ™ [173].

6. Krypton—oxygen bonded compounds

The compound, Kr(OTeFs),, provides the only ver-
ified example of a species in which krypton is bonded to
oxygen. The formation and decomposition of Kr(O-
TeFs), has been carefully monitored and characterized
by low temperature '°F and '"O-NMR spectroscopy [69]
(Table 7). The compound has been prepared by the
reaction of KrF, with natural abundance and ''O
enriched B(OTeFs); at —90 to —112 °C in SO,CIF
solvent (Eq. (19)) and is analogous to

3KrF, + 2B(OTeF;), - 3Kr(OTeF), + 2BF, (19)

the method used to prepare Xe(OTeFs), [182], but
reaction occurs at much lower temperatures. The
thermolysis of Kr(OTeFs), is analogous to that of
Xe(OTeFs), at 160 °C, but proceeds rapidly at —
78 °C according to Eq. (20). An earlier published
attempt to form Kr—O bonds reports the reaction of
KI'FZ

Kr(OTeF;), - Kr 4+ F;TeOOTeF; (20)

with B(OTeF5s); in CIOsF at —100 °C for 16 h followed
by a further 3 h at —78 °C yielded only FsTeOOTeF5
and Kr gas [183]. The reactions of KrF, with HOTeF;
and HOSeF ;5 have been studied in CIOF5 solvent at low
temperatures forming the crystalline adducts, KrF,-
HOTeFs (m.p. —30 °C) and KrF,-HOSeFs (m.p. —
64 °C). The adducts have not been structurally char-
acterized and decompose at —10 and —40 °C, respec-
tively, to Kr, HF, FsTeOOTeF5 and F5;SeOOSeFs.

The interaction of KrF, and (I0,F3), in SO,CIF
solvent has also been reported to lead to peroxide
formation at —45 °C by the route proposed in Egs.
(21) and (22), where Kr(OF4I=0), is proposed as an
unstable

(I0,F,), + KrF, > Kr(OF,1=0), 1)
Kr(OF,I=0),— Kr + O=IF,0-OF,I=0 22)

intermediate [69]. The series of adducts XeF, - nWOF,
(n = 2) undergo bond isomerization to give equilibrium
mixtures of F—Xe—F---WOF4WOF,),_; and F—Xe—
O-WF5(WOF,),,_, in SO,CIF solvent [164,165] while
the MoOF, adducts and their KrF, analogues only exist
as the F—Kr—F---MoOF4(MoOF,),_; structures [99].
While it was thought that the reaction between KrF,
and WOF, might lead to Kr—O bonded species, these

systems, unlike their fluorine bridged molybdenum
analogues, are remarkably unstable when n > 1, decom-
posing upon warming above —100 °C in SO,CIF to Kr,
0,, WF¢ and WOF,. It was proposed that F—Kr—
F.-- W - F-Kr—-O-W bond isomerization occurs above
—100 °C and that the resulting thermodynamically
unstable Kr—O bonded species are also kinetically
unstable.

7. Compounds in which krypton is bonded to elements
other than nitrogen, oxygen or fluorine

The existence of the CH;Kr™ cation has been
established in the gas phase by ion cyclotron resonance
trapped ion techniques [184]. The method has been used
to investigate ion—molecule reactions in CH;F/Kr
mixtures. Protonated CH;F, formed by the reaction of
CH;F* with CH;F, reacts with krypton by transferring
CHj3" to yield CH3Kr ™. The Kr—C bond energy of the
CH;Kr ™" cation has been estimated to be 199.6+10.5 kJ
mol ~ !, and is somewhat weaker than that estimated for
the gas phase CH;Xe ™ cation (231.0+10.5 kJ mol '),
but considerably stronger than the Kr—F bond of KrF,
(48.9 kJ mol ).

The krypton-containing hydrides, HKrL. (L =Cl or
CN) have been prepared in low-temperature matrices by
photodissociation of HL or DL followed by thermal
mobilization of the photodetached hydrogen atoms at
ca. 30-40 K [185]. The neutral HKrL and DKrL
molecules are apparently formed in concerted reactions
of the type

H+ Kr+ L - HKrL (23)

Experimental evidence for the formation of these species
is essentially based on strong infrared bands that appear
after annealing of the photolyzed matrices and are
assigned to the H-Kr and D—Kr stretches of HKrCl,
DKrCl (1476, 1106 cm ') and HKrCN, DKrCN (1497,
1109 cm ~ ") with H-Kr—Cl and H-Kr—C bends at 544
and 618 cm !, respectively. The calculated (MP2 level
of theory) H-Kr bond lengths are 1.466 (HKrCN) and
1.435 (HKrCl) A and the Kr—L bond lengths are 2.349
(HKrCN) and 2.666 (HKrCl) A. A similar experimental
approach has recently been used to generate and
characterize HArF and DArF in matrices.

The KrCl™" (and KrF ™) cation has been produced in
a steady-state low-pressure hollow cathode discharge
and detected by quadrupole mass spectrometry [186].
The KrCl™ and KrBr~ have been studied by zero
electron kinetic energy spectroscopy [187].
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8. Applications of KrF, and KrF* to the syntheses of
high-valent inorganic species

8.1. Oxidant properties of KrF; and KrF™*

The mean thermochemical bond energy for KrF,
derived from calorimetric data is 48.9 kJ mol ~ ' [39,40],
which is the lowest bond energy of any known fluoride.
The energy of atomization for KrF, (97.9 kJ mol )
[39.40] is lower than that of F, (157.7+0.4 kJ mol ")
[188], causing it to be a better low-temperature source of
fluorine atoms than elemental fluorine and an aggressive
fluorinating agent even at low temperatures. In contrast,
the dissociation of F, requires high temperature or
photolytic conditions or other high-energy processes as
illustrated by the syntheses of the thermodynamically
stable xenon fluorides (XeF, [41,189,190], XeF, [42],
and XeF¢ [43]) from xenon and elemental fluorine.
Thus, KrF, has found wide application for the low-
temperature syntheses of high-oxidation state species,
which are otherwise unattainable by more conventional
thermal and photosynthetic methods.

It has long been recognized that the oxidizing/
fluorinating strengths of noble gas fluorides increase in
the order XeF, < XeF, < XeF¢ < KrF,, and the relative
oxidative fluorination strengths of the xenon fluorides
has recently been discussed by Liebman [191]. That
Kr(II) is more strongly oxidizing than Xe(II) may be
accounted for on the basis of the ionization potentials of
krypton (Kr—Kr™, 13.999 eV; Kr™ ->Kr*", 24.359
eV), which are significantly higher than those of xenon
(Xe—>Xe™, 12.130 eV; Xe™ »Xe* T, 21.21 eV) [191].
The fact that KrF, has proven to be a better oxidative
fluorinating agent than any of the xenon fluorides or
fluorine rests on the thermodynamic stabilities of xenon
fluorides and the thermodynamic instability of KrF,
with respect to its elements. This is dramatically under-
scored by the rapid room temperature oxidative fluor-
ination of xenon gas to XeFg and I, to IF; using KrF, as
the fluorine source (Egs. (24) and (25)) [36].

Xe + 3KrF, - XeF, + 3Kr (24)
I, + 7KrF, - 2IF, + 7Kr (25)

It is well known that the cations derived from the
binary xenon fluorides and oxide fluorides, XeF ™,
Xe,F5, XeF5, XeFs, Xe,Fi, XeOF5 , and XeO,F*
are stronger oxidative fluorinators than their parent
fluorides [5]. Correspondingly, the Kr,F;5~ and KrF™*
cations are more potent oxidants than either KrF, or the
fluorocations of xenon. A quantitative scale of relative
oxidizer strengths for cationic oxidative fluorinators has
been developed which includes the KrF ™ cation [192].
The scale is based on relative F* detachment energies,
which were obtained by local density functional theory
calculations, and is anchored to its F* zero-point by an
experimental value for KrF*. The scale is actually

defined as the positive F™ detachment energy as
illustrated by the KrF* cation in Eq. (26). The oxidizing
strengths of 36 oxidizers were thus determined and
shown

KrF* - Kr+ F* (26)

to be consistent with all of the previously available
qualitative experiments. The scale confirms that KrF+
is unique in its oxidizer strength and is the strongest
chemical oxidant presently known with an oxidizer
strength value of 484.9 kJ mol ~'. The next strongest
known oxidative fluorinators on this scale are N,F*
(582.8 kJ mol~ ') and BrF¢ (589.1 kJ mol!; see
Section 8.2). The scale confirms that the known xenon
cations are considerably weaker oxidative fluorinating
agents, displaying higher detachment energies (XeFs",
637.6 kJ mol ', XeFs, 664.8 kI mol ', XeF ", 689.5
kJ mol ', XeOF5", 724.2 kJ mol !, XeO,F ", 817.1 kJ
mol ~'). Interestingly, it has not proven possible to
synthesize the XeF;" cation by direct oxidative fluorina-
tion of XeFy with KrF™ [63,193]. The predicted F*
detachment energy of XeF; (488.3 kJ mol ') is only
marginally greater than that of KrF*. Failure to form
the XeF; cation by either direct reaction with neat
XeFg or in HF solution may be attributed to the near
thermoneutrality of the F™ transfer and/or to the
fluoride ion donor properties of XeFq towards KrF ™.
Partial or full fluoride ion transfer to KrF* would
render it a less potent oxidant, and the development of a
partial or full positive charge on xenon as XeFs™ would
render xenon more difficult to oxidize.

Should it prove possible to synthesize salts of the
ArF ™ cation, it will be an oxidizer of unprecedented
strength with an F* detachment energy of 352.7 kJ
mol ~'. The predicted F* detachment energies of the
ground state (°rt) species NeF © and HeF * are predicted
to have values of 2.5 and —6.7 kJ mol ™! and indicates
that the feasibility of producing these cations in the solid
or gaseous states is unlikely [192]. Failed attempts to
detect these cations in the gas phase using mass spectro-
metry support this hypothesis [194].

There are numerous main-group and metal fluoride
and oxide fluoride species that have been synthesized by
the use of KrF,, KrF", or Kr,Fi as the oxidative
fluorinating agent and which qualitatively affirm their
strong oxidant properties. Although many of the species
that are discussed in the following sections had been
previously synthesized by more classical high-tempera-
ture and photolytic procedures, the facility with which a
broad range of high-oxidation state species are achieved
in high purities and at low temperatures using krypto-
n(II) fluoride reagents is significant for appreciating the
likely scope of their future synthetic applications. The
following subsections provide such an overview. In a
number of instances, the use of KrF, or KrF " as the
fluorinator has provided the initial or sole synthetic
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route to species which are, in themselves, interesting new
high-oxidation state precursors or are species that were
previously unaccounted for. In these instances, the novel
chemistries these discoveries have spawned are also
briefly surveyed. These vignettes serve to convey the
broader impacts KrF, and KrF ™ have had as oxidative
fluorinators in chemical syntheses.

8.2. Main-group chemistry

The KrF* cation is a powerful oxidative fluorinating
agent with respect to O, and Xe, oxidizing both gases at
room temperature to O,° and XeF* [79] according to
Egs. (27) and (28).

KrF*MF, + Xe —» XeF"MF, + Kr 27)
KrF*MF, + 0, O MF, +Kr+ 1/2F, (28)

The reaction of KrF *SbF; with excess XeOF, has
been investigated with the view to forming the xe-
non(VIII) cation, XeOFs", according to Eq. (29).
Instead, the reaction gives XeOF,-XeFs SbFs and
05" SbFg salts (Eq. (28)) [37], but not XeOFs SbF4
as previously reported [143]. The reactivity of KrF*
towards XeOF, contrasts with that towards isoelectro-
nic IF5, where a nucleophilic displacement reaction on
the fluorine of KrF ™ by the electron lone pair on iodine
results in the formation of the IFs cation (Eq. (29))
[195]. The corresponding reaction with XeOF, does not
lead to XeOF5 (Eq. (30)), but is predicted to form the
hypofluorite, XeF,OF *, as an intermediate (Eq. (31)).
Subsequent substitution and elimination reactions of the
hypofluorite and oxofluorite intermediates (Eq. (32)) are
speculated to lead to O5 (Eq. (28)) and XeFs (Eq.
(33)).

IF; + KrF ™ > [Kr-F-1F;]-> Kr + IF (29)
XeOF, + KrF " AsF; — XeOF{ AsF, + Kr (30)
XeOF, + KrF*" AsF; —»[F,XeOF " AsF; ]+ Kr (31)
[F,XeOF* AsF, | + XeOF, —[F,XeOOF * AsF; |

+ XeF,— XeF, + O, + XeF: (32)
XeF, + KrF" — XeF{ + Kr (33)

The development of bromine(VII) chemistry is a
classic illustration of the reluctance of fourth-row non-
metals to exhibit maximum valence [196]. Prior to the
application of KrF, and KrF™ as oxidative fluorina-
tors, the chemistry of bromine(VII) was limited to
HBrO4, BrO4 salts [197] and BrOsF [198]. Although
the CIFg [199-201] and IF¢ [202,203] cations were
known and structurally characterized, the BrF¢ cation
remained unaccounted for. The CIF¢ cation had been
synthesized by reaction of CIFs with PtF, yielding a
mixture of CIF¢ PtFs and CIF; PtFs , while IF¢ had
been synthesized by reaction of the only known halogen
heptafluoride, IF;, with strong fluoride ion acceptors

such as AsFs to give IFg AsFg . Gillespie and Schrobil-
gen [142,146] showed that the BrF¢ cation could be
synthesized in moderate yield by oxidation of BrFs;
using the KrF ™ or Kr,F5" cations as oxidative fluor-
inators. They also showed that, unlike CIFs, BrFs was
inert to oxidation by PtFs. The reactions of the
krypton(II) fluoro-cations with BrFs proceed according
to Egs. (34) and (35) at room temperature, and yield
BrF¢ AsFg and BrF,; AsF; when KrF'AsFg or
Kr,F3AsFg is used and BrF,)Sb,F;; and
BrF¢ Sb,F;; when KrF T Sb,Fi; are used. The oxida-
tions compete with the decomposition reactions (Eq.
(35)), giving

KrF* + BrF;— BrF; + Kr (34)
Kr,F{ + BrFs— BrF{ + Kr + KrF, (35)
KrF* + MF; [Sb,F};]- Kr + F, + MF,[2SbF;]

(M = As, Sb) (36)

rise to excess AsFs and SbFs, which form BrF, salts. In
the case of BrF; AsF¢ , the salt dissociates to BrFs and
AsFs when the BrFs5 solution is pumped to dryness at
room temperature, leaving high purity BrFs AsFg as
the sole product. Solutions of Kr,F5” AsFs in BrFs are
stable at —60 °C, providing the first evidence for the
Kr,F; cation in solution [79,142] (see Section 4.1.2 and
Table 7). The BrF¢™ cation was unambiguously char-
acterized by "F-NMR spectroscopy in HF and BrFs
solvents and by Raman spectroscopy in the solid state
and in HF solution [142,146]. The O, point symmetry of
BrF¢ results in a zero electric field gradient at the "*Br
(50.54% natural abundance; I=3/2) and ®'Br (49.46%
natural abundance; /=3/2) and slow quadrupolar
relaxation of the "’Br and ®*'Br nuclides in HF at
room temperature. This permitted the observation of
the one bond "’Br—'°F (1575 Hz) and 3'Br—'"°F (1697
Hz) spin—spin couplings, which are manifested as two
overlapping 1:1:1:1 quartets. The BrF¢ cation has since
been characterized by infrared spectroscopy [204],
normal coordinate analysis [204], single crystal X-ray
diffraction of the Sb,F;; salt (Br—F bond Ilength
1.657(8)—1.684(4) A at —130 °C) [205] and by "Br
and 3'Br-NMR spectroscopy (3("*'Br), 2079.6 ppm
with respect to aqueous Br™ at infinite dilution) [205].
The BrF¢ cation has also been prepared as the AuFg
salt by oxidation of BrFs with KrF " AuFg [38].

Attempts to prepare BrF; by direct oxidative fluor-
ination of BrFs with KrF, produced no reaction,
whereas the attempted fluoride ion displacement of
BrF; from BrFg AsF; using NOF at —78 °C resulted
in F, evolution and BrFs (Eq. (37)) [146].

BrF; AsF, + NOF — BrF,+ NO"AsF; +F,  (37)

The inability to synthesize BrF, appears to be a
consequence of steric congestion of seven bonding
electron pairs in the bromine valence shell and/or
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F---F atom repulsions and places BrF¢, along with
CIF¢ and NF,, in a small group of coordinately
saturated fluorocations. It was subsequently shown
that the CIF¢ cation can be synthesized by an analo-
gous route [206]. The reaction of KrF, with CIF5 and
AsFj5 in either CIF5 or anhydrous HF solution produces
CIF{ AsFs  that is contaminated with significant
amounts of CIF, . Fortunately, CIF,; AsFg also dis-
sociates under dynamic vacuum at room temperature to
CIFs and AsFs, leaving behind high purity CIF AsFg .
The reaction of KrF, with CIFs and SbFs produces
CIF{ SbF ; however, this salt cannot be isolated in
pure form unless SbFs is used to displace AsFs from
CIF¢ AsFg .

In an effort to prepare BrO,F3, the reaction of BrO,F
with KrF, does not proceed according to Eq. (38), but
rather according to Eq. (39) [207]. The reaction of
BrO;F with KrF, has been attempted by analogy with
Eq. (38) with the goal of preparing BrO,F; according to
Eq. (40), but BrOsF and KrF, fail to react in HF solvent
even after 15 min at room temperature [208]. When the
more powerful fluorinating agent, KrF+AsFg , was
used a reaction occurred, but only O; AsF;, BrFs
and Br, could be detected [208]. The reaction of BrOF;
with KrF, has also been attempted in an effort to
prepare BrOFs, but yielded BrFs as the only bromine-
containing product (Eq. (41)) [207].

BrO,F + KrF,— BrO,F; + Kr (38)
BrO,F + KrF, - BrOF; + Kr + 1/20, (39)
BrO,F + KrF, - BrO,F; + Kr + 1/20, (40)
BrOF; + KrF, - BrF; + Kr + 1/20, 41)

The oxidative fluorination of NF; to NF, salts by
KrF™* salts has been extensively investigated [153]. In an
early study [209], reactions were carried out at room
temperature either with solid KrF " SbFg and 1 atm of
NF; or in HF solution with stoichiometric amounts of
KrF,, NF;, and one of the Lewis acids SbFs, NbFs,
PFs, TiF4, and BF;. Although the products were
assigned to NF; salts of the SbFs, NbFs, PFg,
TiFZ~, and BF; anions on the basis of elemental
analyses and vibrational spectra, a subsequent study
[153] notes that for the alleged NF, SbFs and
(NF;),TiFZ ™ salts, the spectra correspond to poly-
anions salts. Consequently, the syntheses of NF, SbF¢ ,
NF, BF;, and (NF; ),Ti,1Fi,;, from KrF,-Lewis
acid adducts and NF3 have been reinvestigated along
with that of NF; AsF; under differing and more
carefully controlled reaction conditions [153]. The reac-
tions of 7:2:1 molar ratios of NF;:KrF,:AsFs/BF;
yielded 97% NF; AsF¢ and 31% NF; BF,; , respec-
tively, under autogenous pressures of 75 atm for 2 days
at 50 °C. The fluorination of NF; by KrFtSbF; to
form NF, SbFs; was studied in HF solution at —
31 °C, and in the presence of excess NF3 (1000 Torr)

and a 1:1 molar ratio of KrF*SbFg : NF;, and gave
respective NF; SbFg yields of 100% after 1 h and 37%
after 3 h (Eq. (42)). The reaction did not occur to a
noticeable extent after 3 h at —78 °C when a 1:1

NF; + KrF*SbF, — NF; SbF, + Kr (42)

KrF " SbF¢ :NF; molar ratio was used and only a 23%
yield was obtained under the same conditions when the
reaction was carried out at —45 °C. When this reaction
was carried out in HF solution at ambient temperature
using a 1:1 KrF " SbFg :NF; ratio, the reaction was
complete in less than 3 h, but the solid product was 91%
NF, Sb,F|;, indicating that an appreciable amount of
KrF*SbFs had decomposed to Kr, F, and SbFs
during the course of the reaction. The reaction of
NF;, KrF,, and TiF,4 in a 2:2:1 mole ratio in HF at
room temperature for 3 h yields only polytitanate
(TinHFﬁ;+ 5) salts of the NF; cation and no TiF2~
salt as previously claimed under identical reaction
conditions. Attempts to fluorinate OF,, CF;NF,, and
CIOF,; with KrF™ salts to give OF5, CF;NF;", and
CIOF5 have been unsuccessful [153]. Failure to form
OF;" appears to be inconsistent with the higher F*
detachment energy of OF5 (511.3 kJ mol~ ") [192] and
is likely attributable to kinetic factors.

Whereas KrF* is capable of oxidizing NF;, CIFs,
and BrFs to the corresponding complex fluoro cations,
PtF¢ is capable of oxidizing only NF; and CIFs [153].
The experimental evidence presently available for the
formation mechanisms of coordinately saturated fluoro-
cations indicates reaction of a powerful one electron
oxidizer (PtFg, Eq. (43)) or two-electron (KrF*, Eq.
(45)) oxidizer with the substrate (NF3, CIFs, or BrFs)
results in electron transfer from the substrate to the
oxidant, with subsequent (PtFg, Eq. (44)) or simulta-
neous (KrF ™, Eq. (46)) fluorination of the intermediate
radical cation (*NF5", *CIFS, *BrF3) to give the final
product (NF,", CIF¢, BrF¢ ). Thus, the neutral oxidi-
zer, PtFg, participates in a radical mechanism [153]:

EF, + PtF,— *EF. PtF, (43)
*EFPtF, + PtF,— EF." PtF; PtF, (44)

n+1

where E=N (n=3); Cl (n=15) and the ionic oxidizer,
KrF ™, participates in an ionic mechanism [153]:

EF, + KrF*MF; -[KrF---EF,]"MF, (45)
[KrF---EF,]*MF, —» EF,\, MF, +Kr (46)

n+1

where E =N (n=3); Cl, Br (n=5).

Mass spectroscopy of the product of [60]fullerene
fluorination by KrF, in HF has shown that the most
abundant species present are CgoF44 and CgoF4¢ [210].
Cage-opened compounds with molecular formulae up to
CeoF73 are also present. The electron impact mass
spectrum differs from that obtained with F,-fluorinated
[60]fullerene, showing a greater concentration of frag-
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mentation ions, including species of even mass, which
may arise from cage-opened species. The 'F-NMR
spectrum of the product in dry THF solution is similar
to that found with F>-fluorinated material, and showed
a sharp singlet at ca. 151 ppm that was previously
attributed to a symmetric species such as CgoFyg.

8.3. Transition metal fluoride and oxide fluoride
chemistry

Chromium pentafluoride is formed in high yield by
reaction of KrF, with Cr metal in anhydrous HF solvent
[211]. Chromium oxide tetrafluoride, CrOF,, has been
prepared in high yield and purity from CrO,F, and
KrF, in HF solution [68], contrasting with the high-
temperature synthesis from CrO; and F,, which can be
contaminated with CrFs [212,213]. The vibrational
spectra of gaseous, solid, and matrix-isolated CrOF,
and its solution in BrFs and HF have been reported, as
well as the "F-NMR spectra of the BrFs and SO,CIF
solutions [68]. The data confirm for gaseous, matrix-
isolated, and dissolved CrOF,; a monomeric, square-
pyramidal molecule (Cy4, point symmetry) in the gas
phase, matrix and in solution and in the solid, CrOF, is
a fluorine-bridged polymeric structure in which the Cr
atom is six coordinate. Chromium oxide tetrafluoride
also forms an unstable 1:1 adduct with KrF,, which is
discussed in Section 4.2.

Manganese difluoride is oxidatively fluorinated in HF
to the adducts 2KrF,-MnF, and KrF,-MnF, [154]. The
2KrF,-MnF, adduct is unstable under dynamic vacuum
at —45 °C, losing KrF, to form KrF,-MnF,, which
undergoes further decomposition at room temperature
to form KrF, and high purity MnF, (see Section 4.1.1).

The last member of Tc(VII) oxide fluorides, TcOFs,
has been prepared by oxidative fluorination of TcO,F;
[214,215], a fluorine bridged cis-dioxo polymer, with
KrF, in anhydrous HF (Eq. (47)). Interestingly, a noble-
gas fluoride also provides the only known route to
TcO,F; by fluorination of TcO;F with XeFs in HF
solvent [216]. The pseudooctahedral (Cy,) structure of
TcOF5 was determined by YF. and **Tc-NMR, Raman,
and IR spectroscopies and by single-crystal X-ray
diffraction [214,215]. Technetium oxide pentafluoride
was allowed to react with KrF " AsF¢ in an attempt to
form TcF¢™ according to Eq. (48), but instead yielded
Tc,0,Fy AsF¢ according to Eq. (49) [215]. In separate
experiments, TcOF5 was shown to behave as a F~ ion

TcO,F; + KiF, - TcOF; + Kr + 1,20, 47)
2TcOF; + 3KrF " AsF, — 2TcF{ AsF, + 3Kr
+OF AsF; +1/2F, (48)

2TcOF, + KrF* AsF, — Tc,0,F; AsF, + KrF,  (49)
2TcOF + AsF, (2SbF) —
Tc,0,F; AsF, (Tc,0,F; Sb,F;)) (50)

donor toward AsFs and SbFs in HF solvent (Eq. (50)),
also giving AsFg and Sb,F;; salts of the fluorine
bridged Tc,O,F¢" cation [215], which was characterized
as the AsFg and Sb,F;; salts by Raman spectroscopy
and as Tc,0,Fg" Sb,F;; by single-crystal X-ray diffrac-
tion. The Tc,O,F4 cation consists of two F-bridged
square pyramidal TcOF,4 groups in which the F bridge is
trans to the oxygens and is structurally analogous to its
rhenium analogue, Re,O,Fo" [217].

Several ReF¢ salts and ReF; have been prepared by
oxidation of ReFg with KrF ™ and Kr,F5 salts [218].
Interaction of ReF dissolved in WFy with KrF * Sb,F;;
gave orthorhombic ReF¢" ReF; SbF¢ SbFs. The rhom-
bohedral form of this compound was prepared at ca.
20 °C by direct interaction of excess ReFg with
KrFtSbFs or KrF'Sb,F;; or from a mixture of
SbFs with a molar excess of ReFg and F, that had
been photolyzed with a xenon lamp. The analogous
gold(V) compound, ReFs ReF; AuFg AuFs, was
prepared by interaction of Kr,F3"AuFg with excess
ReF; in HF solution at 0 °C to room temperature
followed by removal of HF under dynamic vacuum at
—78 °C. The solid mixture was then rapidly warmed to
ca. 60 °C to melt ReF; and to decompose
Kr,F5" AuFq , whereupon rapid Kr and F, evolution
ensued. The X-ray powder pattern that was obtained for
the resulting solid was not indexed. The formulations of
all three compounds are based on their Raman spectra.
In contrast, attempts to generate the TcF¢ cation by
reaction of TcFg with solid KrF™' salts and in HF
solutions at ambient temperature (Eq. (51)) have failed
[219], in accord with the expected ordering of electron
affinities, i.e. TcFs > ReF.

TcF, + KrF " AsF¢ (KrF*Sb,F;)) —
TcF{ AsFg (TcF{ Sb,F;) + Kr+1/2F, (51)

An Os(VIII) oxide fluoride obtained from the reaction
of KrF, and OsO4 in anhydrous HF solution was
originally identified as OsOFg [220]. It was subsequently
shown by material balance [221], electron diffraction,
PF-NMR, PF{'*0s} inverse correlation NMR, vibra-
tional spectroscopy, density functional theory calcula-
tions [222], and a disordered crystal structure [223] to be
cis-0OsO,F4 (C,, point symmetry) which is formed
according to Eq. (52).

2KrF, + 0sO,—cis-0OsO,F, + 2Kr + O, (52)

The clean synthesis of cis-OsO,F,4 using KrF, as an
oxidative fluorinator has provided a means to further
explore the little studied chemistry of osmium(VIII), and
in particular, the fluoride ion donor-acceptor properties
of cis-OsO,F,. Osmium tetrafluoride dioxide reacts with
the strong fluoride ion acceptors AsFs and SbFs in
anhydrous HF and SbF; solutions to form orange salts
[224]. The crystal structure of one of these salts, F(cis-
0s0,F3)," Sb,Fi1, consists of discrete F-bridged F(cis-
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0s0,F3);™ and Sb,F; ions in which the fluorine bridge
of the F(cis-OsO,F3);" cation is trans to an O atom of
each OsO,F; group. The OsO,F; cation has been
characterized by '"F-NMR and by Raman spectro-
scopies in neat SbFs solution but was not isolable in
the solid state [224]. The NMR and Raman spectro-
scopic findings are consistent with a trigonal bipyrami-
dal cation in which the O atoms and an F atom occupy
the equatorial plane and two F atoms are in axial
positions. Attempts to prepare the OsOF5" cation by
oxidative fluorination of cis-OsO,F, with KrF " AsFg
(KrF,/AsFs) in anhydrous HF have proven unsuccess-
ful, generating instead, F(cis-OsO,F3)y" AsFg [224].
The OsO,Fs anion is formed by the interaction of
cis-0OsO,F 4 with NOF and by the reaction of anhydrous
N(CH3);,F~ with cis-OsO,F,; in liquid NOF at
—78 °C (Eq. (53)) [225]. The anion geometry has been

cis-0s0,F, + N(CH;); F~ - N(CH,); F~ OsO,F;
(53)

determined by '""F-NMR spectroscopy and displays a
novel cis-dioxo geometry based on a monocapped
trigonal prismatic arrangement of ligand atoms (struc-
ture VIII).

—I_
F\ Ilz/F
J o

Vi

The fluorination of RuO,4 has been attempted using
F, or KrF, in HF solution. Of the two fluorinating
agents, only KrF, reacts with RuO,4 to form RuOF,
according to Eqgs. (54) and (55) [226].

RuO, + 2KrF, —» RuO,F, + 2Kr + O, (54)
RuO,F,— RuOF, + 1/20, (55)

The reaction of RuO, with KrF, in HF solution leads to
the Ru(V) dioxygenyl salt, O;"RuFg , and that of OsO,
to OsOF;5 [227]. A large excess of either KrF, or KrF+
in HF solution does not react further with OsOFs. The
formation of O RuFs has been explained by the
following reaction sequence:

RuO, + 3KrF,— RuF, + O, + 3Kr (56)
RuF; + O,— O RuF, (57)

The fluorination of RuO4 by KrF, may go through
RuO,F, as an intermediate (Eq. (54)) by analogy with
the reaction between KrF, and OsO, [221,222]. Unlike
cis-OsO,F,4, the Ru(VIIl) analogue appears to be
unstable, decomposing to O, and RuOF,; (Eq. (59)).
The difference is attributed to the smaller bond energy
of the Ru—O bond when compared with that of the Os—

O bond. The remaining oxygen in RuOF, is also weakly
bound, as indicated by its low stretching frequency (900
cm ') [226] when compared with that of OsOF,4 (1009
cm 1) [228], and results in the decomposition of RuOF,
to RuF, at 65-75 °C. The fluorination of OsO, does
not proceed beyond OsOFs whereas that of RuO,
proceeds through to RuFg, which may again be attrib-
uted to the weakness of the Ru—-O bond in the
hypothetical RuOF5 molecule [227].

Platinum metals react with KrF, in HF and BrF;s
solvents to give KrF"MFs (M =Pt, Ru, Rh) and
KrF " M,Fj; (M =Pt, Ru) [140]. These salts have been
discussed in Section 4.1.1. Palladium metal reacts read-
ily with KrF, in BrFs and HF solvents. Dark red
solutions were observed when excess KrF, was used,
and it was hypothesized that PdFs; was formed. It was
not possible to isolate PdFs with PdF, crystallizing from
solution as the concentration of KrF, decreased upon
standing. Reaction of KrF, with PdF, in the presence of
NaF or O, resulted in NatPdF; and O3 PdFg,
respectively. The salt, (Xe,F11),NiFz ", has been pre-
pared by reaction of NiF,, KrF,, and XeFg in anhy-
drous HF [229].

Salts of the diamagnetic AgF; anion were first
described by Hoppe [230] and shown to be isomorphous
with their AuF; analogues. More recently, KAgF,, has
been prepared by reaction of a stoichiometric excess of
KrF, with equimolar amounts of AgF, and KF at room
temperature in anhydrous HF solvent (Eq. (58)) [231].
The method yielded KAgF, in the form of crystals
suitable

KrF, + 2KF + 2AgF, > 2KAgF, + Kr (58)

for X-ray structure determination, but failed to find
evidence for oxidation beyond Ag(III) despite the
relative ease of oxidation of AuF; to AuFs and AuF,;
to AuFgs by KrF,. The more demanding synthesis of
AgF; was first claimed by Bougon and Lance [232], who
described a red—brown, highly reactive solid made by
the reaction of Ag, AgF or AgF, in anhydrous HF with
KrF, at room temperature. The X-ray powder data
showed that the red—brown solid was not structurally
related to AuF;. Moreover, the solid was weakly
paramagnetic, raising the possibility that some of the
Ag(III) was in the triplet state. Bright red, diamagnetic
AgF3; was subsequently prepared by precipitation from
anhydrous HF solutions of AgF,; by addition of
fluoroacids according to Eq. (59) (L =BF; or AsFs)
[233]. With additional AsFs, Ag(IlI) is reduced,

AgF; +L — AgF, + LF~ (59)

while such reduction does not occur with BF; and is
therefore preferred for the preparation of AgF;. Silver
trifluoride is isostructural with AuF;. The Ag and Au
atoms lie at the center of an elongated octahedron. The
main difference in the structures of AgF; and AuFj; is
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the interaction distance along the z-axis (Ag-F =
2.540(4) and Au—-F =2.756(8) A). The latter is in accord
with the stronger binding of the Ag(III) d-orbital
electrons and is the main reason why Au(I1l) is readily
oxidized by KrF, to Au(V) while the corresponding
oxidation of Ag(III) to Ag(V) does not take place. The
tighter binding of the Ag(III) d-electrons is also evident
in the strong oxidizing properties of AgF; compared
with AuF3. The reaction between AgF, and an excess of
XeF¢ and KrF, in anhydrous HF yields a light yellow
diamagnetic solid, XeF¢-AgF; [234]. On the basis of the
vibrational data, this compound has been formulated as
XeFst AgF, and is thermally stable under dynamic
vacuum up to 70 °C where it begins to lose XeF,
yielding AgF;. The formulation of the compound
originally reported by Bougon and Lance [232] has
been reinvestigated and shown to be a mixed-valence
compound, Ag"AgMFg, which may have the formula-
tion Ag> " (AgF; )> [233].

Gold metal reacts vigorously with KrF, in anhydrous
HF to give KrF*AuFg [37] (Eq. (60)). Pyrolysis of
freshly prepared KrF*AuFg at 60 to 65 °C over a
period of 8 h gives AuF5 (Eq. (61)), which reacts with an
excess of XeF, in HF or BrFs to give Xe,Fi" AuFg and
with NOF in HF

7KrF, + 2Au — 2KrF" AuF; + 5Kr (60)
KrF* AuF; - Kr + AuF; + 1/2F, (61)

to give NO* AuFg . The salt, KrF* AuF¢ , is a power-
ful oxidative fluorinating agent, oxidizing O to O5" and
Xe to XeFs with the evolution of Kr. A subsequent
report [38] repeating elements of the original work [37]
also notes that KrF t* AuF; oxidizes BrF5 and BrFs to
BrF¢ AuFg (also see Section 4.1.1), XeFt to XeFs,
and Xe,Fi to Xe,Fij. The AuF; anion of
XeFs"AuF; is oxidatively fluorinated by KrF, in
anhydrous HF at temperatures below 0 °C to yield
XeFs AuFg [234].

8.4. Lanthanide and actinide fluoride and oxide fluoride
chemistry

The use of KrF, as a fluorination agent has afforded a
means to access the +4 oxidation state of cerium,
praseodymium, and terbium at low temperatures.
Fluorination of PrF; by KrF; in anhydrous HF [235]
is slow yielding only 30% PrF, after four days, and an
even lower yield (10%) in the solid phase reaction after
three days. Fluorination of PrF; by KrF, in the presence
of CeF; and in the absence of solvent sharply increases
the yield to 56% PrF, after only two days. The reaction
of KrF, with PrgO;; at 20 °C in anhydrous HF gives
quantitative yields of PrF, after three days. Krypton
difluoride reacts with MO, (M = Ce, Pr, Tb) in 2:1 and
3:1 molar ratios in HF solvent to give MF,. With the

exception of terbium, which required 1.5 weeks to react,
the reactions were complete after one day. At a I:1
molar ratio, compounds were formed having composi-
tions close to MOF,. Krypton difluoride is also reported
to react with CeO, and the nonstoichiometric oxides
PrgO;; and TbyO; at room temperature in the absence
of a solvent to give LnF4 (Ln=Ce, Pr, Tb) in 99.9—
99.99% purity [236].

The xenon(VI) fluorometalates of praseodymium and
terbium in their +4 oxidation states, XeF4-4PrF4 and
XeF4-2TbF,4, have been prepared by reaction of PrgOy
and Tb,4O; with a large excess of XeF¢ in anhydrous HF
followed by addition and reaction with a large excess of
KrF, [237]. The vibrational spectra are in accord with
the formulation of these compounds (XeF4-4PrF4 and
XeF¢-2TbF,) as salts of XeFs™ having polymeric anions.
Reaction of Nd,O3; with XeF¢ and KrF, under similar
conditions yielded NdFs;.

In contrast with the formation of the actinide hexa-
fluorides, which appear to occur in a single step in the
high-temperature fluorinations of actinide tetrafluorides
with elemental fluorine [238], no intermediate fluorides,
in particular pentafluorides, are formed. The controlled
fluorinations of the uranium [238] and neptunium
[238,239] tetrafluorides to the pentafluorides by KrF,
in anhydrous HF occur in the temperature ranges:
UF;—UFs, —30 to 10 °C and NpF4—NpFs, —15 to
5 °C [238]. Although NpFs had been previously pre-
pared by reduction of NpFg with IFs, it was contami-
nated with NpF, [240]. Low-temperature fluorination of
NpF,4 with KrF,, as well as the reduction of NpF¢ with
PF; [241] and I, [242], provides a high-purity synthetic
route to NpFs. At higher temperatures, both UFs and
NpFs disproportionate to their respective tetrafluorides
and hexafluorides [239]. In an attempt to prepare the
unknown pentafluoride, PuFs, KrF, oxidation of PuF;
in anhydrous HF at room temperature has yielded PuF,
instead [242]. While there is no mention of PuFg
formation in reference [242], gaseous KrF, has been
shown to fluorinate solid PuF, to PuF¢ [243]. Gaseous
KrF, is only the second known low-temperature fluor-
inating agent for the generation of PuF¢ from PuF, (the
other agent is O,F, [244]). Uranium hexafluoride has
also been formed by reaction of gaseous KrF, with UF,
at ambient temperatures [243]. The fluorination of UF,
by KrF, has also been briefly mentioned in reference
[245]. Treatment of nickel and Monel surfaces, that have
been contaminated with the lower fluorides and oxide
fluorides of neptunium and plutonium, with gaseous
KrF, at ambient temperatures liberates volatile NpFy
and PuFg at room temperature [243]. Volatilization of
uranium as UFg from stainless steel surfaces contami-
nated with lower valent uranium fluorides and oxide
fluorides using gaseous KrF, has also been observed
[243].
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30°C -50 °C 5t020°C 5t020°C
U0, [UOF] UOSF, UOF, UFs
0°C 10 to 20 °C 10 to 20 °C 30 °C
NpO2 [NpO2F] [NpOFs] NpOFy — NpFs

Scheme 5. Sequences and approximate temperature ranges for the fluorination of UO, and NpO, in anhydrous HF using KrF,; as the fluorinating

agent [236].

Americium trifluoride, AmF3, is oxidatively fluori-
nated to AmF, in HF by KrF, [238]. Americium
hexafluoride cannot be synthesized by high-tempera-
ture, direct fluorination procedures using elemental
fluorine. It is claimed that AmF, reacts with KrF, at
40—-60 °C in HF to form previously unknown AmFg,
which is reported to be a dark brown, crystalline
substance having a significant vapor pressure [238]. It
has also been noted that AmFg has powerful oxidizing
properties, and rapidly undergoes reduction to AmF, on
metallic surfaces. In a subsequent study [243], treatment
of AmO, and 95% PuO,/5% AmO, mixtures with KrF,
in anhydrous HF at 50-60 °C failed to provide
evidence for AmF¢ formation. No characterization of
the reaction products was reported. A prior report
claims that AmO, is fluorinated to AmF, by KrF, in
HF at 20 °C [238].

The low-temperature fluorinations of actinide metal
oxides and oxide fluorides by KrF, in anhydrous HF
have been a subject of considerable interest. The
fluorinations of UO, and NpO, have been shown to
proceed stepwise within the temperature ranges specified
in Scheme 5 [238]. Both UO, and UsOg are fluorinated
to UF¢ at ambient temperature, although the reaction
with UO, derived from crushed fuel pellets occurs at a
reduced rate and provides lower yields of UFg [243].
Although NpOF, has been prepared by the reaction of
KrF, with NpO, in anhydrous HF at 20 °C [239,246],
this oxide fluoride has also been prepared by the
hydrolysis of NpFg in HF [239,247]. The room tem-
perature reaction of NpO, with excess KrF, in HF at an
unspecified temperature is reported to yield NpFq [239],
although in a subsequent report the reaction occurs at
30 °C (Scheme 5) [238]. While NpO,F and NpOF; are
speculated to be intermediates in the fluorination of
NpO, with KrF, in anhydrous HF, there is no direct
spectroscopic or other evidence for their intermediacy.
The oxidation of NpOF, with KrF, in HF at 0 °C [239]
and at —60 °C [247] yields NpF¢, Kr, and O,. In
addition, oxidation of NpOF, with KrF, in HF at ca.
0 °C has been reported to yield a new volatile neptu-
nium compound, which is colorless in the vapor state
and which decomposes rapidly on the walls of the
Teflon reaction vessel to NpOF,4 [237]. The species has

been tentatively assigned, on basis of the infrared
spectrum, to NpOFs, but has not been confirmed.
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