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The major breakthroughs in the chemistry of stable
carbenes and Group 14 carbene analogues in the last two
decades were based on the use of sterically and electronically
stabilizing substituents.[1] Concerning short-lived dihalogeno-
silylenes, however, very little synthetic progress has been
made even 30 years after the basic high-temperature and
matrix studies of Timms et al.[2,3] Oligomeric silanes of the
empirical formula SiCl2 are synthetically available, but they
do not behave as sources of monomeric SiCl2;[4] the alter-
native use of Si2Cl6[5] or HSiCl3[6] as precursors is very limited.
Herein, we report the use of trichlorosilyltrimethylgermane
(Me3GeSiCl3, 1)[7,8] as a new reagent for the transfer of SiCl2
moieties to P-phosphanyl phosphaalkenes under very mild
reaction conditions.

Pure 1–a monomeric molecular compound in the gas
phase–[7c] is thermally stable; in the presence of tertiary
amines and phosphanes, however, 1 partially decomposes to
(Me3Ge)2Si(SiCl3)2, Me3GeCl, and SiCl4; this observation was
explained by sequences of nucleophile-catalyzed transfers of
Me3Ge and SiCl3.[7,8] Alternatively, for the SiCl3 transfer, the
formation of (Me3Ge)2Si(SiCl3)2 may imply insertion reac-
tions of nucleophile-coordinated dichlorosilylene (SiCl2) into
Si�Cl bonds.[7,8] If nucleophiles such as Et3N and iPr3P can
really induce the a-elimination of chlorogermanes from 1
[Eq. (1)],[9] then trichlorosilylgermanes, such as 1, would be
important reagents for SiCl2 transfer reactions.

Our first choice as SiCl2 trapping reagents were the P-
phosphanyl phosphaalkenes (Me3Si)2C¼P-PRR’(2a : R, R’¼
iPr; 2b : R¼ tBu, R’¼ iPr).[10] The dialkylphosphanyl groups
within the reagent were intended to induce the desired
a elimination at 1 [Eq. (1)] and coordinate intermediate SiCl2,
the adjacent P�P bonds may allow subsequent SiCl2 insertion
reactions, and the P¼C bonds should be suitable for [2þ1]
cycloadditions with silylenes, similar to the known reactions of
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backbone); UV/Vis (CH3CN): lmax: 486, 305, 268 nm; GPC (UV): Mn¼
7800, PDI¼ 1.08; MALDI-TOF MS: Mn¼ 5348 gmol�1.
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phosphaalkenes with phosphinidene precursors, to provide
diphosphiranes.[11]

When equivalent amounts of 1 and 2a are stirred at room
temperature in toluene, 31P NMR spectra confirm that 2a is
almost completely consumed within two hours to yield two
main products 3a and 4 (ca. 10:90) and traces of a third
compound. In the 31P NMR spectrum the AX pattern of 3a
indicates the presence of an iPr2P group
(d31P¼ 25.7 ppm, d, J(31P,31P)� 183.6 Hz) the
P atom of which couples with another 31P
nucleus a long way upfield (d31P¼
�113.3 ppm).[12] The NMR spectrum of com-
pound 4 exhibits the two pseudotriplets of an
AA’XX’ spin system. One pseudotriplet can
be assigned to iPr2P groups (d31P¼ 24.2 ppm)
and the other one a long way downfield
(d31P¼ 577.5 ppm) indicates phosphorus
atoms of coordination number 2.[13±15] This
formulation was confirmed by a structure
determination of 4 (Figure 1):[16] In the solid
state 4 is a centrosymmetric diphosphene that
contains two silylphosphane groups. Intramo-
lecular P¥¥¥P¼P¥¥¥P contacts (P¥¥¥P 3.449 ä) and
steric crowding result in a lengthening of the
P¼P and P�Si bonds of 4 by about 3 pm, compared with
related diphosphenes[14,15] and silylphosphanes.[8]

The reaction of 1 with the slightly bulkier phosphaalkene
2b furnished, in addition to Me3GeCl, a new compound 3b,
which shows in its 31P NMR spectrum a pattern closely related
to that of 3a. The analytical composition of pure 3b and its
spectroscopic data reveal that–surprisingly–3b is the prod-
uct from the reaction of 2b with two equivalents of SiCl2. 13C,
29Si, and 31P NMR spectra of 3b at different magnetic field

strengths lead to the conclusion that the upfield 31P doublet
signals of 3a and 3b result from Si2P fragments[17] that are part
of the novel 2-phospha-1,3-disiletane ring system [Eq. (2),
(3)]. The NMR spectroscopic equivalence of the exocyclic
SiMe3 groups indicates (on the 1H, 13C, and 29Si NMR time
scales) rapid inversion of the endocyclic phosphorus atom.
This result is consistent with B3LYP/G-31þG(d) calcula-
tions,[18] which predict a barrier of 12.9 kcalmol�1 for the
inversion of the endocyclic phosphorus atom of H2C-
(m-SiH2)2P-PH2. In the transition state of this process, the
C(m-SiH2)2P ring is also planar. For the ring inversion itself,
only a marginal barrier is expected.

Phosphasilirane intermediates with very bulky substituents
on the silicon atom are known,[12] but, in various reactions of
2a and 2b with 1, were not detected by NMR spectroscopy,
irrespective of the experimental conditions. The complete
cleavage of the P¼C bonds of 2a and 2b by spontaneous
consecutive addition of two equivalents of SiCl2 furnishing 2-
phospha-1,3-disiletanes 3a and 3b is without precedence.
Consecutive addition of two equivalents of photochemically
generated dimesitylsilylene to tert-alkylphosphaalkynes has
been observed by Weidenbruch et al.;[19] these reactions,
however, lead to 3-phospha-1,2-disiletenes, that is, a P¼C
bond of the starting material remains. Thermodynamically,
H2C(m-SiH2)2P-PH2, the simplified version of 3a and 3b, is
13.4 kcalmol�1 more stable than the isomeric 1,2-disiletane
derivative (Figure 2).

Modeling the reaction paths of 2a and 2b with 1 will be an
interesting challenge for computational methods. For the
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D ->  SiCl2        +   Me3GeCl
+ D

    D

Me3GeSiCl3

D = donor (NEt3 or PiPr3)
1

(1)

Figure 1. Molecular structure of diphosphene 4 (thermal ellipsoids set at
50% probability; H atoms omitted). Selected bond lengths [ä], angles and
torsion angles [8]: P1-C1 1.8824(9), P1-P1* 2.0436(5), Si1-C1 1.8922(9), Si2-
C1 1.9367(9), Si3-C1 1.9410(9), Si1-Cl1 2.0810(3), Si1-Cl2 2.0748(4), P2-Si1
2.2848(3), P2-C11 1.8780(10), P2-C8 1.8873(10), P1¥¥¥P2 3.4490 (4); C1-P1-
P1* 106.05(3), C11-P2-C8 105.15(4), C11-P2-Si1 103.05(3), C8-P2-Si1
99.85(3), C1-Si1-Cl2 111.15(3); P1*-P1-C1-Si1 174.83(3), C11-P2-Si1-C1
�125.21(4), C8-P2-Si1-C1 126.58(4), P2-Si1-C1-P1 42.94(4).

– Me3GeCl

+  1
C P

PiPr2

Si
ClCl

Me3Si

Me3Si Si
Cl Cl

P

(Me3Si)2C

P

SiCl2
PiPr2

C(SiMe3)2Cl2Si

iPr2PC P
PiPr2Me3Si

Me3Si
+

42a

(2)

3a

+ 2 × 1

–  2  Me3GeCl

C P
P

tBu

iPr

Si
ClCl

Me3Si

Me3Si Si
Cl Cl

C P
P(tBu)iPrMe3Si

Me3Si

3b

(3)

2b

Figure 2. Geometries of calculated energy minima (B3LYP/6-31þG(d)
level) of H2C(m-SiH2)2P-PH2 (left) and the 1,2-disiletane isomer (right) as
model systems. Selected bond lengths [ä]: in H2C(m-SiH2)2P-PH2: P-P
2.242, P-Si 2.289, Si-C 1.908; in the 1,2-disiletane isomer: P-P 2.242, P-Si
2.302, Si-C 1.917, Si-Si 2.348.



simultaneous formation of diphosphene 4 and 3a [Eq. (2)] the
attack of SiCl2 molecules at the P¼C bond of 2a apparently
competes with the SiCl2 insertion into the P�P bond and the
subsequent silyl-group migration.[15,20] This hypothesis is
supported by the observation, that with two equivalents of
silylgermane 1, phosphaalkene 2a furnishes predominantly
the ™2:1 product∫ 3a. The formation of diphosphene 4,
however, cannot be suppressed completely. The reactive
behavior of 1 towards 2a and 2b under very mild conditions
gives rise to the expectation that finally, by using available
trichlorosilylgermanes such as 1,[7,21] silylene-based products
can be prepared which contain reactive Si�Cl bonds instead of
protecting organic substituents.

Experimental Section

The experiments were carried out under dry nitrogen gas. NMR spectra
were recorded using Bruker spectrometers AC 200, Avance 200,
Avance 400 and AMX 300, with 85% H3PO4 and with SiMe4 as external
or internal standards. Elemental analyses: Institut f¸r Pharmazeutische
Chemie der TU Braunschweig.

3b : After stirring a mixture of silylgermane 1 (0.63 g, 2.5 mmol) and
phosphaalkene 2b (0.40 g, 1.25 mmol) for 7 days at room temperature, 31P
NMR spectra of the orange liquid showed that 90% of 2b was consumed.
Me3GeCl and residual 1 were removed in vacuo and further 1 (0.13 g,
0.5 mmol) was added. After 10 days, consumption of 2b was completed.
Removal of all volatiles led to an orange residue of crude 3b (0.6 g, 92%).
Crystallization from toluene furnished pale yellow crystals, m.p. 143 8C. 1H
NMR (400 MHz, [D8]toluene, d(C6D5CHD2)¼ 2.09): d¼ 0.40 (d, J(P,H)¼
0.8 Hz, 18H, Si(CH3)3); 1.06 (dd, J(P,H)¼ 11.2 and 0.9 Hz, 9H, C(CH3)3),
1.17 (ddd, J(P,H)¼ 19.0 and 1.3 Hz, J(H,H)¼ 7.1 Hz, 3H, CHCH3), 1.19
(™t∫d , J(H,H)¼ 7.1 Hz, J(P,H)¼ 7.1 and 1.3 Hz, 3H, CHCH3), 1.74 ppm
(sept-dd, J(H,H)¼ 7.1 Hz, J(P,H)¼ 4.1 and 2.9 Hz, 1H, CH(CH3)2); 13C
NMR (101 MHz, [D8]toluene, d(C-1 of C7D8)¼ 137.44): d¼ 5.6 (d, J(P,C)¼
2.5 Hz, Si(CH3)3), 23.5 (dd, J(P,C)¼ 14.8 and 1.4 Hz, CHCH3), 24.4 (dd,
J(P,C)¼ 34.1 and 3.0 Hz, CHCH3), 24.6 (dd, J(P,C)¼ 33.0 and 5.6 Hz,
CH(CH3)2), 29.3 (dd, J(P,C)¼ 14.5 and 6.1 Hz, C(CH3)3), 32.6 (dd, J(P,C)¼
28.6 and 8.7 Hz, C(CH3)3), 41.7 ppm (d, J(P,C)¼ 3.3 Hz, CSi2), 29Si NMR
(39.8 MHz, C6D6): d¼ 1.1 (d, J(P,Si)¼ 4.1 Hz; Si(CH3)3), 15.0 ppm (dd,
J(P,Si)¼ 36.2 and 8.1 Hz, SiCl2); 31P NMR (81.0 MHz, C6D6): d¼�113.5 (d,
J(P,P)¼ 196.1 Hz, 29Si satellites J(P,Si)¼ 36.2 Hz, PSi2), 44.4 ppm (d,
J(P,P)¼ 196.1 Hz, PtBuiPr); CI-MS (NH3, 150 8C): m/z 519 [(Mþ1)þ];
elemental analysis (%): calcd for C14H34Cl4P2Si4: C 32.43, H 6.61, Cl 27.35;
found: C 31.62, H 6.98, Cl 26.43.

4 : A mixture of phosphaalkene 2a (0.40 g, 1.31 mmol) and silylgermane 1
(0.32 g, 1.31 mmol) was stirred for 10 h at room temperature. NMR spectra
of the orange solution indicated that 2a had been consumed to 90%
producing 4 and small amounts of 3a. Removing all volatiles in vacuo gave
an orange oil that was washed with small amounts of pentane. The
remaining orange solid 4 (0.44 g, 83%) m.p. 112 8C is extremely sensitive
towards moisture precluding satisfying analytical data. 1H NMR (400 MHz,
[D8]toluene, d(CHD2)¼ 2.09): d¼ 0.55 (br s, 36H, Si(CH3)3), 1.27 (dd,
J(P,H)¼ 10.2 Hz, J(H,H)¼ 7.0 Hz, 12H, CH(CH3)), 1.30 (dd, J(P,H)¼
16.4 Hz, J(H,H)¼ 7.2 Hz, 12H, CH(CH3)), 2.37 ppm (sept-d, J(P,H)¼
1.6 Hz, J(H,H) 7.1 Hz, 4H, CH(CH3)); 13C NMR (101 MHz, [D8]toluene,
d (C-1)¼ 137.44): d¼ 5.6 (br ™d∫, splitting of 3.9 Hz, Si(CH3)3), 22.3 (d,
J(P,C)¼ 6.7 Hz, CH(CH3)2), 23.9 (d, J(P,C)¼ 20.8 Hz, CH(CH3)), 24.8 (d,
J(P,C)¼ 20.0 Hz, CH(CH3)), 43.6 ppm (br ™t∫, N¼ 42.4� 0.5 Hz, CSi3P);
assignment of isopropyl signals was by H,C-HSQC; 29Si NMR (79 MHz,
[D8]toluene, virtual internal standard TMS): d¼ 2.1 (m, Si(CH3)3);
21.6 ppm (d, J(P,Si)¼ 101.4 Hz, SiCl2); 31P NMR (81 MHz, [D8]toluene,
virtual external standard H3PO4): d¼�23.4 (™t∫ (AA’XX’), N¼ 44.3 Hz,
29Si satellites: J(P,Si)¼ 101.4 Hz, PSi); 577.5 ppm (™t∫ (AA’XX’), N¼
44.3 Hz, P¼P).); elemental analysis (%) calcd for C26H64Cl4P4Si6: C 38.61,
H 7.98, Cl 17.31; found: C 33.45, H 7.68, Cl 15.86.
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group P21/n, a¼ 10.4428(6), b¼ 13.6111(8), c¼ 15.6690(10) ä, b¼
103.198(3), V¼ 2168.3(2) ä3, Z¼ 2, 1calcd¼ 1.242 Mgm�3, MoKa radi-
ation (l¼ 0.71073 ä3), T¼ 133 K; a yellow tablet (0.33 î 0.33 î
0.16 mm3) was mounted in inert oil on a Bruker Smart 1000 CCD
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For many years new molecules, consisting only of fluorine,
carbon, and oxygen atoms have been of fundamental inter-
est.[1±10] The view that such species are formed in atmospheric

degradation of HFCs and other CFC replacements[11,12] has
motivated further work in this field.[13±16]

During our studies on radicals such as CF3O,[17] CF3OO,[18]

CF3OC(O),[19] FCO2
[20] , and FC(O)OO[18] that are important

intermediates in the atmospheric degradation of CFC replace-
ments, as well as on the catalytic oxidation of CO by CF3Ox
radicals,[21,22] we have also considered possible reaction
products of these radicals, among them CF3OC(O)OO-
C(O)OCF3.[17] Correspondingly, the formation of fluorofor-
mic acid anhydride, FC(O)OC(O)F (1), by a recombination of
FCO and FCO2 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(O)OC(O)Y species, with X,Y¼ halogen and can be
viewed as halogen dicarbonate. It is at the same time the
last missing member in the family of FC(O)OxC(O)F
molecules (x¼ 0,[23] 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 F2/O2 mixture; O2, which must be
present in large excess, acts as radical scavenger.[1,25±27]

Accordingly, it was considered that using a 2:4:1 mixture of
F2/CO/O2 may provide a suitable route for the synthesis of 1
according to reaction (1).

FCO þ FCO2 þ M ! 1 þ M ð1Þ

However, since such mixtures tend to explode,[26] 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 (1:5 to 1:10) are kept at 60 8C 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).

FCðOÞOOCðOÞF �
�! 2FCO2 ð2Þ

FCO2
��
�!F þ CO2 ð3Þ

F þ CO þ M ! FCO þ M ð4Þ

The initial unimolecular decomposition of FC(O)OO-
C(O)F [Eq. (2)] is followed by a further unimolecular
decomposition[20] [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 FCO2 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 6-311þG(d) basis
set[28] 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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area detector. Intensities were measured in the 2q range 5±608. Of a
total of 33919 reflections, 6333 were independent (Rint¼ 0.0468).
After absorption correction (multiple scan) the structure was solved
by direct methods. All non-hydrogen atoms were refined anisotropi-
cally against F2 (G. M. Sheldrick, SHELXS-97, University of Gˆttin-
gen, Gˆttingen (Germany), 1997): R1¼ 0.0222, wR2¼ 0.0630 (all
data). Methyl groups were refined as rigid groups, other hydrogen
atoms by using a riding model. CCDC-175445 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB21EZ, UK; fax: (þ 44)1223-336-033; or deposit
@ccdc.cam.ac.uk).
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