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degradation of HFCs and other CFC replacements!*-'? has
motivated further work in this field.!>-1°!

During our studies on radicals such as CF;0,'"1 CF;00,!'8]
CF,0C(0),l FCO,?1, and FC(O)OO#! that are important
intermediates in the atmospheric degradation of CFC replace-
ments, as well as on the catalytic oxidation of CO by CF;O,
radicals,?»?l we have also considered possible reaction
products of these radicals, among them CF;OC(O)OO-
C(O)OCF;.'"l Correspondingly, the formation of fluorofor-
mic acid anhydride, FC(O)OC(O)F (1), by a recombination of
FCO and FCO, radicals is considered in principle as feasible.
However both radicals have to be present in sufficiently high
concentrations for a satisfactory yield. We now report on the
synthesis and characterization of 1. This fundamental acid
anhydride is, to our knowledge the first example of a
XC(0)OC(0O)Y species, with X,Y=halogen and can be
viewed as halogen dicarbonate. It is at the same time the
last missing member in the family of FC(O)O,C(O)F
molecules (x=0,7!1 (this work), 2,1 3,24), which had not
previously been isolated in pure form.

The analogous, well known compound bis(fluoroformyl)
peroxide, FC(O)OOC(O)F, is readily synthesized by the
reaction of CO with a F,/O, mixture; O,, which must be
present in large excess, acts as radical scavenger.t2?7]
Accordingly, it was considered that using a 2:4:1 mixture of
F,/CO/O, may provide a suitable route for the synthesis of 1
according to reaction (1).

FCO + FCO, + M — 1+ M (1)

However, since such mixtures tend to explode,? for the
synthesis of FC(O)OOC(O)F experiments with lower con-
centrations of oxygen, which would lead to higher concen-
trations of FCO radicals, have been avoided. Our approach to
synthesize 1 focuses on the thermal decomposition of
FC(O)OOC(O)F in the presence of CO. Gaseous mixtures
of FC(O)OOC(O)Fand CO (1:5to 1:10) are kept at 60°C and
the decay of the peroxide concentration is monitored by IR
spectroscopy. We assume that the formation of 1 follows the
reaction sequence given by Equations (2)—(4) then (1).

FC(0)OOC(0O)F -2 2FCO, (2)
FCO,2%F + CO, (3)
F+ CO +M — FCO + M (4)

The initial unimolecular decomposition of FC(O)OO-
C(O)F [Eq.(2)] is followed by a further unimolecular
decomposition®! [Eq. (3)] in which fluorine atoms are
generated. These then react with CO to give FCO radicals
[Eq. (4)]. In the final step FCO and FCO, radicals recombine
to give the anhydride 1, which is isolated from the reaction
mixture after repeated trap-to-trap-condensation in vacuo.
The gas-phase IR spectrum of 1 is depicted in Figure 1.

DFT calculations (B3LYP) with the 6-311+ G(d) basis
set?®] predict the syn-syn conformer to be the most stable one
for 1 (Figure 2). Calculated IR wavenumbers for this con-
former are in good agreement with observed data (Table 1).
By comparing observed and calculated band positions and
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Figure 1. IR spectrum of 1 at 0.78 (a) and 7.95 mbar (b) (28°C; optical
length 19.5 cm).
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Figure 2. Structure of the most stable conformer of 1 (syn—syn) resulting
from DFT calculations. Dihedral angles [°]: O=C-O-C 18.8, F-C-O-C
163.4; bond angles [°]: F-C-O 105.4, F-C=0 125.3, C-O-C 119.5; bond
lengths [pm]: C-F 132.6, C-O 136.8, C=0 117.3.

FC(O)OC(O)F, and FC(O)OOC(O)FB reveals that the
presence of an increasing number of bonds between the
NMR-active atoms results in a decreasingly resolved multip-
let (X-part of the ABX system). *C and “F NMR data of
FC(O)OCEF;, which also contains a FC(O)OC moiety, are
very similar to those of 1.

Gas density measurements yielded a value of 109.7 gmol~!
for the molar mass of 1, which is in good agreement with the
calculated value of 110.017 gmol~'. The mass spectrum of 1 is
also consistent with the expected fragmentation pattern for
ionization at 70 eV (see Experimental Section). All findings
strongly suggest that pure 1 was synthesized for the first time
and that the IR bands observed in earlier experiments by
Bednarek et al.'l and Wallington et al.*?l appear to have been
correctly assigned to 1.

The UV spectrum (Figure 3) shows a structureless absorp-
tion band beginning at around 260 nm, similar to the band in
FC(O)OOC(O)F™®! and FC(O)OOOC(O)E* The values
reveal that 1 is a poor UV absorber, which should be
photostable in the troposphere.

Compound 1 condenses as a colorless liquid at 19.2°C
(extrapolated) and solidifies as a white solid at —46.2°C
(triple point). The synthesis gave yields between 15 to 30 %
based on the conversion of FC(O)OOC(O)F. Side products
are mainly COF,, CO,, SiF,, and traces of two unidentified
compounds with lower vapor pressures than 1. The variation
in yields depends on the condition of the surface of the
reactor, since the decomposition of 1 is surface-catalyzed and

Table 1. Observed and calculated IR data of 1 in the gas phase.

Lict.exp. [ %]

Peqreq [cm 1] Lot carea [ %] Vibration (description)

intensities, the main absorption

bands are attributed to the symmet- o [em ]

ric C=O (1941 cm™!) and antisym- =

metric C-O-C (1168 cm™!) stretching 13;3} 35
vibrations. The corresponding anti- 1249 3
symmetric C=0O and symmetric 1168 100
C-O-C vibrations are observed at 1030 5
1870 and 938 cm~!. The bands at 938 Z

1249 and 1030 cm™! are assigned as 365

C-—F vibrations. _ B
The YF NMR spectrum shows a 652 5

1985.5 54.4 v{(C=0)

1909.9 10.5 v,((C=0)

1230.9 6.1 v(C-F)

1143.0 1001 v,(C-0-C)

1027.9 8.8 v,(C-F)

929.1 41 v{(C-0-C)

770.1 4.7 S(FC(0O)O)oop, i.p.
769.8 0.2 d(FC(0O)O)oop, o.p.
7077 0.4 8(FCO)

651.6 37 8,4(FCO)

single signal at 6 =—10.6 and eight
BC satellites (Table 2). The BC
NMR spectrum exhibits besides a
doublet for FC(O)OOC(O)F, which

[a] B3LYP functional with 6-311 + G(d) basis set. [b] Absolute intensity: 1227 km mol~".

Table 2. “F and *C NMR data of FC(O)C(O)F, 1, FC(O)OOC(O)F, and FC(O)OCF,;.

was used as solvent, a four-line FC(O)C(O)F 10l FC(O)OOC(O)F FC(O)OCF;!
signal for 1 which was c.enFered at 5("F) (FCO) 1238 1061 341 136
0=136.0 ppm and thus is in a re- I AFL] —0.133 ~0.120
gion, typical for a FC(O) moiety. 2AF —-0.016 —0.001
The four lines in the BC NMR o(1C) (FCO) +1432 +136.00¢] +142.3 +136.9
1 — — —
spectrum and the eight 13C satellites 2;” (FCO) +31%62'38 2938 3011 2951
. 19 CF -
in the F NMR spectrum. are con- 3er (FC(O)OC) 1126 12
sistent with the ABX spin system Uee +126.1
expected for the isotopologue Jer +350.6
. 4
F13C(O)OC(O)F. An evaluation HFF} 346 38 o8
g ]

analogous to that for the ABX
system of F1*C(0)"2C(O)F,*! produ-
ces the coupling constants listed in
Table 2. Comparing the *C NMR
spectra of FC(O)C(O)F™! 1379, 134.1, 133.9 ppm.
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[a] Measurements were carried out in CD,Cl, at 223 K. Chemical shifts in ppm referenced to external
CFCl; ("F) and to CD,Cl, at 6 =53.7 ppm (**C); coupling constants in Hz. [b] Ref. [17]. [c] °C satellite
signals: —10.17, —10.29, —10.55, —10.60, —10.67, —10.73, —11.22, —11.35 ppm. [d] Isotopic shifts 4=
O(FPC)—0(F'C) of the “F resonance in ppm.P¥ [e] *C multiplet (X-part of the ABX system): 138.1,

3833



COMMUNICATIONS

20 4

154

10

o/ 10 °cm’ |

Figure 3. UV spectrum of 1.

the compound reacts readily with moisture. After cleaning the
reactor thoroughly and conditioning with FC(O)OOC(O)F,
the yields of 1 are increased to 30 %. In a glass IR cell with a
well conditioned surface, 1 is stable at room temperature for
several days. At 50°C 1 decomposes within hours to give
COF,, CO,, and SiF,.

Experimental Section

Caution: FC(O)OOC(O)F is potentially explosive if heated or brought in
contact with oxidizable materials. It is recommended that appropriate
safety precautions are thus taken when this compound is handled.
Reactions involving FC(O)OOC(O)F should be carried out only in
millimolar quantities.

1: In a typical reaction FC(O)OOC(O)F (ca. 2 mmol) and CO (20 mmol)
were introduced into a clean, dry, and surface-conditioned (with 100 mbar
FC(O)OOC(O)F, 1 h) 1-L glass bulb. This mixture was kept at 60°C until
most of the FC(O)OOC(O)F had disappeared (ca. 4 to 6 hours; the
progress of the reacion was monitored by IR spectroscopy). After cooling
to —196°C and removal of the excess of CO in vacuo, the reaction mixture
was separated by trap-to-trap-condensation (at —70, —120, and —196°C).
Compound 1 was collected together with unreacted peroxide in the trap at
—120°C. The —120°C fractions of several synthetic runs were collected and
1 was separated from the peroxide by evaporating the peroxide from the
mixture at —95°C until a pure sample of 1 remained in the trap.

YF NMR: 282.40 MHz, —50°C, CFCl;; ¥C NMR: 75.47 MHz, —50°C,
CD,ClL,.

MS (70 eV): m/z (%): 110 (1.5) [M*], 85 (trace) [CF;0*], 69 (1) [CF;*], 66
(14) [F,CO™], 63 (trace) [FCO,*], 50 (1) [CF,*], 47 (43) [FCO*], 44 (100)
[CO,1],33(0.5) [F,CO**],32(2) [O,7],31 (2) [FC*], 28 (17) [CO* or N,*].
UV (gas): 4 (oin 10~ cm? molecule~'): 190 (18.79), 200 (11.14), 210 (4.54),
220 (1.32), 230 (0.40), 240 (0.19), 250 (0.11), 260 (0.05), 270 nm (0.02).
Vapor pressure curve (liquid phase): p [mbar], T [K], 274 K> T> 227 K:
lg(p) =9.767(0.015)—1976.5(3.8) T.
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