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Complex chemistry of ªnakedº main group element ligands
has been a fascinating area of research over the last few
decades. Within this field, ligands consisting of different main
group elements are scarce and are only well established
between Group 15 and Group 16 elements.[1] Known synthet-
ic approaches for obtaining such complexes make use of E4Yn

cages (E� element from Group 15, Y� element from
Group 16, n� 3, 4) or their metal salts, such as MI

3AsS3;
another method is the chalcogenation of pnicogenido com-
plexes. Recently Fenske et al. have used SP(SSiMe3)3 as a
precursor to (PS4)3ÿ and (P2S6)4ÿ ligands.[2]

While EY4
3ÿ (type A ; E�P, As; Y� S, Se) is established as

a ligand in some complexes, the molecular structure of the
complexed EY3

3ÿ ligand (type B) has only been observed for
E�As in [Cp'3Ti2(m-O)(m-AsS3)] (Cp'� h5-C5H4Me)[3] and for
E�P in [Pd3(PS4)(PS3)(PEt3)4].[2b] So far complexes of type C
ligands are unknown.

We report here a novel synthetic approach to mixed Group
15/16 element ligands by using the reaction of Group 15
element complexes with those of Group 16. This method leads
to novel trichalcogenophosphonato ligands of type C (Y� S,
Se). Our initial attempts to prepare mixed-metal clusters
containing mixed chalcogenide/phosphorus bridging ligands
centered on thermolysis and photolysis reactions between
[Fe3(CO)9(m3-Y)2] (Y� S (1 a) or Se (1 b)) and
[CpCr(CO)2(h3-P3)] (2). Under such conditions, no new
product was obtained; either the starting materials were
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recovered intact or, after extended reaction periods, complete
decomposition of 1 occurred. We therefore resorted to the use
of trimethylamineoxide (Me3NO) for labilization purpose,
and from the reaction of 1 with 2 in acetonitrile, in the
presence of Me3NO, we could isolate the new complexes,
[{Fe2(CO)6}(m3-Y3P){CpCr(CO)2}] (Y� S (3) or Se (4))
[Eq. (1)].

The IR spectra of the products indicate the presence of only
terminally bonded carbonyl groups, and the 1H NMR spectra
for both compounds show the signal for the Cp protons split
into a small doublet due to coupling with the P atom. The 31P
NMR spectra show a singlet and, for 4, two pairs of satellites
due to different 31P,77Se couplings are also revealed. Mass
spectra of both compounds showed molecular ion peaks and
fragments arising from CO loss.

Single-crystal X-ray structure analyses were carried out for
3 and 4. They are isostructural and crystallize with two
independent molecules in the unit cell. Both molecules are
similar in their structural parameters and a representative
molecular structure of one of the molecules is shown
in Figure 1.[4] The structure consists of a butterflylike [Fe2-
(CO)6Y2] unit and a [CpCr(CO)2Y] moiety; these are
connected by a m4-P bridge which is bonded to the three
chalcogenides and one Cr atom. The structures of 3 or 4 can
be considered as the metal-substituted derivatives of a trithio-
or triselenophosphonate, respectively, in which the P atom is
bonded to a Cr atom and reveals two different chalcogen
bonding modes. One PÿY bond in both compounds is shorter
than the other two (PÿS: 1.9761(10) in contrast to 2.1152(10)
and 2.1202(10) �; PÿSe: 2.132(13) in contrast to 2.286(16) and
2.282(16) �) and comparable to the PÿY double bond
distances reported in the literature: 1.949 � (av) in P4S5,[5]

1.949 � (av) in [Cp4Fe4(P2S2)2],[6] 2.116 � (av) in P4Se5,[7] and
2.101 � (av) in [Cp4Fe4(P2Se2)2].[6] The other PÿSe bond
lengths in 4 are also comparable to the Pÿ(m2-Se) and Pÿ(m3-
Se) bond lengths in [Fe4Se2(m-Se2PCtBu)(CO)11].[8] The three-
membered CrÿPÿY subunit in 3 and 4, which arises from the
side-on coordination of the trithio- or triselenophosphonato
ligand has been observed in the compounds [Cp4Cr4-
(CO)9(P4Y3)], which were obtained from the thermolysis of

Figure 1. Representative molecular structure from the X-ray crystal
structure analyses of 3 and 4 (molecule A, showing 30 % probability
ellipsoids; hydrogen atoms are omitted for clarity). Selected bond lengths
[�] and angles [8]: 3 (Y� S): Cr(1)-P(1) 2.2125(9), Cr(1)-S(3) 2.5514(12),
P(1)-S(3) 1.9783(10), P(1)-S(1) 2.1188(10), P(1)-S(2) 2.1204(10), Fe(1)-S(1)
2.2706(9), Fe(1)-S(2) 2.4704(9), Fe(2)-S(1) 2.2801(9), Fe(2)-S(2) 2.2790(8);
Cr(1)-P(1)-S(3) 74.77(4), P(1)-S(3)-Cr(1) 56.80(3), P(1)-Cr(1)-S(3)
48.43(3), S(1)-P(1)-S(2) 85.84(4), P(1)-S(1)-Fe(1) 89.86(4), P(1)-S(1)-
Fe(2) 86.66(4), P(1)-S(2)-Fe(1) 86.66(4), P(1)-S(2)-Fe(2) 86.65(4). 4 (Y�
Se): Cr(1)-P(1) 2.218(2), Cr(1)-Se(3) 2.6859(18), P(1)-Se(3) 2.132(2), P(1)-
Se(1) 2.2815(19), P(1)-Se(2) 2.2861(18), Fe(1)-Se(1) 2.3887(12), Fe(1)-
Se(2) 2.3915(13), Fe(2)-Se(1) 2.3936(12), Fe(2)-Se(2) 2.4024(11); Cr(1)-
P(1)-Se(3) 76.22(7), P(1)-Se(3)-Cr(1) 53.33(6), P(1)-Cr(1)-Se(3) 50.44(6),
Se(1)-P(1)-Se(2) 85.31(7), P(1)-Se(1)-Fe(1) 89.97(5), P(1)-Se(1)-Fe(2)
86.43(6), P(1)-Se(2)-Fe(1) 89.79(6), P(1)-Se(2)-Fe(2) 86.12(5).

[Cp2Cr2(CO)6] with P4Y3 (Y� S,[9] Se[10]). The structures of
[Cp4Cr4(CO)9(P4Y3)] also feature a CpCr(CO)2 fragment
connected to a P�Y subunit (Y� S, Se) with comparable PÿY
bond lengths but longer CrÿP bond lengths (2.282 � (av) for
[Cp4Cr4(CO)9(P4S3)] and 2.29 � (av) for [Cp4Cr4(CO)9-
(P4Se3)]) than those in 3 (2.2148(9) �) and 4 (2.218(8) �).
Assuming that the PY3 ligand contributes three electrons to
the Cr atom and six electrons to the Fe2 unit, the 18-electron
count for all three metal centers in 3 and 4 is satisfied.

Formation of the new clusters formally involves the
following: conversion of [Fe3(CO)9(m3-Y)2] into an open
[Fe2(CO)6(m2-Y)2] butterfly unit and loss of a P2 unit from
[CpCr(CO)2P3] to form a [CpCr(CO)2P] fragment, which
abstracts one Y atom from [Fe3(CO)9(m3-Y)2] such that an
intermediate of the form [CpCr(CO)2PY] is obtained. New
bond formation between the two Y atoms in another
[Fe2(CO)6(m2-Y)2] moiety and the P atom in the
[CpCr(CO)2PY] unit yields 3 and 4.

The results show the high synthetic potential of the novel
approach to the production of mixed Group 15/16 element
ligand complexes. Through the reaction between complexes
of Group 15 and Group 16 elements complexes revealing
novel coordination modes can be obtained. We are presently
extending this approach to obtain different mixed Group 15/
16 ligand complexes as well as investigating other methods for
the activation of the starting materials, such as photolysis and
ultrasonic activation.

Experimental Section

3 and 4 : In a typical preparation, a solution of trimethylamineoxide (44 mg,
0.6 mmol) in acetonitrile was added dropwise to an acetonitrile solution
(50 mL) of [CpCr(CO)2(h3-P3)][12] (0.052 g, 0.2 mmol) and either
[Fe3(CO)9(m3-S)2][11] (0.290 g, 0.6 mmol) or [Fe3(CO)9(m3-Se)2][11] (0.34 g,
0.6 mmol) with constant stirring at room temperature under an argon
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While the molecular phosphorus subsulfides P4S3, P4S4, and
P4S5 are well known,[1] various attempts to prepare the
corresponding molecular phosphorus suboxides have failed
so far. In its polymeric form phosphorus suboxide ªP4Oº was
already mentioned in 1832[2] but in molecular form P4O has
been detected only in rare gas matrices.[3] Using IR spectro-
scopy combined with ab initio calculations[4] it was possible to
identify the geometries of three different isomers of P4O. The
energetically most favorable isomer of P4O possesses a planar
five-membered ring (isomer I in Table 1), while a terminal
(isomer III in Table 1) and a bridged-bonded isomer (isomer
II in Table 1), which are closely related to the tetrahedral
structure of the P4 molecule, were found to lie much higher in
energy.[4]

While the structure of P4O is known, very little is known
about its chemistry. For the other phosphorus suboxides P4On

(n� 2 ± 5), even structural information is missing. The ques-
tion why phosphorus subsulfides have been prepared, but
analogous oxides could not be isolated is generally answered
by the statement that PÿO bonds are more stable than PÿS
bonds, however, detailed thermodynamical data of phospho-
rus suboxides are not known. In order to extract a building-up

atmosphere. The solution was stirred for 30 min at room temperature and
was closely monitored by thin layer chromatography. The solvent was
removed under vacuum and the residue was dissolved in dichloromethane.
The solution was filtered through Celite to remove the insoluble material
and the solution was subjected to chromatographic workup using silica gel
thin layer chromatography plates. Elution with n-hexane yielded a single
brown band which contained 3 (30 mg, 25%) or 4 (46 mg, 32%).

Compound 3 : IR (n-hexane): nÄ(CO)� 2083(s), 2050(vs), 2014(vs),
1999(m), 1919(m) cmÿ1; EI-MS (70 eV, 180 8C): m/z (%): 579.7 (6) [M�],
523.7 (24) [M�ÿ 2CO], 439.9 (26) [M�ÿ 5 CO], 411.6 (9) [M�ÿ 6CO],
383.7 (22) [M�ÿ 7CO], 355.7 (100) [M�ÿ 8CO], 292.7 (52) [M�ÿ 8 COÿ
PS], 227.7 (25) [M�ÿ 8COÿPSÿCp]; 1H NMR (250.113 MHz, 298 K,
CDCl3, TMS): d� 4.90 (d, 3J(P,H)� 1.8 Hz, 5H); 31P NMR (101.256 MHz,
298 K, CDCl3, 85% H3PO4 ext.): d� 260.7; m.p. 136 ± 137 8C; elemental
analysis (%) calcd for C13H5CrFe2O8PS3: C 26.9, H 0.86; found: C 26.2, H
1.3.

Compound 4 : IR (n-hexane): nÄ(CO)� 2075(s), 2042(vs), 2006(vs),
1991(m), 1985(s), 1920(m) cmÿ1; EI-MS (70 eV, 180 8C): m/z (%): 721.8
(7) [M�], 665.8 (20) [M�ÿ 2CO], 581.7 (21) [M�ÿ 5CO], 497.8 (100)
[M�ÿ 8CO], 432.7 (12) [M�ÿ 8COÿCp], 321.8 (34) [M�ÿ 2 Feÿ 8 COÿ
Cp]; 1H NMR (250.113 MHz, 298 K, CDCl3, TMS): d� 4.88 (d, 3J(P,H)�
2.01 Hz, 5 H); 31P NMR (101.256 MHz, 298 K, CDCl3, H3PO4 ext.): d�
235.1 (s, J(P,Se)� 95.9 and 269 Hz); m.p. 142 ± 143 8C; elemental analysis
(%) calcd for C13H5CrFe2O8PSe3: C 21.6, H 0.69; found: C 21.5, H 1.15.
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