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Small molecules with multiple bonds between main group
elements have always been a fascinating field. For example,
N,F,, the cis configuration I of which is 12.6 kJmol~! more
stable than the trans configuration II, has been known for a
long time (Scheme 1).[1 Although the phosphorus analogues
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Scheme 1. cis and trans isomers of N,F, and P,X, (the thermodynamically
favored configuration is marked by a frame).

P,X, have not yet been obtained experimentally, ab initio-
SCF calculations for X =F show that the trans configuration
ILis 5.9 kJ mol~' more stable than the cis configuration I as the
ground state for such a singlet molecule.?! For diphosphene,
P,H,, which was detected during the pyrolysis of diphosphane,
P,H, P! the trans configuration II is 15 kJmol~' more stable
than the corresponding cis configuration L

Our CCSD(T) calculations™ regarding the stability of
dichlorodiphosphene, P,Cl,, show a similar result: here, the
trans arrangement (C,, symmetry, d(P—P)=2.066 A,
d(P—C1)=2.100 A, ¥(CI-P-P)=97.5°) is more stable than
the cis arrangement (C,, symmetry, d(P—P)=2.072 A,
d(P—Cl)=2.073 A, X(CI-P-P)=108.7) by 7kImol. As
there has been no experimental proof for the existence of
the dihalogenodiphosphenes until now, we report herein on
the stabilization of dichlorodiphosphene in the coordination
sphere of tungsten carbonyl complexes.

The extraction of the solid product from the reaction
between Na,[W,(CO),,] and PCl; in THF with n-pentane/
CH,(l, yields a deep purple colored solution. According to its
3IP NMR spectrum, this solution contains the chlorophosphin-
idene complex 1 as the main component, along with some 2P
and the dichlorodiphosphene complex 3 [Eq. (1)].[) Whereas
1 and 2 decompose upon column chromatographic workup on
silica gel, 3 can be isolated as a red solid in 17 % yield.
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The 3'P NMR spectrum of 1 shows a singlet at =868 with a
1BW3IP coupling constant of 200 Hz, which is in accordance
with the NMR data of phosphinidene complexes with organic
substituents. The 3P NMR shifts of these compounds are
generally found at very low field (e.g. [MesP{W(CO);},]: 6 =
961, Jywp=176 Hz;" Mes=24,6-Me;C¢H,). This feature
along with the m—m* transitions at long wavelengths in the
visible spectra of these compounds are interpreted as an
electron delocalization in a 3c -4 e~ system (structure III).1!
This is supported by the crystal structure of [MesP-
{Cr(CO)s},], which shows equidistant P—Cr bonds
(2.263(1) A)." Our CCSD(T) calculations® of 1 show also
that the symmetric structure III represents an energy mini-
mum (C, symmetry, d(P—Cl)=2.120 A, d(P-W1)=2.449 A,
d(P-W2)=2.442 A, X (CI-P-W1)=109.9°, ¥(CI-P-W2)=
112.0°, £ (W-P-W) =138.1°).

The red dichlorodiphosphene Cl
complex 3 is insoluble in n-hexane, 1‘,
§lightly soluple in toluene, and read- (CO)SW//\\W(CO)s
ily soluble in CH,ClL,. In the IR
spectrum, CO stretching frequencies 41
are found for terminal CO ligands.

The mass spectrum of 3 shows the molecular ion peak, as well
as characteristic fragment ion peaks.

The 3'P NMR spectrum of 3 shows a singlet at d =39.9 with
three tungsten satellites of similar intensity (***W,*'P coupling
constants 26.0, 121.2, and 166.1 Hz, respectively). The 3P
NMR signal of the structurally related phenyl-substituted
diphosphene complex 4a (6(*'P) = —16.6,7 —20.6[1%1), which

[M(CO)s(u.p* "' -P,Pho{M(CO)sL)] 4 (M=W (a), Cr (b))

was synthesized by Huttner et al. as well as by Mathey et al.,
is found in a comparable chemical shift region. In contrast,
however, signals of uncoordinated diphosphenes are shifted
strongly downfield (e.g. RP=PR, 0(*'P)=492.2 (R=246-
Bu;C¢H,)[M), and the resonance is shifted to high field if the
molecule is side-on coordinated to a transition metal fragment
(cf. [7':7'-P,Ph,{Cr(CO)s},] (6('P)=927021) and 4b (6('P) =
97C7)). The largest Jyp coupling of 3 can be assigned to the
coupling of the phosphorus atoms to the terminal penta-
carbonyl tungsten wunits. Thus, for the complex
[R'P=PRYW(CO);}] (R'=2,4,6-1Bu;CH,, R2=24.6-
Me;C¢H,), in which the [W(CO);] fragment is coordinated
through only one lone pair of electrons on phosphorus, a Jyp
value of 238 Hz is found,'3 which is slightly larger than that in
3. The two other ¥¥W3P coupling constants of 3 should be
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assigned to 2Jyp coupling to the terminal [W(CO)s] group and
to the coupling to the tungsten atom that bridges the P—P
double bond.[

Compound 3 crystallizes from dichloromethane as red
platelets. The central structural feature of 3! (Figure 1) is a
P,Cl, unit which is coordinated side-on to a [W(CO)s]
fragment. The two phosphorus atoms coordinate through

Figure 1. Molecular structure of [W(CO)s(u,17*:n'5'-P,CL{W(CO)s},)] (3).
Selected bond lengths [A] and angles [°]: P1-P2 2.140(6), P1-Cl1 2.089(6),
P2-CI2 2.079(6), W1-P1 2.582(4), W1-P2 2.573(4), W2-P2 2.484(5), W3-P1
2.479(4); P1-W1-P2 49.1(1), P1-P2-W1 65.7(2), P2-P1-W1 65.2(2), Cl1-P1-
P2 98.7(3), CI2-P2-P1 98.9(3), W3-P1-P2 132.3(2), W2-P2-P1 126.7(2), Cl1-
P1-W3 115.7(2), C12-P2-W2 117.1(2); torsion angles CI1-P1-P2-CI2 155.92,
W2-P2-P1-W3 115.04.

their lone pairs additionally to two [W(CO)s] moieties. The
two phosphorus atoms are disordered (ratio 80:20). The
bonding features of the molecule with the major occupancy
are hereafter discussed. The P—P bond length (2.140(6) A) is
significantly shorter than the single bond in white phosphorus
(221 A) or in the tetrachlorodiphosphane complex 5

{Cr(CO)sh(up'n'-P,LL)] 5

(2.268(3) A);['l however, it is significantly longer than the
P—P bond in the free diphosphene RP=PR (R=24,6-
BuyCgH,, 2.034(6) A)."1 For the structurally similar complex
4a, Huttner et al. and Mathey et al. reported P—P lengths of
2.14(1)® and 2.162(3) A 1% respectively; these values corre-
spond well to the distance observed in 3. The lengthening of
the formal P—P double bond in 3 can be accounted for in
terms of the electronic effects of n?-coordination to the
[W(CO);s] fragment.l's1 All P-=W bonds in 3 are found to be
slightly shorter (bridging, 2.582(4) and 2.573(5) A; terminal,
2.484(5) and 2.479(4) A) than those in 4a (2.604 A (av) and
2.535 A (av),””!), which can be attributed to the more electro-
negative chlorine atoms as well as to the larger steric demand
of the phenyl groups in 4a. The difference in the torsion angle
W2-P2-P1-W1 between 3 (115.04°) and 4a (123.6°) also
supports this explanation. The P—Cl bonds in 3 (2.084 A (av))
are slightly longer than those in PCl; (2.030 A)!! as well as
those in the tetrachlorodiphosphane complex 5 (2.0435 A

(av)).17
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Good agreement was found between the X-ray structural
data of 3 and values calculated for a C,-symmetric struc-
ture.* 20 For example, a PP of 2.175 A (exp. 2.140(6) A) and
a P—Cl distance of 2.119 A (exp. 2.089(6) and 2.079(6) A)
were obtained. The calculated vibrational spectrum of 3 also
shows good agreement with the experimentally obtained IR
and Raman spectra in the solid state, in which, for example,
the symmetrical P-P stretching frequency is found at
434 cm~1.121

Experimental Section

PCl; (0.33 mL, 3.8 mmol) was added dropwise at ambient temperature to a
solution of Na,[W,(CO),] (2.63 g, 3.8 mmol) in THF (25 mL). The color
changed from yellow to reddish violet. All volatiles were immediately
removed at reduced pressure, and the residue was extracted with a mixture
of n-pentane/CH,Cl, (100 mL; 1/1). This solution was filtered over celite
and washed twice with the same mixture (2 x 25 mL). After removal of the
solvent, the residue was separated by chromatography on a silica gel
column (Merck 60, 2 x 20 cm). A red fraction, containing 3, was eluted with
n-hexane/toluene (5/1). Recrystallization from CH,Cl, yielded 3 (150 mg;
17%) as red crystals.

1: 3'P{'H} NMR (101.256 MHz, [D4]benzene, 298 K, 85 % H;PO, ext.): d =
868.2 ({J(W,P) =200 Hz); EI-MS (70 eV; 50°C): m/z (%): 713.8 (4) [M"],
6578 (2) [M+—2CO], 629.8 (1) [M* —3CO].

2:3P{'H} NMR (101.256 MHz, [D4]benzene, 298 K, 85 % H;PO, ext.): d =
98.4 (J(W,P) =4272 Hz); EI-MS (70 eV; 50°C): m/z (%): 461.8 (23) [M"],
433.8 (4) [M*— CO], 426.8 (22) [M* — Cl].

3:3P{'H} NMR (101.256 MHz, [D4]benzene, 298 K, 85 % H;PO, ext.): d =
39.3 (J(W,P)=166.3, 121.2, 26.0 Hz); IR (KBr): #(CO)=2114 (m), 2076
(vs), 2041 (m), 2018 (s), 2003 (s), 1950 (sh), 1932 (vs, br); Raman (solid
state): 7=2112 (s), 2078 (s), 2065 (m), 2042 (m), 2003 (s), 1991 (m), 1969
(W), 1942 (m), 1929 (m), 569 (w), 539 (W), 468 (w), 434 (s), 372 (w), 313 (m),
269 (m), 220 (w), 120 (m, br); EL-MS (70 €V; 70°C): miz (%): 1103.6 (4)
[M*], 10076 (0.2) [M* —2Cl], 1004.7 (1) [M*—2Cl—CO], 920.6 (0.5)
[M*—2Cl-4CO], 851.7 (10) [M*—9CO], 779.6 (2) [M*—W(CO)i].
7676 (13) [M* —12CO], 744.7 (34) [M* — W(CO); — Cl], 35.5 (16) [CI*],
28.0 (100) [CO™].
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Borides and carbides of the “early” transition metals are
distinguished by high chemical stability and unique physical
properties such as high melting points (NbB,: 3036°C,
NbC,_,: 3600°C), great hardness (NbB,: 33 GPa, TiC:
27 GPa), and metallic conductivity. The development of
methods to generate high temperatures!!! has enabled the
syntheses of these compounds. Structure analyses revealed
that carbides can be describes as interstitial compounds with
carbon atoms in the octahedral holes of a close-packed array
of metal atoms.”! NaCl-type structures prevail, frequently
combined with a significant variation in the carbon content
and a number of stacking and ordering variants have been
described.P! In contrast, in borides the boron atoms usually
prefer a trigonal prismatic coordination. Different composi-
tions are given by connecting the prisms in different manners
through the rectangular faces. According to the degree of
condensation zigzag chains result (monoborides MB), single
(M;B,) or double chains (M,B;) of boron hexagons, or
graphite-like layers of hexagons (diborides MB,, AlB,-type).
Without exception the boron-boron separations at around
1.8 A are in the region of single bonds (e.g. V;B,, Nb;B,,
CoB).[%31

An increase of these unique properties, or their modifica-
tion, may be possible in ternary compounds M/B/C (M=
metal atom). Numerous investigations by conventional means
(direct reaction of the elements at high temperatures, melting
in an arc furnace followed by annealing) only gave Mo,BC,
which is known since 1963.057

We suppose the main reason for the unsuccessful syntheses
of further transition metal boridecarbides is that in the
temperature region in which the desired compounds are
themodynamically stable product formation is impossible
because of kinetic reasons. Our earlier investigations have
shown that the use of molten metals as a reaction medium, as
in an “auxiliary bath technique” (Lebeau!®), leads to single
crystals of new compounds, which are not accessible by other
means.”]

For transition metal borides the use of aluminum as an
auxiliary metal is well established.'”) But aluminum is not
suitable for the synthesis of analogous carbides because the
formation of Al,C; dominates. The same is true in attempts to
prepare boridecarbides as carbon again reacts to give Al,C;.5!
With copper, which forms neither borides (exception CuB_,,)
nor carbides,'!l as an auxiliary metal single crystals of boron
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