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Fluoroxysulfate: A Powerful New Oxidant and
Fluorinating Agent!

Sir:
L1 1926 Fichter? observed that the passage of fluorine

through aqueous solutions of sulfate or bisulfate led to the
production in the solutions of a “vergidngliches Oxidation-
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Figure 1. Infrared spectrum of RbSOyF, taken with a Beckman IR 4260
spectrophotometer using a diamond anvil cell and a 4X beam condenser
(ref 10). This technique was necessitated by the tendency of the fluorox-
ysulfates to react with KBr and AgCl infrared windows. The spectrum of
CsSO4F is very similar, except that the band at 1105 cm~! is considerably
less prominent.

smittel™, or “ephemeral oxidant”, that was more powerfully
oxidizing than peroxymonosulfate and that decomposed over
the course of several hours. Fichter’s work was largely ignored
for many years, and his conclusions have recently been chal-
lenged.? However, we have repeated a number of his experi-
ments and have generally confirmed his results. In addition,
we have isolated the “ephemeral oxidant” in the form of its
rubidium and cesium salts and have identified it as the fluo-
roxysulfate ion, SO4F~.

We prepared rubidium and cesium fluoroxysulfates by
passing fluorine into solutions of Rb,SO4 and Cs,SOy, re-
spectively. Approximately 20 mmol of F; (as a 20% mixture
in nitrogen) was passed into 8 mL of 1.3 M Rb,SOs0r 2 M
Cs,80, in a Tefzel tube over the course of an hour. An ice-salt
bath was used to keep the solution temperature between 0 and
—4 °C. The yellowish-white precipitates were centrifuged,
washed with a little water, and dried in vacuo without heating.
Yields were about | g of the rubidium salt and about 2 g of the
cesium salt,

Samples for analysis were dissolved in water in Teflon bot-
tles, and a slight excess of sodium carbonate was added. The
solutions were then heated for 48 hat 90 °C to hydrolyze any
fluorosulfate that might be present either as an impurity or as
a decomposition product of the fluoroxysulfate.* Rubidium
and cesium were determined by atomic absorption, fluoride
with a fluoride-sensitive electrode, and sulfur gravimetrically
as barium sulfate.’ Anal, Caled for RbSO4F: Rb, 42.6; F, 9.5;
S, 16.0. Found: Rb, 42.2; F, 8.8; S, 15.5. Calcd for CsSO4F:
Cs, 53.6; F,7.7;S, 129, Found: Cs, 54.1; F, 7.3; S, 12.4. In
addition, the oxidizing titers of the salts were determined by
dissolving weighed amounts in a potassium iodide solution,
acidifying, and titrating the liberated I3~ immediately with
standard thiosulfate solution. Results (mequiv/g): Caled for
RbSO,F: 10.0. Found: 9.6. Calcd for CsSO,F: 8.1. Found: 7.5.
The salts contained an impurity that slowly oxidized iodide,
thereby increasing the titer by 1-2%. The rate of this oxidation
was unaffected by addition of molybdate, and we identify this
impurity as peroxydisulfate.

The infrared and Raman spectra of the salts (Figures | and
2) agree well with those of the isoelectronic species ClIO4F¢-8
and its analogs ClO4CI° and CIO4Br,” and they support the
formulation of SO4F~ as a fluoroxy ion or hypofluorite:
O;SOF~. We assign the band at 830 cm~! to the O-F
stretch.
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Figure 2. Raman spectrum of RbSO4F. Excitation was with the 5145-A
line of a Coherent Radiation Model 52 argon ion laser. Measurements were
made with a Spex 1401 monochromator linear in wavenumber and an
RCA C31034 photomultiplier tube. Spectral slit width was approximately
5cm™L The spectrum of CsSO4F is similar, except that only a single broad
band is observed at 1280 cm~!,
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The fluorine-19 NMR spectra of CsSO4F and RbSO,F
solutions in acetonitrile have been measured, using a Varian
A-56/60 spectrometer. (Fluoroxysulfate is more stable in
acetonitrile than in water.) With both salts a single line was
observed at —132.3 ppm relative to CFCls. In contrast, an
aqueous solution of KSOs3F gave a line at —37.5 ppm. These
results provide further confirmation that the fluorine in SO4F~
is bonded to oxygen rather than to sulfur, as it is in SO3F~. The
isoelectronic FC1O4 has a resonance at —225.9 ppm.®

The solid salts appear to be fairly stable, although we have
observed a slow loss of oxidizing power (ca. 3-5% per month).
Heating to ca. 100 °C leads to a mild detonation, and mass
spectrometric analysis of the gases evolved indicates O, to be
the principal gaseous product, as expected for the reaction

MSO4F - MSO3F + '/202

Small amounts of SO,F,, SO,, and SOF, are also formed.
Thus an 18.9;-mg sample of RbSO4F produced 0.0462 mmol
of O (caled for RbSO4F: 0.0472), along with 0.0073 mmol
of SO,F,, 0.0011 mmol of SO,, and 0.0002 mmol of SOF,.
As Fichter reported, aqueous solutions of fluoroxysulfate
are unstable. They decompose gradually, with the evolution
of varying amounts of O,. The acidity of the final solution is
considerably lower than would result from the reaction

SO4F_ + H20 - HSO4_ + HF + 1/202

and it is likely that substantial quantities of SO;F~ are formed.
Variable amounts of two oxidizing species remain in solution
after the decomposition. One reacts rapidly with I~ and is
presumably peroxymonosulfate; the other reacts slowly with
[~ unless molybdate is present and is presumably hydrogen
peroxide. At 15 °C, the initial half-life of fluoroxysulfate in
acid is around 30 min, but successive half-lives are shorter,
probably because of the reaction of SO4F~ with H>05.

In alkaline solution the decomposition of fluoroxysulfate is
essentially instantaneous. A transient yellow color is frequently
observed, and a pungent odor is detected. Mass spectrometric
analysis indicates the formation of O, mixed with small
amounts of OF;.

Also in agreement with Fichter’s observations, aqueous
solutions of fluoroxysulfate are very powerfully oxidizing.
Chloride, bromide, and iodide are oxidized first to the free
halogens and then to higher states. Vanadium(IV) is oxidized
to vanadium(V), Ce(111) to Ce(1V), and Co(II) to Co(Ill).
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Manganous ion is oxidized first to Mn(1II) and then to per-
manganate. Pb2*, TI*, and Ag* are all oxidized. Surprisingly,
chromium(I11) is not oxidized in acidic solution, though in base
chromate is formed. Fluoroxysulfate reacts vigorously with
aqueous hydrazoic acid to produce a mixture of N1, N»O, and
N3F, In general, though not invariably, fluoroxysulfate is a
considerably more rapid oxidant than peroxymonosulfate.

When toluene was shaken with aqueous fluoroxysulfate, the
reaction products, as determined by gas chromatography-mass
spectrometry, included fluorotoluenes and fluorobenzyl fluo-
rides, cresols and fluorocresols, fluorobenzyl alcohol, and
benzaldehyde. No nonaromatic products were observed.

Fluoroxysulfate is the first known example of an ionic hy-
pofluorite. Its ionic character is of especial significance in that
it permits the formation and isolation of relatively stable salts.
The stability of these salts, along with their ease of preparation
and unusual reactivity, may well make the fluoroxysulfates
uniquely useful synthetic and analytical reagents for both in-
organic and organic chemistry.

Note Added in Proof. Although the fluoroxysulfates do not
ordinarily decompose violently, on two occasions the intro-
duction of a spatula into a 100-mg sample of CsSO4F produced
a sharp detonation. Caution is called for in the handling of
larger quantities of these salts.
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The Enzymatic Conversion of Farnesyl to Nerolidyl
Pyrophosphate: Role of the Pyrophosphate Moiety
Sir:

Since the introduction of the isoprene rule by Ruzicka in the
early 1920s,! the acyclic sesquiterpene alcohol farnesol (1a)
and its tertiary allylic isomer, nerolidol (2a), have played a
prominent role in biogenetic speculations and related chemical
model studies.? Although a great deal is now known about
farnesyl pyrophosphate biosynthesis, the details of the for-
mation and subsequent metabolism of nerolidol and its bio-
logically activated ester, nerolidyl pyrophosphate (2b), re-
mained obscure until only very recently.? As reported in pre-
vious communications,* using both intact cells and cell-free
enzymes of Gibberella fujikuroi, we have demonstrated that
the fungal sesquiterpene metabolite cyclonerodiol (3b) is
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