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Figure 17.25 Structure of anions in Na;[HsMn(104)3].17H,0 and Na;K[H;Cu(I10¢),].14H, 0.

formation of the cyclic intermediate. Such
reactions have been widely used in carbohydrate
and nucleic acid chemistry.

Periodates form numerous complexes with
transition metals in which the octahedral 10¢>~
unit acts as a bidentate chelate. Examples are:

MV (106)]™, [Ni"V(106)]~, [Fe"™(106)1*",
[Co™(106)1*~

MY (106),16~ (MY = Pd, Pd, Ce);
IMI(104),1~ MI = Fe, Co, Cu, Ag, Au)

M0 (106)3]"~; [Fef'(106)31°~,
[Cof'd06)31*~

The stabilization of Ni'V, Cu and Agl is
notable and many of the complexes have very
high formation constants, e.g. [Cu(IOg),]’~ ~
10'°, [Co(I06);]’~ ~ 10'%. The high formal
charge on the anion is frequently reduced
by protonation of the {I(#-0),04} moiety,
as in orthoperiodic acid itself. For example
H1;[Mn(IO¢)3] is a heptabasic acid with pK; and
pK2 < 0, pK3 2.75, pK4 4.35, pK5 5.45, pK6
9.55, and pK7 10.45. The crystal structure of
Na;[HsMn(10¢)3].17H, 0 features a 6-coordinate
paramagnetic Mn!V anion (Fig. 17.25a) whereas

the diamagnetic compound NazK[H3Cu(1O¢),]-
14H,0 has square-planar Cull' (Fig. 17.25b).

17.2.9 Halogen oxide fluorides and
related compounds (%

This section considers compounds in which X
(Cl, Br or I) is bonded to both O and F, i.e.
F,XO,,. Oxofluorides ~OF and peroxofluorides
-OOF have already been discussed (p. 638)
and halogen derivatives of oxoacids, containing
~0OX bonds are treated in the following section
(p. 883).

Chiorine oxide fluorides (%7

Of the 6 possible oxide fluorides of Cl, 5 have
been characterized: they range in stability from
the thermally unstable FCIO to the chemically
rather inert perchloryl fluoride FCIVPOQs;. The
others are FCIY0,, F3C1IVO and F;CIVIO,.

146 Ref. 23, pp. 1386-96, The oxyfluorides of the halogens.

47K, O. CurisTE and C. J. SCHACK, Adv. Inorg. Chem.
Radiochem. 18, 319-98 (1976).
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The remaining compound FsCIY'O has been
claimed but the report could not be confirmed.
Fewer bromine oxide fluorides are known,
only FBrO,, FsBrO and possibly FBrO; being
characterized. The compounds of iodine include
the IV derivatives FIO, and F3I0 and the
IV derivatives FIOs;, F310, and FsIO. All the
halogen oxide fluorides resemble the halogen
fluorides (p. 824), to which they are closely
related both structurally and chemically. Thus
they tend to be very reactive oxidizing and
fluorinating agents and several can act as Lewis
acids or bases (or both) by gain or loss of fluoride
ions, respectively.

The structures of the chlorine oxide fluorides
are summarized in Fig. 17.26, together with those
of related cationic and anionic species formed
from the neutral molecules by gain or loss or
F~. The first conclusive evidence for free FCIO
in the gas phase came in 1972 during a study
of the hydrolysis of CIF; with substoichiometric
amounts of H,O in a flow reactor:

CIF; + H,O —— FCIO + 2HF

The compound is thermally unstable, and
decomposes with a half-life of about 25 s at room
temperature:

Ch. 17

rt/t 1 25 s
2FCIO ———— FCl0; + CIF

The compound can also be made by photolysis
of a mixture of CIF and O3 in Ar at 4-15K;
evidence for the expected nonlinear by structure
comes from vibration spectroscopy (Fig. 17.26a).

F;CIO was discovered in 1965 but not
published until 1972 because of US security
classification. It has low kinetic stability and is
an extremely powerful fluorinating and oxidizing
agent. It can be made in yields of up to 80%
by fluorination of Cl,O in the presence of metal
fluorides, e.g. NaF:

MF
ClLO + 2F2 ? F3C10 + CIF

However, the unpredictably explosive nature of
Cl,0O in the liquid state renders this process
somewhat hazardous and the best large-scale
preparation is the low-temperature fluorination of
CIONO; (p. 884):

-35°
10N 2F, — > F;3Cl0 4+ FNO
CIONO; +2F (>80% yieldy 30 TNz
F3ClO is a colourless gas or liquid: mp —43°,
bp 28° d(l, 20°) 1.865gcm™3. The compound

F F F F F
I Y A o
T
7N 2 i N B Y
) 0 0 F F
(a) FCIO (Cy) (b) FClO; (Cs)  (¢) FClO3 (Cyy)  (d) F3CIO (Cy) (e) F3Cl0, (Cyy)
+F +F -F7 -F,
F - fo) - F + F +
0
Y Ny | |
& Ci ~a7 a Cl
]%O F/‘\F e N F/ \\Qo
F 0 0

() [F2CI0,] (Cr) () [F4CIOT (Ca)

(h) [F,CI01" (Cy)

(i) [FoCI0,1" (Ca)

Figure 17.26 Structures of chlorine oxide fluorides and related cations and anions.
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is stable at room temperature: AH(g) =
—~148KkJ mol ™!, AH;(1) = ~179kJ mol™'. Its C;
structure (Fig. 17.26d) has been established by
gas electron diffraction which also led to the
dimensions Cl=0 140.5pm, Cl-Feq 160.3 pm,
Cl-F, 1713 pm, and angle Fy—-Cl-Fy 1717
other angles are Fx—Cl-Feq 88°, Fo —C1-0 95°
and Feq—C1-0 109°.4®) F;CIO can be handled
in well-passivated metal, Teflon or Kel-F but
reacts rapidly with glass or quartz. Its thermal
stability is intermediate between those of CiFj
and CIFs (p. 832) and it decomposes above
300°C according to

F;Cl0 — CIF; + 10,

F;ClO tends to react slowly at room temperature
but rapidly on heating or under ultraviolet irradi-
ation. Typical of its fluorinating reactions are:

200° .
Cly + F3;ClIO — 3CIF + 50,

CLO + F5CIO ——> 2CIF + FCIO,
CIOSO,F + F;CIO ——> SO,F, + FCIO, + CIF
2C10SO,F + F5CI0 ——> $,05F, + FCIO, + 2CIF

Combined fluorinating and oxygenating capacity
is exemplified by the following (some of the reac-
tions being complicated by further reaction of the
products with F3CIO):

CsF/25°
SF; + F3Cl10 —— SFg, FCIO,, SF5Cl, SF,0

MoFs + F;ClIO —— MoFg, MF,0O
100°
2N,F; + F3C10 —— 3NF; + ENO + CIF

low temp
HNF; + F3ClI0 ———— NF;0, NF,(Cl,
N,F4, FCIO;, HF
FoNC(O)F + F;CIO —— NF;30, CINF,, NoFy

It reacts as a reducing agent towards the
extremely strong oxidant PtFg:

F3CIO + PtFs ——> [F,CIOT*[PtFs]™ + 1iF,

48y OperaaMMER and K. O. CHRISTIE, Inorg. Chem. 21,
2735 (1982).
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Hydrolysis with small amounts of water yields
HF but this can react further by fluoride ion
abstraction:

F3;CIO 4+ H,O —— FCIO; + 2HF
F;ClO 4+ HF —— [F2C10]+[HF2]—

This last reaction is typical of many in which
F3ClO can act as a Lewis base by fluoride ion
donation to acceptors such as MFs (M = P, As,
Sb, Bi, V, Nb, Ta, Pt, U), MoF40, SiF,, BF3, etc.
These products are all white, stable, crystalline
solids (except the canary yellow PtFs™) and con-
tain the [FoClO1* cation (see Fig. 17.26h) which
is isostructural with the isoelectronic F;SO. Chlo-
rine trifluoride oxide can also act as a Lewis acid
(fluoride ion acceptor) and is therefore to be con-
sidered as amphoteric (p. 225). For example KF,
RbF and CsF yield M*[F;CIO]™ as white solids
whose stabilities increase with increasing size of
M*. Vibration spectroscopy establishes the Cyg,
structure of the anion (Fig. 17.29g).

The other CIY oxide fluoride FC10, (1942) can
be made by the low-temperature fluorination of
ClO; but is best prepared by the reaction:

rt/1 day

6NaClO3 + 4CIF; ——> 6FClO, + 6NaF
(high yield)

+ 2Cl; + 30,

The C; structure and dimensions (Fig. 17.26b)
were established by microwave spectroscopy
which also yielded a value for the molec-
ular dipole moment w 1.72D. Other physi-
cal properties of this colourless gas are mp
—-115° (or —123%), bp ~ —6°, AH{(g,298K)
—34 4+ 10kI mol™! [or —273 kImol~! when cor-
rected for AH{(HF, g)!]. FCIO, is thermally sta-
ble at room temperature in dry passivated metal
containers and quartz. Thermal decomposition of
the gas (first-order kinetics) only becomes mea-
surable above 300° in quartz and above 200° in
Monel metal:

300°
FC10,(g) — CIF(g) + 0a(g)

It is far more chemically reactive than FClO3
(p- 879) despite the lower oxidation state of Cl.
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Hydrolysis is slow at room temperature and the
corresponding reaction with anhydrous HNO;
results in dehydration to the parent N,Os:

2FCIO; + H,0 —— 2HF + 2C10, + 0,
2FCIO; + 2HONO; —— 2HF + 2CIO,
+ %02 + N2Os

Other reactions with protonic reagents are:

20H (aq) + FC10p —— CIO;™ +F~ + H,0

—78°
NH;(1) + FCI0, —> NH,CL, NH,F
ignites

—110°
HC1(1) + FCIO; — HF + ClO, + iCl,

~78°
HOSO,F + FC10, —— HF + Cl0,0SO,F
HOCIO3(anhydrous) + FC1Q; —— HF
+ Cl0,0CIO;

-10°
S03 + FCI0; —> Cl10,080,F (insertion)

FCIO, explodes with the strong reducing agent
SO, even at —40° and HBr likewise explodes
at —110°.

Chlorine dioxide fluoride is a good fluorinating
agent and a moderately strong oxidant: SFy is
oxidized to SFg¢, SF4O and SF,0, above 50°,
whereas N)F4 yields NF;, FNO, and FNO at
30°. UF; is oxidized to UFs at room temperature
and to UFg at 100°. Chlorides (and some oxides)
are fluorinated and the products can react further
to form fluoro complexes. Thus, whereas AICl3
yields AlF;, B,Oj3 affords [CIO;]TBF, ™, and the
Lewis acid chlorides SbCls, SnCly and TiCly
yield [ClO,]*[SbFg]™, [ClO]"2[SnFg]*~ and
[C10,]%2[TiFs]*~. Such complexes, and many
others can, of course, be prepared directly from
the corresponding fluorides either with or without
concurrent oxidation, e.g.:

AsF; + 3FC10, — [CIO,]T[AsFs]™ + 2C10;
SbFs + FCIO; ——> [CIO,1*[SbFs]™ (mp 220°)
ZSbFS + FC]OZ ——— [C102]+[Sb2F“]~

Ch. 17

An X-ray study on this last compound showed
the chloryl cation to have the expected nonlin-
ear structure, with angle OCIO 122° and C1-O
131pm. FClO; can also act as a fluoride ion
acceptor, though not so readily as F3ClO above.
For example CsF reacts at room temperature to
give the white solid Cs[F,ClIO,]; this is stable at
room temperature but dissociates reversibly into
its components above 100°. The C,, structure
of [F,ClO;]™ (Fig. 17.26f) is deduced from its
vibration spectrum.

The two remaining CIVI oxide fluorides are
F3;ClO; and FCIO;. At one time F;ClO,; was
thought to exist in isomeric forms but the
so-called violet form, previously thought to
be the peroxo compound F,CIOOF has now
been discounted.*4”) The well-defined compound
F3ClO, was first made in 1972 as an extremely
reactive colourless gas: mp — 81.2°, bp — 21.6°.
It is a very strong oxidant and fluorinating
agent and, because of its corrosive action, must
be handled in Teflon or sapphire apparatus. It
thus resembles the higher chlorine fluorides. The
synthesis of F3ClO; is complicated and depends
on an ingenious sequence of fluorine-transfer
reactions as outlined below:

2FCIO, + 2PtF,
L > [£,C10,1" [Pl + 1C10,"PHEGT”

1 2FNO
F4ClO, + FCIO, + 2[NO,J (PR < = 2

Fractional condensation at —112° removes most
of the FClO,, which is slightly less volatile than
F3ClO;. The remaining FClO; is removed by
complexing with BF3; and then relying on the
greater stability of the F3ClO, complex:

[CIOZ]+ [BF;]  (dissoc press 1 atm at 44°C)
FCIO,
(mixture) p + 2BF;
FClO,
[F,CIO,1" [BF,] stable at room temperature

Pumping at 20° removes [ClO;]"[BF4]~ as
its component gases, leaving [F,ClO;1[BF4]™
which, on treatment with FNO,, releases the
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desired product:

[F,ClO, 11 [BF4]” + FNO, —— [NO,]"[BF4]™
+ F3C10;

The whole sequence of reactions represents a
tour de force in the elegant manipulation of
extremely reactive compounds. F3ClO; is a
violent oxidizing reagent but forms stable adducts
by fluoride ion transfer to Lewis acids such as
BF;, AsFs and PtFg. The structures of F;ClO,
and [F,ClO,]" have C,, symmetry as expected
(Fig. 17.26¢ and 1).

In dramatic contrast to F3ClO;, perchloryl
fluoride (FClOs;) is notably inert, particularly
at room temperature. This colourless tetrahedral
molecular gas (Fig. 17.26¢) was first synthesized
in 1951 by fluorination of KC103 at —40° and
it can also be made (in 50% yield) by the
action of F, on an aqueous solution of NaClOs.
Electrolysis of NaClOy in anhydrous HF has also
been used but the most convenient route for
industrial scale manufacture is the fluorination of
a perchlorate with SbFs, SbFs/HF, HOSO,F or
perhaps best of all HOSO,F/SbFs:

HOSO,F/SbFs
KClIOy ——— FCIO;

rt (or above)

(97% yield)

Because of its remarkably low reactivity at room
temperature and its very high specific impulse,
the gas has been much studied as a rocket pro-
pellent oxidizer (e.g. it compares favourably with
N,O4 and with CIF; as an oxidizer for fuels such
as NpHs, Me;NNH, and LiH). FClO3; has mp
—147.8°, bp —46.7°, d(1, —73°C) 1.782g cm >,
viscosity n(—73°) 0.55 centipoise. The extremely
low dipole moment (x = 0.023D) is particu-
larly noteworthy. FCIO; has high kinetic stabil-
ity despite its modest thermodynamic instability:
AH{(g,298 K) —23.8kJ mol™!, AG;(g,298K)
+48.1 kJ mol~!. FCIO; offers the highest known
resistance to dielectric breakdown for any gas
(30% greater than for SFg, p. 687) and has been
used as an insulator in high-voltage systems.
Perchloryl fluoride is thermally stable up
to about 400°. Above 465° it undergoes
decomposition with first-order kinetics and an
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activation energy of 244 kJmol~!. Hydrolysis is
slow even at 250-300° and quantitative reaction
is only achieved with concentrated aqueous
hydroxide in a sealed tube under high pressure
at 300°C:

FClO;3 + 2NaOH —— NaClO4 + NaF 4 H,0

However, alcoholic KOH effects a similar quanti-
tative reaction at 25°C. Reaction with liquid NH;
is also smooth particularly in the presence of a
strong nucleophile such as NaNH;:

FCIO; + 3NH; ~——> [NH,}*[HNCIO;]™ + NH,F

Metallic Na and K react only above 300°.

FClO; shows no tendency to form adducts with
either Lewis acids or bases. This is in sharp
contrast to most of the other oxide fluorides of
chlorine discussed above and has been related
to the preferred tetrahedral (C3,) geometry as
compared with the planar (Ds;) and trigonal
bipyramidal (Ds,) geometries expected for
[C1051" and [F;ClO3]™ respectively. Conversely
the pseudo-trigonal bipyramidal C; structure
F3ClO gains stability when converted to
the pseudo-tetrahedral [F,ClO}" or pseudo-
octahedral [F4ClO]™ (see Fig. 17.26).

In reactions with organic compounds FCIO;
acts either as an oxidant or as a 1- or 2-centre
electrophile which can therefore be used to intro-
duce either F, a —~ClO; group, or both F and O
into the molecule. As FClO; is highly suscepti-
ble to nucleophilic attack at Cl it reacts readily
with organic anions:

FCIO; + Li" Ph”™ — PRCI0; + LiF

FCIO; + Li' [C4H3 S]”
3+ LiT[GH; S] “"@«F +LiCIO;
S

Compounds having a cyclic double bond
conjugated to an aromatic ring (e.g. indene)
undergo oxofluorination, with FCIO; acting as a
2-centre electrophile:
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O’ +FCIO; —
“ F+HCIO; €

N\

O

FCIO; also acts as a mild fluorinating agent
for compounds possessing a reactive methylene

group, e.g.:

FClO3
CHZ (COzR)?_ — CFZ (COQR)z

It is particularly useful for selective fluorination
of steroids.

Bromine oxide fluorides 49

These compounds are less numerous and rather
less studied than their chlorine analogues; indeed,
until fairly recently only FBrO; was well
characterized. The known species are:

Oxidation state Cations Neutral Anions
of Br species
\" [BrO,]T  FBrO; (1955) [F,BrO;]™
[F,BrO1* F3BrO (1976) [F4BrO]~
\211 FBrO; (1969)

Despite several attempts at synthesis, there
is little or no evidence for the existence of
FBrO, F3BrO; or FsBrO. The bromine oxide
fluorides are somewhat less thermally stable
than their chlorine analogues and somewhat
more reactive chemically. The structures are as
already described for the chlorine oxide fluorides
(Fig. 17.26).

Bromyl fluoride, FBrO,, is a colourless liquid,
mp —9°, which attacks glass at room temperature
and which undergoes rapid decomposition

M9R. I GuLespiE and P. H. SPEKKENS, Israel J. Chem.
17, 11-19 (1978). R. Boucon, T. B. Huy, P. CHARPIN,
R. J. Giureseie and P. H. SpekkENS, J. Chem. Soc., Dalton
Trans., 6-12 (1979).

Ch. 17
above 55°:

A
3FBrQ; —— BrF; 4+ Br; + 30,

It is best prepared by fluorine transfer reactions
such as

K{F;BrO,} + HF(1) —— KHF; + FBrO,

The K[F;BrO,] can be prepared by fluorination
of KBrO; with BrFs in the presence of a trace
of HF:

KBrO; + BrFs —— FBrO, + K[F4BrO]
K[F4BrO] + KBrO3 —— 2K[F,BrO;]

However, the most convenient method of prepa-
ration of K[F,BrO;] is by reaction of KBrO; with
KBrFs in MeCN:

MeCN
KBrO; + KBrFg —— K[F;BrO;}]
+ K[F;BrO] (sol)

Bromyl fluoride is also produced by fluorine-
oxygen exchange between BrFs and oxoiodine
compounds (p. 881), e.g.:

F10; 4 BrFs —— FBrO, + IFs
2F310 + BiFs —— FBrO; + 2IFs
21,05 + 5B1Fs —— SFBrO; + 41F;

As with FCIO; and FIO,, hydrolysis regenerates
the halate ion, the reaction with FBrO, being of
explosive violence. Hydrolysis in basic solution
at 0° can be represented as

FBrO, + 20H™ —— BrO;~ + F~ + H,0

Organic substances react vigorously, often
enflaming. Co-condensation of FBrO, with the
Lewis acid AsFs produced [BrO,]"[AsFs]™.
Vibrational spectra establish the expected non-
linear structure of the cation (3 bands active in
both Raman and infrared). FBrO, can also react
as a fluoride ion acceptor (from KF).

Bromine oxide trifluoride, F3BrO, is made by
reaction of K[F,BrO}] with a weak Lewis acid:

K[F4BrO] + [0,]*[AsFs]~ —> F3BrO
+ KAsFs + 0, + 3F»

-72°
K[F;BrO] + HF(anhydr) —— F3BrO + KHF;
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The product is a white solid which melts to a clear
liquid at about —5°; it is only marginally stable
at room temperature and slowly decomposes with
loss of oxygen:

F3BrO —— BrF; + 10,

The molecular symmetry is C; (like F;CIO;
Fig. 17.26d) and there is some evidence for weak
intermolecular association via Fupu—Br-.-Fyy
bonding. Fluoride ion transfer reactions have
been established and yield compounds such
as [F,BrOJT[AsFs]~, [F,BrOJt[BF;]~ and
K[F;BrO), though this last compound is more
conveniently made independently, e.g. by the
reaction of KBrO; with KBrFg¢ mentioned above,
or by direct fluorination of K{F,BrO,}:

K[F,Br0,] + F, — K[F;Br0O] + 10,

Perbromy! fluoride, FBrOj3, is made by fluo-
rinating the corresponding perbromate ion with
AsFs, SbFs, BrFs or [BrFs]T[AsFg]™ in HF solu-
tions. The reactions are smooth and quantitative
at room temperature:

KBrO4 + 2AsFs + 3HF —— FB1rO;
+ [H3O]+[ASF6]_ + KAsFg

2KBrO; + BrFs + 2HF —— 2FBr(Q;
+ FBrO, + 2KHF,

KBrO, + [BrFs][AsFs]” —— FBrOs + BrFs

+ %02 + KAsFg
Perbromyl! fluoride is a reactive gas which con-
denses to a colourless liquid (bp 2.4°) and then
solidifies to a white solid (mp ca. —110°). It
has the expected C3, symmetry Fig. 17.27 and
decomposes slowly at room temperature; it is
more reactive than FCIO; and, unlike that com-

pound, it reacts rapidly with water, aqueous base
and even glass:

FBrO; + H,0 —— BrO,~ + HF + H*
FBrO; + 20H™ —— BrO4s~ +F + H,O

Fluoride ion transfer reactions have not been
established for FBrO; and may be unlikely, (see
p- 879).

Halogen oxide fluorides and related compounds 881

F

Z

Figure 17.27 Structure of FBrO; as determined by
gas-phase electron diffraction.

lodine oxide fluorides

The compounds to be considered are the IV
derivatives FIO, and F3IO and the IV! derivatives
F1O;, F310, and FsIO. Note that, unlike CI,
no I'' compound FIO has been reported and
that, conversely, FsIO (but not FsClO) has been
characterized.

FIO; has been prepared both by direct fluorina-
tion of 1,05 in anhydrous HF at room temperature
and by thermal dismutation of F310:

HE20°
LOs + F, — 2FIO, + 10,

o

110
2F310 —— FIO; + IFs

Unlike gaseous molecular FCIO,, it is a
colourless polymeric solid which decomposes
without melting when heated above 200°. Like
the other halyl fluorides it readily undergoes
alkaline hydrolysis and also forms a complex
with F~:

FIO, +20H™ -—— 1053 + F~ + H,O
HF
FIO; + KF —— K*[F,10,1

An X-ray study of this latter complex reveals
a Cy, anion as in the chlorine analogue
(Fig. 17.28a). This is closely related to the
C, structure of the neutral molecule FIO
(Fig. 17.28b).

F310 is prepared as colourless crystals by dis-
solving I,Os in boiling IFs and then cooling the
mixture:

o

105
L0Os + 31Fs —— 5K10
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Figure 17.28 Structures of iodine oxide fluorides.

Above 110° it dismutates into FIO, and IF5 as
mentioned above.

Of the TV!! oxide fluorides FIO3 has been pre-
pared by the action of Fy/liquid HF on HIO,.
It is a white, crystalline solid, stable in glass
but decomposing with loss of oxygen on being
heated:

o

100 ]
FIO; —— FIO; + 502

Unlike its analogue FClOs; it forms adducts
with BF; and AsFs, possibly by F~ donation to
give {I0;]"[BF;7] and [10;]*[AsFs]™, though
the structures have not yet been determined.
Alternatively, the coordination number of the
central I atom might be increased. SO; reduces
FIO; to iodyl fluorosulfate:

FIO; + SO3 —— 10,SO,F 4+ O,

Like FCIO; it reacts with NH;3 but the products
have not been fully characterized.

F310;, first made in 1969, has posed an inter-
esting structural problem. The yellow solid, mp

41°, can be prepared by partial fluorination of a
periodate with fluorosulfuric acid:

HSO3F SO3
BasH;(10¢); —— [HIO;F4] —— K310,

Unlike monomeric F3ClO; (p. 878) the structure
is oligomeric not only in the solid state but
also in the gaseous and solution phases. This
arises from the familiar tendency of iodine to
increase its coordination number to 6. Fluorine-
19 nmr and Raman spectroscopy of F;lO,
dissolved in BrF; at —48° have been interpreted
in terms of a cis-oxygen-bridged trimer with axial
terminal O atoms and a Cj, boat conformation
(Fig. 17.28¢).%>® On warming the solution to 50°
there is a fast interconversion between this and
the C; chair conformer. The vibration spectrum
of the gas phase at room temperature has been
interpreted in terms of a centrosymmetric dimer

10R. J. GiLLEsPiE and J. P. KraszNalL, Inorg. Chem. 15,
1251-6 (1976).
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(b)

Figure 17.29 Structures of dimeric adducts of F;10,.

(Fig. 17.28d). There is significant dissociation
into monomers at 100° and this is almost
complete at 185°. The centrosymmetric dimer
has also been found in an X-ray study of
the crystalline solid at —80° (Fig. 17.28d).%°Y
Complexes of F310, with AsFs, SbFs, NbFs and
TaFs have been studied:*? they are oxygen-
bridged polymers with alternating {F410,} and
{O;MF,} groups. For example, the crystal
structure of the complex with SbFs shows it to
be dimeric (Fig. 17.29a).%%% A similar structure
motif is found in the adduct FsIO.F510, which
features alternating 5- and 6-coordinate I atoms
(Fig. 17.29b);0°% the structure can be regarded
as a cyclic dimer of the ion pair [FoIOTT[F410,]™.
See also p. 885 for the mixed valence oxo-iodine
polymeric cation in [(I0,);]THSO4™.

Finally in this section we mention iodine oxide
pentafluoride, FsIO, obtained as a colourless
liquid, mp 45°, when IF; is allowed to react
with water, silica, glass or I,0s. As implied

11, E. SMarT, J. Chem. Soc., Chem. Commun., 519-20
(1977).

152R. J. GiLespie and J. P. KrRaSZNAL, Inorg. Chem. 16,
1384-92 (1977).

133 A, J. EDWaRDs and A. A. K. HANA, J. Chem. Soc., Dalton
Trans., 1734-6 (1980).

154 R J. GILLESPIE, J. P. KrRASZNAI and D. R. S, J. Chem.
Soc., Dalton Trans., 481-3 (1980).

by its preparation from water, FsIO is not
readily hydrolysed. Vibrational spectroscopy and
F nmr studies point to the 6-coordinate Cj,
geometry in Fig. 17.28¢ (i.e. I'!) rather than
the alternative S5-coordinate structure F4IVOF.
Microwave spectroscopy yields a value of 1.08 D
for the molecular dipole moment.

17.2.10 Halogen derivatives of
oxoacids

Numerous compounds are known in which the
H atom of an oxoacid has been replaced by a
halogen atom. Examples are:

halogen(l) perchlorates XOClIO; (X==F, Cl, Br, M)
halogen(I) fluorosulfates XOSO,F (X=F, Cl, Br, I)
halogen(l) nitrates XONO, (X=F, (], Br, I)

In addition, halogen(Ill) derivatives such as
Br(ON02)3, I(ON02)3, BI‘(OSOzF)g, and I(OSOz-
F); are known, as well as complexes ML
[X(ONO,):], MI™(ONO,),], M[X™(0SO,-
F)4] (X=Br, I). In general, thermal stability
decreases with increase in atomic number of the
halogen.

The properties of halogen(I) perchlorates are
in Table 17.25. FOCIOs was originally prepared
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Table 17.25 Properties of halogen(l) perchlorates

Property  FOCIO3; CIOCIO; BrOCIO;  I0CIO3
Colour Colourless Pale Red Not obtained
yellow pure
MP/°C -167.3 —-117 < —78
BP/°C —15.9 445 —
Decomp temp
/I°C ~100 20 —-20

by the action of F, on concentrated HOCIO;3,
but the product had a pronounced tendency
to explode on freezing. More recently,(15%
extremely pure FOCIO; has been obtained by
thermal decomposition of NF4ClO; and such
samples can be manipulated and repeatedly
frozen without mishap. Thermal decomposition
occurs via two routes:

FOCIO
g N

CIF + 20, FCIO, + 0O,

It readily oxidizes iodide ions: FOCIO; +
217 —— Cl0;~ + F~ +1I,. FOCIO; also adds
to C=C double bonds in fluorocarbons to give
perfluoroalkyl perchlorates:

—45°
CF,=CF, + FOCIO; —— CF;CF,0CIO;

—45°
CF3CF:CF2 -+ FOC]3 ——— CF3CF2CF20C1O3
68%

+ CF;CF(OC10;)CF3
32%

The formation of isomers in this last reaction
implies a low bond polarity of FO~ in FOCIOs.

Chlorine perchlorate, CIOCIO;, is made by
low-temperature metathesis:

—45°
MCIOy + CIOSO,F —— CIOCIO; + MSO;F
(M=Cs, NO,)

The bromine analogue can be made similarly
using BrOSO,F at —20° or by direct bromination
of CIOCIO; with Bry at —45°. Both compounds

155C. J. Scuack  and K. O. CHRISTE, Inorg. Chem. 18,
2619-20 (1979). For vibrational spectra, thermody-
namic properties and confirmation of C; structure see
K. O. CuristE and E. C. CurTis, Inorg. Chem. 21, 2938-45
(1982).
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are thermally unstable and shock sensitive; e.g.
CIOCIO; decomposes predominantly to ClyOg
with smaller amounts of ClO,, Cl; and O, on
gentle warming. Direct iodination of C1OCIO; at
—50° yields the polymeric white solid I(OCIO;);
rather than IOCIlOs; this latter compound has
never been obtained pure but is among the
products of the reaction of I, with AgClO,
at —85°, the other products being I(OCIO3);,
Ag[I(OClO3),)] and Agl.

Halogen nitrates are even less thermally stable
than the perchlorates: they are made by the action
of AgNOj3 on an alcoholic solution of the halogen
at low temperature. With an excess of AgNOs3,
bromine and iodine yield X(ONO;);. Numerous
other routes are available; e.g., the reaction of CIF
on HONO; gives a 90% yield of CIONO; and the
best preparation of this compound is probably the
reaction

OO
CLL,0 + N,05 — 2CIONO;,

Some physical properties are in Table 17.26.
Both FONO, and CIONO; feature planar NOs
groups with the halogen atom out of the
plane. CIONO, has been used to convert
metal chlorides to anhydrous metal nitrates,
e.g. Ti(NOs)4. Likewise ICl; at —30° yields
I(ONO,);. CIONO; and IONO; add across C=C
double bonds, e.g.:

-78°
CHp==CMe; + C1-ONO; ——> CICH,C(Me;)ONO;

Table 17.26 Some properties of halogen(l) nitrates

Property FONO, CIONO; BrONO, IONO;
Colour Colourless Colourless Yellow Yellow
MP/F°C —175 —-107 —42 e
BP/°C —45.9 18 e —
Decomp temp/°C  Ambient Ambient <0 <0
AH{(g,298 K)/

kJ mol ™! +10.5 +29.2 — -
AG;{(g, 298 K)/

kJ mol ! +73.5 +92.4 — —

Several other reactions have been studied but
the overall picture is one of thermal instability,
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hazardous explosions, and vigorous chemical
reactivity leading to complex mixtures of
products.

The halogen fluorosulfates are amongst the
most stable of the oxoacid derivatives of the
halogens. FOSO,F is made by direct addition
of F, to SO;3 and the others are made by direct
combination of the halogen with an equimolar
quantity of peroxodisulfuryl difluoride, S;OgF;
(p. 640). With an excess of S,0¢F,, bromine
and iodine yield X(OSO;F);. An alternative route
to CIOSO,F is the direct addition of CIF to
SO;3, whilst BrOSO,F and I0SO,F can be made
by thermal decomposition of the corresponding
X(OSO,F);. The halogen fluorosulfates are
thermally unstable, moisture sensitive, highly
reactive compounds. Some physical properties
are summarized in Table 17.27. The vibrational
spectra of FOSO; and CIOSO,F are consistent
with C; molecular symmetry as in HOSO,F:

R
o}

Much of the chemistry of the halogen fluoro-
sulfates resembles that of the interhalogens
(p. 824) and in many respects the fluorosul-
fate group can be regarded as a pseudohalo-
gen (p. 319). There is some evidence of ionic
self-dissociation and reactions can be classi-
fied as exchange, addition, displacement and
complexation. This is illustrated for the iodine
fluorosulfates in the following scheme:15®

Table 17.27 Some physical properties of halogen
fluorosulfates®

Property FOSO,F CIOSO;F BrOSO>F 10SOF
Colour Colourless Yellow Red-brown Black
State at room temp  Gas Liquid  Liquid  Solid
MP/°C —158.5 —843 -31.5 51.5
BP/I°C —31.3 451 117.3 —

®Br(0SO,F); is a pale yellow solid, mp 59°; I(0OSO,F); is
a pale yellow solid, mp 32°.

136 Ref. 23, pp. 1466~75, Halogen derivatives of oxyacids.
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FOSO,F
1F; (0SO,F); <2 1,

8,04F,

$,06F;
1;080,F 10S0;F  —— 1C1,080,F

I Cly
I, “ $,04F;

I(OS0;F)3

S,06F, lKSO3F

$,06F;
KICly ——» K[I(0SO,F)4]

BrOSO,F has also been used to prepare new N-
bromo sulfonimides such as (CF3S0;),NBr.(57
Other novel compounds include [I(OSO,F);]"-
I-U5% and the mixed valent iodine (II,V) poly-
cation in [(I0,)3]"HSO,4~.%

17.3 The Chemistry of
Astatine(160.161)

All isotopes of element 85, astatine, are intensely
radioactive with very short half-lives (p. 795). As
a consequence weighable amounts of the element
or its compounds cannot be prepared and no
bulk properties are known. The chemistry of
the element must, of necessity, be studied by
tracer techniques on extremely dilute solutions,
and this introduces the risk of experimental
errors and the consequent possibility of erroneous

157, SingH and D. D. DESMARTEAU, Inorg. Chem. 25,
45967 (1986).

158 M. 1. CoLuvs, G. DeNEs and R. J. GILLESPIE, J. Chem.
Soc., Chem. Commun., 12967 (1984).

159 A, REHR and M. JANSEN, Z. anorg. allg. Chem. 608,
159-65 (1992).

160 B H. ApPELMAN, Astatine, Chap. 6 in MTP International
Review of Science, Inorganic Chemistry, Series 1. Vol. 3,
Main Group Elements Group VII and Noble Gases,
pp. 181-98, Butterworths, London, 1972; see also ref. 23,
pp. 1573-94, Astatine.

1617 5 RutH, M. Domesky, J. M.D’Auria  and
T. E. WARD, Radiochemistry of Astatine, US Dept. of Energy,
Nuclear Science Series NAS-NS-3064 (DE 880 15386),
Washington, DC, 1988, 80 pp.
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conclusions. Nevertheless, a picture of the
element is emerging, as outlined below. The
synthesis of the element (p. 795), its natural
occurrence in rare branches of the 2*U decay
series (p. 796), and its atomic properties (p. 800)
have already been mentioned.

The chemistry of At is most conveniently stud-
ied using 2! At (¢ 3 721 h). This isotope is pre-

pared by a-particle bombardment of > Bi using
acceleration energies in the range 26—29 MeV.
Higher energies result in the concurrent formation
of 219At and 2%°At which complicate the subse-
quent radiochemical assays. The Bi is irradiated
either as the metal or its oxide and the target
must be cooled to avoid volatilization of the At
produced. Astatine is then removed by heating
the target to 300—-600° (i.e. above the mp of Bi,
217°) in a stream of N, and depositing the sub-
limed element on a glass cold finger or cooled
Pt disc. Aqueous solutions of the element can be
prepared by washing the cold finger or disc with
dilute HNO;3 or HCI. Alternatively, the irradiated
target can be dissolved in perchloric acid contain-
ing a little iodine as carrier for the astatine; the
Bi is precipitated as phosphate and the aqueous
solution of Atl used as it is or the activity can be
extracted into CCly or CHCI;.

Five oxidation states of At have been definitely
established (-1, 0, +I, V, VII) and one other
(1II) has been postulated. The standard oxidation
potentials connecting these states in 0.1 M acid
solution are E°/V):

+0.3 +1.0 +1.5
At” «—— At(0) «— HOAt «— AtO;™

> +1.6 _
<+ AtOy
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These values should be compared with those for
the other halogens (in 1 M acid) (p. 854). Note-
worthy features are that At is the only halogen
with an oxidation state between 0 and V that is
thermodynamically stable towards disproportion-
ation, and that the smooth trends in the values of
E°(3X,/X7) and E°(HOX/1X,) continue to At.

The astatide ion At~ (which coprecipitates
with Agl, TiI, Ptl; or Pdl;) can be obtained
from A0) or Atl using moderately powerful
reducing agents, e.g. Zn/H*, SO,, SO32~/OH™,
[Fe(CN)eI*~ or Astl. Reoxidation to At(0) can be
effected by the weak oxidants [Fe(CN)¢]*~, AsV
or dilute HNO;. Oxidants of intermediate power
(e.g. Ch, Bry, Fe**, Cr,0,%~, VO**) convert
astatine to an intermediate oxidation state which
is most probably AtO™ or At* and which does
pot extract into CCly. Powerful oxidants (Ce',
NaBiO;, $,047, 1047) convert At(0) directly
to AtO;~ (carried by AglOs;, Ba(IOs3),;, etc,
and not extractable into CCly). The perastatate
ion, AtO4~, was first conclusively prepared by
V. A. Khalkin’s group in the USSR in 1970 using
solid XeF; in hot NaOH solution at pH ~ 10. It
is unstable in acid solutions, being completely
decomposed to AtO;~ within 5—-10 minutes at
pH 1 and 90°C, for example.

At(0) reacts with halogens X, to produce inter-
halogen species AtX, which can be extracted into
CCly, whereas halide ions X~ yield polyhalide
ions AtX, ™ which are not extracted by CCly but
can be extracted into PrjO. The equilibrium for-
mation constants of the various trihalide ions are
intercompared in Table 17.28.

A rudimentary chemistry of organic deriva-
tives of astatine is emerging, but the problems of
radiation damage, product separation and tracer

Table 17.28 Formation constants for trihalide ions at 25°C

Reaction K/lmol™! Reaction K/mol~!
Clh +Cl == Cl3~ 0.12 Atl + Br™ == AtIBr™ 120
Br; + CI™ === Br,CI™ 1.4 IC1+Cl"== ICL,~ 170
L +Clm=— LLCI™ 3 AtBr + Br == AtBr,” 320
Atl + CI" = AtICI™ 9 IBr + Br =—— IBn,~ 440
Br; + Br = By~ 17 L+TI'se==1" 800
IBr 4+ CI" = IBrCl™ 43 Atl + I = At~ 2000




§17.3 The chemistry of astatine 887

identification, already severe for inorganic com-
pounds of astatine, are even worse with organic
derivatives. Two reviews are available.(16%163)
Various compounds of the type RAt, RAtCl,,
R;AtCl and RAtO; (R = phenyl or p-tolyl) have
been synthesized using astatine-labelled iodine
reagents, €.g.:

A 175°
PhyL.1 —— PhyIAt —— PhlI 4 PhAt

Atl
PhI —> PhAt
At™

PhI ———> PhAt
130-200°

At
PhN,;Cl —— PhAt

162 K. BerEr and L. VAsARoS, The Organic Chemistry of
Astatine, in S. Patal and Z. RAPPAPORT (eds.), The Chemistry
of Organic Functional Groups, Wiley, New York, 1983.

163 4. H. CoENEN, S. M. MOERLEIN and G. STOCKLIN,
Radiochem. Acta 34, 47-68 (1983).

h
___}_IE_IL%__> Ph, AtCl
PhAt—= » PhAtCl, —
NaOQCl
200 > PhA(O;

In addition, demercuriation reactions have
resulted in a wide variety of rather complex com-
pounds including aromatic aminoacids, steroids,
imidazols, etc. in good yields (at the tracer level).
The driving force in these studies has been
the hope of incorporating 2!! At into biologically
active compounds for therapautic use.

Astatine has been shown to be superior to
radio-iodine for the destruction of abnormal
thyroid tissue (p. 794) because of the localized
action of the emitted o-particles which dissipate
5.9 MeV within a range of 70 pm of tissue,
whereas the much less energetic B-rays of radio-
iodine have a maximum range of ca. 2000 pm.
However, its general inaccessibility and high cost
render its extensive application unlikely.
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